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ABSTRACT 
 

 

Sustainable treatment and disposal of mine waste is a serious environmental issue faced by 

the mining industry worldwide. Conventional methods of mine waste management 

predominantly involve indefinite retention in engineered tailings dams. The cost and liability 

of such surface storage facilities have increased significantly in recent years as an outcome of 

stringent environmental legislation and mine closure requirements gradually transforming the 

economics of mine waste disposal. Backfill methods, particularly cemented paste backfill, are 

increasingly perceived as sustainable, environmentally friendly and cost-effective alternatives 

as they put waste material to practical use. Controlled low-strength materials (CLSM) offer 

an effective and practical alternative to similar analogues – requiring minimal compaction, 

being self-levelling and excavatable in the future if necessary. 

 

The aim of this research was to develop and evaluate CLSM, previously un-tested at mines, 

in which novel utilisation of bioleach waste is maximised and Portland cement content 

minimised while satisfying performance requirements for classification as CLSM. 

Leachability of toxic substances was minimised through encapsulating CLSM within a 

coating of relatively inert CLSM. Formulation and optimisation of CLSM using statistical 

mixture design and response surface analysis has ensured proper understanding of component 

interactions and influence on mechanical strength with a minimum amount of experiments.  

 

Optimised CLSM formulations were tested for their mechanical, physical, micro-structural, 

mineralogical and chemical properties. Effects of encapsulation were determined by 

assessing chemical leaching. The work indicated that bioleach waste could be beneficially re-

formed as CLSM of appropriate compressive strength for application in groundwork as load-

bearing materials. Porosity and hydraulic conductivity were correspondingly high. 

Leachability of arsenic, barium, chromium, lead and zinc was significant (levels varied 

depending on waste type). Encapsulation significantly reduced leachability indicating 

promising potential for implementation of this technology in the mining industry.  

 

The research presented in this thesis substantiated the need for, and potential of, sustainable 

novel alternative technologies such as CLSM to augment future waste management strategies 

in the mining industry via safe emplacement of solid bioleach waste in the sub-surface.  
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1. INTRODUCTION 
 
 

 

1.1 BACKGROUND 
 

Mining, mineral and metallurgical processes, which are employed internationally for the 

provision of primary and secondary metal and mineral commodities, usually co-produce large 

quantities of unmarketable or uneconomic materials variously termed waste rock, gangue, 

tailings, sludge, slime and slag (Lottermoser, 2003). Mine wastes accounted for 

approximately 34% of all waste produced in the EU during 2002-2003 (Kloek & Jordan, 

2005), and approximately 100 million tonnes were produced in the UK alone during 2002-

2003 (DEFRA, 2005). With such vast amounts of waste to handle, and the added pressure 

from increasingly stringent legislation including the recent Mine Waste Directive (OJ, 

2006a), their sustainable treatment and disposal is becoming an ever-more serious 

environmental issue faced by the mining industry worldwide (Lottermoser, 2003).  

 

Mine waste materials are conventionally retained indefinitely in engineered structures such as 

mineral dumps, tailings dams and landfills (EIPPCB, 2004). Such techniques, however, 

demand large quantities of land and are associated with a high risk for environmental 

pollution. For instance, tailings dams are particularly vulnerable to failure and pollution 

through acidic mine water contaminating surface and ground water resources (Lottermoser, 

2003). Recently reported findings in a worldwide database of historical tailings dam failures 

from an EC-funded project: e-EcoRisk, showed that Europe is second, behind USA, on 

tailings dam incidents (14% of the world total), with the largest number of accidents in 

Europe located in the UK (56% out of the 14%) (Rico et al., 2008).    
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Several recent EC-funded contracts and reports have focussed on mine waste arising in the 

EU, e.g. EIPPCB (2004) and BRGM (2001); and on the management of mineral operations 

closure, e.g. Clotadam (www.clotadam.com) and Tailsafe (www.tailsafe.com). An 

assessment of the literature indicates that tailings dams remain the current state-of-the-art 

disposal option for mine operators worldwide. This suggests a lack of sustainable solutions to 

deal with bulk waste products. Similarly, other bulk waste materials such as fly ash, derived 

from the burning of coal for power generation, are frequently discarded in large quantity to 

tips and landfills without considering sustainable alternative uses. Additional technologies are 

clearly required to provide novel solutions of dealing with bulk materials and reducing the 

environmental impact, preferably applicable broadly to diverse types of waste and suited to 

large volumes of fine-sized materials. 

 

 

1.2 RESEARCH RATIONALE 
 

This research is supported by BioMinE (Biotechnologies for Metal-bearing materials In 

Europe): an integrated EC-funded project under the Sixth Framework Programme for 

Research and Development (http://biomine.brgm.fr). The general objective of BioMinE is the 

development and integration of innovative, environmentally friendly, biotechnology based 

processes for recovery and/or removal of metals from primary materials such as ores and 

concentrates, secondary materials such as mining wastes, metallurgical slag, metal-bearing 

scrap and combustion/power plant ashes (Morin et al., 2006). Imperial College London is 

primarily involved in the sustainable utilisation of solid waste arising from BioMinE 

processes, in particular from bioleaching.  

 

Bioleaching is the main application of biohydrometallurgy at industrial scale, and utilises 

various bacterial strains under optimum conditions, e.g. temperature and pH, to attack and 

dissolve the desirable metal components. The metals of interest are recovered and further 

processed. The waste stream effluent that remains is rich with dissolved residual metals and 

high salt concentrations. This is treated to recycle water back into the process and ultimately 

safely released to the environment (Morin et al., 2006). The remaining solid waste streams, 

even though at relatively low quantities, need appropriate management as they may be 

significantly contaminated with hazardous elements such as arsenic, chromium, lead and 

zinc. 
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This research focuses on the novel re-use of bulk mineral mass from bioleaching, which 

would otherwise be waste. The waste materials are similar to the ones that arise from 

conventional mineral and hydrometallurgical processes. It is proposed to utilise bioleach 

waste materials in civil engineering applications, in particular geo-environmental, such as 

engineered backfill contained in the sub-surface as a load-bearing structure for open 

amenities and light construction. The experimental approach involved cementation and 

solidification processes to form mechanically competent and environmentally stable waste 

composites of the type known as controlled low-strength materials (CLSM), otherwise known 

as ‘flowable fill’. CLSM are typically a blend of Portland cement, fly ash,  fine/coarse 

aggregates (e.g. sand and/or by-products from various industrial processes) and water; that 

upon hydration of the cementitious and pozzolanic material produces a solidified 

geotechnical composite suitable for fill applications.  

 

Utilisation of low-value bulk mine waste to backfill mine voids has a long history in the 

mining industry. In particular, it has found successful application as hydraulic backfill 

(Sivakugan et al., 2006a,b); rock (granular/compacted) backfill (EIPPCB, 2004) and 

cemented paste backfill (Benzaazoua et al., 2006) in mining voids and/or surface disposal. 

CLSM are an effective and practical alternative to the above mentioned backfilling 

technologies as they are cheap to produce on-site; they have an upper strength limit in order 

to be excavatable at a later date if required; and are flowable in order to be easily placed 

requiring no compaction or levelling (ACI, 1994).  

 

Previous work on CLSM has focused predominantly on utilising inert mineral wastes such as 

foundry sand (Katz and Kovler, 2004; Naik et al., 2001). CLSM are primarily used in the US 

construction industry for a range of fill applications such as: utility trenches; road bases; 

foundation sub-footing and pipe bedding (ACI, 1994). The re-use of bioleach wastes, which 

are likely to contain significant quantities of hazardous components, in CLSM in the mining 

industry as opposed to the more ‘conventional’ largely inert wastes used in the past is a novel 

way for the sustainable use of this particular waste stream. As CLSM are relatively 

permeable, porous and contain only small amounts of primary binder, i.e. cement, it is likely 

that contaminants, e.g. heavy metals, may be released (leached) into the surrounding 

environment causing pollution. Therefore, it would be necessary to provide 

containment/lining measures (in practice isolation from the outside environment) by suitably 

encapsulating the CLSM containing potentially leachable hazardous components within a 
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CLSM matrix that is of a largely inert nature. This would provide a novel type of engineered 

fill structure.   

 

 

1.3 OBJECTIVES 
 

The objectives of this study are based on the hypothesis that solid waste from bioleaching 

should be produced in useable form and need not be discarded, and thus have minimal or 

positive impact on the environment. The principle research goals involve: 

 

 Identification and characterisation of types of bioleaching wastes; 

 Formulation of CLSM employing the statistics-based mixture design and response 

surface methodologies; 

 Optimisation of CLSM formulations based on the 28-day unconfined compressive 

strength of specimens being within pre-determined lower and upper boundaries; 

 Evaluation of the mechanical, physical, chemical and micro-structural properties of 

the optimised CLSM formulations; 

 Evaluation of the effect of encapsulation on the environmental impact of CLSM for 

sub-surface application. 

 
The experimental protocol is outlined in Figure 1.1. During the initial stages of the research 

experimentation focused on making CLSM containing model wastes, anticipated to be similar 

to bioleach waste, until representative bioleach wastes became available by BioMinE 

partners.      

 

 

1.4 STRUCTURE OF THESIS 
 

Chapter 2 gives background information regarding the legislation and characteristics of mine 

waste, and classification of bioleach waste. The best available techniques for mine waste 

management are reviewed emphasising on backfill methods, and introducing CLSM as an 

effective alternative to the more conventional procedures. The characteristics of cement-

based waste composites are described, particularly focusing on the effects that the wastes 

might have on the properties of CLSM. Chapter 3 describes the various experimental 
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methods necessary to evaluate the raw materials and properties of CLSM and encapsulated 

CLSM. Chapter 4 deals with the formulation of CLSM through the mixture design 

methodology, and optimisation of CLSM formulations through the response surface 

methodology. The optimised CLSM formulations were used for the evaluation of CLSM 

properties presented in Chapters 5, 6 and 7. Chapter 8 evaluates encapsulated CLSM 

specimens against their environmental impact. Finally, Chapter 9 provides a discussion, 

conclusions and recommendations for further research based on this work.     

 

Appendix I contains the formulae used to evaluate the data from leaching tests. Appendix II 

contains the New Dutch List of elements and their target and intervention values used to 

assess the environmental impact of CLSM and encapsulated CLSM specimens. Appendix III 

contains the ANOVA tables from the statistical analysis of CLSM formulations from Chapter 

4. Appendix IV states the publications that have emerged from this work. 

 

 
Figure 1.1:  Schematic diagram of the experimental protocol.  
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2. LITERATURE REVIEW 
 
 

 

2.1 INTRODUCTION 
 

This review provides background information on the general field of bulk solid waste 

management from extractive industries. This includes solid waste from mining, processing 

and metallurgy (including biohydrometallurgy). An account is given on relevant European 

legislation, derivation and characteristics of waste materials along with their potential 

environmental impact. This is extended by summarising the best available, i.e. state-of-the-

art, management techniques. Particular emphasis is given to backfill methods as a prelude to 

the novelty of CLSM as an effective alternative to the more conventional procedures. The 

characteristics of cement-based solidified waste forms are described, particularly focusing on 

the effects that the wastes may have on the properties of CLSM. 

 

 

2.2 EUROPEAN DIRECTIVES GOVERNING THE CONTROL OF WASTE FROM 
EXTRACTIVE INDUSTRIES 

 

The European Commission (EC) has recently published Directive 2006/21/EC on the 

management of waste from extractive industries (OJ, 2006a), otherwise referred to as the 

‘Mine Waste Directive’, in order to: “prevent or minimise potential adverse effects on the 

environment and resultant risk to health resulting from the management of waste from the 

extractive industries”; and “prevent major accidents or reduce their consequences through 

measures based on best available techniques (BAT)”, e.g. EIPPCB (2004). The Directive 

applies to waste resulting from the extraction, treatment and storage of mineral resources and 

the working of quarries.  
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Prior to Directive 2006/21/EC, each Member State had its own legislation that was relevant 

to mining activities (BRGM, 2001). In the UK, waste from extractive industries was subject 

to the general provisions of Directive 2006/12/EC on waste (OJ, 2006b) and Directive 

1999/31/EC on the landfill of waste (OJ, 1999) as long as it was not covered by other specific 

Community legislation. Mining activities were also excluded from much of the recent 

environmental policy such as the Integrated Pollution Prevention and Control (IPPC) 

Directive 96/61/EC (OJ, 1996a) and the Seveso II Directive 96/82/EC (OJ, 1996b). The 

Environmental Impact Assessment Directive 97/11/EC (OJ, 1997) included mining but 

allowed significant freedom of interpretation relating to the environmental effects.  

  

Today, no extractive industry in the EU may operate without a waste management plan, and 

no waste facility may operate without a permit issued by the competent authorities, e.g. the 

Environment Agency in the UK. The competent authority must satisfy itself that waste 

facility operators have taken the measures necessary to prevent water and soil contamination, 

in particular by: evaluating the leachate generation; preventing leachate generation and 

preventing surface water or groundwater from being contaminated by the waste; and treating 

contaminated water and leachate in order to ensure their discharge. The Directive also 

introduces specific measures relating inter alia to cyanide concentrations in tailings ponds and 

the disposal of waste in waters other than those specifically intended for waste disposal.  

 

With regard to placing mine waste back into the excavation voids for rehabilitation and 

construction purposes, i.e. as backfill, operators must take appropriate measures to secure the 

stability of waste, monitor it and prevent soil and water pollution (OJ, 2006a).This may be 

achieved by careful design procedures and a thorough understanding of the properties of the 

backfill material and the environment surrounding it.  

 

 

2.3 SOLID WASTE FROM CONVENTIONAL EXTRACTIVE OPERATIONS 
 
Extractive operations, i.e. exploration, mining, quarrying and processing of minerals, 

generate large volumes of solid mine waste owing to the normally high waste-to-product ratio 

(BRGM, 2001). These wastes, which may be a major source of pollution, include mining 

waste (topsoil, overburden and waste rock); processing waste (collectively referred to as 

tailings); and metallurgical waste (slag, flue dust, roasting products and leach residues and/or 
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precipitates) (Lottermoser, 2003; BRGM, 2001). Wastes generated at different mines vary 

considerably in their properties because of the different mining and extraction techniques 

used, and because of the differences in composition of the mined ore (Ledin & Pedersen, 

1996). The details of major unit operations involved and the kind of wastes produced are 

illustrated in Figure 2.1. 

 

 
Figure 2.1:  Major unit operations and the waste generated during each phase (extracted from: Pradip 
& Forssberg, 1998). 
 

2.3.1 Mining waste 
 

Mining waste are the materials resulting from the exploration of the ore by surface and 

underground mining, and is the largest quantity of waste generated by extraction operations 

(EPA, 2000). A schematic illustration of their origin is given by Figure 2.2. Mining waste 

amount to typically in the order of 30% of the mined material in the case of iron, gypsum and 

other industrial minerals; about 50% for base metals and as high as 80% for strip-mined coal 

(Pradip & Forssberg, 1998). They are heterogeneous geological materials and may consist of 
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sedimentary, metamorphic, or igneous rocks; soils and loose sediments. As a consequence, 

the particle sizes range from clay to boulder size fragments. The physical and chemical 

characteristics of mining wastes vary according to their mineralogy and geochemistry, type of 

mining equipment, particle size of the mined material and moisture content (Lottermoser, 

2003). 

 

 
Figure 2.2:  Schematic cross-section of open pit mine and origin of mining waste (extracted from: 
Lottermoser, 2003). 
 

2.3.2 Processing waste 
 

Processing waste are the solids that remain after mineral processing of the ore. Once the ore 

has been extracted the first processing stage is crushing and grinding (comminution). The fine 

ore is then concentrated to free the valuable mineral from the less valuable rock, i.e. the 

gangue material. Common processing techniques include flotation, gravity concentration, 

magnetic separation, leaching and precipitation (Wills & Napier-Munn, 2006). Whereas the 

concentrated ore stream generates the mining revenue, the tailings stream has a cost as it must 

be responsibly disposed of. Figure 2.3 illustrates the route of tailings production from the raw 

ore. 

 

More than 99% of the original ore may end up as tailings, especially when low-quality ores 

are processed (Ledin & Pedersen, 1996). Tailings are either produced as a slurry consisting of 

15-60% solids (also known as slimes), or as coarse tailings being largely dry following de-

watering, filtration or drying. The physical and chemical characteristics of tailings vary 

according to: mineralogical and geochemical compositions; specific gravity of particles; 

settling behaviour; permeability; consolidation behaviour; rheology/viscosity; pore water 

chemistry and leaching properties (Henderson & Revell, 2005). Tailings particles are 
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generally angular and their grain size is usually in the range of clay to sand, i.e. 1 μm to 1 

mm. Dry tailings typically consist of 70-80 wt% sand-sized particles and 20-30 wt% finer 

clay-sized particles. Grain size depends primarily on the crushing and grinding processes 

applied. It is common to find that tailings contain minerals similar to that of the ore. 

Nonetheless, they comprise a material which is significantly different to the mined ore in 

terms of grain size, mineralogy and chemistry. In general, tailings solids can contain: primary 

ore and gangue minerals; secondary minerals formed during weathering; chemical 

precipitates formed during and after mineral processing; and chemical precipitates formed 

after disposal in tailings storage facilities (Lottermoser, 2003; Robinson, 1998). 

 

 
Figure 2.3:  Simplified flow-chart of a mineral processing operation, in which ore is processed to 
yield a concentrate and tailings (extracted from: Lottermoser, 2003). 
 

2.3.3 Metallurgical waste 
 

Processing of metal and industrial ores produces an intermediate product, a mineral 

concentrate, which is the input to extractive metallurgy. Conventional extractive metallurgy 

to liberate metallic value of concentrates is largely based on hydrometallurgy (application of 

solvents) and pyrometallurgy (application of heat) and to a lesser degree on electrometallurgy 

(application of electricity) (Wills & Napier-Munn, 2006). Furthermore, there is the fairly 

recent category of biohydrometallurgy (Rossi, 1990); waste products from which are 

discussed separately in Section 2.4. These metallurgical processes destroy the chemical 

combination of elements and result in the production of various waste products including 

atmospheric emissions, flue dust, slag, roasting products, wastewater and leached ore 
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residues/precipitates (Lottermoser, 2003). Figure 2.4 illustrates simplified flowcharts of the 

routes of wastes from the most common metallurgical processes. 

 

 
Figure 2.4:  Simplified flowcharts of: A) pyrometallurgical and B) hydrometallurgical operations, in 
which ore is treated to yield metals and wastes (extracted from: Lottermoser, 2003). 
 

Metallurgical wastes are defined as the residues of metallurgical processes deemed too poor 

to undergo further treatment. Hydrometallurgical extraction is performed at numerous gold, 

uranium or phosphate mines, with the associated wastes accumulating on site. In contrast, 

electro- and pyrometallurgical processes and their wastes are generally not found at modern 

mine sites, unless there is a cheap fuel or readily available energy for these extractive 

processes. At many old metal mines, the ore or ore mineral concentrate was smelted or 

roasted in order to remove sulphur and to produce a purer marketable product. Consequently, 

roasted ore, slag, ash, and flue dust are frequently found stockpiled at old metal mine sites 

(Lottermoser, 2003; BRGM, 2001). Even at modern mines, however, on-site dumping still 

remains a common route of disposal of metallurgical waste (Shen & Forssberg, 2003).  

 

2.3.4 Coal combustion products 
 

Coal that is mined and provided for combustion in power plants for the generation of 

electricity produces by-products, i.e. coal combustion products (CCP). Even though this 

combustion is not an extractive operation, the material that is used for combustion is derived 

from mining. For this reason, together with the fact that CCP have been used as a raw 
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material for the production of CLSM in this research, their main characteristics and waste 

management strategies are discussed below.    

 

Large quantities of CCP are produced worldwide and are continuing to increase to meet the 

rising energy demand of our modern society. According to ECOBA (2005), approximately 65 

million tonnes of CCP were produced in Europe in 2005. In general, for every tonne of coal 

that is burnt, 3-30% of the mass remains after combustion as different ash products. The 

major CCP are: fly ash; bottom ash; boiler slag; and fluidised bed combustion ash; as well as 

the products from dry or wet flue gas desulphurisation (FGD) (Scheetz & Earle, 1998). 

Figure 2.5 illustrates the amount and type of CCP produced in the EU during 2005.  

 

 
Figure 2.5:  Production of CCP in Europe (EU 15) in 2005. Total production: 65 million tonnes 
(source: http://www.ecoba.com). 
 

In the past, CCP have been conventionally disposed of to landfill and/or ponds/lagoons, and 

stockpiled in dumps at power plants and/or at construction sites (Hjelmar, 1990; Simsiman et 

al., 1987). This behaviour, however, is becoming less common as Governments, worldwide, 

are encouraging their use as secondary raw materials through legislation favouring their re-

utilisation (Sajwan et al., 2006). This can be seen in Figure 2.6 where, according to ECOBA, 

only approximately 2% of the CCP produced in Europe in 2005 were disposed and 9% 

temporarily stockpiled. Even though the percentage is small, this still amounted to a 

significant 7 million tonnes of CCP that had to be disposed of in 2005. It should be noted, 

however, that this is somewhat misleading as the “restoration of open-cast mines, quarries 
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and pits” item of Figure 2.6 is in fact landfill which in reality significantly increases the 

amount of CCP disposed (ca. 39%). Clearly, the amount of re-utilisation has to be further 

increased although this may be challenging as environmental regulations, particularly within 

Europe, are strict with regards to re-using CCP as it is considered a ‘waste’ (Sear, 2003).  

 

 
Figure 2.6:  Utilisation and disposal of CCP in Europe (EU 15) in 2005 (source: http://www.ecoba.com). 
 

Fly ash (FA) is by far the most extensively used CCP for various industrial applications, 

namely: construction material purposes such as building blocks, ceramics and concrete 

(Yazici, 2007; Moreno et al., 2005; Helmuth, 1987); solidified waste composites (Conner, 

1990); and fill material applications (UKQAA, 2007a; Charles & Watts, 2001; Horiuchi et 

al., 2000; Clarke & Coombs, 1996). This is primarily due to its pozzolanic properties and 

rounded particle shape that improves particle packing by reducing void spaces and water 

demand (Helmuth, 1987). These properties are further discussed in Section 2.9.3. 

 

Fly ash is obtained by electrostatic or mechanical precipitation of dust-like particles from the 

flue gases of furnaces fired with coal or lignite at 1100-1400 °C. Fly ash is a fine powder, 

which is mainly composed of spherical glassy particles. Depending upon the type of boiler 

and the type of coal, i.e. siliceous (classified as Class F) and calcareous (classified as Class 

C), fly ash with pozzolanic and hydraulic properties respectively, are produced (Sajwan et al., 

2006; Scheetz and Earle, 1998). Fly ash generally ranges in size from 0.5-200 μm and is 

composed primarily of silicon, aluminium, iron and calcium oxides, along with unburned 
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carbon portions. Furthermore, it may contain trace elements, such as in Table 2.1, in small 

quantities usually less than 1% of the total (UKQAA, 2007b; Scheetz and Earle, 1998).  

 

Table 2.1:  Typical solid phase trace element analysis from UK sources of fly ash (extracted from: 
UKQAA, 2007b). 
 

Element Content in mg kg-1 Element Content in mg kg-1 
Arsenic 4 – 109 Manganese 103 – 1,555 
Boron 5 – 310 Molybdenum 3 – 81 
Barium 0 – 36,000 Nickel 108 – 583 
Cadmium < 1.0 – 4 Phosphorus 372 – 2,818 
Chloride 0 – 2,990 Lead < 1 – 976 
Cobalt 2 – 115 Antimony 1 – 325 
Chromium 97 – 192 Selenium 4 – 162 
Copper 119 – 474 Tin 933 – 1,847 
Fluoride 0 – 200 Vanadium 292 – 1,339 
Mercury < 0.01 – 0.61 Zinc 148 – 918 

 

Despite several concerns regarding the environmental safety of fly ash, primarily owing to 

trace element concentrations in some ashes that may be released into the environment, Sear 

(2003) is confident that it is essentially an environmentally benign by-product material. The 

low permeability coupled with the majority of trace elements being held in the amorphous 

alumino-silicate glassy matrix of the particles means little material can escape to the 

environment and cause problems (UKQAA, 2007a). Of the soluble components the majority 

are water-soluble calcium and sulphur salts mainly as gypsum, which is a naturally occurring 

material and gives a pH of around 11.5. Furthermore, a considerable amount of research has 

been carried out over the years and yet there has never been a reported environmental 

incident resulting from its use (Sear, 2003).  

 

Figures for using fly ash in any type of fill and stabilisation/solidification applications within 

the EU and USA in 2003 are presented in Table 2.2. It can be noticed that there is no specific 

application for CLSM (flowable fill) within the EU, even though this could be included in the 

general engineering fill. In the USA, however, its utilisation as CLSM is in the order of 0.5%. 

Furthermore, no recorded figures were identified by ECOBA for the use of fly ash in waste 

stabilisation/solidifications applications in Europe (ECOBA, 2005). In the UK, the UK 

Quality Ash Association (UKQAA) has reported a usage of 14% of fly ash and bottom ash 

for fill and ground remediation applications (UKQAA, 2007a). 
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Table 2.2: Utilisation of fly ash in Europe (EU 15) and USA for filling and stabilisation/solidification 
applications in 2003 (source: http://www.ecoba.com). 
 

 EU 15 USA 
Fly ash utilisation (wt%)   
General engineering fill 8.4 - 
Structural fill 9.4 20.3 
Infill 3.3 - 
Flowable fill (CLSM) - 0.5 
Soil modification/stabilisation - 1.9 
Waste stabilisation/solidification - 14.4 

 

 

2.4 SOLID WASTE FROM BIOLEACHING 
 
2.4.1 Biohydrometallurgy 
 

Biohydrometallurgy may be defined as the branch of biotechnology dealing with the study 

and application of the economic potential of the interactions between microorganisms and 

minerals (Rossi, 1990). Biohydrometallurgy comprises of different disciplines, namely: 

bioremediation, biosorption, bioaccumulation and bioleaching (Mishra et al., 2004; Barrett et 

al., 1993). Bioleaching is the most commonly studied biohydrometallurgical method in the 

mining industry, and is the main research area of the BioMinE project (Morin et al., 2006).     

 

Over the past 40 years biohydrometallurgy has experienced noticeable interest (Brierley & 

Brierley, 2001; Poulin & Lawrence, 1996; Barrett et al., 1993) with particular advancement 

on an industrial scale over the past 20 years (Morin et al., 2006; Brierley & Brierley, 2001; 

Ehrlich, 2001). Many metal-bearing materials could potentially be treated by 

biohydrometallugical techniques, but to date only copper and gold (in sulphide matrices) 

have achieved commercial industrial production (Ndlovu, 2007; Morin et al., 2006; Ehrlich, 

2001). Current international literature concurs that Australia, Chile, South Africa and USA 

dominate this field (Ndlovu, 2007; Rawlings et al., 2003; Brierley & Brierley, 2001). Morin 

et al. (2006) comment that there is yet to be a full-scale industrial application in Europe.      

 

Bioleaching involves the utilisation of microorganisms, particularly of the genera 

Thiobacillus and Leptospirillium, to extract metals from sulphide- and/or iron-containing ores 

and concentrates (Rawlings et al., 2003; Bosecker, 1997) or secondary resources, e.g. 

flotation tailings and fly ash (Olsen et al., 2006; Mishra et al., 2004; Krebs et al., 1997). The 
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iron and sulphide is microbially oxidised to produce ferric [Fe3+] iron and sulphuric acid, 

respectively (Rossi, 1990). These chemicals convert insoluble sulphides of metals, such as 

copper, nickel and zinc, to soluble metal sulphates that can be readily recovered from solution 

by conventional hydrometallurgical processes (Rawlings et al., 2003) mentioned in Section 

2.3.3. Assuming optimum microbial metabolisms and mineral transformations, 

biotechnology-based processes are considered to be quite efficient compared to the 

conventional metallurgical methods (Morin et al., 2006; Bosecker, 1997). 

 

Bio-oxidation, even though very similar, has minor differences to bioleaching. It involves 

microbial oxidation of minerals which contain metal compounds of interest. As a result, the 

metal value remains in the solid residue in concentrated form (Mishra et al., 2004). This is 

used for extracting fine gold particles, < 50 µm, that are interlocked in the structure of 

sulphide-bearing minerals such as pyrite and arsenopyrite, i.e. refractory gold 

ores/concentrates (Morin, 1995; Barrett et al., 1993; Lawrence, 1990). Although gold is inert 

to microbial action, microbes can be used to recover gold because as they oxidise the ore they 

open its structure thereby allowing gold-solubilising chemicals, such as cyanide, to penetrate 

the refractory mineral (Rawlings et al., 2003; Morin, 1995; Lawrence, 1990). BIOX® is a 

technology for the bio-oxidation of refractory gold ores and concentrates, i.e. pyrite and/or 

arsenopyrite. The successful development of the technology led to the commissioning of the 

first commercial BIOX® plant at the Fairview mine, South Africa, which has been operating 

since 1986. The current design capacity of this plant is 62 tonnes day-1 of concentrate 

containing 100-150 g Au tonne-1 (van Aswegen et al., 2007).      

 

Bioleaching can be carried out in heaps, dumps and tanks, or by in-situ and in-place methods 

(Rawlings et al., 2003; Bosecker, 1997; Rossi, 1990). It is regarded as a technology that: 

requires moderate capital investment; has low operating costs; low ‘carbon footprint’; is 

appropriate for low-grade ores and the secondary recovery of metals that otherwise are 

discarded; does not produce atmospheric pollution, e.g. As4O6 and SO2 gases from 

conventional roasting; and does not require sophisticated equipment or operating procedures. 

Furthermore, this technology is likely to be of interest to developing countries (Ndlovu, 2007; 

Bosecker, 1997; Acevedo et al., 1993). The main limitations of bioleaching are related to its 

low reaction rates; sulphur by-products are not recovered; fine grinding needed; high energy 

consumption; and the excess acid generated must be neutralised (Morin et al., 2006; Acevedo 

et al., 1993; Rossi, 1990).  
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Bioleaching at high temperatures in the range of 60-80 °C using thermophilic microbial 

cultures, e.g. of the Sulfolobus genera, has received increasing interest over the past couple of 

decades (Rawlings et al., 2003; Duarte et al., 1993). Higher temperatures speed up 

bioleaching/bio-oxidation processes and produce a more extensive solubilisation of the 

concentrate, i.e. higher metal recovery even up to 95% for refractory gold ores. On the other 

hand, bacterial activity at lower temperatures in the range of 30-40 °C using mesophilic 

microbial cultures, e.g. of the Thiobacillus and Leptospirillium genera, may incompletely 

degrade the concentrate. Furthermore, operating at higher temperatures reduces the reactor 

cooling requirements, thus, offering economic benefits to the process even though more 

energy intensive (Clarke & Norris, 1996; Jordan et al., 1996; Duarte et al., 1993; Lindström 

& Gunneriusson, 1990). 

 
2.4.2 Bioleaching waste 
 

Figure 2.7 shows an example of a typical flowchart of the bioleach waste production routes 

from refractory gold concentrates bioleaching. Even though this was extracted from quite an 

old source, the main principles and waste product routes remain largely the same. Upon 

bioleaching much of the mass is expected to dissolve initially as iron(III) sulphate and upon 

neutralisation with limestone will precipitate as hydrated iron(III) oxide (carrying down with 

it toxic elements, such as arsenic), together with gypsum (Nyombolo et al., 2000; Barrett et 

al., 1993). The cyanidation process leads to different solid wastes composed largely of the 

original gangue minerals, and following adequate destruction of cyanide species, e.g. using 

Caro’s acid [H2SO5] or hydrogen peroxide [H2O2] (Young & Jordan, 1995), this waste stream 

is expected to be largely inert.   

 

Arsenic is produced as an impurity during the bacterial oxidation of concentrates containing 

arsenopyrite. High dissolved arsenic concentrations in the bioleach liquor may inhibit 

microorganisms and completely stop the process, and the high mobility of dissolved arsenic 

compounds could interfere with downstream processes and could be released into the 

environment causing serious environmental pollution (Wiertz et al., 2006). Clearly, the 

presence of arsenic in the precipitate would be a cause of concern if there was any chance of 

re-mobilisation of the arsenic into the environment (Nyombolo et al., 2000). However, 

soluble arsenic can be subsequently removed from the bioleach liquors by precipitation as 
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stable ferric arsenate compounds in a neutralisation process using limestone (Broadhurst, 

1992). 

 

 
Figure 2.7:  Flowchart of the treatment of gold-bearing sulphide concentrates by bioleaching and 
cyanidation (extracted from: Morin, 1995). 
 

When arsenopyrite concentrates are bioleached, arsenic is solubilised to its trivalent state, 

As3+. Trivalent arsenic, however, is almost ten times more toxic than pentavalent arsenic, 

As5+, and also less stable. Before neutralisation, bioleach liquors are oxidised to ensure most 

of the arsenic exists as As5+ to produce arsenic-bearing precipitates that are less toxic and 

more stable, i.e. smaller risk of leaching out of the precipitates when in contact with air and 

water. Conventionally, this has been achieved by assuming that enough oxygen is present for 

natural oxidation by ferric ions (Langhans et al., 1995). As this is a slow process, Wiertz et al. 

(2006) and several other researchers have proposed to combine arsenopyrite with pyrite to 

catalyse the oxidation of As3+ to As5+. The mechanisms of this catalysis, however, are 

currently not fully understood and more research is necessary.  
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The bacterial oxidation of pyrite produces ferric sulphate and sulphuric acid, as follows (van 

Aswegen et al., 2007; Nyombolo et al., 2000): 

 

34242222 )(SOFe2SO2H15OO2H4FeS +→++                                                (2.1) 

 

The bacterial oxidation of arsenopyrite produces ferric sulphate and arsenic acid, as follows 

(van Aswegen et al., 2007; Nyombolo et al., 2000):  

 

342432242 )(SOFeAsO2H7OO2HSOH2FeAsS +→+++                                    (2.2) 

 

The neutralisation by limestone of the sulphuric acid present in the bioleach liquor occurs 

according to Equation 2.3, to produce gypsum (Nyombolo et al., 2000). 

 

2242342 COO2HCaSOOHCaCOSOH +⋅→++                                                (2.3) 

 

Controversy has raged over the composition of the amorphous precipitates that are formed 

when iron- and arsenic-bearing liquors are neutralised with limestone at ambient temperature 

(Broadhurst, 1994). Some investigators, e.g. Krause & Ettel (1989), have suggested that an 

amorphous ‘basic ferric arsenate’ [FeAsO4·xFe(OH)3] is formed, while others, e.g. Robins & 

Jayaweera (1992), have disputed this and proposed that the product is in fact arsenate 

absorbed onto extremely small particles of ferric hydroxide. The amorphous ‘basic ferric 

arsenate’ is more stable over extended periods of time, e.g. < 0.2 ppm soluble arsenic after a 

testing period of 3.7 years, and suitable for long-term disposal (Broadhurst, 1994; Krause & 

Ettel, 1989). 

 

Assuming that the formula proposed for the production of ‘basic ferric arsenate’ is correct, 

Nyombolo et al. (2000) have postulated that the precipitation of a bioleach liquor containing 

iron and arsenic in a molar ratio of x+1:1 proceeds as follows: 
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Equations 2.3 and 2.4 can be used to estimate the limestone requirements for the 

neutralisation of a bioleach liquor, and to estimate the quantity of precipitated solids that will 

be produced in the process (Nyombolo et al., 2000).  

 

Although many researchers, e.g. Nyombolo, 2000; Morin, 1995; Broadhurst, 1994, agree that 

it is generally accepted that co-precipitation of As5+ with ferric hydroxide offers the most 

viable process for the removal of arsenic from process solutions, there is still much 

controversy regarding the optimum precipitation conditions and the long-term stability of 

these precipitates (Krause & Ettel, 1989).  

 

A number of factors have been reported to affect the stability of iron-arsenic precipitates. 

These include precipitation sequence, Fe:As mole ratio, pH, temperature and co-precipitation 

of other compounds. Precipitation should be conducted in stages, with a gradual increase in 

pH, in order to avoid the formation of calcium arsenate [Ca3(AsO4)2] which is not a stable 

product (Nyombolo, 2000; Broadhurst, 1994). The Fe:As mole ratio appears to have the 

greatest effect on stability, which increases as the Fe:As mole ration increases. A Fe:As mole 

ration of ≥ 3:1 to 4:1 is generally accepted as being a pre-requisite for the formation of stable 

iron-arsenic precipitates. Whilst maximum removal of As5+ from solution, by precipitation as 

ferric arsenate, has been reported to occur in the pH range 3.5-5.0 over a wide range of Fe:As 

mole ratios, the solubility of ferric arsenates generally increases as the leach pH increases 

from 4-10. The effect of leach pH, however, becomes less pronounced at higher Fe:As mole 

ratios (> 4:1) (Broadhurst, 1994). The temperature of the process, between 25-80 °C, has not 

been found to significantly affect the stability of precipitates (Nyombolo et al., 2000). Co-

precipitation of small quantities of base metals, e.g. cadmium, copper and zinc, and gypsum 

is also reported to have a stabilising effect on ferric arsenate precipitates (Morin, 1995). 

 

Despite extensive research, the further understanding of the factors affecting the stability of 

precipitated arsenate compounds is prohibited by the lack of methods for identifying and 

characterising the precipitated solids. These compounds are frequently amorphous and cannot 

be identified by means of X-ray diffraction (XRD) techniques. Whilst infra-red spectroscopy 

is considered to be a viable technique for identifying the composition and structures of the 

precipitates, little information is available in the published literature (Broadhurst, 1994). In a 

recent study, Paktunc et al. (2004) made an attempt to characterise arsenic-bearing material 



39 
 

from gold ores and cyanidation tailings using X-ray absorption spectroscopy with promising 

results.  

 

There are several methods for assessing the short-term and long-term stability of arsenic-

bearing precipitates. The validity, however, and usefulness of many short-term tests, e.g.  the 

US Environmental Protection Agency Toxicity Characteristic Leaching Procedure (US EPA-

TCLP), has been questioned by several authors, e.g. Robins & Jayaweera (1992), who claim 

that they provide no guarantee of long-term stability. Several workers, e.g. Krause & Ettel 

(1989) have developed long-term stability testing methods, which accurately reflect the 

conditions likely to be encountered in waste-disposal sites.  

 

Disposal to tailings dams is the typical option for bioleach waste products. For instance, 

separate tailings dams have been used to dispose the two separate waste streams, i.e. 

neutralisation precipitates and cyanidation tailings, at the Fairview BIOX® plant (Broadhurst, 

1992). An alternative to the disposal to tailings dams is proposed in this thesis for the use of 

neutralisation precipitates and tailings in CLSM (Chapter 7).  

 

  

2.5 ENVIRONMENTAL IMPACT OF SOLID MINE WASTES 
 

2.5.1 Waste production in the UK and EU 
 

Despite the efforts of EU Member States to reduce the amounts of wastes produced, the 

quantity of solid mine wastes from mining and quarrying is significantly increasing (Tiruta-

Barna et al., 2007). During 2002-2003 the UK produced about 330 million tonnes of waste. 

Figure 2.8 shows the estimated proportion produced by each sector. This includes nearly 100 

million tonnes of mineral waste from mining and quarrying (DEFRA, 2005). According to 

the data provided in the Waste Strategy 2000 for England and Wales (DETR, 2000), 38%, i.e. 

about 2.28 million tonnes, of mineral waste and residues were recovered by recycling and 

62%, i.e. about 3.72 million tonnes, were disposed to landfill.   

 

The total waste generated during 2002-2003 by 31 European countries (EU members, EU 

applicants and European Free Trade Association Countries) was approximately 2.1 billion 

tonnes. Waste from the extractive industries, such as mining and quarrying, represents a large 
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waste stream in the EU. Kloek & Jordan (2005) estimated that such waste amounted to about 

34%, i.e. about 714 million tonnes, of total waste generated in the EU during 2002-2003 as 

can be seen by Figure 2.9. 

 

 
Figure 2.8: Estimated total annual waste arisings by sector in the UK, 2002-2003 (source: DEFRA, 
2005). 
 

 
Figure 2.9: Total waste generation by sector – EU countries 2002-2003 (source: Kloek & Jordan, 
2005). 
 

The disposal of mine waste requires large amounts of land and, unless properly managed, can 

have detrimental effects on the air, water and soil quality (Tiruta-Barna et al., 2007). A 
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relatively recent estimate by BRGM (2001) suggests that the total mine waste stored across 

the European Union represents more than 5.6 billion tonnes.  

 

2.5.2 Acid mine drainage 
 
The formation of acid mine drainage (AMD) has been described as the major environmental 

problem facing the mining industry worldwide (Bulusu et al., 2007; Akcil & Koldas, 2006; 

Johnson & Hallberg, 2005; Ritcey, 2005; Evangelou, 2001; Kontopoulos, 1998). AMD may 

occur rapidly or it may take many years to appear and reach its full potential. The severity of, 

and impacts from, AMD are primarily a function of the mineralogy of the rock and the 

availability of water and oxygen (Ritcey, 2005; Kontopoulos, 1998). Acid is generated at 

mine sites when sulphide minerals, most commonly pyrite as it tends to be the most abundant 

sulphide mineral, are oxidised and sufficient water is present to mobilise the sulphur ion 

(EPA, 2000). Furthermore, naturally-occurring bacteria can accelerate AMD production by 

assisting in the breakdown of sulphide minerals (Akcil & Koldas, 2006). 

 

Mine wastes that have the potential to generate AMD include overburden, waste-rock, 

tailings and spent ore from leaching processes. AMD may generate in the actual mine along 

the pit walls, in the case of surface mining, and in the underground workings associated with 

underground mines (Johnson & Hallberg, 2005; Kontopoulos, 1998). Tailings dams and any 

other waste management facility are also prone to AMD causing significant environmental 

concern (Lottermoser, 2003).  

 

In addition to the acid, which can have a pH value of as low as 2, AMD sources may pose an 

additional environmental risk by the fact that they often contain elevated concentrations of 

metals (e.g. iron, aluminium and manganese, and possibly other heavy metals) and metalloids 

(of which arsenic is the greatest concern). In 1989, it was estimated that approximately 

19,300 km of streams and rivers, and approximately 72,000 ha of lakes and reservoirs 

worldwide had been seriously damaged by mine effluents, although the true scale of the 

environmental pollution caused by AMD is difficult to assess accurately (Johnson & 

Hallberg, 2005).   
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The origin and production of AMD has been thoroughly described elsewhere, e.g. 

Lottermoser (2003) and Kontopoulos (1998). Pyrite oxidation is a multistep process and is 

described by the following reactions (Ritcey, 2005).  

 
+−+ ++→++ 2H2SOFeOH7/2OFeS 2

4
2

222                           (2.5) 

 

OHFe2H2O2/12Fe 2
3

2
2 +→++ +++                            (2.6) 

 
++ +→+ 3HFe(OH)OH32Fe 32

3                            (2.7) 

 

The above three reactions may be combined to give the following overall reaction (Ritcey, 

2005). 

 

423222 SO2HFe(OH)OH2/7O4/15FeS +→++                          (2.8) 

 

Initially, pyrite is oxidised to produce elevated ferrous iron and sulphate concentrations. The 

ferrous iron often subsequently oxidises and hydrolyses, producing ferric oxide-bearing 

precipitates, colloquially known as ‘ochre’, which smothers stream beds, devastating benthic 

fauna/flora (Banks & Banks, 2001). The precipitates are hydrous bulky materials, often with 

significant concentrations of metals such as arsenic or organic matter (Dudeney et al., 2003).  

 

Ochre is currently accumulating in the UK at approximately 23,000 tonnes per annum, and is 

conventionally managed by retention in lakes, wetlands, tailings ponds or landfill (The Coal 

Authority, 2007; Carlile & Dudeney, 2000). As a response to stringent environmental 

regulations, attempts have been made to re-use ochre in construction (cement, pigments and 

steel), water purification (coagulants and adsorbents) and surface/sub-surface restoration 

(artificial topsoil and engineered fill) (Neville, 2007; Georgaki et al., 2004). Because of the 

relatively low amounts of ochre produced it was not deemed economically viable for any 

other use apart from landfill disposal. The re-use of ochre to make CLSM could be a 

sustainable small-scale on-site option (Bouzalakos et al., 2008). 

 

There has been extensive research on the prevention, minimisation and remediation of AMD. 

It is generally accepted that preventing formation is the most preferable option, although not 
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feasible at many locations where AMD must therefore be collected and treated before 

discharge of water to the environment. There are variable options for remediating AMD, 

which may be divided into those that use either chemical or biological mechanisms to 

neutralise the acid and remove metals from solution (Akcil & Koldas, 2006; Johnson & 

Hallberg, 2005).  

 

Many researchers have investigated new technologies for AMD remediation. For instance, 

Bulusu et al. (2007) studied the encapsulation of pyrite with alkaline coal combustion by-

products to produce grouts that neutralise the acidic leachate, and state that it is a cost-

effective way of neutralising acid-generating sources. Evangelou (2001) examined the 

feasibility in controlling pyrite oxidation by creating an impermeable phosphate or silicate 

coating on pyrite surfaces that would prevent either oxygen or ferric iron from further 

oxidising pyrite. Results were promising for silicate coating methods. Benzaazoua et al. 

(2008) and Benzaazoua & Kongolo (2003) have tried to de-sulphurise tailings by froth 

flotation techniques. Pyritic tailings are increasingly being studied and used as cemented 

paste backfill, e.g. Tariq & Nehdi (2007) and Benzaazoua et al. (2004b), where tailings are 

stabilised/solidified using binders and processed back into the mined space. This technology 

is further discussed in Section 2.7.5. 

 
2.5.3 Heavy metal and cyanide contamination 
 
Dissolved heavy metals in AMD may include arsenic, cadmium, copper, iron, lead, 

manganese and zinc, amongst others. Elevated concentrations of these metals in surface water 

and ground water can preclude their use as drinking water or aquatic habitat. Low pH levels 

and high metal concentrations can have acute and chronic effects on aquatic life/biota. While 

AMD can enhance contaminant mobility by promoting leaching from exposed wastes and 

mine structures, releases can also occur under neutral pH conditions (EPA, 2000). 

 

Arsenic is often associated with mine waste, particularly from gold mining, and its 

compounds are known carcinogens. Strict regulations, therefore, for the control of arsenic-

bearing waste exist throughout the world. These regulations apply to liquid waste as well as 

to any leachate that may be formed by the dissolution of solid waste due to exposure to air 

and/or water. The World Bank Environmental, Health and Safety Guidelines for Mining 

(World Bank, 2007) state that an effluent discharge to receiving waters containing 1.0 mg l-1, 
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or less, of arsenic is expected to be of no risk for significant adverse impact on aquatic biota 

or human use. The World Health Organisation, however, limits arsenic concentrations to 0.01 

mg l-1 for safe potable water (WHO, 2006). 

 

Jarosite precipitates are commonly produced from hydrometallurgical processes, most 

commonly from zinc plants. The disposal of jarosite remains a major environmental concern 

to zinc plants as it is produced in large volumes and has little commercial value. It is also 

commonly associated with heavy metals, such as copper, lead and zinc, as well as with 

metalloids amongst which arsenic predominates, which may be leachable over time. 

Therefore, disposal to a dedicated containment facility, such as a lined pond, is common 

practice (Jurjovec et al., 2003). Jarosite may also be a potential secondary resource for 

biohydrometallurgical extraction of zinc if feasible for commercial exploitation, since 

concentrations can be as high as ca. 11 wt%. Another possible use could be in CLSM that are 

sufficiently lined and/or encapsulated from the surrounding environment (Bouzalakos et al., 

2008).   

 

In addition to AMD and heavy metals contamination, cyanide contamination is another 

serious environmental hazard, particularly in gold mining plants. Cyanide has been used for 

over 100 years in the mining industry and is still the most economically and technically 

feasible hydrometallurgical method of gold recovery (Wills & Napier-Munn, 2006). Cyanide, 

however, may be a major threat to life forms. The lethal dose to humans is in the order of 1-3 

mg kg-1 body weight. Long-term exposure at sub-lethal doses causes irritation of the eyes, 

loss of appetite, headaches and dizziness, and damage to the nervous system and thyroid 

gland (Hilson & Murck, 2001). Wildlife mortalities, particularly birds, have also been 

associated to the interaction between cyanide-bearing tailings stored in tailings dams (Donato 

et al., 2007). The allowable potable water standards for cyanide are 0.07 ppm (WHO, 2006), 

0.05 ppm (European Union) and 0.5 ppm (World Bank) (Akcil, 2002). 

 

Cyanide destruction, recovery and recycling methods are well documented and have been 

used for many years, e.g. Ritcey (2005) and Akcil (2002). Most common methods involve: 

biological treatment by micro-organisms; chemical oxidation with air; oxidation with 

oxidants such as hydrogen peroxide, acidification/volatilisation/re-neutralisation; and 

electrochemical treatment (Donato et al., 2007; Ritcey, 2005; Hilson & Murck, 2001; Young 

& Jordan, 1995). The economic viability of treatment is identified as site sensitive (Donato et 
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al., 2007). Although cyanide has been proven to be toxic, may cause environmental pollution 

and is strongly opposed by the public, many researchers, e.g. Akcil (2002), agree that our 

knowledge of cyanide and its related compounds is sufficient to use it safely. 

 

 

2.6 SOLID MINE WASTE MANAGEMENT TECHNIQUES 
 

2.6.1 Overview 
 

The European mining industry has been operating for the several past years under severe 

economic conditions mainly because the deposits can no longer compete on an international 

level. In order to meet increasing demand, imports into Europe are on the increase (EIPPCB, 

2004). The added pressure from the recent Mine Waste Directive (Section 2.2) further 

escalates costs for environmentally-safe disposal and storage of mine waste. As an effect, 

waste management facilities must be built as sustainably and cost-effectively possible. In 

recent years, increasing emphasis is being driven towards the re-utilisation of mine waste 

through innovative solutions and emerging technologies, rather than storage/disposal, but this 

change in approach within the industry remains slow at present, with mine operators focusing 

on conventional ‘good practice’ guideline documents such as EIPPCB (2004).      

 

There are many methods available for managing solid mine waste. For completeness, this 

section will briefly review the current best available techniques and innovative research 

regarding re-utilisation of mine waste for various industrial applications. EIPPCB (2004) 

provides a detailed description of the most current best available techniques but should be 

noted that the situation is changing rapidly. 

 

2.6.2 Best available techniques 
 
With at least 3,500 known tailings dams worldwide it is well agreed across the international 

scientific community that they are the major disposal method of tailings for many new as 

well as existing mining developments (Wills & Napier-Munn, 2006; EIPPCB, 2004; 

Lottermoser, 2003; EPA, 2000; Robinson, 1998; Ritcey, 1989). They are large surface 

impoundments, ranging from a few to thousands of hectares, in which slurried tailings from 

wet processing are managed. The slurry pumped into tailings dams commonly consist of 20-
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40 wt% solids (Robertson, 1994), but levels from 5-50 wt% solids have been known 

(EIPPCB, 2004). The solids settle out of the slurry after discharge and the dam is, therefore, 

composed of settled solids and free water. The free fluid is typically returned to the 

processing plant for re-use, stored in the impoundment for future use, removed by 

evaporation or it may be discharged into surface water courses, often after undergoing 

treatment (EIPPCB, 2004; Robertson, 1994). 
 

Tailings dams are often the most visible remaining signs of a mining activity owing to their 

large ‘footprint’. The common practice in the past has been to provide a well engineered 

structure into which the tailings can be deposited without a great deal of attention being given 

to closure requirements or issues related to long-term management. Current practices take 

into account various rehabilitation strategies, such as covering and re-vegetation, required to 

contribute positively to an area’s development, and ensure to provide facilities that are 

engineered for closure so that stability and environmental performance criteria can be 

achieved. Mylona et al. (2004) provide a detailed account on the various rehabilitation 

strategies derived from the research of a European project, Tailsafe (www.tailsafe.com), 

dealing with the sustainable improvement in safety of tailings facilities.   

 

Over the last 30 years there have been on average two to five major tailings dam failures per 

year. This rate of failure is increasing, and even tailings facilities built as little as 5-20 years 

ago that have improved engineering design are also failing. This has had dramatic impacts on 

the environment. To assist in the minimisation of risk of future failures, modern mining 

operators consult a range of guidelines, standards and regulatory documents in order to 

establish and implement a tailings management plan. The implementation of modern 

technology reduces the risk associated with the storage of tailings, and mine waste in general. 

For instance, high-density polyethylene (HDPE) and clay-lined tailings impoundments with 

complex under-drainage systems are now becoming more popular to protect groundwater and 

downstream environments from pollution (Dixon-Hardy & Engels, 2007).   

 

Other best practice techniques of tailings management include thickened tailings disposal, 

underwater disposal, heap disposal and backfilling (EIPPCB, 2004). In a report by EPA 

(2000) landfill disposal was mentioned as a possible option. This, however, is not a very 

sustainable way of dealing with mine waste as the costs would be excessively high if 

employed on a large scale. In some cases, however, where the waste product is produced in 
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relatively small amounts, e.g. ochre precipitates from mine drainage, landfill remains the 

common option for disposal (Carlile & Dudeney, 2000).  

 

Applying thickened tailings management requires the use of mechanical equipment to de-

water tailings to about 50-70% solids (Brzezinski, 2001). The tailings are then spread in 

layers over the storage area, to allow further dewatering through a combination of drainage 

and evaporation (EIPPCB, 2004). This is done by deposition of the de-watered waste material 

from a central disposal point to form a tailings stack of conical geometry. The formation of 

such a cone is advantageous as the need for high dam walls is eliminated and the stability of 

the deposit is enhanced through improved consolidation. In addition, problems associated 

with steep tailings slopes and the surface ponding of slimes are avoided. Land utilisation is 

improved as higher tailings densities are achieved compared with conventional tailings dams 

(Brzezinski, 2001). The deposit is fully drained and consolidated at decommissioning so the 

reclamation procedure is simplified (Sofrá & Boger, 2002). Thickened tailings operations, 

however, may also be subject to dust generation or even failure due to liquefaction of the 

waste (Lottermoser, 2003). 
   

Underwater disposal of tailings includes rivers, lakes and oceans. Disposal of tailings to 

rivers have been practiced at copper mines in Papua New Guinea (Salomons & Eagle, 1990). 

Once disposed into a river, tailings may be transported considerable distances downstream. 

The presence of sulphidic tailings exposed on the banks of impacted rivers represents 

potential AMD sources. Furthermore, river disposal causes increased sedimentation of the 

river system, increased turbidity, associated flooding of lowlands, and contamination of 

sediments with metals. Rehabilitation of rivers contaminated with tailings includes dredging, 

removal, and disposal in suitable impoundments (Lottermoser, 2003). River tailings 

management is most suitable for water soluble materials such as salt. Some potash mines 

discharge saline waters into rivers. Insoluble tailings are generally no longer discharged into 

running surface waters (EIPPCB, 2004). Disposal of tailings in oceans has been preferred in 

coastal settings (Hesse & Ellis, 1995). The discharge of tailings into deep lakes and oceans 

minimises oxygen concentrations to prevent acid generation. The physical dispersion of 

tailings, however, must be assessed, and the extent of metal uptake from the tailings solids by 

fish and other organisms must be evaluated (Lottermoser, 2003). 
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Heap disposal is most common for tailings from potash mining and coarse tailings from iron 

and coal mining. Large amounts of waste-rock are managed in most metal mines using the 

open pit mining method. Delivery is carried out by a conveyor belt or trucks. Stability of the 

heaps is a major issue and depends upon the properties of the waste material and design 

method. The coarse tailings and waste-rock are usually stable. Apart from the heap stability, 

the stability of the supporting strata also has to be considered in the design and operation of 

heaps. Surface run-off is collected and treated, if necessary, prior to discharge or it may be 

diverted into the tailings ponds or separate retention basins. Dust emissions from heaps can 

be quite significant. With dumping from conveyor belts, the operation may have to be 

interrupted in windy conditions. If the tailings or waste-rock are transported by trucks the 

transport paths may have to be sprayed in dry periods. Progressive reclamation, if possible, 

helps prevent erosion and dusting (EIPPCB, 2004). 

 
Backfill methods have been developed over the years as one of the ways to assist in 

managing the stability of mining-related voids (Ritcey, 1989). Backfilling refers to mine 

waste materials, such as overburden, waste-rock and tailings, re-inserted into mined-out areas 

for the purposes of either disposal and/or to perform some engineering function (Benzaazoua 

et al., 2002). For underground mining this would involve: improving ground stability; 

reducing underground and surface subsidence; providing roof support so that further parts of 

the ore body could be extracted; and improve ventilation (EIPPCB, 2004). In many cases, 

cement or other pozzolanic binders are added to improve strength properties (Benzaazoua et 

al., 2002). Not all mine wastes, particularly tailings, are suited as backfill material as some 

tailings swell or shrink after the fill has been placed. Some, however, have the useful property 

of being self-cementing, which removes the necessity of adding cement to the backfill, which 

is common practice prior to placement underground (Wills & Napier-Munn, 2006). A more 

detailed account of the different types of backfill methods is provided in Section 2.7. 

 

2.6.3 Innovative solutions and emerging technologies 
 

The economics of waste treatment are increasingly being influenced by the cost of waste 

storage and/or disposal owing to the recent implementation of stringent EU regulations. A 

number of innovative solution strategies and technologies have evolved during the last couple 

of decades in order to meet this challenge. Despite all the innovative research, however, the 

current state-of-the-art of mine waste management, as discussed in Section 2.6.2, is still 



49 
 

based on the disposal and storage to on-site impoundments such as tailings dams (EIPPCB, 

2004). Nevertheless, a number of innovative solutions and emerging technologies have been 

mentioned in this section. The list is by no means exhaustive; however, a range of 

technologies are covered to point out the diversity of research innovation and possible 

solutions.  

 

Overburden and topsoil is usually stored on site and used for re-vegetation once extraction 

has ended. Waste rock has been used to backfill previously mined areas (Pradip & Forssberg, 

1998; Karfakis et al., 1996) or transported off site and used in construction if it is of inert 

nature. Tyrologou et al. (2007) and Chan & Dudeney (2007) are a recent example of the 

potential innovative utilisation of inert waste rock such as colliery spoil (consisting of a 

mixture of rock types, including mudstone, shale, slate, siltstone and sandstone) in 

geotechnical composites for the restoration of brownfield sites.  

 

Depending on their mineralogy, tailings may be used in agro-forestry, building and 

construction materials, coatings, resin cast products, glass, ceramics and glazes (Verlaan & 

Wiltshire, 2000). Tailings may also be suitable fertilisers for golf courses; phosphogypsum 

can be used in the agricultural and construction industry; clay-rich wastes can improve sandy 

soils and mine drainage sludge can be a resource for pigment (Kirby et al., 1999) or can be 

used to make artificial soils (Neville, 2007). Coarse and fine tailings have also been used to 

backfill mines (Potvin et al., 2005); stabilise/solidify tailings in cement-based matrices to 

immobilise and isolate toxic components, e.g. arsenic, lead and zinc, from leaching into the 

environment (Jang & Kim, 2000; Leist et al., 2000; Ritcey, 1989); and to produce a range of 

value-added industrial products, e.g. eco-cements, pozzolana and fillers in concrete, 

aggregates for road construction and bricks/blocks/building materials (Pradip & Forssberg, 

1998).  

 

A vast amount of literature exists on alternative ways of exploiting metallurgical waste in 

order to minimise the cost of disposal and avoid environmental pollution (Tsakiridis et al., 

2005). Many slags (typically ferrous slags) produced by pyro- and electrometallurgical 

processes and leach precipitates from hydrometallurgical processes contain a quantity of 

valuable metals, such as oxides of silicon, aluminium, calcium and iron, which have been 

applied as a resource material in many areas, e.g. aggregates for construction purposes (Shen 

& Forssberg, 2003).  
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The most successful utilisation of slag, in particular blast furnace slag from the production of 

iron and more recently steelmaking slag, is as a high performance cementing material that 

could be used to replace significant quantities of Portland cement for the production of 

concrete (Kourounis et al., 2007). Even though hydrometallurgical waste have received little 

attention, Tsakiridis et al. (2005) examined the potential of jarosite-alunite 

[M(FexAlyCrz)(SO4)2(OH)6], where M may be Na+, K+, NH4
+ or H3O+ and x+y+z=3, 

precipitate for Portland cement clinker production. This crystalline precipitate is derived from 

the hydrometallurgical extraction of nickel and copper from low-grade nickel oxide ores.  

 

Similar waste precipitates, e.g. jarosite [MFe3(SO4)2(OH)6], where M may be Na+, K+, NH4
+ 

or H3O+, and goethite [FeOOH], from the hydrometallurgical extraction of zinc have been 

used by Pelino (2000) in the attempt to produce glass-ceramic materials by vitrification, and 

by Pappu et al. (2006) to make stabilised/solidified products. Many metallurgical processes 

may also produce gypsum [CaSO4·2H2O] during the neutralisation of effluents by the 

addition of lime/limestone, e.g. bioleaching of sulphide ores and concentrates (Section 2.4.2). 

In some processes the gypsum may be contaminated with toxic elements, e.g. arsenic from 

gold extraction, or may be in a relatively pure state. In cases where gypsum is not excessively 

contaminated, it may be potentially applied in the construction industry, e.g. as plasterboard, 

cement clinker, or as a supplementary binder (Gominšek et al., 2005). 

 

There are, however, some slags (typically non-ferrous and incineration slags) and residues or 

precipitates (typically from gold-extraction hydrometallurgical processes) that may contain 

notable quantities of harmful components, such as arsenic, cadmium, chromium, cyanide, 

lead and zinc, the release of which may cause environmental pollution. There is extensive 

literature on the immobilisation and containment of hazardous components from such waste 

streams in cement-based stabilised/solidified monolithic waste composites. A detailed 

account can be found in Section 2.9.     
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2.7 BACKFILLING METHODS AND PROPERTIES 
 

2.7.1 Overview 
 

Backfilling of underground voids is increasingly perceived as an environmentally friendly, as 

well as a cost saving and mature technology, option to permanent disposal of mine waste 

(Potvin et al., 2005). There are four types of mine backfill methods, namely: dry backfill; 

hydraulic backfill; cemented hydraulic backfill and paste backfill with the latter becoming 

increasingly widespread in underground mining operations world-wide (Tariq & Nehdi, 

2007; Kesimal et al., 2005; Benzaazoua et al., 2002). The different types of backfilling 

methods are discussed in the following sections.  

 

The main properties that influence the behaviour of all types of backfilling methods include: 

mineralogy of the waste rock/tailings; cement content; water content and particle size 

distribution (Potvin et al., 2005). Mineralogy is important because some minerals, 

particularly quartz, are very abrasive and may cause wear in the backfill lines; some minerals 

cause breakdown of cement over time; and flat minerals (e.g. clays) settle slower than 

rounded particles. Particle size distribution of the backfill particles has an important bearing 

on strength. For instance, increasing the fines content of a coarse backfill could increase 

compressive strength as it would increase internal friction and cohesion owing to closer 

packing of particles and reduced void ratio. Increased proportion of fines may also decrease 

the permeability of the backfill (Lun, 1986). Increasing cement content increases the stability 

and strength of a backfill, whereas increasing water content decreases the strength and 

increases the porosity of the material (Benzaazoua et al., 1999).      

 

Fall et al. (2007) agree with other researchers in that filling costs for a mine typically 

represent in the vicinity of 20% of all mining costs, with cement costs constituting 

approximately 75% of that amount. Thus, any cost optimisation of backfill technology would 

involve reducing the binder proportion without affecting the strength of the material (Tariq & 

Nehdi, 2007). 
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2.7.2 Dry backfill 
 

Dry backfill generally consists of unclassified sand, waste-rock, tailings, and smelter slag. 

The backfill is transported underground by dropping it down a small shaft (or raise) from the 

surface directly into a stope or to a level where it can be hauled to a stope with loaders or 

trucks. Despite its name, the dry backfill usually contains some adsorbed surface moisture. 

This type of backfill is suitable for mechanised ‘cut and fill’ or other methods where 

structural backfill is not required (EIPPCB, 2004; Charles & Watts, 2001). 

 

2.7.3 Hydraulic backfill 
 

Hydraulic backfill has been used for a long time in the mining industry and remains the most 

commonly placed backfill type (Grice, 2005). It is one of the more economical backfilling 

methods; its placement cost constituting to approximately 5% of the overall operating mining 

cost (Lun, 1986). Hydraulic backfills simply consist of either slurried tailings or naturally 

occurring silty sand or sandy silt deposits mined on the surface. The hydraulic backfill is 

prepared by dewatering the mineral processing tailings stream to a pulp density of 

approximately 65-70 wt% solids and then passing it through hydrocyclones to remove the 

‘slimes’ retaining the coarse fraction for backfill. Fines are removed and sent to the tailings 

dam to improve the drainage capacity of the backfill, leading to an improved stability 

(EIPPCB, 2004).  

 

The remaining hydraulic fill fraction is reticulated in the form of slurry through pipelines to 

underground voids. Over the past decade there has been a steady increase in the solid content 

of the hydraulic fill slurry placed in mines in an attempt to reduce the quantity of water that 

must be drained and increase the proportion of solids (Sivakugan et al., 2006b). A high solid 

content, however, makes the transport of slurry through pipelines difficult due to rheological 

considerations (Sivakugan et al., 2006b; Sofrá and Boger, 2002). Currently, solid contents of 

75-80 wt% are common, although even at 75 wt% solid content, assuming a specific gravity 

of 2.80 for the solid grains, 50% of slurry volume is water. Therefore, there is opportunity for 

a substantial amount of water to be drained from the hydraulic fill stope. To contain the fill, 

the horizontal access drives created during mining are generally blocked by barricades (e.g. 

Figure 2.10) constructed from specially made porous bricks (Sivakugan et al., 2006b).  
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Figure 2.10:  Schematic diagram of a hydraulic fill stope (extracted from: Sivakugan et al., 2006a). 

 

In cases where there is a high pore water pressure build-up, barricades may catastrophically 

fail, allowing free-flow of the hydraulic fill slurry causing substantial damage (Sivakugan et 

al., 2006a). Hydraulic fills should be designed to be free-draining so that the water within the 

stope is drained as quickly as possible, thus minimising potential barricade failures. 

Therefore, Sivakugan et al. (2006a) state that hydraulic conductivity is one of the most 

important parameters in the design of hydraulic backfill of mine stopes. In general, hydraulic 

backfills that have hydraulic conductivities in the range of 10-7 to 10-4 m s-1, corresponding to 

a grain size of about 35 μm – 4 mm, enables good drainage.  

 

Hydraulic placement of backfill results in a loose fill structure with a void ratio of about 0.70 

and porosity of about 40% (Sivakugan et al., 2006b). In practice, an apparent cohesion often 

develops in uncemented backfill which increases the shear strength of the backfill. Often a 

vertical face of 3-4 m can be maintained under some mining conditions. Nearby blast 

vibrations can also act to compress the fill and increase its shear strength (EIPPCB, 2004). 

Strength and stiffness are directly related to the relative density of the fill. When the 

hydraulic fill is denser, the relative density and friction angle are higher, and thus the fill is 
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more stable. In geotechnical engineering, there are several empirical correlations relating 

relative density to the Young’s modulus and friction angle of a granular soil (Sivakugan et 

al., 2006b). Cement and other binders may be added to improve the cohesion of the backfill 

(Sivakugan et al., 2006a,b; Grice, 2005; EIPPCB, 2004). 

 

2.7.4 Cemented hydraulic backfill 
 

Cemented hydraulic backfill generally consist of waste-rock and/or coarse tailings mixed 

with a Portland cement and/or fly ash slurry to improve the bond strength between the rock 

fragments. The methods of placement involve mixing the rock and cement slurry in a hopper 

before placing it in mine voids, or percolating a slurry over the rock after it has been placed. 

The waste-rock or tailings can be classified or unclassified. Cemented hydraulic backfill 

contains a mixture of coarse aggregate, < 150 mm, and fine aggregate, < 10 mm fraction. The 

cement slurry concentration is often around 55 wt%, i.e. water/cement ratio of 1:1.2. 

Cemented hydraulic backfill is used where a structural fill is required (EIPPCB, 2004).  

 

With regards to the design rationale, unconfined compressive strength (commonly referred to 

as compressive strength) has been identified as an important property for cemented hydraulic 

backfill designed for sustaining structural loads. In cut and fill mining a 28-day design 

compressive strength of not more than approximately 1 MPa is required. In delayed backfill 

with pillar recovery, it must be much higher to a range of approximately 5-7 MPa. Cemented 

hydraulic backfills have been reported to contain up to 16% of Portland cement in order to 

minimise segregation of coarse and fine particles, minimise permeability/hydraulic 

conductivity, improve the cohesion component of the shear strength, provide tensile strength 

and improve the stiffness of the backfill (Lun, 1986).     

 

2.7.5 Paste backfill 
 

Paste backfill is increasingly becoming the most popular backfilling method practiced at 

many modern mines throughout the world (Tariq & Nehdi, 2007; Henderson et al., 2005). 

The Neves Corvo copper mine in Portugal is an example of a European mine that has 

employed the paste backfill method. The paste backfill plant has been designed with a 

capacity of 350,000 m3 y-1, and currently has the capacity to place 80-90 m3 h-1 (Anonymous, 

2007).      
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Paste backfill consists of total mill tailings, i.e. full size fraction of the tailings, thickened 

and/or filtered to approximately 75-85 wt% solids to which binder and water are added to 

achieve a thick paste-like consistency (Henderson et al., 2005). The most common binder 

used is Portland cement even though there has been continuous research into alternative 

binders such as fly ash and blast furnace slag. Typical binder proportions are 3-7% by dry 

total paste weight (Tariq & Nehdi, 2007; Henderson et al., 2005; Benzaazoua et al., 2002; 

Benzaazoua et al., 1999).  

   

In order to achieve a paste consistency, water content typically ranges between 10-25 wt% 

(Brackebusch, 1994). Consistency testing has been usually based on the well-known slump 

cone test used for concrete, e.g. ASTM C 143-90 (1990). For example, Kesimal et al. (2005) 

and Kesimal et al. (2004) produced paste backfill with slump consistencies ranging from 140-

190 mm. Benzaazoua et al. (2004a) produced slump consistencies of approximately 180 mm. 

Typical paste backfills are illustrated in Figure 2.11. 

 

 
Figure 2.11:  Examples of paste backfill (source: Henderson et al., 2005). 

 

Since the tailings are not de-slimed, there is a substantial fines content in paste backfills. 

Several researchers, e.g. Sivakugan et al., 2006b; Fall et al., 2005; Henderson et al., 2005, 

specify that a generic ‘rule of thumb’ for the particle size distribution is for a minimum of 

15% of the material to be finer than 20 µm, which ensures that the surface area of the 

particles is large enough to provide adequate surface tension to ensure that the water is held 

to the solid particles and to provide a very thin, permanent lubricating film. This eliminates 

the need for the design of drainage of the backfill or barricades (Sivakugan et al., 2006b) and 

allows maintaining reliable plug flow when transporting paste backfill in pipelines 

(Henderson et al., 2005). 
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The main advantages of using paste backfill technology are that it allows: a decrease in the 

amount of sulphide-rich tailings to be managed on the mine site surface reducing potential 

pollution problems such as AMD; and increase the available ore reserves by acting as 

secondary ground support pillars favouring mine stability (Benzaazoua et al., 2004a; 

Benzaazoua et al., 1999). As the mechanical integrity of paste backfill is important to satisfy 

the design for underground mine support, the factors that determine the strength of the 

backfill need to be assessed. These factors include physical, chemical and mineralogical 

properties of the mine tailings, binder types and their proportions (Benzaazoua et al., 2002). 

According to Brackebusch (1994), paste backfill with an unconfined compressive strength of 

0.7-2 MPa is considered adequate in most mining operations/applications. Furthermore, 

Ouellet et al. (2007) state that paste backfill development after 92 days is usually between 

0.5-3 MPa. Paste backfill materials can be characterised as having high porosity, up to 

approximately 40%, but their hydraulic conductivity is generally low, ranging from 7 x 10-6 

to 8 x 10-5 m s-1, as influenced by cement and small particle sizes (Benzaazoua et al., 1999). 

  

Mine tailings from polymetallic or gold ores often contain significant amounts of sulphide 

ranging from a few percent to more than 40%, depending on the mine (Benzaazoua et al., 

2004a). In addition to producing acid under the presence of water and oxygen, it is well 

known that the presence of sulphur species within cementitious materials can cause 

deterioration in quality for construction works, such as concrete, due to sulphate attack 

(Neville, 1995). The same phenomenon has been observed in many sulphur-rich backfills, 

with high sulphide and low cement contents enhancing the reaction (Benzaazoua et al., 1999). 

Further discussion into the detrimental effect of sulphur-rich materials on cement-based 

products is provided in Section 2.9. 

 

2.7.6 Environmental impact of mine waste backfilling 
  

The major environmental threat of backfilling mine waste is the potential contamination of 

surface and ground water sources (Ouellet et al., 2006; Levens et al., 1996). Despite 

extensive research in the field, aspects related to environmental behaviour of backfill are still 

inadequately understood. Benzaazoua et al. (2008) state that this is because investigators tend 

to focus on the mechanical, physical, rheological and economical aspects of backfill, with 

only a limited number of studies including environmental leaching tests to their experimental 

protocol. The main concern is with sulphidic minerals oxidising and producing acid that de-
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stabilises the cement hydration products (Section 2.9.6). This may also increase the solubility 

of some contaminants which may leach into the environment (Benzaazoua et al., 2004a).  

 

A few researchers, e.g. Benzaazoua et al. (2008); Ouellet et al. (2006) and Levens et al. 

(1996), have conducted investigations on laboratory-scaled backfill specimens to assess their 

environmental impact. The various aspects studied involved heavy metal leaching and 

fixation, neutralisation and acidification mechanisms, influence of binder type, water 

retention and conductivity, and oxygen consumption. Most studies conclude that acid 

generation and leaching of hazardous components from cemented backfills should be less 

than in non-cemented backfills, even with tailings containing up to 45% of sulphide as pyrite. 

Moreover, Levens et al. (1996) mentioned some advantages of using paste backfill in 

underground stopes such as the increase of the neutralisation potential and the retention of 

metal ions due to binder addition, and the decrease in hydraulic conductivity owing to the 

small particle size and particle size distribution of the tailings. Despite these interesting 

outcomes, Benzaazoua et al. (2008) argue that there are still significant uncertainties 

concerning the environmental impact of cemented and paste backfills.        

 

2.7.7 Modes of failure of backfilling methods 
 

Backfill system failures usually result in infrastructure and equipment damages; however 

they could pose significant risk to the health and safety of those working underground. 

Reasons for failure can be complex and involve the mining environment and engineering 

design, as well as operational installation, maintenance and monitoring. Backfill is often 

regarded simply as a filler or waste product. While in many operations, where backfill is used 

for waste disposal or to fill secondary stopes, this may be true, other operations require 

backfill as part of their overall mining strategy (regional support, cut-and-fill, primary stope 

pillars, etc.). For these operations quality control is crucial (Archibald et al., 1993).  

 

Table 2.3 outlines the main modes of failure of backfilling systems, a short description of 

how they may occur and the backfill properties that affect particular modes of failure. The 

required design properties for backfill depend on its intended use and environment. The 

major backfilling functions are for ground support and ore recovery, and as a working 

platform. If backfill is designed as a stressed media then the deformational properties are 

required in order to determine the development of load in the given environment, whilst the 
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strength properties are required to determine the material failure potential at various stages of 

loading. If, however, a free standing height is the main design function then the strength 

properties alone may suffice (Scoble & Piciacchia, 1986).    

 
Table 2.3:  Modes of failure of backfill systems. 
 

Mode of failure Mechanism Dominant backfill 
properties 

Piping “Erosion pipes” form in hydraulic backfill behind 
barricade by backwards erosion of backfill (i.e. 
piping failure). Vertical growth of “pipe” 
connects it with the top of backfill. Water 
ponding on top of backfill flows down the pipe 
applying full hydrostatic pressure to barricade 
eventually causing failure. 

Workability; hydraulic 
conductivity 

Segregation Coarse particles settle from a slurry (typically 
non-cemented backfills with insufficient amount 
of fines) leaving clear bleed water on the 
surface of backfill.     

Workability; particle size 
distribution of raw 
materials  

Liquefaction Transformation of placed backfill from a solid 
having shear strength to a liquid having no 
shear strength as a result of sudden increase in 
pore water pressure due to shearing, shock or 
vibration. Most common with hydraulic backfills 
with low cohesion and low binder content.  

Setting/hardening time; 
workability; shear 
strength  

Subsidence 
(caving) 

Underground mining methods may cause the 
extracted voids to collapse and result in surface 
subsidence. Backfilling mining voids reduces 
this risk provided that the backfill possesses 
sufficient mechanical integrity.   

Unconfined compressive 
strength; shear strength 

Consolidation  Saturated backfill particles forced closer by 
gravity-related static forces, during which pore 
water escapes from the fill. If pore water cannot 
escape then consolidation will be inhibited. 
Consolidation is more noticeable in hydraulic 
fills due to higher hydraulic conductivity. 

Unconfined compressive 
strength; stiffness; 
compressibility; hydraulic 
conductivity 

Acid Mine 
Drainage (AMD) 

Provided that oxygen and water are present in 
the backfill matrix (e.g. through a crack) 
sulphidic tailings may oxidise and produce acid 
that may leach, together with other heavy metal 
species, into the surrounding environment and 
contaminate ground and surface water sources. 

Raw materials 
mineralogy; permeability; 
porosity; leachability 

Pump/pipeline 
failure 

Rupture or plugging of pump/pipeline system 
due to thick consistency – particularly possible 
for cemented paste backfill 

Workability; 
setting/hardening time 
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2.8 CONTROLLED LOW-STRENGTH MATERIALS AS AN ALTERNATIVE 
BACKFILLING METHOD 

 

2.8.1 Overview 
 

CLSM have been used in the construction industry particularly in the USA, but mine waste 

such as tailings and waste precipitates have not been extensively applied to CLSM. The 

successful application of mine waste, in particular from bioleaching processing, in CLSM 

would provide a novel alternative method for dealing with this waste stream in a sustainable 

manner. The following sections outline the main features of CLSM.    

 

Ouellet et al. (2007) have mentioned that CLSM and paste backfill have similar properties: 

the water to cement ratio (w/c) is high (usually between 6 and 10); the aggregates used in 

paste backfill, i.e. tailings, are mainly composed of silt-sized particles (ca. 80% < 80 µm); 

and the binder content is usually low at values between 2-7 wt% of dry tailings. The most 

important difference between the two types of fill materials is consistency, i.e. the 

workability of the fresh mix. The relatively high cost to paste backfill mine waste is a result 

of the pumping system needed to transport the thick paste from the paste backfill plant to 

underground mine voids, and also due to de-watering costs required to thicken tailings 

(Henderson et al., 2005). CLSM, however, are more flowable (spread diameter of at least 200 

mm), i.e. they act like a slurry, thus making it a unique fill material reducing pumping costs 

and requiring minimal compaction or vibration on placing (Tripathi et al., 2004; ACI, 1994). 

Furthermore, CLSM are less dense (specific gravity of 1.8-2.3) than paste backfill. This 

suggests that tailings do not need to be thickened, therefore, further reducing costs.  

 

2.8.2 Development 
 

One of the earliest documented cases of using CLSM date back to 1964 when the US Bureau 

of Reclamation used plastic soil-cement for pipe bedding applications (Adaska, 1997). 

However, it was not until the 1970s that the use of CLSM became more prominent. Initiation 

into the research of CLSM resulted from the increased concern of utilising the large 

quantities of fly ash being produced, particularly from the power generation industry, in 

concrete or any other way possible. The first series of laboratory tests carried out in the US 

aiming to confirm that low-strength materials could be produced while maintaining some 
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degree of product control were successful and resulted in a marketed product known as K-

Krete®, which was protected by several patents (Du et al., 2002; Hitch, 1998). 

 

Ever since the trade name was sold in 1977, the term controlled density fill (CDF) came 

about, allowing the construction industry to develop other low-strength materials. By 1984, 

the technology regarding CDF had slowed. In an effort to increase awareness, the American 

Concrete Institute (ACI) was approached and it was suggested that a committee be formed for 

low-strength materials. That year ACI Committee 229 on CLSM was created. These mixes 

generally contained Portland cement, fly ash, fine aggregates, and water and had 28-day 

strengths around 0.7 MPa (Hitch, 1998; Adaska, 1997). Other names referred to in the past 

include: flowable fill, un-shrinkable fill, flash fill, lean mix backfill, plastic-soil cement slurry 

and flowable mortar (Al-Harthy et al., 2005; Won et al., 2004; Katz & Kovler, 2004; Du et 

al., 2002; Butalia et al., 2001; ACI, 1994).  

 

2.8.3 Definition 
 

CLSM, otherwise widely known as ‘flowable fill’, are typically a slurry of Portland cement, 

fly ash, fine/coarse aggregates (e.g. sand and/or by-products from various industrial 

processes) and water; that upon hydration of the cementitious and pozzolanic material 

produces a solidified geotechnical composite suitable for fill applications (Du et al., 2002; 

ACI, 1994).  

 

The ACI Committee 299 defines CLSM as materials resulting in a compressive strength of 

8.3 MPa or less after 28 days of curing (ACI, 1994), but more often than not strengths much 

lower than this are considered. Butalia et al. (2001) state that CLSM usually have 

compressive strengths of 1.0-1.4 MPa, and Katz & Kovler (2004) mention a range of 0.5-2 

MPa that would allow CLSM to be excavatable. According to Dockter (1998), if the mixture 

is intended to be removed at a later date the 28-day design strength should be in the range of 

0.2-1.0 MPa. Naik et al. (1998) recommend that a compressive strength lower than 0.7 MPa 

is required if the CLSM is to be excavatable using hand tools; whereas mechanical equipment 

such as backhoes would be required for mixtures with 28-day compressive strength higher 

than 0.7 MPa and up to around 2.0 MPa (Nataraja & Nalanda, 2007; Katz & Kovler, 2004; 

Gabr & Bowders, 2000). A mixture with compressive strength higher than 2.0 MPa may 



61 
 

require jackhammers for excavation. This upper limit is referred to as the ‘excavatable limit’ 

(Nataraja & Nalanda, 2007). Minimum compressive strength requirements are to assure that 

CLSM have adequate mechanical stability and do not deform excessively under load (Crouch 

et al., 1998). Gabr & Bowders (2000) recommend that CLSM should have a minimum 

strength of 0.45 MPa to be able to support the weight of a person and light machinery. This 

lower boundary is referred to as the ‘walkability limit’ (Gabr & Bowders, 2000).   

 

In addition to compressive strength limits for future excavatability, CLSM are defined by 

their flowable nature making it a unique fill material (ACI, 1994). For CLSM to have 

adequate flow consistency to fill voids and be self-levelling the ASTM D6103-04 (2004) 

specifies an average slump diameter of 200-305 mm. Many researchers tend to aim for a flow 

of 200 ± 10 mm. Figure 2.12 illustrates a typical plastic cylinder used for measuring the flow 

diameter of fresh CLSM. 

 

  
Figure 2.12:  CLSM flow cylinder [left] and measurement of spread diameter [right]. 

 

2.8.4 Characterisation 
 

The ACI Committee 229 recommends that CLSM should not be considered as a type of low 

strength concrete, but rather a self-compacted backfill material that is used in place of 

compacted fill (ACI, 1994). Furthermore, they should not be confused with compacted soil-

cement as this requires compaction and curing, whereas CLSM requires minimal compaction 

or curing to achieve the desired strength. This ideology is also approved by many researchers, 

e.g. Won et al. (2004). Other authors may tend to slightly divert from this, acknowledging 

CLSM as a member of the grout class materials, e.g. Hepworth et al. (1998). Nevertheless, 

the main focus in most cases is the same: a low-strength material, mixed to a wet flowable 
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consistency, used as an economical fill or backfill material placed by pouring it into the area 

to be filled (Dockter, 1998). 

 

CLSM are characterised by very high workability, low density, and strength (Nataraja & 

Nalanda, 2007; Al-Harthy et al., 2005; Du et al., 2002) having a self-levelling consistency 

meaning it can be placed with minimal effort and no vibration or tamping (Taha et al., 2004; 

Dockter, 1998; ACI, 1994). As an effect construction costs and maintenance costs are 

significantly reduced (Al-Harthy et al., 2005). Until it reaches an initial set, CLSM must be 

treated as a liquid. Even with heavy concrete pipes, buoyancy is a concern (Hegarty & Eaton, 

1998). Similar concern was reported by Webb et al. (1998). The CLSM studied by Hegarty & 

Eaton (1998) had a density of 2275 kg m-3 with buoyant forces of 3111 kg m-1, while the 

concrete pipe weighed 2194 kg m-1. To solve such problems of buoyancy, CLSM are placed 

in more than one lift. 

 

Although CLSM generally costs more per cubic yard than most soil or granular backfill 

materials, its many advantages often result in lower in-place costs. In fact, for some 

applications, CLSM may be the only reasonable backfill method available (ACI, 1994). The 

major advantages include (Dockter, 1998; ACI, 1994): 

 

 Ease of mixing and placement; 

 No special equipment required; 

 Ability to flow into hard-to-reach places; 

 Self-levelling placement; 

 Negligible subsidence once material has attained final set;  

 Ability to support equipment within 24 hours; 

 Can be placed under adverse weather conditions; 

 Reduction of water seepage by low permeability (~ 1.5 x 10-7 m s-1); 

 Can be excavated; 

 Makes use of by-products. 

 

Even though there are numerous advantages of using CLSM, some limitations must be 

considered when these materials are used. Such limitations include (Dockter, 1998): 

 

 Need to anchor light-weight pipes; 
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 Confinement needed before setting; 

 Higher-strength mixtures may not allow excavation; 

 Lateral pressure while in fluid condition. 

 

2.8.5 Applications 
 

The use of CLSM in the construction industry has increased dramatically in many countries, 

but predominantly in the USA, over the past two decades (Türkel, 2007). For example, the 

South Carolina Department of Transportation estimates that 11,500 m3 of flowable fill is 

placed annually and that volume is expected to increase (Pierce & Blackwell, 2003). 

Innovations in the field of CLSM have led to higher quality products that continue to gain 

acceptance despite the rather new technology and limited number of standard test methods 

available. CLSM have not been considered for application to the mining industry, apart from 

the analogous paste backfill technology (Section 2.7.5) and a limited number of publications 

such as Bouzalakos et al. (2008) and Gabr & Bowders (2000).  

 

The primary application of CLSM can be divided into two general categories: structural fill 

or backfill in place of compacted soil (Tikalsky et al., 2000). Since it needs no compaction 

and can be designed to be very fluid, it is ideal for use in tight or restricted-access areas 

where placing and compacting fill is difficult (ACI, 1994). More specifically, uses of CLSM 

as backfill include: sewer trenches, utility trenches, bridge abutments, conduit trenches, pile 

excavations and retaining walls. Uses of CLSM as structural fill include: foundation sub-

base, sub-footing, floor slab base and pipe bedding. Other miscellaneous uses have been 

considered: abandoned underground storage tanks, wells, abandoned utility company vaults, 

voids under pavement, sewers and manholes (Dockter, 1998; Hook and Clem, 1998; ACI, 

1994). Typical application of CLSM to backfill utility trenches is illustrated in Figure 2.13. It 

can be noted that the fresh mix has a liquid-like consistency until setting.  
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 a 

  b  

 c 

Figure 2.13:  CLSM utility trench backfill applications (extracted from: a, http://www.fhwa.dot.gov; 
b, http://www.krmca.org; c, http://www.concretethinker.com).  
 

2.8.6 Materials used 
 

Besides the standard constituents of CLSM, waste (by-product) materials are becoming 

increasingly included and studied. This is received by Lachemi et al. (2007) and Türkel 

(2007), and many others, as a positive contribution to the recycling of resources and towards 

environmental conservation. The majority of by-product materials studied are largely inert. 

This is because environmental regulations may require pre-qualification of the raw material 

or CLSM mixture or both prior to use (ACI, 1994). All recycled materials should be 
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evaluated for hazardous contaminants (Howard, 1998) even though it is not strictly required 

that they always meet conventional standards (ACI, 1994).  

 

Recent studies have looked at the incorporation of a range of different by-products such as: 

foundry sand (Tikalsky et al., 2000); recycled glass (Ohlheiser, 1998); limestone screenings 

(Crouch et al., 1998); recycled tyres (Pierce & Blackwell, 2003); flue gas desulphurisation 

gypsum (Butalia et al., 2001); ground granulated blast furnace slag, bottom ash and reclaimed 

crushed concrete (Howard, 1998); wood ash (Naik et al., 2003); cement kiln dust (Lachemi et 

al., 2007); and acid mine drainage sludge (Gabr & Bowders, 2000).  

 

Materials used in CLSM can be classified into coarse and fine particles depending on the 

diameter of the individual particles and on the sieve size analysis of the material. For 

instance, Katz & Kovler (2004) classify fly ash, asphalt dust, and cement kiln dust as fine 

materials since the content of the fine material passing the 0.075 mm sieve (#200) was 

approximately 85% for the fly ash and 55% for the cement kiln dust. Even though only 55% 

of cement kiln dust passed #200 sieve, it is still relatively fine with all particles being smaller 

than 1.18 mm (#14 sieve). Bottom ash and quarry waste are regarded as coarse materials. 

Bottom ash particle size ranged uniformly from 0.15 to 9.5 mm. The quarry waste contained 

a relatively large amount of very fine particles (22% passing the 0.075 mm sieve) but is 

considered coarse overall by the specific authors. 

 

Large amounts of industrial waste having a granular nature accumulate every year in all 

industrial countries. These materials are, in general, unsuitable for use in the construction 

industry because of either their high content of very fine particles, or their poor mechanical 

properties (Katz & Kovler, 2004). Most international standards limit the content of fines 

(particles smaller than #200 sieve, or 0.075 mm) in concrete applications to 16% of crushed 

sand (BS EN 12620:2002, 2002), or 7% (ASTM C33-07, 2007). CLSM can serve as an 

excellent means to utilise large quantities of fines without impairing its properties (Katz & 

Kovler, 2004). Fine aggregate is the major component of standard flowable fill and often 

accounts for more than two-thirds of the total weight of ingredients (Pierce & Blackwell, 

2003). 

 

The cohesiveness of highly flowable concrete-like material is generally poor, leading to the 

risk of segregation, unless a high amount of fines is used in the mix. As the mechanical 
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properties of the hardened CLSM are inferior to those of concrete, large amounts of fines can 

be used in the production of CLSM to improve the properties of the fresh mix without 

damaging its mechanical properties. However, increasing the fines content in a CLSM mix 

reduces the compressive strength, resulting probably from the increased water demand when 

a large number of fines are used (Katz & Kovler, 2004). For instance, the same amount of 

cement, fly ash, and water in the mix, a 10% increase in the amount of fine aggregate in the 

mix resulted in a 22% decrease in 7-day compressive strength and 32% at 28 days (Webb et 

al., 1998). 

 

In most studies, researchers claim that the CLSM produced using different by-products are 

satisfactory with regards to compressive strength, bleeding, segregation, setting and 

leachability. Where the by-product exhibits pozzolanic or cementitious properties, e.g. 

ground blast furnace slag, bottom ash, reclaimed crushed concrete and cement kiln dust, the 

compressive strength has been noticed to increase considerably, with Katz & Kovler (2004) 

reporting unconfined compressive strengths of up to 6 MPa at 90 days of curing. The specific 

gravity of crushed glass, foundry sand, and limestone screenings is comparable to most 

concrete sands, thus, the resulting flowable fill with recycled aggregates has mass density 

similar to standard flowable fill (Pierce & Blackwell, 2003).  

 

2.8.7 Formulations 
 

The typical mix proportions for conventional CLSM are 5-10% Portland cement, 10-15% fly 

ash and 80-85% fine aggregate (usually sand with size ranging from 0.075-4.45 mm) by mass 

of solids (Lachemi et al., 2007; Tikalsky et al., 2000). Proportioning for CLSM has largely 

been based on a trial-and-error approach until mixtures with suitable properties have been 

achieved. Most specifications available provide a recipe of ingredients that will produce an 

acceptable material, although some specifications call for performance features and leave 

proportioning up to the supplier (ACI, 1994). 

 

Water is a necessary ingredient for CLSM designs as it provides the lubrication for high 

flowability and workability (Gabr & Bowders, 2000). Furthermore, water is required as a 

component primarily for the hydration process of cementitious and pozzolanic materials (Al-

Harthy et al., 2005). Water used for CLSM has been typically of quality suitable for concrete 

production, i.e. free from oils, salts, strong alkalis, vegetable matter and other impurities that 
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would adversely affect set time, strength development or durability (Al-Harthy et al., 2005; 

Howard, 1998).  

 

The amount of water required to produce the desirable flow of the fresh mix depends on the 

amount of fine material but also on its shape. According to the literature, water content is 

typically around 10-25% of the total mass of CLSM. In general, lower water contents are 

required for rounded particles, e.g. fly ash, than for angular particles, e.g. asphalt dust and 

cement kiln dust. Overall, increasing the fines content increases water required for a constant 

flow (Katz & Kovler, 2004). The presence of clay minerals in the waste also increases water 

demand as they tend to absorb water.   

 

Tables 2.4 and 2.5 present examples of typical CLSM mix designs. The ACI (1994) 

recommend that the selection of materials should be based on availability, cost, specific 

application, and the necessary characteristics of the mixture such as flowability, strength, 

excavability and density. Materials and project requirements, however, may differ 

considerably. What works in one part of a region or from one supplier may be inappropriate 

elsewhere.  

 

Table 2.4:  Common CLSM mixture designs (extracted from: Dockter, 1998). 
 

Constituent Utility 
Trench 

Sub-base 
Backfill 

Erosion 
Control 

Cement (kg) 5.9 14.8 89 
Fly ash (kg) 163 178 89 
Sand (kg) 1650 1627 1657 
Water (kg) 247 247 198 
Unconfined Compressive Strength (MPa) 0.83 0.83 7.58 

 

Table 2.5: Typical mixture proportions for standard CLSM (extracted from: Pierce & Blackwell, 
2003). 
 

Constituent 
Bulk specific 
gravity 
(typical) 

Mass per volume 
of CLSM Percent of 

total mass (kg m-3) 
Cement 3.15 30 1.4 
Fly ash 2.20 – 2.80 360 16.4 
Fine aggregate (sand) 2.65 1500 68.5 
Water 1.00 300 13.7 
Total  2190 100 
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2.8.8 Properties 
 

The properties of CLSM cross the boundaries between soils and concrete. CLSM is 

manufactured from materials similar to those used to produce concrete and is placed by 

equipment in a fashion similar to that of concrete. But in service CLSM exhibits many 

characteristic properties of soils. The properties of CLSM are affected by the constituents of 

the mix and the proportions of the ingredients in the mix (ACI, 1994). This distribution is 

usually expressed as the water-to-cement ratio (w/c), or the water-to-cementitious materials 

ratio (w/cm), where cm includes both cement and fly ash. These ratios are based on the 

weights of each ingredient. Higher w/c and w/cm ratios tend to increase flowability but 

decrease volume stability, setting time, and compressive strength. Thus, an optimal range of 

w/c and w/cm ratios exists for flowable fill to meet performance criteria (Pierce & Blackwell, 

2003). The w/c ratio of standard CLSM typically ranges from 3 to 11, although ratios outside 

this range have been used. As the fly ash content increases, the w/cm ratio decreases 

accordingly, resulting in a typical range from 0.5 to 2.2 for standard CLSM (Pierce & 

Blackwell, 2003). 

 

CLSM have been demonstrated to be very geologically stable (i.e. do not swell or contract 

like bentonite clays) can be removed by traditional excavation methods and maintains a low 

permeability to groundwater intrusion (Hepworth et al., 1998). To perform effectively, 

however, flowable fill must meet specific criteria regarding physical, mechanical, and 

chemical properties (Pierce & Blackwell, 2003). Optimum conditions for each parameter 

depend on the application. Typically, the blends will be proportioned and the desired 

characteristics will be tested according to the appropriate standard procedure (Dockter, 1998).  

 

Setting time (or hardening time) is of interest to predict workability and transportability. The 

first stage is the initial set, such that it can support a person standing on it within 3 to 4 hours 

(Gabr & Bowders, 2000; ACI, 1994). Setting times of 3 to 5 hours are common for standard 

flowable fill, however setting within 24 hours are acceptable for most applications (ACI, 

1994). The final time of setting concerns stability of the placed product or its load-carrying 

characteristics and usually occurs within 1 to 2 days (ACI, 1994). Factors that may affect 

hardening of CLSM include: type and quantity of binders; permeability; fluidity; 

proportioning of materials; temperature; humidity and depth of fill (ACI, 1994). 
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A major consideration in using highly flowable CLSM is the hydrostatic pressure it exerts. 

Where fluid pressure is a concern CLSM may be placed in lifts, with each lift being allowed 

to harden before placement of the next lift (ACI, 1994). Flowability, or workability, of CLSM 

is assessed through the measurement of the spread diameter (rather than the slump in concrete 

making standards) using an open-ended cylinder of specified dimensions (ASTM D6103-04, 

2004). A spread diameter in the range of 100-150 mm, or less, will provide a material that 

will remain in place, while a spread of 180-260 mm, or more, provides material that will flow 

long distances from its discharge point, penetrating fine cracks and encapsulating anything in 

its path (ASTM D6103-04, 2004).  

 

Ability to flow increases with water content and decreases with aggregate content (Dockter, 

1998). The ACI criterion for high flowability is a spread diameter of 200-300 mm (ACI, 

1994). Flowable fill with spreads slightly below 200 mm can be used as long as the material 

is not required to flow a significant distance, such as the backfilling of a small bridge 

abutment. Spreads slightly greater than 300 mm may be acceptable if the flowable fill does 

not segregate. In the laboratory, the ACI recommends that a spread of 229 mm is adequate for 

CLSM (ACI, 1994).   

 

Segregation is defined by Neville (1995) as the separation of constituents of a heterogeneous 

mixture so that their distribution is no longer uniform. Separation of constituents in the 

mixture can occur at high water contents giving rise to high flowability. With proper 

proportioning, however, a high degree of flowability can be attained without segregation 

(ACI, 1994). This would require adequate levels of fine materials to provide suitable 

cohesiveness. Fly ash generally accounts for these fines, although silty or other non-cohesive 

fines up to 20% of the total aggregate content has been used. The use of plastic fines, such as 

clay minerals, should be avoided because they can produce deleterious results such as 

increased shrinkage (ACI, 1994). Specimens with w/cm less than 1 showed little or no 

segregation (Webb et al., 1998). 

 

Bleeding is a form of segregation which involves the simultaneous process of solid particle 

settlement and the upward migration of water resulting in an accumulation of water at the 

surface (Pierce & Blackwell, 2003). According to ACI (1994), 2% bleeding is the limit for an 

acceptable amount of consolidation. Other researchers have set 3% bleeding as the tolerable 

limit in practice. Gabr & Bowders (2000) state that a CLSM is considered stable if the 
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sedimentation of solids is less than 5% in 2 hours. Excessive bleeding can result in a surface 

layer with high w/c ratio, which reduces strength and durability while contributing to post-

placement subsidence (Pierce & Blackwell, 2003). Bleeding increases substantially with 

increasing w/c ratio. In addition, bleeding is depended and controlled by altering the mixing 

speed and time, and increasing fly ash content (ACI, 1994).  

 

Strength development control in CLSM applications is probably the single most important 

criterion in developing the design mix. This is because minimal plus maximal strength 

developments must be met in order to satisfy structure support and excavability requirements, 

respectively (Pierce et al., 2002; Dockter, 1998; ACI, 1994). The w/c, or w/cm, ratio 

represents the most significant factor in determining the strength of CLSM (Tikalsky et al., 

2000). Material strength is also influenced by the bond strength between the aggregate and 

the cementitious matrix (Pierce & Blackwell, 2003). Higher water contents may influence the 

compressive strength by improving the early gain in strength (Gabr & Bowders, 2000). 

According to Webb et al. (1998), w/cm ratios of greater than, or equal to, 1.5 resulted in very 

low compressive strengths (e.g. 7-day strength of 0.25 MPa for w/cm of 1.6). Finally, 

specimens tested at 7 days increased in compressive strength by a factor in the range of 1.6-

3.2 when tested at 28 days.  

 

Curing methods specified for concrete are not considered essential for CLSM (ACI, 1994). 

However, when properly cured, a cement-based material is expected to gain strength with 

time (Naik et al., 2001). Strength gain is primarily a function of the hydration rate of cement 

and fly ash in a given mixture (Pierce & Blackwell, 2003). In general, compressive strength 

also increases with fly ash. This happens up to a certain limit and then decreases. For 

example, Naik et al. (2001) observed such phenomena when testing CLSM containing 

foundry sand. Furthermore, strength data revealed that excavatable flowable slurry with up to 

85% fly ash replacement with clean or used foundry sand can be manufactured without 

significantly affecting the strengths (Naik et al., 2001). Mullarky (1998) investigated the 

long-term strength gaining properties, and removability of CLSM at later ages. Preliminary 

strength data revealed that air content and fly ash content are significant factors in the control 

of long-term strength gain. In general, increasing air content and decreasing fly ash content 

decreases long-term strength gain. Long-term compression strength tests (i.e. > 90 days) on 

CLSM typically show that the compressive strength increases up to 28 days, followed by a 

considerable decrease in rate for longer curing periods (Katz & Kovler, 2004; Won et al., 
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2004; Pierce et al., 2002). This can be a positive result bearing in mind future excavability 

requirements. It also, however, indicates that durability may not improve if an increase in the 

long-term strength is minute (Won et al., 2004).  

 

Excavatable CLSM materials have shown hydraulic conductivities comparable to, or lower 

than, compacted granular fills ranging between 10-7 and 10-6 m s-1 (Naik et al., 2001; ACI, 

1994). CLSM using Class F fly ash have shown hydraulic conductivity ranging from 1.9 x 

10-8 m s-1 for 5% cement to an average 3.3 x 10-9 m s-1 for 20% cement content (Naik et al., 

2001). Abelleira et al. (1998) derived values in the range normally associated with sandy 

soils, i.e. 1.2 x 10-5 m s-1, leading to good drainage. Won et al. (2004) produced CLSM with 

hydraulic conductivity that ranged from 10-9-10-7 m s-1, equivalent to silty clay. Furthermore, 

hydraulic conductivity of CLSM can be further decreased by adding materials such as 

bentonite, i.e. admixtures (Gabr & Bowders, 2000), and may be increased by reducing the 

amount of cementitious materials and increasing aggregate contents (particularly above 

80%). Materials that are normally used to reduce the permeation of fluids, such as bentonite 

clay and diatomaceous earth, increase construction costs and may affect other properties 

(ACI, 1994).  

 
Resistance to leaching of hazardous components, from waste materials incorporated in 

CLSM, into the environment is an important property not commonly assessed mainly because 

of the largely inert nature of materials studied. Nevertheless, the waste materials may contain 

trace amounts of contaminants, predominantly heavy metals, and need to be included in 

experimental protocols particularly because of the permeable nature of CLSM (Trejo et al., 

2004).  

 

A variety of leaching test methods have been employed by a small group of researchers. For 

example, CLSM studied by Deng & Tikalsky (2007) incorporating foundry sand; Türkel 

(2006) containing crushed limestone; and Katz & Kovler (2004) containing cement kiln dust, 

asphalt dust and bottom ash, were subjected to the US Environmental Protection Agency’s 

Toxicity Characteristic Leaching Procedure (TCLP test). All specimens tested released heavy 

metals well below the stated limits. Naik et al. (2001) have studied the leaching 

characteristics of CLSM incorporating foundry sand using the ASTM D 3987 standard test 

method for shake extraction of solid waste with water. The leachate results were below the 

enforcement standards of the Wisconsin Department of Natural Resources groundwater 
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quality standards. Inyang & Gaddam (2006) performed diffusion leaching tests on CLSM 

monoliths following the American Nuclear Society measurement of leachability of solidified 

low-level radioactive wastes by a short-term test procedure (ANSI 16.1). Leachate analysis 

revealed that heavy metal leaching was maintained at very low rates when higher amounts of 

fly ash were added. Copper, arsenic and selenium were detected in CLSM with lower 

amounts of fly ash (5 wt%) but at very low levels.    

 

 

2.9 CHARACTERISTICS OF CEMENT-BASED SOLIDIFIED WASTE 
 

2.9.1 Overview 
 

The previously discussed backfilling and CLSM technologies are regarded as cement-based 

solidified waste forms. For this reason, it is important to understand the chemical reactions of 

the binders involved and the effects of wastes on their hydration in order to derive adequate 

conclusions of the properties of the composites. Furthermore, as such materials are porous, 

mechanisms of contaminant immobilisation and factors affecting their leachability have been 

reviewed. An evaluation of the main properties of solidified composites has been 

summarised.     

 

2.9.2 Chemistry and hydration of Portland cement 
 

The most widely used cements are hydraulic cements, which comprise a fine powder that 

reacts with water to bind particles together as aggregates by hardening from a flowable 

plastic state to a solid. Portland cement is the most common type of cement. It is 

manufactured as a blend primarily of cement clinker and calcium sulphate, usually gypsum. 

The cement clinker is a partially fused product resulting from the burning of calcareous 

minerals, i.e. limestone, and other argillaceous materials at about 1500 °C. The clinker and 

gypsum are then ground together to form a fine powder for use as cement (Taylor, 1990). 

Gypsum is added as a ‘set regulator’. Typical Portland cement contains: 65-70% CaO; 18-

24% SiO2; 3-8% Fe2O3; 3-8% Al2O3; plus smaller proportions of minor oxides, e.g. Na2O, 

K2O, MgO, etc. (Bye, 1999).  
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Portland cement is a hydraulic binder, i.e. sets, hardens and does not disintegrate under water 

(Neville, 1995). Setting and hardening results from reaction of the compounds in the cement 

with water to form a dense structure of hydrated compounds. The two most abundant phases 

comprising Portland cement are known as alite and belite, which are tricalcium silicate 

[3CaO·SiO2] and dicalcium silicate [2CaO·SiO2], designated as C3S and C2S respectively. 

These contain minor amounts of magnesium, aluminium, iron and other oxides. These 

crystals are embedded in a matrix of interstitial tricalcium aluminate [3CaO·Al2O3], 

designated as C3A, and ferrite phases of average composition 4CaO·Al2O3·Fe2O3, designated 

as C4AF (Bye, 1999; Taylor, 1990; Helmuth, 1987).  

 

Chemically, the hydration of Portland cement consists of a series of reactions involving the 

individual clinker minerals, gypsum and water, which proceed both simultaneously and 

successively at different rates and influence each other. At the beginning of hydration the 

process is controlled mainly by the rate of dissolution of the clinker phases and gypsum. As 

the hydration progresses, the reaction rate becomes increasingly controlled by the rate of 

nucleation and crystal growth of the hydrating phases formed and finally by the diffusion rate 

of water and dissolved ions (Taylor, 1990). 

 

The most important hydration reactions may be represented by the simplified equations 

below (Neville, 1995; Taylor, 1990; Helmuth, 1987). 

 

Tricalcium silicate: 

3CHHSC6HS2C 3233 +→+                                        (2.9) 

                             (calcium silicate hydrate + calcium hydroxide) 

  

Dicalcium silicate:             

CHHSC4HS2C 3232 +→+                                        (2.10) 

 

Tricalcium aluminate in the presence of gypsum: 

 323623 HSAC26HHS3CAC →++                                     (2.11) 

         (gypsum)   (ettringite, AFt) 
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12432363 HSA3C4HHSACA2C →++                          (2.12) 

         (calcium monosulphoaluminate hydrate, AFm) 

  

Tricalcium aluminate in the absence of gypsum: 

1943 AHC18HCHAC →++                           (2.13) 

         (tetracalcium aluminate hydrate) 

 

633 AHC6HAC →+                            (2.14) 

         (hydrogarnet) 

 

where: C = CaO; S = SiO2; H = H2O; A = Al2O3; S = SO3. 

 

The hydration products of C4AF are usually described as being similar to those formed by 

C3A but with Fe3+ partly substituted for Al3+ (Taylor, 1990; Bye, 1999). 

 

The two most abundant hydration products are calcium silicate hydrate (C-S-H) gel and 

calcium hydroxide, also known as portlandite, [Ca(OH)2] as shown by Equations 2.9 and 

2.10. C-S-H is poorly crystalline with variable composition in terms of its Ca:Si ratio (0.8-

2.0) and H2O:SiO2 ratio, only giving a few broad, weak bands in its X-ray diffraction pattern. 

C-S-H has a high specific surface area (ca. 100-300 m2 g-1) and can be considered as a gel. 

Excess calcium, not incorporated in C-S-H, is present as portlandite which is crystalline and 

has a solubility of 1 g l-1 at 25 °C. It should be noted that portlandite is consumed during 

consequent hydration reactions, therefore, competing with pozzolanic reactions for the lime 

released by hydration of the silicates. Furthermore, Reactions 2.11 and 2.13 also require 

calcium and are affected by any process which lowers the calcium ion concentration 

(Helmuth, 1987).  

 

In the presence of gypsum, C3A reacts according to Equations 2.11 and 2.12 to form calcium 

sulphoaluminate hydrate, i.e. ettringite (AFt), and calcium monosulphate (AFm), 

respectively, which retard setting reactions by coating cement particles. Ettringite, a mineral 

with prismatic (or needle-like) crystals, induces cracks owing to high tensile stresses when 

formed in concrete and is therefore considered as an expansive mineral (Mehta, 1973). 

Ettringite dissolves in water in the absence of lime and sulphate to form calcite, gypsum and 
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alumina gel (Bye, 1999). The AFt phase precipitates at the cement grain surface in the form 

of a microcrystalline layer. Under these conditions, the flowability and plasticity of the paste 

is preserved until the formation of more hydrates, and in particular C-S-H, causes ‘normal 

set’ (Taylor, 1990). In the absence of sufficient sulphate, plate-like crystals of calcium 

monosulphate (AFm) are formed according to Reaction 2.12. AFm crystals cause a ‘quick’ 

(flash) set of the paste, associated with extensive liberation of heat immediately after mixing 

with water. The subsequent strength development is reduced, probably due to weakening of 

the microstructure by the AFm platelets.  

 

In the absence of gypsum, tricalcium aluminate reacts rapidly with water to form a crystalline 

hydration product according to Equation 2.14. Tricalcium aluminate hydrate (CAH), or 

hydrogarnet, is formed as platelets with hexagonal symmetry, and morphology resembling 

that of Ca(OH)2. If calcium is present in solution, as is the case when C3S is hydrating 

simultaneously, the formation of tetracalcium aluminate hydrate (Equation 2.13) is favoured 

(Taylor, 1990).  

 

2.9.3 Chemistry and hydration of lime and pozzolans 
 

Lime [CaO] is produced from the thermal de-carbonation of limestone [CaCO3], and reacts 

with water to yield Ca(OH)2, or ‘hydrated lime’, which occurs sparingly in nature as the 

mineral portlandite. The hydration reaction of lime is strongly exothermic and the resulting 

product is somewhat soluble, which conditions an aqueous pH of about 12.5 (Bye, 1999). 

Lime may be mixed with sand, to form mortar, or with sand and coarser aggregate to form 

concrete: these definitions are preserved when Portland cement is substituted in whole or in 

part for Ca(OH)2. Lime can either be used alone or in combination with materials such as 

Portland cement and fly ash in solidified waste products. In the presence of moisture and 

CO2, both lime and cement matrices will carbonate slowly to produce calcite which may 

increase strength development (Hills et al., 1997). Lime-based products, however, are 

characterised by being rather porous and having poor mechanical strength in relation to 

Portland cement-based products (Glasser, 1997). This is because strength development is 

based on the extent of carbonation, i.e. reaction of hydrated lime with CO2 to produce calcite, 

which is difficult for large items as CO2 does not readily penetrate into the lime-concrete 

matrix. 
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A pozzolan is a siliceous or siliceous and aluminous material, which in itself possesses little 

or no cementitious property but which will, in finely divided form and in the presence of 

moisture, chemically react with calcium hydroxide at ordinary temperature to form 

compounds possessing cementing properties (Malhotra & Mehta, 1996). The most commonly 

used pozzolanic materials include volcanic ashes, calcined clays, and fly ash from thermal 

power plants. Fly ash is the most commonly used pozzolanic material in cement-based 

solidified waste forms (Glasser, 1997; Conner, 1990).  

 

Fly ash has a hydrophilic surface and is extremely porous, with particle size the most 

important physical characteristic determining its reactivity. In general, smaller ash particles 

tend to be more reactive for two reasons. Firstly, smaller particles have larger surface areas 

making a large percentage of the particle available to attack by hydroxides. Secondly, and 

perhaps more significantly, smaller particles cool faster upon exiting the combustor, resulting 

in more disordered and, therefore, more reactive structure (Iyer & Scott, 2001).  

 

The finer fraction of fly ash, i.e. < 45 μm, acts as a solid particulate plasticizer. These 

particles are spherical and act like ball bearings within the mix reducing the water 

requirement for a given workability. A reduction in the water content lowers the permeability 

and increases strength and durability of solidified waste composites (Daniels & Das, 2006). 

In addition, the final mix is more cohesive, has a lower rate of bleeding and is less prone to 

segregation (UKQAA, 2007b; Daniels & Das, 2006; Scheetz & Earle, 1998).  

 

The most important pozzolanic reactions are those between reactive, amorphous, glassy silica 

and calcium hydroxide derived from the hydration of Portland cement or lime, to produce C-

S-H according to Equation 2.15 (Helmuth, 1987). When the silicate phases have an 

amorphous structure, rather than crystalline, fly ash tends to be pozzolanic and contributes to 

a greater extent towards the formation of hydration products when attacked by hydroxides 

(Iyer & Scott, 2001). 

 

zxyx HSCzHySxCH +→++                                                 (2.15) 

 

where: C = CaO; H = H2O; S = SiO2 
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The alumina in fly ash may yield a variety of hydrates. Reaction products include calcium 

aluminate hydrate (C4AH19), gehlenite hydrate (C2ASH8), ettringite (C6A 3S H32) and calcium 

monosulphoaluminate hydrate (C4A S H12) (Daniels & Das, 2006; Helmuth, 1987). It should 

be noted that fly ash pozzolanic reactions occur relatively slowly at normal temperatures 

enhancing strength with increasing curing periods, typically greater than 90 days, relative to 

Portland cement (Helmuth, 1987).  

 

2.9.4 Waste immobilisation mechanisms 
 

A cement-based solidified waste product provides a physical matrix of relatively low 

hydraulic conductivity (ca. 10-9 m s-1), which constitutes a physical barrier to leaching 

(Stegemann, 2004; Conner, 1990). In addition, the matrix is composed of highly alkaline 

crystalline and amorphous phases (Sections 2.9.2 and 2.9.3) that maintain a high pH in the 

pore solution. Contaminants, particularly heavy metals, may be immobilised as precipitates 

under these alkaline conditions, or can also be taken up into cement hydration products, or 

sorbed onto their surfaces. The complexity of cement-based solidified waste forms results 

mainly from the variability of the wastes (Stegemann, 2004; Glasser, 1997; Trussel & 

Spence, 1994; Adaska et al., 1991).  

 

It has been repeatedly reported in the literature that the dominant fixation mechanism for 

heavy metals is through the chemical precipitation of low solubility compounds (Batchelor, 

2006; Malviya & Chaudhary, 2006; Stegemann, 2004; Hills et al., 1997; Glasser, 1997; 

Trussel & Spence, 1994; Conner, 1990). The saturation indices of heavy metal compounds 

are usually very high and the homogeneous or spontaneous nucleation of these compounds 

occurs very quickly. For species that may not have sufficient mobility or enough time to 

undergo adequate orientation and alignment, heavy metal compounds are inclined to form 

amorphous structures in cement pastes (Conner, 1990).  

 

Heavy metals can be precipitated as hydroxides, carbonates, sulphates, sulphides and silicates 

(Trussel & Spence, 1994; Conner, 1990). Due to the alkaline nature of cement hydration 

products, the most likely anion to form a metal precipitate is the hydroxide ion (Stegemann, 

2004). Hydroxide precipitation occurs when the pH of solution of dissolved metal ions is 

raised to some optimum level for a specific metal, e.g. Figure 2.14. The optimum pH is 
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different for each metal and for different valence states of a single metal. The initial pore 

solution pH of cement-based matrices can range from about 11.9 to higher than 13 

(Stegemann, 2004). According to Figure 2.14, lead and zinc are several orders of magnitude 

more soluble than nickel and cadmium, while the solubility of copper is intermediate at the 

pH values prevailing in cement-based products. Metals may not entirely precipitate as their 

single-metal hydroxides, but may form other phases such as calcium zincate [CaZn2(OH)6] or 

other mixed hydroxides (Cocke & Mollah, 1993).  

  

 
Figure 2.14: Solubility of hydroxides of heavy metals as a function of pH (extracted from: Adaska et 
al., 1991).  
 

Contaminants that form oxyanions, such as arsenic, have been shown to form precipitates 

with calcium. As3+ and As5+ are commonly observed in solution as arsenite [AsO3
3-] and 

arsenate [AsO4
3-], respectively. In the presence of cement and lime, CaHAsO3 may be 

precipitated and is responsible for arsenic fixation in arsenite (Jing et al., 2005; Phenrat et al., 

2005). Many insoluble metal arsenates are well known to exist, and it is relatively easy to 

oxidise As3+ to the more stable and less toxic As5+ even with air alone. In the presence of 

calcium ions, As5+ may precipitate as Ca3(AsO4)2 which has very low water solubility at high 

pH (Phenrat et al., 2005). Unfortunately, the calcium arsenate is not stable with respect to 

reaction with atmospheric CO2 which produces CaCO3 and releases soluble arsenate (Akhter 
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et al., 1997). Precipitation of arsenate with Fe3+ also occurs under basic conditions to produce 

‘basic ferric arsenate’, as previously discussed in Section 2.4.2.     

 

Sorption of heavy metals on cement hydration products, particularly C-S-H owing to its very 

large specific surface area, includes physical adsorption and chemical adsorption. Physical 

adsorption phenomena occur when contaminants in the solution, i.e. pore water, are attracted 

to the surfaces of particles because of the unbalanced charges of the particles. Chemical 

adsorption refers to high affinity and specific adsorption, which generally occurs through 

covalent bonding. The surface charges, chemical reactions involving surface functional 

groups and specifically adsorbed ions greatly modify the binding capacity of hydration 

products of cement for toxic metals. In the precipitation of cement hydration products, heavy 

metal ions may be adsorbed onto their surfaces and then enter the lattice to form a solid 

solution, altering their structures (Stegemann, 2004; Glasser, 1996; Conner, 1990). 

 

Arsenic(V)-bearing wastes have also been reported to produce oxyanion-substituted 

ettringites, e.g. CaHAsO4·H2O, CaHAsO4·2H2O and CaH4(AsO4)2, which are highly 

insoluble at pH > 10.7 (Phenrat et al., 2005; Klemm, 1998; Myneni et al., 1997). Oxyanion-

substituted ettringites may also attract other oxyanion species such as CrO4
2-, MoO4

2- and 

VO4
3-, in place of the usual sulphate ion, under elevated pH conditions that further increases 

their insolubility (Klemm, 1998). 

 

Contaminants could be occluded, i.e. physically encapsulated, in the solidified matrix. 

Encapsulated waste particles may react with the cement matrix to some degree. 

Immobilisation of encapsulated contaminants can be compromised by physical deterioration 

of the matrix, as either cracking due to physical stresses or advanced matrix dissolution can 

lead to exposure of encapsulated materials. Formulations containing high concentrations of 

soluble salts or high-ettringite cements are particularly vulnerable to the latter (Stegemann, 

2004).  

 

2.9.5 Effects of heavy metals on the hydration of binders 
 

It has been well documented in the literature that heavy metals, in particular cadmium, 

chromium, lead and zinc, affect the hydration of binders in cement-based solidified waste 

products (Hills & Pollard, 1997; Mattus & Mattus, 1996; Trussell & Spence, 1994; Conner, 
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1990). Most studies deduce that the main effect of heavy metals on binders is that they may 

accelerate or retard their setting and hardening times. Furthermore, they may alter the 

proportions of hydration products, change the Ca:Si ratio of C-S-H, create solid solutions 

with the hydration products or create entirely new hydration products (Adaska et al., 1991). 

Individual studies usually examine the effect of one component at a time, and this is the basis 

of most of the information. Real wastes may have many components that potentially 

interfere, and predicting those interactions is practically impossible (Adaska et al., 1991). A 

simplified overview, therefore, of the main interfering components is summarised below.  

 

Cadmium has been known to be efficiently fixed in cement-based waste forms (Brown & 

Bishop, 1990). The cadmium-cement system generates Cd(OH)2 precipitates, which provide 

sites for nucleation of C-S-H and portlandite. The presence of sulphide enhances the retention 

of cadmium owing to the formation of CdS precipitates (Ortego, 1990). Solubilities of 

cadmium hydroxides, carbonates and sulphides are given in Table 2.6.  

 

Chromium must be reduced from Cr6+ to Cr3+ prior to any stabilisation in order to form 

insoluble Cr3+ compounds (Wiles & Barth, 1992). Cr3+ is most insoluble between pH 5-13. 

The hydration of C3A is accelerated with the addition of chromium (Tashiro et al., 1979). 

Solubilities of chromium compounds are given in Table 2.6.  

 

Lead is well known to exhibit an amphoteric, i.e. pH dependent, nature making it difficult to 

immobilise in cement-based waste forms (Mattus & Mattus, 1996). Solubilities of lead 

compounds are given in Table 2.6. It is seen that the solubility order of a metal precipitate, 

from most soluble to least soluble, is carbonates > hydroxides > sulphides. As solubility 

increases, the metal ion mobility increases. As the pH of the pore fluid in the cement paste is 

greater than 12, pH control is an important factor in lead retention in the solidified matrix 

(Wiles & Barth, 1992). Lead retards the set of Portland cement through the formation of 

insoluble compounds around the silicate phases, hence preventing access of water (Brown & 

Bishop, 1990).   

 

Zinc, that is also amphoteric, tends to retard the hydration of C3S owing to the formation of 

amorphous zinc hydroxide [Zn(OH)2] mainly at pH 9-11 (Arliguie & Grandet, 1990). 

Solubilities of zinc compounds are given in Table 2.6. The effect of zinc on the hydration of 

C3A is highly dependent on the percentage of sulphate in the cement. Up to 2.5% of sulphate, 
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zinc has an accelerating effect on C3A hydration. When the concentration of sulphate exceeds 

2.5% C3A hydration is retarded. At a sulphate concentration of 5.5% or greater, C3A 

hydration is completely inhibited (Arliguie & Grandet, 1990). Tashiro et al. (1979) studied 

the microstructure of zinc-containing waste forms and observed that the porosity is increased 

as a result of the formation of large ettringite and calcium monosulphoaluminate crystals.  

 

Table 2.6:  Comparative solubilities of metal hydroxides, carbonates and sulphides (extracted from: 
USEPA, 1986). 
 

Metal Solubility (mg l-1) 
Hydroxides Carbonates Sulphides 

Cadmium, Cd2+ 2.3 x 10-5 1.0 x 10-4 6.7 x 10-10 
Chromium, Cr3+ 8.4 x 10-4 - No precipitate 
Cobalt, Co2+ 2.2 x 10-1 - 1.0 x 10-8 
Copper, Cu2+ 2.2 x 10-2 - 5.8 x 10-18 
Iron, Fe2+ 8.9 x 10-1 - 3.4 x 10-5 
Lead, Pb2+ 2.1 7.0 x 10-3 3.8 x 10-9 
Manganese, Mn2+ 1.2 - 2.1 x 10-3 
Mercury, Hg2+ 3.9 x 10-4 3.9 x 10-2 9.0 x 10-20 
Nickel, Ni2+ 6.9 x 10-3 1.9 x 10-1 6.9 x 10-8 
Silver, Ag+ 13.3 2.1 x 10-1 4.7 x 10-12 
Tin, Sn2+ 1.1 x 10-4 - 3.8 x 10-8 
Zinc, Zn2+ 1.1 7.0 x 10-4 2.3 x 10-7 

 

2.9.6 Effects of other inorganic compounds on the hydration of binders 
 

Similar to heavy metals, a range of other inorganic components may effect the hydration 

reactions of binders. Carbonates, sulphates and cyanide species tend to be the compounds 

mostly studied with regards to cement-based products incorporating mine wastes.  

 

Carbonate ions present in waste solution can change portlandite into the less soluble calcite 

[CaCO3] or penetrate the crystalline network of C-S-H causing it to become amorphous and 

hence increase the strength of the solidified matrix. In addition, the presence of calcite 

decreases the formation of ettringite and enhances the formation of a new crystal, thaumasite 

[CaCO3·CaSO4·CaSiO5·15H2O]. The decrease in ettringite formation accelerates the set of 

Portland cement (Stegemann, 2004). Carbonation can also have adverse effects. For instance, 

the pH conditions within a waste form are expected to be significantly altered (typically, pH 

decreases) as carbonation proceeds. This could result in phase changes within the 

waste/binder matrix and in the extreme, changes in the fixation characteristics of the waste 

form which may result in the selective release specific waste contaminants (Hills et al., 

1997).    
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As discussed previously, the addition of gypsum contributes to the formation of ettringite, 

which retards the set of Portland cement. The presence of sulphate, therefore, raises concerns 

with regards to durability of the waste matrix owing to its adverse effect (Mattus & Mattus, 

1996). Formation of sulphate-based ettringite owing to reaction of sulphate with aluminate 

hydrates (Equation 2.16) has been shown in many studies to negatively impact solidified 

matrices owing to the formation of cracks, which subsequently causes an increase in 

hydraulic conductivity and leaching of contaminants into the environment. The formation of 

gypsum due to the attack of portlandite by sulphate (Equation 2.17) develops stresses and 

cracks because of the larger size of gypsum crystals. C-S-H may also be altered due to 

reaction with magnesium sulphate (Equation 2.18).  

 

O17H6NaOH2Al(OH)O31H3CaSOOAl3CaO
O)10HSO3(NaO)12HOAl2(CaO

232432

242232

+++⋅⋅⋅→
⋅+⋅⋅

                        (2.16) 

 

O8H2NaOHO2HCaSOO10HSONaCa(OH) 2242422 ++⋅→⋅+                      (2.17) 

 

22

242422

2SiO3Mg(OH)
O)2H3(CaSOO6H3MgSOO3H2SiO3CaO

++
⋅→++⋅⋅

                      (2.18) 

 

The hydration products can also be affected as a result of sulphidic mineral activity in mine 

waste used in backfill materials, e.g. pyrite, depending on the degree of saturation of the paste 

and the presence of oxygen. The sulphates present in the sulphate-rich water of tailings and 

those produced by the oxidation of pyrite (in a basic pH medium) can react with free calcium 

ions produced by the dissolution of unstable portlandite giving rise to the precipitation of 

swelling secondary gypsum and highly expansive ettringite. This phenomenon can be more 

pronounced in paste backfill and CLSM due to the very low cement content and high 

concentration of sulphates. Moreover, the presence of sulphide minerals can lead to acid 

generation through the oxidation of tailings, in addition to the deleterious effects of sulphate 

attack caused by soluble sulphates in the cemented matrix (Tariq & Nehdi, 2007; Benzaazoua 

et al., 1999). 

 

Cyanide-containing wastes are also commonly associated with mining activities. Hills et al. 

(1994) attempted to solidify cyanide, in the form of sodium cyanide, in a cement-based 
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matrix. Results concluded that cyanide significantly retards the hydration of Portland cement. 

The retardation reaction was shown to be as a result of a complexation reaction involving 

ferrocyanide. In particular, both ferrite and aluminate hydration appeared to be retarded and, 

with the former, there was evidence for the formation of C4AH19 in preference to ettringite. 

Furthermore, the reactivity of the silicate clinker phases was also reduced.   

 

2.9.7 Evaluation of properties 
 

There are many test methods applied to cement-based solidified products evaluation. Perera 

et al. (2004) provide up-to-date information on the various ways of evaluating solidified 

waste forms. The most commonly used method for characterising the success of solidification 

is to assess the unconfined compressive strength of the composite with increasing curing time 

(Batchelor, 2006; Malviya and Chaudhary, 2006; Glasser, 1996; Conner, 1990). Long-term 

strength integrity is important in assessing the durability of the monolith. A stronger material 

will tend to retain its integrity better than a weak one and inhibit the release of contaminants 

into the environment. Permeability and hydraulic conductivity are also important parameters, 

as they predict the extent to which a fluid, e.g. water, will tend to pass through the solidified 

waste composite in a disposal environment (Batchelor, 2006; Conner, 1990). Desirable 

permeation should be analogous to clay lining systems (Conner, 1990). Furthermore, the pore 

structure, i.e. micro-structure, of cement-based solidified wastes is important in determining 

the extent of contaminant release, because contaminant transport within the waste form will 

be primarily diffusion in the pores. A waste form with highly tortuous, unconnected pore 

structure will leach contaminants more slowly (Batchelor, 2006).  

 

The mechanical (compressive strength) and environmental (leaching) properties of cement-

based materials depend, to a certain extent, on the porosity and micro-structure. It has been 

shown (Stegemann & Zhou, 2008; Glasser, 1997) that these parameters define and control 

transport processes such as: permeability/hydraulic conductivity; diffusion; adsorption; 

capillary suction; electro-migration; osmosis and thermal gradient, which are important in 

determining the leaching characteristics and the immobilisation of contaminants.  

 

Chemical evaluation methods, including leaching tests and determination of acid 

neutralisation capacity, address the solubility and reactivity of contaminants when exposed to 

different reagents and environments (van der Sloot et al., 2007; Garrabrants & Kosson, 2004; 
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Perera et al., 2004; Kosson et al., 2002; van der Sloot et al., 2000). Chemical evaluation can 

also give valuable information on the binder in immobilising heavy metals (Garrabrants & 

Kosson, 2004). 

 

The overall release of soluble species contained in a porous cement-based product in contact 

with water is a result of complex and coupled phenomena, for example, dissolution of species 

in the pore water and transportation of species in the leaching solution. The mass transfer 

during leaching can be described by a diffusion mechanism, which only takes into account 

Fick’s diffusion law (Inyang & Gaddam, 2006; Garrabrants & Kosson, 2004). More recently, 

models accounting for more than one effect, e.g. diffusion and chemical reactions or mass 

transfer at an interface, have been reported by investigators such as van der Sloot et al. (2007) 

and Kosson et al. (2002). Problems that arise principally are the paucity of transport data 

relevant to cementitious materials, which are necessary to support such calculations. 

 

Accelerated leaching tests characteristically used include: elevated temperatures; high 

specific surface areas perhaps achieved by crushing or grinding the matrix; and acidification 

and renewal of leachant (Garrabrants & Kosson, 2004; Perera et al., 2004). Each method has 

its own attractions and penalties, and since the past decade there is considerable worldwide 

effort expended in harmonising leaching test methods (van der Sloot et al., 1997).  

 

On a fundamental basis, leaching involves contact of a solid matrix with a liquid phase, i.e. 

leachant, into which constituents are released and transport producing a leachate (Conner, 

1990). Leaching mechanisms which control the release of contaminants from the cement-

based matrix include: solubilisation; transport through the solid; transport through the solid-

liquid boundary; bulk diffusion and chemical reactions in the leachant (Conner, 1990).  

 

The physical and chemical factors that can affect the leachability of contaminants are shown 

in Figure 2.15. The most important factors include: matrix characteristics (matrix mineralogy, 

permeability, acid neutralisation capacity); environmental conditions (infiltration, leachant 

composition); and reactions between the waste form and the surrounding environment (acid 

attack, carbon dioxide uptake, sulphate attack) (Garrabrants & Kosson, 2004).  
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Figure 2.15:  Factors affecting the rate of leaching from solidified waste forms (extracted from: 
Garrabrants & Kosson, 2004). 
 

CLSM, and similarly the majority of other types of backfill (Section 2.7), are also regarded as 

cement-based solidified waste composites. The properties outlined above for evaluating 

stabilised/solidified waste forms are very similar to the properties governing the modes of 

failure of backfills (Section 2.7.7). With the exception of the deformation-related properties 

(i.e. stiffness and compressibility) and shear strength, due to the un-availability of testing 

equipment, all other properties mentioned in Table 2.3 (Section 2.7.7) were employed to 

evaluate CLSM produced in this research. The test methods, in addition to others, are 

outlined in Chapter 3.     

 

 

2.10 CONCLUSIONS 
 

A vast amount of literature exists on solid waste materials from mining operations and on the 

various methods of their management. An attempt has been made to present a comprehensive 

review of techniques presently available to the industry as well as those currently being 

examined, to utilise the large quantities of waste produced in the mining industry. Except for 

a few specialised applications, the review identified a lack of fully sustainable processes 

dealing with mine waste material and that their use is not as widespread as it potentially could 

be. Literally, billions of tonnes of mine waste are currently lying unused around the world. 

Therefore, this substantiates the need for sustainable novel alternative technologies, such as 

CLSM proposed in consecutive chapters, to augment the future management of waste in the 

mining industry.   
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Cement-based waste forms such as paste backfill have been identified as analogous to the 

CLSM proposed in this research. Product control requirements, however, have distinguished 

between the differences and advantages of making CLSM a unique type of flowable fill 

material. Utilisation of metallurgical waste containing significant levels of toxic components 

in combination with other mine wastes such as tailings in CLSM could provide a suitable 

sustainable alternative method for dealing with this waste stream. Literature on the 

characteristics of cement-based solidified waste forms has set the basis for selecting 

techniques and methods to assess CLSM and interpretation of data derived from testing. The 

main properties identified are unconfined compressive strength, permeability/hydraulic 

conductivity, porosity and leaching hence their use in this work.      
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3. MATERIALS AND METHODS 
 
 

 

3.1 INTRODUCTION 
 

A range of analytical techniques have been used to characterise the raw materials. CLSM 

specimen formulations were produced using the statistics-based mixture design methodology 

and optimised using the response surface methodology. Because of the inherent heterogeneity 

of CLSM a range of techniques were used to evaluate their properties. The experimentation 

involved the determination of the fresh-mix; mechanical; physical; and environmental 

(chemical) properties. The following sections provide a detailed account of the techniques 

and methods used to derive conclusions of the properties of the raw materials, CLSM and 

encapsulated CLSM specimens. 

 

 

3.2 ANALYTICAL TECHNIQUES 
 

3.2.1 Moisture content of raw materials 
 

Moisture content ( w ) of the raw waste materials, i.e. fly ash (FA), ochreous mine water 

waste (OMW), jarosite residue (JR), tailings (T), mesophilic (P35) and thermophilic (P70) 

bioleach waste precipitates, were determined on a mass difference basis as is commonly 

carried out with soils (BS 1377-2:1990, 1990). Moisture content is defined as the ratio of the 

mass of water to the mass of solids and is determined by the following relationship: 
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 100%
m
mw

s

w ×=                                         (3.1) 

 

where:  wm = mass of water [total mass of sample – mass of dried sample] (g); 

  sm  = mass of dried solids (g).   

 

Triplicate samples of each material, each weighing 30 g, were placed in an oven at 105 ± 5 

°C for > 24 hours, until there was no further reduction in the mass, and cooled in a desiccator 

to determine the dried mass ( sm ) to the nearest 0.1 g. The results were averaged to give the 

moisture content. The particular temperature is recommended in order to avoid the removal 

of structural water from materials. For example, at 150 °C gypsum [CaSO4·2H2O] would lose 

some of its structural water to produce a hemi-hydrate [CaSO4·1/2H2O] which is known as 

Plaster of Paris and has different properties to calcium sulphate dihydrate, i.e. gypsum. 

 

3.2.2 Particle size and size distribution by laser diffraction 
 

Particle size and size distribution of the raw waste materials have a significant effect on the 

properties of fresh CLSM composites and should be adequately assessed. The laser 

diffraction particle size measuring method relies on the fact that particles passing through a 

laser beam will scatter light at an angle that is directly related to their size. As particle size 

decreases the observed scattering angle increases logarithmically. Scattering intensity is also 

dependent on particle size, diminishing with particle volume. Large particles, therefore, 

scatter light at narrow angles with high intensity whereas small particles scatter at wider 

angles but with low intensity. The distribution of particle sizes is calculated by comparing a 

sample’s scattering pattern with an appropriate optical model (Allen, 1997). 

 

A Coulter LS 100 laser diffraction particle size analyser was used to determine the particle 

size distribution of the dried fine waste materials used, i.e. FA, OMW, JR, T, P35 and P70. 

Approximately 0.2 g of each material analysed was mixed with a few drops of glycerol to 

disaggregate the particles, and the mixture was added to the sample holder. The Fraunhofer 

Approximation model, which assumes that the particles measured are opaque and scatter light 

at narrow angles, was used to analyse the results and produce particle size distributions with 



89 
 

particle size range limits in the order of 0.4-900 μm. The test was carried out in triplicate to 

get an average particle size distribution of the materials.  

 

3.2.3 Particle size and size distribution by sieve analysis 
 

Sieve analysis was used to calculate the particle size distribution of silica sand (SS), i.e. 

coarser material; and Portland cement (PC) and lime (L), i.e. fine materials that could not be 

analysed by laser diffraction as they are highly reactive with water, according to BS 812-

103.1:1985 (1985). Approximately 150 g of SS was dried at 105 ± 5 °C for 24 hours. Each 

test sieve was weighed before testing. The dried mass was then added to the stack of sieves 

(the one with the largest aperture at the top) and manually shaken for a minimum of 2 

minutes. After sufficient shaking, the mass of each test sieve was measured to determine the 

mass of the material retained. The test was carried out in triplicate to get an average particle 

size distribution of SS.  

 

3.2.4 Specific gravity by helium pycnometry  
 

A helium pycnometer (Robertson Research, UK), suitable for measuring the grain density 

and porosity of solid or powdered materials, was used to determine the specific gravity (the 

ratio of the grain density to the density of water, i.e., 1 g cm-3) of the raw materials. This is an 

easy, non-destructive and reproducible method incorporating gas displacement-Boyle’s law 

principles. Samples were dried in an oven for 24 hours, or until no further mass loss was 

recorded, at 105 ± 5 °C and allowed to cool in a desiccator. Subsequently, the samples were 

disaggregated using a pestle and mortar before suitable for testing. Each material was 

analysed in triplicate in order to get an average value of specific gravity. 

 

The method in essence measures the grain volume. This, together with the mass of the 

sample, gives the grain density. Powdered sample was placed in a metal container of known 

dimensions and mass. The total mass of the powder and the container were recorded, and the 

sample was then saturated with helium in the test chamber. The volume of the sample is the 

difference of the chamber filled with helium only and helium plus the sample. Calibration 

was performed using inserts of known volume to determine the volume-pressure relationship, 

which was used to calculate the grain volume of the samples. Helium was used since it has a 

very small molecular size and, therefore, penetrates even the smallest pores and surface 



90 
 

irregularities allowing for accurate volume determination. Furthermore, it can be considered 

as an ideal and non-adsorbing gas at room temperature, i.e. 300 K, and low pressure, i.e. < 

0.5 MPa (Tamari, 2004).   

 

3.2.5 Specific surface area by the Brunauer-Emmett-Teller method 
 

Specific surface area ( AS ) is defined as the surface area per unit mass, typically expressed in 

m2 g-1. Specific surface area depends on the particle size, particle shape, and any 

imperfections or flaws present at the surface (Skalny and Hearn, 2001). Particles smaller than 

1 μm possess relatively large surface area, and the surface properties of such particles will 

have significant consequences on the characteristics of CLSM. For example, larger surface 

area may result in higher unbalanced surface charge, which in turn may cause greater 

sorption of contaminants. Such circumstances influence remedial processes and waste 

leaching conditions (Sharma and Reddy, 2004).   

 

A Coulter Omnisorp 100 Series, a N2 gas sorption analyser that measures adsorption 

isotherms, was used to determine the specific surface area of the materials using the 

Brunauer-Emmet-Teller (BET) method in accordance with BS 4359-1:1996 (1996). The 

method is based on the experimental establishment of the relationship between the pressure 

of a gas that is in equilibrium with a solid surface and the volume of the gas adsorbed at the 

particular pressure at the surface (Skalny and Hearn, 2001). 0.1 g of sample were initially 

weighed and then de-gassed under vacuum in a heat furnace at 105 ± 5 °C in order to remove 

any moisture that remains within the sample. Subsequently, it was put into a nitrogen bath for 

specific surface area measurement. The test was duplicated for each material to get the 

average specific surface area. 

 

3.2.6 pH measurement 
 

An important property of the raw materials used is the hydrogen ion activity, or pH. pH is a 

chemical property that affects various chemical processes, such as adsorption-desorption, 

precipitation-dissolution and oxidation-reduction that may occur between contaminants and 

the cementitious/pozzolanic material matrix within a solidified waste composite (Sharma and 

Reddy, 2004). In addition, hydration of cementitious and pozzolanic materials is pH 
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dependent. In turn, these processes control the fate and transport of chemicals in the waste 

materials used in the CLSM composites. Therefore, determination of pH value is very 

important in understanding various geochemical reactions.  

 

Measurements were carried out in triplicate on a suspension of 30 g of solid specimen and 75 

ml of de-ionised water, according to BS 1377-3:1990 (1990). The suspension was thoroughly 

stirred and allowed to equilibrate for 8 hours before measurement. The beaker containing the 

suspension was sealed with cling film and placed in a desiccator in order to minimise 

interaction of atmospheric CO2 with the suspension which would affect the pH value. pH was 

measured using a WTW pH 340 portable pH meter with an integrated temperature probe. The 

meter was calibrated before use with buffer solutions of pH 4 and 7 and checked at regular 

intervals. The electrode was allowed to stabilise for a few minutes before each reading was 

taken. 

 

3.2.7 Loss on ignition 
 

The Loss on Ignition (LOI) of the raw materials was determined in an oxidising atmosphere 

using a furnace. The procedure followed the recommendations of BS EN 196-2:2005 (2005). 

Triplicate dried samples of 1.00 ± 0.05 g for each of the materials were weighed into a 

crucible ( tm ) which had been previously ignited and tared. The crucible was placed in a 

furnace at 950 ± 25 °C for 15 minutes. The crucible was allowed to cool to room temperature 

in a desiccator before the residue mass ( rm ) was determined. LOI was calculated according 

to the relationship below, taking the average value of the three samples.  

 

 %100
m

mmLOI
t

rt ×
−

=                                         (3.2) 

 

where:  tm = mass of the test portion (g); 

  rm = mass of the ignited test portion (g). 
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3.2.8 Elemental analysis by inductively coupled plasma – atomic emission 
spectroscopy 

 

The elemental composition of the raw materials was determined using sequential acid 

digestion and inductively coupled plasma – atomic emission spectroscopy (ICP-AES). ICP-

AES is widely used as a standard method to determine the concentration of major and trace 

elements in solutions, and has the ability to simultaneously determine concentrations of many 

elements in a single sample. The technique uses an inductively coupled plasma source to 

dissociate the sample into its constituent atoms or ions, exciting them to a level where they 

emit light of a characteristic wavelength. A detector measures the intensity of the emitted 

light, and calculates the concentration of that particular element in the sample (Thompson and 

Wood, 1982). 

 

Sequential acid digestion is a destructive technique by which the sample is dissolved with the 

resultant aqueous solution being submitted for ICP-AES analysis. The method proposed by 

Thompson and Wood (1982) was used. For the acid digestion, duplicate samples of 0.25 ± 

0.001 g, for each raw material analysed, were weighed and placed in numbered acid resistant 

test tubes. In addition to dissolving the solids, data quality assurance was undertaken by 

preparing two blank samples, i.e. digestion without the solid material. 4 ml of nitric acid 

[HNO3] were added in each test tube from an Oxford dispenser. Subsequently, 1 ml of 

perchloric acid [HClO4] was added in each test tube in a similar manner. The tubes were 

placed in an aluminium heating block in a fume cupboard using the procedure described in 

Table 3.1, until the residue within the tubes was completely dry.  

 

Table 3.1:  Heating block programme for acid digestion (Thompson and Wood, 1982). 
 

Rise Rate (ºC s-1) Dwell Time (hrs) Dwell Temperature (ºC) 
1.00 3.00 50.0 
1.00 3.00 150 
1.00 18.0 190 
1.00 0.10 195 

 

Once the attack cycle was complete, the test tubes were allowed to cool before adding 2 ml of 

5 M hydrochloric acid [HCl] to each tube from an Oxford dispenser. The tubes were then 

transferred to a shallow heating block and left to leach for one hour at 60 ºC after which the 

tubes were left to cool. Following this, 8 ml of de-ionised water were added to each test tube 

and mixed using a vortex mixer. The solutions were decanted into polystyrene tubes, capped 
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and centrifuged at 2000 rpm for 2 minutes. The samples were stored at 4 ºC and tested within 

four weeks of sampling.  

 

3.2.9 Mineralogy by X-ray diffraction and scanning electron microscopy with 
energy dispersive spectroscopy 

 

X-ray diffraction (XRD) provides an easy and reliable method of qualitatively identifying the 

most abundant crystalline mineral phases present in a material. A crystalline material consists 

of atoms arranged in a regular pattern with regular repeating in three dimensions describing 

the crystal. X-rays have wavelengths comparable in magnitude to the distances between 

atoms in most crystals. The repeated pattern of the crystal acts like a diffraction grating for 

the X-rays. Bragg observed that incident X-rays are diffracted from the lattice and derived a 

relationship known as Bragg’s Law which, according to Equation 3.3, relates the wavelength 

of the incident X-rays, the interplanar spacing and the angle between the planes and the X-ray 

beam (Whiston, 1987). 

 

 θsind2nλ =                               (3.3) 

  

where:  n = order of diffraction; 

  λ = wavelength of incident X-rays (nm); 

  d = interplanar spacing (nm); 

  θ= diffraction angle (°). 

 

The XRD analyses were undertaken at the Natural History Museum, London. A Philips PW 

1830 diffractometer system using Cu Kα radiation and fitted with a PW 1820 goniometer, an 

automatic divergence slit and a graphite monochromator was used. The 2θ range was 2.5-70°. 

Samples of PC, FA, OMW, JR, T, P35 and P70 were dried in a similar manner as described 

in Section 3.2.1. About 1 g of powdered sample was stored in air-tight tubes until required for 

testing.  

 

Fractured samples from CLSM specimens cured for 28 and 90 days were immersed in 

acetone for 24 hours to inhibit further hydration reactions in order for the analysis to be 

representative of the desired curing period. Subsequently, the samples were dried in an oven 

for 24 hours at 40 °C. The samples were then crushed with a pestle and mortar and sieved to 
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< 125 µm. About 1 g of dried powdered sample was stored in air-tight tubes until required for 

testing. 

 

Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was used for 

the analysis of the raw materials, in addition to XRD, in order to qualitatively verify mineral 

identifications, resolve any ambiguous or overlapping XRD data and to identify minerals 

unidentified by XRD because of their low content or poor crystallinity. It should be noted that 

XRD cannot identify amorphous minerals, such as oxyhydroxides of iron, aluminium and 

aluminosilicates, which are commonly associated with mining waste (Lapakko, 2002).   

 

In scanning electron microscopy (SEM) an electron beam is scattered across a sample's 

surface. When the electrons strike the sample a variety of signals are generated, and it is the 

detection of specific signals which produces an image or a sample's elemental composition. 

The three signals which provide the greatest amount of information in SEM are the secondary 

electrons, backscattered electrons, and X-rays. Secondary electrons are emitted from the 

atoms occupying the top surface and produce a readily interpretable image of the surface. The 

contrast in the image is determined by the sample morphology. A high resolution image can 

be obtained because of the small diameter of the primary electron beam. Backscattered 

electrons are primary beam electrons which are reflected from atoms in the solid. The 

contrast in the image produced is determined by the atomic number of the elements in the 

sample. The image will therefore show the distribution of different chemical phases in the 

sample. Because these electrons are emitted from a depth in the sample, the resolution in the 

image is not as good as for secondary electrons (Goodhew et al., 1975).  

 

Interaction of the primary beam with atoms in the sample causes shell transitions which result 

in the emission of an X-ray. The emitted X-ray has an energy characteristic of the parent 

element. Detection and measurement of the energy permits elemental analysis (Energy 

Dispersive X-ray Spectroscopy or EDS). EDS can provide rapid qualitative, or with adequate 

standards, quantitative analysis of elemental composition with a sampling depth of 1-2 µm 

(Goodhew et al., 1975).  

 

The SEM-EDS investigations were carried out at the Natural History Museum, London. A 

Leo 1455VP scanning electron microscope with sub-micron resolution was used to 

simultaneously investigate the morphology and qualitative elemental composition of the raw 
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materials. It was fitted with secondary electron, solid state 4 quad backscatter, variable 

pressure secondary and X-ray EDX-Oxford INCA detectors. Magnitudes capable were up to 

20x – 60,000x, and the X-ray detector was capable of detecting elements of atomic number 

greater than five. The powder samples were sprinkled onto double-sided carbon tape mounted 

on stubs. Excess powder was removed by air blowing. No coating was required as the SEM 

was operated under low-vacuum conditions.  

 

3.2.10 Micro-structural assessment by scanning electron microscopy 
 

The SEM investigations on selected CLSM formulations were undertaken at the Natural 

History Museum, London. The aim was to assess: the morphology of hydration products of 

the binders; the interactions between the hydration products and the wastes; and the 

macroscopic structure and the presence of cracks or micro-cracks within the CLSM matrix 

that would affect the release of hazardous components into the environment.  

 

A Philips XL-30 field emission scanning electron microscope with resolution up to 2 nm was 

used. Its detectors were secondary electron Robinson backscatter and Solid state backscatter. 

Magnifications capable were up to 20x – 200,000x. Samples investigated were from CLSM 

specimens cured for 28 and 90 days. At each curing period, the specimens were fractured to 

small fragments and immersed in acetone for 24 hours to inhibit further hydration reactions. 

Samples were then dried in an oven for 24 hours at 40 °C, and stored in air-tight tubes until 

required for testing. Dried, fragment samples were permanently mounted on stubs with 

araldite adhesive. A 20 nm layer of gold-platinum coating was applied to make samples 

electrically conductive.  

 

 

3.3 MODEL WASTE CHARACTERISATION 
 

As there are currently no industrial-scale bioleaching plants in Europe, it was necessary to 

initiate research with model waste precipitates anticipated to be similar to bioleach 

precipitates as they became available from the BioMinE project partners. From the flowchart 

described in the literature review (Section 2.4.2) bioleach waste products may be generically 

classified into two groups: 
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1) Neutralisation precipitates comprising fine-grained, iron- and calcium-rich 

compounds that may be associated with hazardous components; 

2) Bioleaching residues that are relatively fine-grained, largely inert gangue minerals. 

 

The model wastes chosen to represent the neutralisation precipitates were an ochreous mine 

water waste (OMW) and an industrial jarosite residue (JR); the former containing lower 

amounts of hazardous components than the latter. The second group of wastes was initially 

approximated with silica sand (Section 3.5.1). 

 

3.3.1 Ochreous mine water waste 
 

An ochreous mine water waste (OMW) was chosen to represent the fine-grained, Fe- and Ca-

rich neutralisation precipitates from bioleaching with relatively low levels of hazardous 

components. OMW was obtained from the former Woolley Colliery in Yorkshire, UK; and 

can be considered to be derived from bioleaching of sulphide minerals, particularly pyrite, in 

residual underground coal measures (Bosecker, 1997). 

  

Before mine water can be safely discharged into the environment, it must be treated to reduce 

the concentrations of dissolved suspended solids. This is typically performed by oxidising 

Fe2+ to Fe3+ using aeration cascades. OMW is a highly hydrous, low-value, bulk iron 

oxide/hydroxide [FeO(OH)] precipitate derived from the settlement ponds. A simplified flow 

diagram of OMW production is illustrated in Figure 3.1. OMW may also contain various 

proportions of other metals, such as arsenic, barium, cadmium, copper and zinc, adsorbed 

onto the iron oxide/hydroxide that may be leachable over time (Georgaki et al., 2004).  

 

 
Figure 3.1:  Simplified flow diagram of the production of OMW. 

 

OMW precipitated in the wetland system has a lower iron content and higher organic and 

sediment content (Neville, 2007). Lagoon/pond OMW, e.g. Figure 3.2, consisting of lower 
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levels of organics has been used in this research. The properties of OMW are provided in 

Chapter 6 regarding CLSM with model waste. 

 

 
Figure 3.2:  Drying bed of OMW at the former Woolley mine water treatment plant. 

 

3.3.2 Jarosite residue 
 

A jarosite residue (JR) was chosen to represent the fine-grained, Fe- and Ca-rich 

neutralisation precipitates from bioleaching with higher levels of hazardous components. The 

properties of JR are provided in Chapter 6 regarding CLSM with model waste. A JR 

originating from the zinc industry using hydrometallurgical processing routes to oxidatively 

dissolve sulphide concentrates was provided by Umicore, Belgium. About 75,000 tonnes per 

annum of JR are produced in Belgium, with the slurry being filtered and dry landfilled. Since 

detailed information regarding this process was confidential, a simplified flow sheet 

concentrating on the stream producing the iron-rich by-product is illustrated in Figure 3.3. 

Furthermore, a brief explanation of the process with the aid of equations is given below. 

 

 
Figure 3.3:  Simplified flow diagram of the production of JR. 
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The blend of zinc concentrates is initially roasted and after the neutral and weak acid leaching 

of the ZnO from the fluidised bed roaster (Equation 3.4), the process consists of the following 

steps: 

 

 Leaching of zinc ferrite [ZnO·Fe2O3] at elevated acidity (60-120 g l-1 H2SO4) and 

temperature (80-90 °C) in two counter-current steps named hot and super hot 

leaching (Equation 3.5). A hot leach solution and a lead sulphate [PbSO4] residue are 

produced. An Ag and Pb concentrate are separated from the leach residue by 

flotation. 

 The hot leach solution is treated by zinc concentrate [ZnS] in the reduction step 

(Equation 3.6). The reduction residue is thickened, filtered and recycled to the 

roasting step. 

 Neutralisation of the acid from 60 down to 5 g l-1 by calcining (Equation 3.7). The 

thickened residue is recycled to the hot leach. 

 Hydrolysis of Fe by oxidation with O2 (Equation 3.8) and neutralisation with 

concentrated H2SO4 in the pH range of 2.5-3.5 (Equation 3.9). The Fe concentration 

drops from 15-23 g l-1 down to 1.5-2.5 g l-1. The goethite/jarosite residue produced is 

washed, filtered and stockpiled in single mono-residue ponds (Figure 3.4). The 

solution is recycled to the neutral leach step. 

 

OHZnSOSOHZnO 2442 +→+                            (3.4) 
 

( ) O4HSOFeZnSOSO4HOFeZnO 234244232 ++→+⋅                         (3.5) 
 

o223 SZn2FeZnS2Fe ++→+ +++                            (3.6) 
 

OHZnSOSOHZnO 2442 +→+                                                  (3.7) 
 

( ) O2HSO2FeSO2HO4FeSO 23424224 +→++                                     (3.8) 
 

( ) 42342 6ZnSO4FeOOHO2H6ZnOSO2Fe +→++                          (3.9) 
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Figure 3.4:  Jarosite residue disposal pond (Umicore, Belgium). 

 

 

3.4 BIOLEACH WASTE CHARACTERISATION 
 

Neutralisation waste precipitates derived from the bioleaching of refractory gold-bearing 

sulphide ores/concentrates were chosen as the representative bioleach waste material for this 

research. The reasons for selecting this material are that it is derived from a well-established 

commercial biohydrometallurgical process; is associated with significant environmental risk 

regarding the long-term stability and presence of As in the precipitate; and wastes were 

readily available by Mintek, a BioMinE project partner based in South Africa (a world leader 

in this field). Theoretical information of refractory gold-bearing sulphide ores/concentrates 

bioleaching, and their associated by-products, has been previously discussed in Section 2.4. 

 

Two waste precipitates derived from the neutralisation of the bioleach liquor, containing 

predominantly ferric sulphate [Fe2(SO4)3], arsenic acid [H3AsO4] and sulphuric acid [H2SO4], 

by the addition of limestone [CaCO3] were obtained from the pilot-scale bioleaching facilities 

of Mintek, South Africa. The difference between the two waste precipitates is that one is 

derived from mesophilic bioleaching (P35), i.e. 35 °C, and the other from thermophilic 

bioleaching (P70), i.e. 70 °C. The difference between the two precipitates, P35 and P70, is 

that P35 is expected to contain lower concentrations of elements. Details of the properties of 

the bioleach neutralisation precipitates are provided in Chapter 7. 
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An arsenopyrite [FeAsS] concentrate was bioleached by Mintek, originating from the 

Fairview BIOX® plant, Barberton, South Africa. The main composition of the concentrate, as 

provided by Mintek, was: Au 134 ppm, Ag 3.15 ppm, Fe 16.4 wt%, S 15.9 wt%, As 3.61 

wt%, Cu 0.08 wt% and Zn < 0.05 wt%. The gangue minerals separated by flotation include 

quartz [SiO2], ankerite [Ca(Fe,Mg,Mn)(CO3)2], dolomite [CaMg(CO3)2], siderite [FeCO3] 

and micas. Before neutralisation, the mesophilic bioleach liquor contained 15.0 g l-1 Fe as 

ferric sulphate and 2.5 g l-1 As as arsenic acid. The thermophilic bioleach liquor contained 

15.5 g l-1 Fe as ferric sulphate and 2.7 g l-1 As as arsenic acid. A simplified flow diagram of 

the bioleach process is provided by Figure 3.5. 

 

 
Figure 3.5:  Simplified flow diagram of the production of bioleach waste precipitates. 

 

Neutralisation was conducted using limestone slurry containing 21 wt% limestone. The 

process was carried out in four stages under ambient temperature conditions with limestone 

added to the first and third stages. The process is outlined in Figure 3.6. The pH level was 

increased, first to a level close to 3 and then to a level of around 6.5. The overall residence 

time was about six hours. The limestone neutralises the acid to form gypsum [CaSO4·2H2O], 

and the ferric sulphate and arsenic acid are co-precipitated to form an amorphous precipitate 

commonly described by many investigators as a ‘basic ferric arsenate’ [FeAsO4·xFe(OH)3], 

as previously described in Section 2.4.2.   
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Figure 3.6:  Flow diagram of neutralisation of bioleach liquor. 
 

Figures 3.7 and 3.8 below show the waste management measures undertaken at a full-scale 

bioleaching plant (Fairview BIOX®). These include huge areas of space being occupied by 

tailings dams. The neutralisation precipitates and cyanidation tailings are disposed of in 

separate dams. The neutralisation precipitates can be distinguished by their orange-brown 

colour and the cyanidation tailings by their grey colour. 

 

 
Figure 3.7:  Tailings dams at Fairview BIOX® plant, Barberton, South Africa. 

 

Neutralisation 
precipitates tailings dam 

Cyanidation tailings dam 
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Figure 3.8:  Aerial view of tailings dams at Fairview BIOX® plant, Barberton, South Africa. 

 

 

3.5 BULK MATERIAL CHARACTERISATION 
 

3.5.1 Silica sand 
 

Silica sand (SS), or quartz [SiO2], was used as the bulk material in the CLSM formulations. It 

was chosen due to its inert characteristics and as a representative of the angular, relatively 

inert, gangue materials derived from bioleaching residues. The properties of SS are described 

in Chapter 5. 

 

3.5.2 Flotation tailings 
 

Tailings (T) derived from the flotation of a Ni-Cu ore were obtained from the Aguablanca 

mine in south-western Spain. The Aguablanca deposit represents a typical magmatic Ni-Cu 

sulphide mineralisation hosted by various facies of gabbro. Sulphide mineralisation consists 

predominantly of pyrrhotite [Fe1-xS (x=0 to 0.2)], pentlandite [(Fe,Ni)9S8], chalcopyrite 

[CuFeS2] and pyrite [FeS2]. Magnetite [Fe3O4] may also be present and minor amounts of 

platinum group minerals (PGM). Interstitial to the sulphides, gangue minerals of silicates 

such as chlorites, pyroxenes and amphiboles are typically present.  

Fairview BIOX® plant 

Neutralisation 
precipitates tailings dam 

Cyanidation tailings dam 
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Aguablanca flotation tailings slurry is thickened to a density greater than 70% solids by mass. 

The slurry shows adequate slump and moderate slurry rheology which makes it suitable for 

disposal via the thickened tailings method, i.e. paste. The water extracted from the thickening 

process is recycled back to the process water tank. Thickened (paste) tailings are pumped to a 

tailings dam (Figure 3.9) from which recoverable water is returned to the plant. The flotation 

tailings contain significant amount of sulphide in the form of pyrrhotite, resulting in a strong 

potential to generate acid drainage should they be exposed to oxidising conditions. Leachate 

testing showed very low levels of metals, none of which were present at concentrations 

greater than the World Bank Environmental Guidelines for Mining and Milling Operations.   

 

 
Figure 3.9:  Aerial view of the Aguablanca mine and tailings dam facility. 

 

The tailings disposal scheme is capable of storing 1.38 million tonnes per year for a 15 year 

mine life, and provides an engineering design which is appropriate for future closure of the 

facility. In order to reduce construction costs the dam embankment was constructed using 

mine waste rock. 

  

The tailings were used in CLSM specimens as a representative of the bioleach residues 

(tailings) following cyanidation (Figure 3.5) derived from a refractory gold bioleaching 

process. In general, as described in Section 2.3.2, flotation tailings comprise of gangue 

minerals that are of no commercial interest. These are typically carbonates and silicates 
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associated with the parent rock of the ore.  The properties of the tailings are described in 

Chapter 7 concerning CLSM with bioleach wastes.  

 

 

3.6 BINDER CHARACTERISATION 
 

A commercially available Portland cement (PC) (Blue Circle CEM-I, Lafarge, UK) was used 

as the main binder for producing CLSM. Quicklime, or lime (L), was provided by Lhoist in a 

fine powder form and used as an additional binder in CLSM with JR (see Chapters 4 and 6). 

A low-calcium, i.e. Class F, fly ash (FA) was provided by Drax Power Station in Selby, 

Yorkshire, UK. FA is a by-product of coal-fired power generation that exhibits pozzolanic 

properties and acts as a binder in CLSM mixes. The properties of the binders are given in 

Chapter 5 (PC and FA) and Chapter 6 (L). 

 

 

3.7 FORMULATION OF CLSM USING THE MIXTURE DESIGN METHODOLOGY 
 

At present, there are no guidelines on the proportioning of CLSM. In general, regarding most 

cement-based materials, many compositional studies in the past have focused on traditional 

experimental design methodologies with two or more factors, i.e. independent variables, such 

as the one-factor-at-a-time (OFAT) approach (Yeh, 2006; Mac Berthouex and Brown, 2002). 

In these cases, one component is varied at a time and all others are kept constant. This 

process is repeated by varying other components one-by-one until all the components have 

been tested. Such techniques usually require a great number of experiments to yield the 

desired product characteristics that are often not satisfactory because of interactions between 

components (Yeh, 2006).  

 

Moreover, it is common that industrial experimenters initially turn to two-level factorial 

designs consisting of all combinations of each factor at its high and low levels to produce 

estimates of the main effects and interactions. However, when the response depends on the 

proportions of ingredients, i.e. dependent variables, such as the compressive strength of 

cement-based materials, the factorial design approach is not suitable as it depends on 

independent variables (Yeh, 2006; Lundstedt et al., 1998). In this research, the mixture design 

methodology has been used and is introduced in Chapter 4. A detailed account of the 
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formulation and optimisation methodologies is given in Chapter 4. Optimised CLSM 

mixtures were then used for the evaluation of a range of properties.  

 

 

3.8 SPECIMEN PREPARATION 
 

3.8.1 Mixing and batching 
 

The proportions of raw materials in CLSM formulations were measured on a dry-mass basis. 

As some of the raw materials were provided in a moist condition, it was necessary to dry 

them in an oven at 105 ± 5 °C for 24 hours, or until there was no further mass reduction, to 

allow for accurate and repeatable determination of the amount of water required for the 

workability assessment of a particular mix design.    

 

Since there is no standard mixing and batching procedure for CLSM, the method used is 

similar to that of concrete (Naik et al., 2001). The dry solid materials were firstly weighed to 

the appropriate percentage and mixed with a mechanical stirrer for about 2 minutes at 

moderate speed until the mix looked homogeneous. De-ionised water was added gradually 

until the desired workability was achieved according to Section 3.9.1, and further mixing for 

about 3 minutes at moderate speed or until the mix had a uniform consistency and 

appearance.  

 

3.8.2 Casting and curing 
 

Following mixing and batching, the mix was poured into plastic, re-usable cylindrical moulds 

of appropriate dimensions, depending upon the type of test to be performed. However, the 

dimensions for specimens in all tests were chosen to obey the rule of length to diameter of 

2:1 for consistency purposes. Specimens were cast by pouring the CLSM to overfill the 

mould, tapping lightly on the mould, and subsequently struck off. Since CLSM mixes were 

flowable, compaction or vibration was not required. After casting, the specimens were 

allowed to harden in a desiccator which contained water at the bottom (to provide 100% 

relative humidity) in order to prevent shrinkage and water loss due to hydration reactions of 

the binders, and were mechanically de-moulded after 3 days when enough strength had been 
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obtained for proper de-moulding, i.e. without damaging specimens. To avoid spilling and 

water loss while hardening, the base of the mould was covered with waterproof tape.  

 
Following de-moulding, the specimens were cured until required for testing. Curing is 

important since it affects the hydration of the binders in CLSM. Adequate curing conditions 

are desirable to give the best possible strength development of the specimens. In general, the 

greater the amount of hydraulic and pozzolanic binders present, the greater the sensitivity to 

curing conditions (Glasser, 1996). This is because the hydration reactions consume water, 

thus, it is essential to minimise water loss. Incomplete hydration can result in a porous 

microstructure, which also directly affects permeability and porosity and therefore the long-

term durability and strength development. Hydration can continue for many months after 

hardening, particularly when FA is present (Helmuth, 1987). However, because CLSM are 

typically placed below the ground in a moist environment, curing is assumed by many 

researchers to progress normally (Pierce et al., 2002). Furthermore, the desire to limit 

strength development has, in part, limited the attention of curing conditions (Riggs & Keck, 

1998). 

 

The curing method employed in this research involved wrapping each specimen with cling 

film and storing in sealed air-tight plastic bags at room temperature after de-moulding, to 

ensure complete hydration, minimal water loss and interaction with CO2 in the atmosphere. 

Specimens were cured for 7, 14, 28, 56 and 90 days; depending on the requirements of each 

test. Specimens were not cured in water, as is common practice for cement-based materials, 

since some formulations may produce a CLSM that disintegrates when submerged in water as 

a result of the low strength integrity. 

 

3.8.3 Encapsulated CLSM specimen 
 

Optimised CLSM formulations derived from Chapter 4 were utilised to evaluate the 

environmental leaching performance of laboratory-scaled encapsulated CLSM (ECLSM) 

specimens. The design of the laboratory-scaled ECLSM specimens was based on the concept 

presented in Figure 3.10. To accommodate the requirements of the testing apparatus the 

specimens were of the same dimensions as CLSM in Section 3.12, i.e. length to diameter 

ratio of 84:42 mm. Cross-sectional and plan views of the ECLSM specimen are shown in 
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Figures 3.11 and 3.12, respectively. In essence, the ECLSM are a representation of a single 

core of Figure 3.10 surrounded by a largely inert CLSM matrix. 

 

 
Figure 3.10:  Conceptual illustration of potential end-product encapsulated CLSM structure with the 
internal cores consisting of CLSM with waste of higher levels of leachable constituents, contained 
within a CLSM matrix with materials of lower toxicity. 
 

The dimensions of the core were chosen to give two thickness values ( t ), one greater than 

the other, of encapsulating CLSM. As leaching occurs in all directions, the difference 

between totalL  and coreL , and similarly for totalD  and coreD , were kept constant for each of the 

cores tested. The dimensions of the cores and encapsulating CLSM are outlined in Table 3.2. 

The combination of materials and formulation of the cores and encapsulating CLSM matrix 

are presented in Chapter 8. 

 

The construction of the ECLSM specimens involved two steps. In the first step, the cores 

were cast in plastic cylindrical moulds with the required dimensions presented in Table 3.2, 

and following the procedures of Sections 3.8.1 and 3.8.2. The cores were de-moulded after 3 

days of curing, wrapped in cling film and stored for 4 days in air-tight plastic bags. This 

allowed sufficient time for the cores to develop sufficient integrity for encapsulation.  

 

In step two the cores were encapsulated within a layer of largely inert CLSM. The 

encapsulating CLSM was poured into the cylindrical mould to fill up approximately 3/4 of 

the total volume. The core was then positioned at the centre of the mould and gently pushed 

into the encapsulating CLSM, occasional tapping on the mould. Once the core was in 

position, i.e. giving the design thickness, the remaining encapsulating CLSM was poured 

around and over the core to fill up the mould. The ECLSM specimen was then cured for 3 

days following the procedures of Section 3.8.2. Duplicate ECLSM specimens were produced 
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for each mix design tested. The procedure described in Section 3.12.1 was followed to 

evaluate the leaching behaviour of ECLSM (Chapter 8).  

 

 
Figure 3.11:  Cross-section view of encapsulated CLSM specimen. 

 

 
Figure 3.12:  Plan view of encapsulated CLSM specimen. 

 

Table 3.2:  Dimensions of encapsulated CLSM specimens. 
 

Dtotal (mm) Dcore (mm) Ltotal (mm) Lcore (mm) t (mm) 

42 26 84 68 8 

42 20 84 62 11 
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3.9 FRESH-MIX PROPERTY ASSESSMENT 
 

3.9.1 Workability 
 

Workability, or flowability, is one the most important properties of CLSM as it distinguishes 

it from other materials of similar nature, e.g. concrete, grouts and fills. It also gives it the 

unique properties of being placed under gravity, self-levelling and self-compacting. The test 

procedure is very similar to the one used to measure the slump of concrete. A slump in the 

range of 100-150 mm, or less, would provide a material that will remain in place; while a 

slump of 180-260 mm, or more, would provide a material that will flow long distances from 

its discharge point, penetrating fine cracks and encapsulating anything in its path. The ability 

of a CLSM to flow increases with increasing water content, and decreases with increasing 

solids content (Dockter, 1998).  

 

For laboratory specimens, water content of all CSLM mix designs were adjusted to give a 

spread of 229 ± 10 mm as recommended by ACI (1994) for conventional CLSM. The spread 

was determined according to ASTM D6103-04 (2004), which incorporates a hollow 

cylindrical tube with dimensions 76 ± 3 mm diameter and 152 ± 3 mm length. This method is 

considered applicable to fresh CLSM containing only sand as the aggregate or having coarse 

aggregate smaller than 19 mm. The flow cylinder was filled to the top with the CLSM and 

struck off to make sure the surface was flush with the top of the flow cylinder. Within 5 

seconds of filling and striking off, the cylinder was raised quickly and carefully in a vertical 

direction. The spread diameter was then measured in two perpendicular directions to the 

nearest 1 cm within 1.5 minutes from the start of filling. The final result was expressed as the 

average of the two measurements rounded off to the nearest 5 mm.     

 

3.9.2 Setting time 
 

The time required for fresh CLSM mixes to harden was determined by recording the setting 

times. Setting times are of interest to predict the workability and transportability, and are 

dependent on many factors such as: type and quantity of cementitious material, fluidity of 

CLSM and proportioning of CLSM (ACI, 1994).   
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The setting characteristics are assessed by initial set and final set. When the mixture attains 

the stage of initial set it can no longer be properly handled and placed. Furthermore, it may be 

assumed that it could support a person standing on it within 3 to 4 hours. The final set 

corresponds to the stage at which hardening begins and the material can sustain greater loads, 

typically within 1 to 2 days for conventional CLSM (ACI, 1994). 

 

Setting times were determined using a Vicat apparatus and a Vicat mould, as indicated in BS 

EN 196-3:2005 (2005). The mix was placed into the mould and brought into position on the 

base plate, under the needle of the Vicat apparatus. The needle was then lowered until gently 

in contact with the paste. The plunger was released and the needle was allowed to penetrate 

into the paste, recording the scale reading once penetration had ceased. This reading 

represents the distance between the end of the needle and base plate. The procedure was 

repeated at regular intervals, until the initial setting time was determined. This is when the 

time elapsed from zero time, i.e. the time from which the paste is placed into the mould, to 

the time at which the distance between the needle and base plate is 6 ± 3 mm, measured to the 

nearest minute. 

 

The final setting time was determined in a similar manner, but with a different needle having 

a ring attachment on the end and inverting the mould. Final set was determined as the time 

elapsed from ‘zero time’ to the time taken for the needle to penetrate no more than 0.5 mm 

into the material, i.e. the ring attachment does not leave a mark on the surface of the 

specimen, to the nearest 15 minutes. 

 

 

3.10 MECHANICAL PROPERTY ASSESSMENT 
 

3.10.1 Unconfined compressive strength 
 

The unconfined compressive strength (UCS) test is the most common and quick method of 

monitoring strength development and the effect of the proportion of the various components 

of CLSM formulations at different curing periods. UCS is defined as the stress at which an 

unconfined specimen of CLSM of known dimensions will fail under an axial compression 

test. UCS data were used in the design procedures to determine the optimum CLSM 

formulations, as described in Chapter 4. 
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Triplicate CLSM specimens of each mix design presented in Chapter 4 were assessed for 

their 28-day UCS in order to optimise the formulations. The 28-day UCS was used as it is 

commonly classified as the design strength of many cement-based materials, concrete in 

particular (Neville, 1995). The testing apparatus was a mechanically driven loading system 

with two smooth, parallel platens (Wykeham Farrance Engineering Ltd.). The specimens for 

the optimisation study had length-to-diameter dimensions of 40:20 mm.  

 

Triplicate CLSM specimens of each of the optimised mix designs (Chapters 5 to 7) for UCS 

had length-to-diameter dimensions of 100:50. Specimens were tested after 7, 14, 28, 56 and 

90 days of curing. The testing apparatus consisted of a loading system, comprising a loading 

frame, pump, ram and flat circular platens 50 mm in diameter, and a hydraulic pressure gauge 

for measuring the load required to break the specimens. The gauge apparatus was calibrated, 

prior to testing, using computer load monitoring equipment.  

 

Specimen preparation and testing were carried out following to the recommendations of BS 

EN 12390-3:2001 (2001) for testing concrete. Specimens were made planar and smoothed on 

both ends by abrasion so as to ensure the apparatus platens were parallel to the specimen 

surfaces. This prevents the unsatisfactory failure of specimens due to point load. The 

specimens were weighed and their dimensions measured in several positions prior to 

experiment. Specimens were loaded into the testing apparatus and brought to failure by 

mechanically applying a load through the pump. The maximum load shown on the gauge was 

recorded and UCS calculated according to the following expression (BS EN 12390-3:2001):  

  

cA
FUCS =                             (3.17) 

 

where: UCS  = unconfined compressive strength (MPa); 

 F  = maximum load at failure (N); 

cA  = cross-sectional area of specimen on which the compressive force acts (mm2).  
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3.11 PHYSICAL PROPERTY ASSESSMENT 
 

3.11.1 Porosity  
 

Porosity (φ ) is the ratio of the volume of voids ( vV ) to the bulk volume ( bV ) of the 

specimen (Tiab & Donaldson, 2004). It is an important property of CLSM since reduced pore 

size and population improves the physico-mechanical and chemical behaviour of the 

composites exposed to a variety of environmental conditions. In CLSM, total porosity can be 

reduced through cementitious reactions, which in effect can increase strength and reduce 

permeability (Beaudoin & Marchand, 2001). 

 

Porosity was evaluated, in a similar manner to Section 3.2.3, using a helium pycnometer and 

following the recommendations of BS ISO 11599:1997 (1997). This technique has not been 

used previously in the determination of porosity of CLSM. The helium pycnometer 

determines the total porosity of the specimens since the helium penetrates the closed porosity 

which does not contribute to transport (Claisse et al., 2001). 

   

The specimens had length-to-diameter dimensions of 76:38 mm, and the optimised 

formulations derived from Chapter 4 were tested after 7, 14, 28, 56 and 90 days of curing. 

Before testing, triplicate specimens for each optimised mix design were dried in a vacuum 

oven at 40 ± 5 ºC for 48 hours, or until there was no further reduction in mass. The 

temperature was chosen to be much lower than the usual water drying temperature of 105 ± 5 

ºC in order to avoid, as much as possible, internal cracking and shrinkage owing to the loss of 

water from within the specimen. Following drying, the specimens were allowed to cool in a 

desiccator and their mass and dimensions were recorded.  

 

3.11.2 Permeability and hydraulic conductivity 
 

Permeability ( k ) is an anisotropic, i.e. directional, property related to porous materials and is 

a measure of their ability to transmit fluids under a pressure differential (Tiab & Donaldson, 

2004). The particular interest in making permeability measurements on CLSM arises from 

the fact that the possible degradation processes which control their durability are mediated by 
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water. For concrete, and similarly CLSM, both the physical structure and the state of the 

water in pores can influence permeability (Basheer, 2001). 

 

In a fully saturated porous specimen, fluid flow is due to a high pressure head existing across 

the pore, therefore, the rate of flow is governed by Darcy’s law (Equation 3.18). The law 

assumes that: there is laminar flow through porous media; there is only one phase present, i.e. 

100% saturation; and that there is no interaction between the fluid and solids. 

 

 
dL
dP

μ
k

A
Qv ==                             (3.18) 

 

where:  v  = velocity of flow (m s-1); 

 Q  = volume flow rate (m3 s-1); 

 A  = area of cross section (m2); 

 dP  = pressure loss (Pa) over the flow path of length dL (m); 

 μ  = viscosity of the fluid (Pa.s); 

 k  = intrinsic permeability of the porous medium (m2). 

 

Intrinsic permeability ( k ) is a property of the permeable medium alone and is independent of 

the properties of the permeating fluid. It is related to hydraulic conductivity ( K ), a property 

of the permeable medium and the properties of the fluid, by the following relationship (CRD-

C 163-92, 1992): 

 

 
μ

kgρK =                               (3.19) 

 

where:  ρ = liquid density (kg m-3);  

            g = gravitational acceleration (m2 s-1). 

  

A low-pressure permeameter was used for the determination of permeability and hydraulic 

conductivity of optimised CLSM formulations; following the recommendations of BS 1377-

6:1990 (1990). According to Ganjian et al. (2006) and Green et al. (1999), this type of 

permeameter is particularly suitable for cement-based materials. The apparatus consisted of a 
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triaxial cell designed to accommodate cylindrical specimens of length-to-diameter 

dimensions of 76:38 mm. Details of the triaxial cell holding the specimen are shown in 

Figure 3.13. The experimental setup is illustrated in Figure 3.14. Before testing, triplicate 

specimens of each CLSM mix design were vacuum-saturated in de-ionised water for 4 hours 

with their dimensions and mass recorded. The water in the reservoir was de-aired for one 

hour prior to testing using a vacuum pump in order to remove, as much as possible, dissolved 

air from the water to minimise the effect on the stability of confining pressure.  

 

Each specimen to be tested was placed on the triaxial cell holder and contained within a 

rubber membrane to provide a water-tight seal and ensuring uniaxial flow of water through 

the test specimen. Porous wire-mesh discs were placed against the sample, at both the 

upstream (bottom) and downstream (top) ends, to permit free-flow across the faces. Once 

secured in position, the cell was flooded with de-aired water from the reservoir. To maintain 

the structural integrity of the specimen, and prevent flow past its sides, a confining (triaxial) 

pressure ( cP ) was applied around the impermeable rubber membrane surrounding the 

specimen by turning the confining pressure pump.  

 

 
Figure 3.13:  Schematic diagram of triaxial cell. 

 

The confining pressure was always maintained at greater levels than the fluid-flow pressure, 

i.e. the drive pressure ( dP ), since the larger the difference between the confining pressure and 

the drive pressure, the greater is the effective stress acting on the specimen (Green et al., 

1999). According to the recommendations of CRD-C 163-92 (1992) from the Handbook of 
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Concrete and Cement of the US Army Corps of Engineers, the following cP  and 

dP conditions were maintained: 

 

UCS0.5Pc ⋅≤                             (3.20) 

 cd P0.8P ⋅≤  

  

Once the appropriate cP  was applied to the test specimen, dP  was applied by pumping de-

ionised water through the specimen at a constant flow rate. This provides a pressure gradient 

( dP/dL ) across the specimen with the top end exposed to ambient pressure ( aP ) and the 

bottom end to dP .  

 

 
Figure 3.14:  Low-pressure permeameter comprising triaxial cell. 

 

Measurements were made by determining the time taken for the eluate to fill a predetermined 

volume of water collected in a graduated measuring cylinder, and was recorded until steady-

state flow conditions were established. This was determined by plotting the volume of water 

collected versus elapsed time. When the linearity of the resulting plot determined by least-

squares gives a regression coefficient (R2) of ≥ 0.95 over five or more readings, steady-state 
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flow is obtained and permeability and hydraulic conductivity were calculated from the 

following equation: 

 

 
PΔA
LμQk =    where:  ad PPΔP −=                                     (3.21) 

 

Although not undertaken in this research, it is worth mentioning that further use of the 

specimens tested for hydraulic conductivity may be considered. This is because as water 

permeates through the specimen, it promotes the leaching of components and the chemistry 

of the eluate may provide quick information on leachability of components, e.g. ‘washout’ 

potential, from CLSM. As calcium is associated with cement and fly ash hydration products 

that give rise to strength development and is one of the components that are likely to leach, 

UCS evaluation after testing would provide an appreciation of the loss in strength. It is 

expected that prolonged testing will eventually cause the specimen to disintegrate when the 

extent of calcium leaching is at a level that has a catastrophic effect on the mechanical 

integrity of the specimen. It is for this reason that steady-state flow conditions should be 

established within a reasonable amount of time to ensure the permeability/hydraulic 

conductivity measurement is reliable and representative of the specimen.   

 

 

3.12 ENVIRONMENTAL ASSESSMENT 
 

As CLSM are rather permeable materials and are used in sub-surface applications, such as 

engineered fill, their potential effects on the environment need to be assessed. The main 

environmental concern is the potential leaching of toxic components into the ground at 

concentrations that are hazardous to life forms.  

 

3.12.1 Dynamic leaching test (‘tank test’) 
 

The leaching characteristics of optimised CLSM specimens were assessed using a dynamic 

mass-transport rate leach test, commonly known as the ‘tank test’, in accordance to EA NEN 

7375 (2005). This is a standardised method that simulates the leaching of inorganic 

components from moulded and monolithic materials cured for 28 days under aerobic 

conditions as a function of time over a period of 64 days. The test characterises the leaching 
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behaviour by determining the mobility and mechanism of leaching of the material matrix 

under investigation. It is a relatively inexpensive and rapid procedure as it requires no pumps 

or elaborate gravity-fed dynamic flow systems (Garrabrants & Kosson, 2004; Todorovic et 

al., 2003; van der Sloot et al., 1997). 

 

Transport of contaminants dissolved in CLSM pore water is largely controlled by hydraulic 

conductivity of the matrix relative to the surrounding environment. For cement-based 

materials it can be expected that the hydraulic conductivity is sufficiently low for the rate of 

leaching to be minimised by ensuring that transport occurs by diffusion rather than 

component dissolution (Stegemann & Zhou, 2008). The tank test relies on the intermittent 

renewal of leachant at intervals designed to maintain a significant diffusive driving force 

(Garrabrants & Kosson, 2004). Assuming that the leaching medium is infinite, the elemental 

area is flat and surface concentration and diffusion coefficient are constant, then equimolar 

one-dimensional diffusion can be explained by Fick’s second law of diffusion (Todorovic et 

al., 2003): 

 

 2

2

e x
CD

t
C

∂
∂

=
∂
∂                  (3.22) 

 

where:  C = concentration of the component in solid (mole m-3); 

    t = time of leaching (s); 

   x = distance (m); 

       De = effective diffusion coefficient (m2 s-1). 

 

Duplicate monolithic cylindrical specimens, for each of the optimised mix designs, were 

cured for 28 days having length to diameter dimensions 84:42 mm. They were submerged 

into closed polyethylene beakers containing a leachant (de-ionised water at pH ~ 4.50) 

making sure the specimen was covered by at least 2 cm of leachant on all sides. The volume 

of the leachant was four times the geometric area of the test specimen. The diffusion leaching 

test was carried out for eight successive steps of specified length according to Table 3.3. pH 

and electrical conductivity were monitored for all eight periods. Eluates were preserved 

immediately after filtration (0.45 μm) and collection by acidifying with HNO3 to pH < 2. 

Eluates were stored at 4 ºC and analysed by ICP-AES within four weeks of sampling. 
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Table 3.3:  Times at which the leachant must be replenished (EA NEN 7375, 2005). 
 

Period (n) Time (days) 
1 0.25 ± 10% 
2 1 ± 10% 
3 2.25 ± 10% 
4 4 ± 10% 
5 9 ± 10% 
6 16 ± 1 
7 36 ± 1 
8 64 ± 1 

 

The calculated cumulative release of components in mg m-2 was determined according to the 

formula: 

 

1ii

i
*
i

n tt
tE

ε
−−

×
=                            (3.23) 

 

where: nε = calculated cumulative leaching of a component for the nth period (mg m-2);  
*
iE = measured leaching of the component in fraction i  (mg m-2);  

1ii t,t − = replenishment times of fraction i  and 1-i  (s).  

 

The calculated cumulative leaching determines only the cumulative leaching up to and 

including the nth period on the basis of the measured leaching in the nth period. These values 

can be used to assess the characteristic leaching behaviour of components (diffusion, surface 

wash-off, dissolution, etc.). The leaching mechanism of components was determined from the 

slope of the linear regression (rc) through the plot of log ( nε ) – log (t), e.g. Figure 5.13 and 

Appendix I, and following the conditions stated in Table 3.4. The various leaching 

mechanisms are schematically shown in Figure 3.15.    

 

Table 3.4:  Determination of leaching mechanism according to the slope value, rc (EA NEN 7375, 
2005). 
 

Slope value, rc Leaching mechanism 
≤ 0.35 Surface wash-off 
> 0.35 and ≤ 0.65 Diffusion 
> 0.65 Dissolution 
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Figure 3.15:  Leaching mechanisms of toxic elements from monolithic products. 

 

In order to evaluate the immobilisation potential of hazardous components the negative 

logarithmic effective diffusion coefficients ( epD ) were calculated from Equations 3.24 and 

3.25, and the rate of leaching of a component was evaluated according to Table 3.5.  

 

f
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⎛
=                           (3.24) 

 

)Dlog(pD ee −=                            (3.25) 

 

where:     eD  = average, effective diffusion coefficient for a given component (m2 s-1); 

   epD  = average, negative logarithmic effective diffusion coefficient; 

 64ε  = calculated cumulative leaching of the component over 64 days determined by 

formulae stated in Appendix I (mg m-2); 

             availU  = quantity of the component available for leaching according to EA NEN 7371 

(2005) (Section 3.12.2) in dry matter (mg kg-1); 

        ρ  = density of dry test specimen (kg m-3); 

       f  = factor equal to 1 s-1.   
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Table 3.5:  Determination of leaching rate according to the negative logarithmic effective diffusion 
coefficient, pDe (EA NEN 7375, 2005). 
 

Effective diffusion coefficient, pDe Leaching rate 
> 12.5 Low mobility 
> 11.0 and < 12.5 Average mobility 
< 11.0 High mobility 

 

For components that were governed by diffusion leaching their percentage depletion in 

relation to total availability was calculated from Equations 3.26 and 3.27.  

  

100%
U
U

UP
avail

tdif,
tdif, ×=                            (3.26) 
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π
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e
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tdif, =                           (3.27) 

 

where:  tdif,UP  = percentage of leached component in time t  of the diffusion test in   relation 

to the available content in the test specimen;  

  tdif,U  = leached quantity of the component in time t  of the diffusion test in dry 

matter (mg kg-1);  

 availU  = quantity of the component available for leaching according to EA NEN 7371 

(2005) (Section 3.12.2) in dry matter (mg kg-1); 

       A  = area of the test specimen (m2); 

        ρ  = density of dry test specimen (kg m-3); 

         t  = time duration of leaching (s); 

      eD  = average, effective diffusion coefficient of the component (m2 s-1); 

       m  = mass of the dry test specimen (kg). 

 

There are currently no European criteria for the environmental compatibility of solidified 

waste forms for sub-surface applications. The measured cumulative leached heavy metal 

concentrations ( ic ) were, therefore, assessed against the New Dutch List groundwater target 

and intervention values for contaminated soil (VROM, 2000). Furthermore, the quantity of a 

component available for leaching ( availU ), calculated from Equation 3.28, was compared to 
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the soil/sediment target and intervention values. These values are listed in Appendix II and 

have been previously applied to cementitious organic/mineral geotechnical composites in a 

study by Tyrologou (2005).  

 

3.12.2 Leaching availability test and acid neutralisation capacity  
 

Two sequential three-hour extractions were carried out on duplicate samples cured for 28 

days from each of the optimised mix designs tested in the diffusion leaching test (Section 

3.12.1) in accordance to EA NEN 7371 (2005). The samples were finely ground to 95% < 

125 μm and tested at a solid-to-liquid ratio of 1:50. A dilute acid solution (1M HNO3) was 

added continuously, via a burette, to maintain the pH during the first extraction at pH 7 and 

during the second extraction at pH 4. The leachates obtained from both leaching steps for 

each sample were vacuum filtered (0.45 μm) and then combined, followed by immediate 

preservation by acidifying with HNO3 to pH < 2. The leachates were stored at 4 ºC and 

analysed by ICP-AES within four weeks of sampling. 

 

The test was intended to determine the maximum quantity of hazardous components in the 

CLSM potentially available for leaching ( availU ) according to Equation 3.28, thus, simulating 

a worst-case leaching scenario.  

 

( )
10

210
avail fm

VV2VcU ++
×=                           (3.28) 

 

where: availU = quantity of the component available for leaching in dry matter (mg kg-1); 

c  = concentration of component in eluate (µg l-1); 

0V   = volume of de-ionised water added in the first step (ml); 

1V   = added volume of HNO3 in the first extraction (ml); 

2V  = added volume of HNO3 in the second extraction (ml); 

0m  = dry weight of the analytical sample (g); 

1f  = dimensionless factor = 1000 (µg mg-1). 
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The acid neutralization capacity (ANC) was also calculated from the availability test data. 

ANC determines the ability of CLSM matrices to resist a decrease in pH, i.e. buffering 

capacity. This is an important parameter since the solubility of inorganic components is pH 

dependent. Resistance to a decrease in pH is contributed by cement hydration products, e.g. 

calcium hydroxide, of the CLSM matrix. The greater the ANC of a CLSM matrix the greater 

the possibility of maintaining alkaline conditions and minimising the amount of components 

leached into the environment. ANC was determined according to Equations 3.29 and 3.30.   

 

( ) 02
HNO
117 mfcVANC 3 ×=                           (3.29) 

 

( ) 03
HNO
22

HNO
114 mfcVcVANC 33 ×+=                          (3.30) 

 

where: 7ANC = acid neutralisation capacity of material investigated at pH = 7 (mol kg-1); 

4ANC = acid neutralisation capacity of material investigated at pH = 4 (mol kg-1); 

1V  = added volume of HNO3 in the first extraction (ml); 

2V  = added volume of HNO3 in the second extraction (ml); 

   0m = dry weight of the analytical sample (g); 

            3HNO
1c = molarity of HNO3 added in the first extraction (mol l-1); 

            3HNO
2c = molarity of HNO3 added in the second extraction (mol l-1); 

    2f = conversion factor = 1 (l x g ml-1 x kg); 

    3f = conversion factor = 1 (l x g ml-1 x kg). 

 

3.13 CONCLUSIONS 
 

The methods used were predominantly adopted from the construction industry, and in 

particular from traditional methods used in cement, concrete and geotechnical investigations. 

The procedures were efficiently followed according to the most up-to-date and relevant 

British Standards or other established institutional procedures. To minimise fundamental 

error temperature was maintained constant for all experiments. The accuracy of all 

procedures was routinely checked and calibrated to a standard assumed satisfactory for geo-

environmental investigations.  
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4. OPTIMISATION OF CLSM FORMULATIONS 
 
 

 

4.1 INTRODUCTION 
 

As previously mentioned in Section 2.7.1, backfill operations typically represent in the 

vicinity of 20% of all mining costs, with cement contributing approximately 75% of that 

amount. This high cost of cement has placed greater emphasis on the optimisation of backfill 

design for strength with respect to cement usage (Fall et al., 2007; Tariq & Nehdi, 2007). 

This chapter describes the use of the statistics-based mixture design methodology as a tool to 

optimise the formulations of CLSM in order to achieve the desirable mechanical integrity; 

while minimising the amount of cement and maximising the amount of waste used.  

 

There are many industrial and research problems where the response variables of interest in 

the product are a function of the proportions of the different ingredients used in its 

formulation (Yeh, 2006). For example, the mixture design approach has been successfully 

used in the design of civil engineering materials for the optimisation of formulations of: 

concrete (Yeh, 2006); binders for stabilisation/solidification of a phosphogypsum by-product 

(Guo et al., 2003); binders for soil stabilisation (Lindh, 2001); and pozzolan-based products 

(Nardi et al., 2003). The application of the mixture design methodology has not been 

previously considered for CLSM.  

 

The following sections provide brief theoretical background on the mixture design 

methodology followed by the formulation of mixture designs for a range of CLSM. 

Specimens of each formulation were prepared in triplicate and their unconfined compressive 

strength (UCS) was evaluated after 28 days of curing according to Section 3.10.1. The results 
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were statistically analysed in order to determine the effects of components and their statistical 

significance on the strength value. The data collected from the different formulations was 

then used to simulate optimised combinations of components based on a specified UCS range 

that was pre-determined from the literature (Section 2.8.3).          

 

UCS was selected as the parameter for optimisation as it has been extensively studied and 

developed for the evaluation of cement-based materials. UCS testing is simple, cheap, not 

time consuming and repeatable. Recent research has been directed towards developing tests 

for permeability and other durability-related properties which are sufficiently repeatable for 

acceptance testing but this has not yet been achieved. It should be borne in mind that a higher 

level of quality control represents a higher expenditure. UCS is therefore universally used for 

acceptance testing of cement-based materials (Neville, 1995).  

 

 

4.2 MIXTURE DESIGN BACKGROUND 
 

The mixture design approach accounts for the dependence of a response, e.g. UCS, on the 

proportionality of ingredients and not on their absolute values as would be the case in a 

factorial design (Nardi et al., 2004; Lundstedt et al., 1998). As such these proportions are 

dependent variables (Cornell, 2000). A mixture design experiment is a special type of 

response surface methodology in which the factors are the components of the mixture and the 

response is a function of the proportions of each component. For a mixture experiment, the 

sum of the component fractions must be equal to unity and their proportions must be non-

negative, therefore, the variables are not independent (Khuri & Cornell, 1996). Cornell 

(2000) is an exhaustive authoritative source on all issues related to the design of experiments 

with mixtures.  

 

Because of this requirement of unity, the only possible mixture points lie on and within the 

equilateral triangle, designated as the mixture space, known as a simplex (Figure 4.1). The 

design space may be expressed on paper as an equilateral triangle giving a ternary diagram 

(Figure 4.1). For a four-component system the experimental domain is a regular tetrahedron 

(Figure 4.2). The response can be plotted on ternary diagrams (Figure 4.2), which are slices 

through the domain, allowing three components to vary while holding the fraction of the 

remaining component constant (Khuri & Cornell, 1996).   
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Figure 4.1:  Relationship between orthogonal axes and mixture factor space (or response surface) 
[left]; ternary diagram of the response surface [right] (extracted from: Khuri & Cornell, 1996).  
 

 
Figure 4.2:  Four-component factor space for mixtures (extracted from: Khuri & Cornell, 1996). 

 

 
4.3 MIXTURE DESIGN FORMULATIONS AND RESPONSE SURFACE 
 

4.3.1 Overview 
 

Minitab (version 14.20) software was used to formulate and optimise statistical combinations 

of three- and four-component CLSM mixtures. The various formulations were evaluated for 

their 28-day UCS as this is a common design parameter for cement-based materials, 

including CLSM (ACI, 1994). Furthermore, as already mentioned in Section 2.8.8, strength 

development control in CLSM applications is the single most important criterion in 

developing mix designs.  

 

The interpretation of UCS has been accomplished using simplified polynomial (regression) 

models, which define a so-called response surface, to correlate the UCS to the proportions 
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used. This makes the quantitative estimation of UCS of any formulation in the studied system 

possible, without performing a large number of experiments. Response surfaces can be used 

to satisfy certain criteria, for instance, to maximise a property at the lowest cost and/or the 

robustness of a process, that is, to ensure that it is less sensitive to unexpected variations 

(Nardi et al., 2004).  

 

Design of three- and four-component CLSM mixtures has been based on weight percentage 

(wt%) of dry solids, so that the sum of all solids is equal to 100%. The water content for each 

mix design was adjusted to give a spread diameter of 229 ± 10 mm, following procedures 

outlined in Section 3.9.1. This allows all mix designs developed and tested to be comparable 

against each other since the workability was constant. The water content is expressed as wt% 

of the total CLSM mix, i.e., solids plus water.  

 

4.3.2 Three-component CLSM mixtures 
 

Conventional CLSM incorporating Portland cement, fly ash and silica sand (abbreviated as 

PC-FA-SS) and CLSM with tailings, replacing the silica sand component of conventional 

CLSM (abbreviated as PC-FA-T), are designated, hereafter, as three-component CLSM 

mixtures. A three-component simplex-centroid mixture design was used as illustrated by the 

ternary diagram representing the simplex response surface in Figure 4.3. Each design point 

represents a formulation, or mixture, of components (x1, x2, x3). The points centred on each 

side of the triangle represent 1:1 binary mixtures of the components or mixtures of their 

neighbouring vertex points. The centre point represents a 1:1:1 ternary mixture of the three 

components represented at the vertices. A simplex-centroid design was chosen as it includes 

the ternary mixture within the simplex, thus, enhancing the resolution and allowing for higher 

order polynomials to be analysed (Cornell, 2000).   

 

Constraints on individual components were applied, and the component proportions of CLSM 

were selected to vary from: 5-15 wt% for PC (x1), 10-20 wt% for FA (x2) and 75-85 wt% for 

the bulk materials, i.e. SS and T (x3), as stated in Table 4.1. The bounds were selected with 

the aim of minimising the PC content and maximising the bulk content, while satisfying 

CLSM requirements for excavatability. The constraints introduced covered the entire simplex 

mixture-space (Figure 4.3). The sum of the component proportions add up to 100% for all 

mix designs. The actual run order of the experiments was randomised to minimise 
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statistically significant bias, and the entire mix design was replicated three times to get a 

measure of the statistical error of the response.  

 

 
Figure 4.3:  Ternary diagram of the response surface for the three-component simplex-centroid 
mixture design. 
 

Table 4.1:  Three-component CLSM formulations. 
 

Mix PC (wt%) FA (wt%) SS or T (wt%) 
1 5 10 85 
2 5 15 80 
3 5 20 75 
4 8.33 13.33 78.33 
5 10 10 80 
6 10 15 75 
7 15 10 75 

 
4.3.3 Four-component CLSM mixtures 
 

CLSM incorporating Portland cement, fly ash, model or bioleach waste and silica sand or 

tailings are designated, hereafter, as four-component CLSM mixtures. The different 

combinations of CLSM are summarised in Table 4.2. There are two points that need 

clarification. Firstly, initial screening experiments identified that CLSM incorporating JR did 

not produce adequate strength development solely with PC or lime (L) unless 20 wt% was 

used which is not economically desirable (Bouzalakos et al., 2008). For that reason an even 

combination of PC and L was studied for CLSM with JR. Secondly, CLSM with model waste 

only included SS as the bulk material. This is because the purpose of using model waste was 

to provide an initial deduction of the suitability of using bioleach waste as CLSM. For this 
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reason, OMW and JR, the former containing higher levels of hazardous components than the 

latter, were added to conventional CLSM.    

 

Table 4.2:  Mix abbreviations of four-component CLSM mixtures. 
 

BINDER WASTE BULK  MIX ABBREVIATION 
 Model waste   
PC + FA OMW SS PC-FA-OMW-SS 
PC/L + FA JR SS PC/L-FA-JR-SS 
 Bioleach waste   
PC + FA P35 SS PC-FA-P35-SS 
PC + FA P35 T PC-FA-P35-T 
PC + FA P70 SS PC-FA-P70-SS 
PC + FA P70 T PC-FA-P70-T 

 

A four-component simplex-centroid mixture design was used to formulate the CLSM 

combinations presented in Table 4.2. The design points are illustrated in Figure 4.4 and the 

mixture formulations are given in Table 4.3. Similarly to the response surface of the three-

component mixtures, each of the 15 design points represents a formulation of components 

(x1, x2, x3, x4). The points centred on each side of the tetrahedron, i.e. points 2, 5, 6, 12, 13 

and 14, represent 1:1 binary mixtures of the components of their neighbouring vertex points. 

The points centred on each face of the response surface, i.e. points 4, 9, 10 and 11, represent 

1:1:1 ternary mixtures of the three components represented at the vertices of each face. The 

centre point, i.e. point 8, represents a 1:1:1:1 quaternary mixture of the four components 

represented at the vertices.    

 

 
Figure 4.4:  Simplex-centroid design response surface for four-component CLSM mixtures. 
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Table 4.3:  Four-component CLSM formulations. 
 

Mix PC (wt%) FA (wt%) WASTE (wt%) BULK (wt%) 
1 5 10 10 75 
2 5 10 15 70 
3 5 10 20 65 
4 5 13.33 13.33 68.33 
5 5 15 10 70 
6 5 15 15 65 
7 5 20 10 65 
8 7.5 12.5 12.5 67.5 
9 8.33 10 13.33 68.33 
10 8.33 13.33 10 68.33 
11 8.33 13.33 13.33 65 
12 10 10 10 70 
13 10 10 15 65 
14 10 15 10 65 
15 15 10 10 65 

 
Constraints on individual components were applied and the component proportions of CLSM 

were selected to vary from: 5-15 wt% for PC (x1), 10-20 wt% for FA (x2), 10-20 wt% for the 

waste (x3) and 65-75 wt% for the bulk materials (x4). The bounds were selected with the aim 

of minimising the PC content and maximising the waste content while satisfying CLSM 

requirements for excavatability. The waste content was limited to 20 wt% of solids as at 

higher levels, given the low quantity of PC used, CLSM specimens did not develop sufficient 

strength for testing. The constraints introduced covered the entire simplex mixture-space 

(Figure 4.4). The sum of the component proportions add up to 100% for all mix designs. The 

actual run order of the experiments was randomised to minimise statistically significant bias, 

and the entire mix design was replicated three times to get a measure of the statistical error of 

the response.  

 
 
4.4 POLYNOMIAL MODELS FOR STATISTICAL ANALYSIS OF RESPONSE 
 
4.4.1 Overview 
 

In a q-component simplex-centroid design, the number of design points is 12q −  which 

corresponds to q single-component blends, binary mixtures, ternary mixtures, and so on, with 

finally the overall central point, i.e. q-nary mixture. At the points of the simplex-centroid 

design data on the response, E(y), are collected and a polynomial is fitted that has the same 
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number of terms (or parameters to be estimated) as these are points in the associated design. 

The polynomial equation is (Cornell, 2000): 
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The coefficient bi represents the expected response to the pure component i and is called the 

linear blending value of component i. bij is called the quadratic coefficient of binary 

interactions for components i and j, bijk is the cubic coefficient of ternary interactions for 

components i, j and k, and so on.    

 

A sequential model fitting approach was chosen for both three- and four-component CLSM 

mixtures in order to determine the polynomial model that best represents the experimental 

data. The procedure is described in the following sections.      

 

4.4.2 Three-component CLSM mixtures 
 

Linear (first-order) and quadratic (second-order) canonical polynomial models given by 

Equations 4.2 and 4.3, respectively, were used for three-component, i.e. q = 3, CLSM 

mixtures to determine the model that provided the best fit to the experimental data in order to 

make predictions of UCS for any mixture of components. The polynomial models take a 

canonical form because of the constraint, i.e. the sum of component proportions must equal to 

unity. The linear model is used, and is only valid, in the absence of interaction effects 

between components. The quadratic model considers antagonistic (regression coefficients, b 

< 0) or synergic (regression coefficients, b > 0) binary-interaction effects for all possible pairs 

of components.  

 

Linear model: E(y) = b1x1 + b2x2 + b3x3               (4.2) 

Quadratic model: E(y) = b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3           (4.3) 

  

where: E(y)  = response, i.e. UCS (MPa); 

x1, x2, x3 = amount of PC, FA, SS or T (wt%) respectively; 

b1, b2, b3  = regression coefficients for the linear terms; 

 b12, b13, b23   = regression coefficients for the binary-interaction terms. 
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4.4.3 Four-component CLSM mixtures 
 

In addition to the polynomial models considered for three-component CLSM mixtures, four-

component, i.e. q = 4, CLSM mixtures included the special cubic (third-order) canonical 

model expressed by Equation 4.6.  The complete canonical cubic model is relatively complex 

and it is not possible to derive the most efficient design for it, therefore, a reduced cubic (or 

special cubic) polynomial model is preferred in mixture design experiments (Khuri & 

Cornell, 1996). The special cubic model considers ternary-interaction effects of components.  

 

Linear model: E(y) = b1x1 + b2x2 + b3x3 + b4x4              (4.4) 

Quadratic model: E(y) = b1x1 + b2x2 + b3x3 + b4x4 + b12x1x2 + b13x1x3             (4.5) 

   + b14x1x4 + b23x2x3 + b24x2x4 + b34x3x4  

Special cubic model: E(y) = b1x1 + b2x2 + b3x3 + b4x4 + b12x1x2 + b13x1x3             (4.6) 

+ b14x1x4 + b23x2x3 + b24x2x4 + b34x3x4  

+ b123x1x2x3 + b124x1x2x4 + b134x1x3x4 + b234x2x3x4   

 

where: E(y)  = response, i.e. UCS (MPa); 

x1, x2, x3, x4 = amount of PC, FA, waste and bulk (wt%) respectively; 

b1, b2, b3, b4  = regression coefficients for the linear terms; 

b12, b13, b14, b23, b24, b34  = regression coefficients for the binary-interaction terms; 

b123, b124, b134, b234  = regression coefficients for the ternary-interaction terms. 

 

 
4.5 ANALYSIS OF VARIANCE 
 

4.5.1 Overview 
 

The polynomial models defined in Section 4.4 were fitted to the experimental data following 

an analysis of variance (ANOVA), which includes analyses of the lack-of-fit and the 

coefficients of determination in order to determine the most adequate model that represents 

the experimental data. The ANOVA tables for each CLSM formulation (shown in Appendix 

III) represent a sequential model-fitting procedure. That is, the simplest model, i.e. linear, 

was initially analysed and if it resulted in a significant lack-of-fit a higher-order polynomial, 

i.e. quadratic, was tested, and so on, until a model with non-significant lack-of-fit and high 
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coefficients of determination was validated. Once the best-fitting model was determined, an 

equation describing the prediction of UCS was provided for CLSM designs. Furthermore, 

contour response surface and response trace plots were produced to show the effect of 

altering the composition of components on UCS (Section 4.6).     

 

The ANOVA table for model evaluation and validation is presented in Table 4.4. The total 

data variance is divided into two main contributions: the sum of squares explained by the 

regression (SSR), and the residual sum of squares (SSr). Both summations are taken over all 

the experimental design levels, i = 1, 2…m, and all the replicates performed at each level, j = 

1, 2…ni. SSR is a sum squares of differences between values predicted by the regression and 

the grand average of all the response values. SSr is a sum of squares of differences or 

residuals between the experimental values and the predicted values from the model. Large 

SSR and small SSr values tend to occur for models that accurately describe the experimental 

data. 

 

Table 4.4:  ANOVA table for the fitting of a model that is linear in its parameters*. 
 

Source of 
variation 

Degrees of  
Freedom (DF) Sum of squares (SS) Mean squares (MS) 

Regression  p – 1 ∑∑ −=
m

i

n

j

2
R

i

)yŷ(SS  1)]/(p[SSMS RR −=  

Residual  n – p  ∑∑ −=
m

i

n

j

2
iijr

i

)ŷ(ySS  p)]/(n[SSMS rr −=  

Lack of fit (LOF) m – p  ∑∑ −=
m

i

n

j

2
iiLOF

i

)yŷ(SS  p)]/(m[SSMS LOFLOF −=
 

Pure error (PE) n – m ∑∑ −=
m

i

n

j

2
iijPE

i

)y(ySS  m)]/(n[SSMS PEPE −=  

Total (T) n – 1  ∑∑ −=
m

i

n

j

2
ijT

i

)y(ySS   

   *ni = number of replicates at the ith level; m = number of distinct levels of the independent variables;  
     n = total number of observations; p = number of coefficients. 
 

The SSR/SST ratio represents the fraction of explained variation and is commonly represented 

as R2, i.e. the coefficient of determination, which varies between 0 and 1. If pure error exists 

it is impossible for R2 to equal 1. Although this coefficient is a measure of how close the 

model fits the data, it cannot be used to judge the model lack-of-fit because it does not take 

into account the number of degrees of freedom for model determination. A related statistic, 
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the adjusted coefficient of determination (R2
adj), makes an adjustment for the varying number 

of degrees of freedom in the models being compared (Equation 4.7). 

 

T

R2
adj SS

SS
pn
1n1R ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

−=                              (4.7) 

 

Model quality can only be rigorously judged if the SSr is decomposed into two contributions: 

the lack-of-fit and the pure error sums of squares, SSLOF and SSPE. The latter is a sum of 

squares of differences between all the individual experimental values and the average of the 

experimental values at the same level. The SSLOF is a sum of squares of differences between 

the values predicted at each level and the average experimental value at that level. The P-

value in the lack-of-fit may be used to evaluate the hypothesis that the current model is 

adequate. A small P-value, i.e. < 0.05 at a 95% confidence level, indicates an inadequate 

model. The P-value is associated with testing the null hypothesis that the model does not 

explain any of the variability in the response. The P-value represents the probability that the 

F-distributed F-ratio (MSLOF/MSPE) is at least as large as shown if the null hypothesis was 

true, i.e., all regression coefficients are zero. 

 

4.5.2 Three-component CLSM mixtures 
 

Even though for both PC-FA-SS (Table III.1) and PC-FA-T (Table III.2), the linear model 

gave high coefficients of determination, the P-value was below 0.05 presenting evidence of 

lack-of-fit and was, therefore, rejected. The quadratic model, however, gave even greater R2 

and R2
adj values, with P-values in excess of 0.05 presenting no evidence of lack-of-fit; this 

model, therefore, may be useful for quantitative predictions of the response. The regression 

P-value for both three-component CLSM mixtures was < 0.05 indicating a highly significant 

regression.          

 

4.5.3 Four-component CLSM mixtures 
 

The ANOVA table for PC-FA-OMW-SS (Table III.3) suggests that the linear and quadratic 

models must be rejected as when tested for lack-of-fit the P-value was < 0.05. When the 

experimental data was adjusted to the special cubic model greater R2 and R2
adj values were 
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obtained, with a P-value of 0.22, i.e. > 0.05, therefore, having better predictive power of the 

response over the other models. The better agreement between the experimental values and 

special cubic model predictions suggest the existence of ternary interaction effects between 

mixture components.  

 
Similar behaviour was noticed for the rest of the four-component CLSM mixtures (Tables 

III.4-III.8). For all mix designs, the special cubic model gave the best-fit of the experimental 

data. The P-value of the lack-of-fit varied, with some mixtures giving models with greater 

predictive capability over others, but all models did not show significant lack-of-fit. R2 and 

R2
adj were high for all CLSM mixtures, further validating the predicted models. The 

regression P-value for all four-component CLSM mixtures was < 0.05 indicating highly 

significant regressions.         

 
 
4.6 RESPONSE SURFACE ANALYSES 
 
4.6.1 Overview 
  

Two-dimensional contour response surface plots of the 28-day UCS for three-component 

CLSM mixtures were produced in order to help establish the desirable response values and 

mixture blends. Response trace plots (also called component effects plots) were also 

produced and indicate the effect of changing each mixture component while holding all other 

components at a constant ratio. The response is plotted while moving along an imaginary line 

from a reference blend, in this case the centroid mixture, to the vertex of the component being 

incremented. A steep slope or curvature in an input variable indicates a relatively high 

sensitivity of response, and vice versa. Response trace plots are especially useful for the four-

component CLSM mixture, as the complete response surface cannot be visualised on a 

surface plot. The plots are followed by equations derived from the regression model analysis 

predicting the UCS of the CLSM mix designs. Furthermore, the mean experimental and 

predicted UCS, water content, w/c and w/cm ratios have been tabulated for each mix design. 
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4.6.2 Three-component CLSM mixtures 
 

The contour plots for the response surfaces of PC-FA-SS and PC-FA-T are shown in Figure 

4.5. It is noted that both of the mixtures give almost identical plots. This suggests that both 

mix formulations exhibit similar behaviour on varying the components. It is clearly seen that 

mixtures with high PC content give the highest UCS values. Mixtures with high SS values 

give the lowest UCS. Mixture combinations having UCS in the 2 MPa excavability limit of 

CLSM are located in the lower half of the response surfaces, as shown by the 2 MPa contour 

lines.  

 

   
Figure 4.5:  Response surface contour plots of PC-FA-SS [left] and PC-FA-T [right]. 

 

The response trace plots for PC-FA-SS (Figure 4.6) and PC-FA-T (Figure 4.7), as with the 

response surface contour plots, show very similar behaviour. It is clearly seen that for both 

CLSM formulations as the proportion of PC increases the UCS also increases. The line for 

PC has a steep slope indicating a high sensitivity of response. Increasing the FA proportion 

only slightly increases the UCS. Increasing the SS proportion decreases UCS, giving a 

negatively-sloped line. The relatively straight nature of the lines does not indicate significant 

binary interaction between components (Muthukumar & Mohan, 2004).   
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Figure 4.6:  Response trace plot of PC-FA-SS. 
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Figure 4.7:  Response trace plot of PC-FA-T. 

 

The predicted equations for UCS derived from the model-fitting procedure discussed in 

Section 4.5 are given by Equation 4.8 for PC-FA-SS and Equation 4.9 for PC-FA-T. It is 

noticed that the model-fitting procedure resulted in very similar equations for both three-

component CLSM formulations. 

 

PC-FA-SS: 

 E(y) = 2.94x1 + 1.41x2 + 0.044x3 – 0.010x1x2 – 0.032x1x3 – 0.021x2x3           (4.8) 

 

PC-FA-T: 

E(y) = 3.38x1 + 1.09x2 + 0.042x3 – 0.011x1x2 – 0.038x1x3 – 0.016x2x3           (4.9) 
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Of the linear effects, the equations suggest that the positive coefficient for PC (x1) has a 

constructive contribution to E(y), i.e. UCS. FA (x2) also exhibits a positive coefficient, 

although to a lesser magnitude than PC and is expected to increase UCS with increasing 

amounts. The coefficient of SS (x3) is also positive but of low magnitude suggesting 

negligible effect on UCS. The negative coefficients of the three binary interaction effects 

suggest antagonistic effects on the response; however, the magnitude of these coefficients is 

low. This suggests that there is minor interaction between the components and is emphasised 

by the straight lines representing the response surface contour plots in Figure 4.5 and the 

response trace plots in Figure 4.6 and Figure 4.7. Varying the individual components of 

three-component CLSM mixtures seems to be more influential on UCS than the binary 

interaction of components. 

 

The most notable differences between the two three-component CLSM mixtures are that 

when SS was replaced with T, UCS values slightly increased (up to 0.42 MPa) and the water 

requirement to produce the same workability increased significantly, i.e. in the order of 

approximately 8-10 wt% (Table 4.5 and Table 4.6). As a result of the greater water 

requirement, w/c and w/cm ratios were greater for PC-FA-T (Table 4.6) than PC-FA-SS 

(Table 4.5). The w/c and w/cm ratios are in good agreement with values reported in the 

literature for conventional CLSM (Section 2.8.8). The predicted UCS derived from Equation 

4.8 and Equation 4.9 is in good agreement with the experimental UCS for both CLSM 

mixtures. 

 

Table 4.5:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-SS. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 1.02 1.04 19.3 4.80 1.60 
2 1.31 1.23 21.0 5.32 1.33 
3 2.43 2.45 22.0 5.64 1.13 
4 3.18 3.37 23.7 3.72 1.43 
5 4.15 4.07 25.7 3.45 1.73 
6 5.40 5.32 27.5 3.79 1.52 
7 8.68 8.70 33.0 3.29 1.97 
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Table 4.6:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-T. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 1.37 1.38 26.3 7.15 2.38 
2 1.77 1.72 28.2 7.84 1.96 
3 2.85 2.86 30.7 8.85 1.77 
4 3.60 3.70 33.2 5.96 2.29 
5 4.29 4.25 35.5 5.50 2.75 
6 5.71 5.67 37.7 6.04 2.42 
7 8.98 9.00 41.7 4.76 2.86 

 
4.6.3 Four-component CLSM mixtures 
 

The tetrahedron response surface of four-component CLSM mixtures (Figure 4.4) cannot be 

represented by a single simplex triangle. Four separate triangles, each representing one of the 

faces of the tetrahedron, would be required. Each of the triangles would have one component 

not included, e.g., a triangle representing PC, FA and a waste, would omit the bulk 

component to produce a contour response surface plot. In order to do that, hold-values must 

be introduced, by which the remaining component not included in a triangle is kept constant 

at the particular hold-value chosen. This limits the amount of formulations that can be 

represented in a single response surface plot and does not give conclusive results. It has been 

thus chosen not to include contour response surface plots for four-mixture CLSM mixtures, 

but to rely on the more useful response trace plots to deduce the effects of components on the 

response.    

 

As expected, trace plots for all four-component CLSM mixtures (Figures 4.8-4.13) indicate a 

steep slope for PC suggesting it significantly increases UCS with increasing proportion. This 

is verified by the highly positive coefficients for PC (x1) represented by Equations 4.10-4.15. 

Most trace plots show that the lines exhibit curvature which is indicative of binary and 

ternary interactions of components. A greater curvature suggests more interaction between 

components. Overall, the trace plots suggest that increasing the FA (x2) content increases 

UCS albeit to a much lesser extent than PC as is expressed by the slope of the lines. This is 

further verified by the positive coefficients for FA represented by Equations 4.10-4.15.   

 

All trace plots show relatively steep negative slopes for the waste and bulk components of 

CLSM mixtures. The positive coefficients of the waste (x3) and, in some cases, bulk (x4) 

materials shown by Equations 4.10-4.15 predict that they have a positive effect on UCS, 



139 
 

particularly the waste component. However, in binary and ternary combinations with other 

components waste and bulk material contribution to UCS is antagonistic in most CLSM 

mixtures.  

 

The binary interaction of PC and FA is antagonistic for most of the CLSM mixtures. The 

greatest antagonistic binary interaction of components, for all mixtures, is expressed between 

PC and waste materials. This suggests that the waste affects the ability of PC to contribute to 

strength development. This phenomenon is further emphasised in the consecutive chapters 

and has been theoretically documented in Sections 2.9.5 and 2.9.6. The ternary interaction of 

PC, FA and waste materials is synergic for the majority of CLSM mixtures suggesting that 

the wastes respond positively to cement-based treatment. In general, the majority of models 

suggest that most of the ternary interaction coefficients are synergic. The magnitude, 

however, of binary and ternary interaction coefficients are relatively low in comparison to the 

linear blending coefficients, and can be concluded that the proportion of individual 

components have a greater influence on UCS than their combination.       
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Figure 4.8:  Response trace plot of PC-FA-OMW-SS. 

 

PC-FA-OMW-SS: 

E(y) = 13.87x1 + 3.20x2 + 6.59x3 + 0.30x4 – 0.52x1x2 – 1.12x1x3           (4.10)    

           – 0.20x1x4 – 0.25x2x3 – 0.049x2x4 – 0.10x3x4 + 0.013x1x2x3  

+ 0.0060x1x2x4 + 0.015x1x3x4 + 0.0027x2x3x4 
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Figure 4.9:  Response trace plot of PC/L-FA-JR-SS. 

 

PC/L-FA-JR-SS: 

E(y) = 3.52x1 + 0.50x2 + 0.19x3 – 0.013x4 – 0.12x1x2 – 0.13x1x3           (4.11)  

           – 0.037x1x4 + 0.0015x2x3 – 0.0024x2x4 + 0.00055x3x4  

+ 0.0047x1x2x3 + 0.00055x1x2x4 + 0.00091x1x3x4 – 4.80x10-4x2x3x4 
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Figure 4.10:  Response trace plot of PC-FA-P35-SS. 

 

PC-FA-P35-SS: 

E(y) = 18.41x1 + 0.87x2 + 3.71x3 + 0.31x4 – 0.82x1x2 – 1.18x1x3           (4.12) 

– 0.28x1x4 + 0.13x2x3 – 0.014x2x4 – 0.065x3x4 + 0.0098x1x2x3  

+ 0.011x1x2x4 + 0.017x1x3x4 – 0.0027x2x3x4 
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Figure 4.11:  Response trace plot of PC-FA-P35-T. 

 

PC-FA-P35-T: 

E(y) = 12.78x1 + 1.84x2 + 1.78x3 + 0.12x4 – 0.81x1x2 – 0.75x1x3           (4.13)  

           – 0.18x1x4 + 0.077x2x3 – 0.022x2x4 – 0.025x3x4  

+ 0.015x1x2x3 + 0.010x1x2x4 + 0.0096x1x3x4 – 0.0024x2x3x4 
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Figure 4.12:  Response trace plot of PC-FA-P70-SS. 

 

PC-FA-P70-SS: 

E(y) = 9.63x1 – 0.24x2 + 5.57x3 + 0.37x4 + 0.13x1x2 – 0.96x1x3 – 0.16x1x4          (4.14) 

– 0.091x2x3 – 0.0095x2x4 – 0.099x3x4 – 0.0043x1x2x3 – 0.0012x1x2x4  

+ 0.015x1x3x4 + 0.0017x2x3x4 
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Figure 4.13:  Response trace plot of PC-FA-P70-T. 

 

PC-FA-P70-T: 

E(y) = 14.52x1 + 0.93x2 + 4.56x3 + 0.35x4 – 0.43x1x2 – 1.08x1x3           (4.15)  

           – 0.23x1x4 + 0.0095x2x3 – 0.022x2x4 – 0.081x3x4 + 0.00056x1x2x3  

+ 0.0067x1x2x4 + 0.017x1x3x4 – 3.34x10-4x2x3x4 

 

The water content required to produce the desired flow consistency was significantly greater 

for four-component CLSM mixtures. This is an effect of the addition of waste materials that 

comprise of fine particle sizes (see Chapters 6 and 7) which increase the water requirement. 

According to Tables 4.7-4.12, increased water content was required for mix designs 

incorporating greater amounts of waste. Increasing the amount of waste gave lower UCS for 

all CLSM mixtures. The replacement of SS for T in PC-FA-P35-T (Table 4.10) and PC-FA-

P70-T (Table 4.12) significantly increased water demand of the mix for consistency 

requirements (up to ca. 10 wt%), and reduced UCS by up to 0.78 MPa for PC-FA-P35-T and 

up to 1.10 MPa for PC-FA-P70-T . The w/c and w/cm ratios were high for all four-

component CLSM mixtures and within limits of reported values in the literature (Section 

2.8.8). The predicted UCS from Equations 4.10-4.15 are in good agreement with 

experimental UCS for all four-component CLSM mixtures.   
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Table 4.7:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-OMW-SS. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 0.65 0.65 24.7 6.55 2.18 
2 0.41 0.42 26.3 7.15 2.38 
3 0.25 0.25 26.8 7.34 2.45 
4 1.24 1.21 25.5 6.85 1.87 
5 1.79 1.80 26.2 7.09 1.77 
6 1.13 1.34 27.7 7.65 1.91 
7 2.55 2.55 26.7 2.42 1.45 
8 3.08 3.15 30.3 2.90 1.74 
9 3.16 3.13 31.7 3.09 1.85 
10 3.79 3.76 31.3 3.04 1.83 
11 3.54 3.52 33.7 3.38 2.03 
12 3.89 3.90 34.7 3.54 2.12 
13 3.29 3.30 37.2 3.94 2.37 
14 4.67 4.68 36.7 3.86 2.32 
15 6.48 6.48 39.7 4.38 2.63 

 

Table 4.8:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC/L-FA-JR-SS. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 0.22 0.22 22.3 5.75 1.92 
2 0.20 0.21 23.7 6.20 2.07 
3 0.17 0.17 24.0 6.32 2.11 
4 0.31 0.29 23.3 6.09 1.66 
5 0.43 0.43 24.3 6.43 1.61 
6 0.36 0.37 25.2 6.73 1.68 
7 0.86 0.86 23.7 2.07 1.24 
8 0.47 0.51 25.0 2.22 1.33 
9 0.58 0.56 25.0 2.22 1.33 
10 0.62 0.60 25.3 2.26 1.36 
11 0.62 0.70 26.5 2.40 1.44 
12 0.91 0.92 27.0 2.47 1.48 
13 0.84 0.84 28.3 2.64 1.58 
14 0.91 0.92 29.8 2.83 1.70 
15 2.72 2.72 34.8 3.56 2.14 
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Table 4.9:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-P35-SS. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 0.91 0.91 21.2 5.38 1.79 
2 0.37 0.40 22.0 5.64 1.88 
3 0.19 0.19 22.5 5.81 1.94 
4 1.32 1.24 21.3 5.42 1.48 
5 2.04 2.07 22.2 5.70 1.42 
6 1.44 1.47 23.0 5.97 1.49 
7 2.57 2.56 23.7 2.07 1.24 
8 2.86 3.05 23.8 2.09 1.25 
9 3.25 3.18 24.0 2.11 1.26 
10 3.48 3.40 23.5 2.05 1.23 
11 3.44 3.36 24.8 2.20 1.32 
12 3.22 3.24 25.2 2.24 1.35 
13 3.65 3.67 26.8 2.45 1.47 
14 3.60 3.63 28.0 2.59 1.56 
15 5.32 5.31 33.3 3.33 2.00 

 

Table 4.10:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-P35-T. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 0.39 0.39 27.0 7.40 2.47 
2 0.25 0.26 27.3 7.52 2.51 
3 0.17 0.17 28.2 7.84 2.61 
4 0.78 0.76 28.5 7.97 2.17 
5 1.27 1.28 27.7 7.65 1.91 
6 0.96 0.97 29.7 8.44 2.11 
7 1.88 1.88 30.3 2.90 1.74 
8 2.44 2.51 31.3 3.04 1.83 
9 2.55 2.52 33.0 3.28 1.97 
10 2.92 2.89 34.3 3.49 2.09 
11 2.96 2.94 34.3 3.49 2.09 
12 2.96 2.97 35.3 3.64 2.19 
13 2.92 2.93 36.8 3.89 2.33 
14 3.12 3.13 38.2 4.12 2.47 
15 4.57 4.57 41.7 4.76 2.86 
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Table 4.11:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-P70-SS. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 1.45 1.45 21.7 5.54 1.85 
2 1.14 1.15 22.5 5.81 1.94 
3 1.08 1.08 22.8 5.92 1.97 
4 1.60 1.57 21.7 5.53 1.51 
5 1.82 1.82 23.2 6.03 1.51 
6 1.57 1.58 23.7 6.20 1.55 
7 2.11 2.11 23.8 2.09 1.25 
8 2.36 2.42 24.3 2.14 1.29 
9 2.66 2.64 25.0 2.22 1.33 
10 2.69 2.66 25.0 2.22 1.33 
11 2.58 2.55 25.5 2.28 1.37 
12 2.54 2.55 25.5 2.28 1.37 
13 2.71 2.72 27.2 2.49 1.49 
14 3.74 3.75 28.5 2.66 1.59 
15 4.59 4.59 33.7 3.38 2.03 

 

Table 4.12:  Mean 28-day experimental UCS, predicted UCS, mean water content, w/c and w/cm 
ratios of PC-FA-P70-T. 
 

Mix UCS (MPa) Water 
(wt% total) w/c w/cm Experimental Predicted 

1 0.35 0.35 27.2 7.46 2.49 
2 0.25 0.24 27.6 7.63 2.54 
3 0.15 0.15 28.3 7.91 2.64 
4 0.70 0.72 28.8 8.10 2.21 
5 1.26 1.25 28.3 7.91 1.98 
6 0.73 0.72 30.2 8.65 2.16 
7 1.76 1.76 31.0 3.00 1.80 
8 2.17 2.13 31.8 3.11 1.87 
9 2.32 2.34 33.4 3.34 2.01 
10 2.50 2.52 34.7 3.55 2.13 
11 2.22 2.24 34.7 3.54 2.12 
12 2.18 2.17 35.8 3.72 2.23 
13 2.54 2.54 37.2 3.94 2.37 
14 3.19 3.19 38.5 4.17 2.50 
15 3.91 3.91 42.3 4.89 2.94 

 

 

4.7 OPTIMISATION OF CLSM FORMULATIONS 
 

4.7.1 Approach 
 
The optimisation process involved a numerical approach using Minitab’s Response Optimiser 

to help identify the combination of components that jointly optimise the response. This is 

based on defining a desirability function (D) that reflects the levels of the response in terms 

of minimum (zero) to maximum (one) desirability. One represents the ideal case; zero 
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indicates that the response is outside the desirable limits. Several types of desirability 

functions can be defined, the most common of which are shown in Figure 4.14 below. These 

functions can also be expressed mathematically and have been extensively been described by 

Derringer & Suich (1980).  

 

 
Figure 4.14:  Examples of desirability functions. 

 

According to Section 2.8.3, the majority of researchers have identified CLSM to have 28-day 

UCS between 1-2 MPa. For this reason, the ‘target-is-best’ desirability function was chosen 

to optimise CLSM formulations. The minimum desirability was set to 1 MPa (for the lower 

bound limit) and 3 MPa (for the upper bound limit), with the maximum desirability set at the 

mid-point target value of 2 MPa. The desirability function is illustrated in Figure 4.15. The 

mathematical expression of this desirability function has been defined by Derringer & Suich 

(1980). The solutions simulated contained combinations of components that were predicted to 

give a 28-day UCS within this region, therefore, ensuring that the excavatability requirement 

of CLSM is met. 

 

 
Figure 4.15:  Desirability function used for optimisation of CLSM mixtures. 

 

The Minitab Response Optimiser provided a range of solutions fitting to the range of the 

desirability function specified. Even though for some cases there was more than one 

formulation giving the desired UCS, the formulation chosen as the optimum for each CLSM 
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mixture was the one that had the least amount of PC at the highest quantity of waste. 

According to Fall et al. (2007), a PC proportion greater than 7 wt% would not be 

economically feasible in the mining industry. This was taken into consideration when 

choosing the PC content of optimal mixtures.          

 
4.7.2 Conventional CLSM 
 
The solutions derived for PC-FA-SS from the optimisation procedure are presented in Table 

4.13. The highlighted column is derived as the optimum formulation. 

 

Table 4.13:  Optimisation solutions for conventional CLSM (PC-FA-SS). 
 

 Solution 
 1 2 3 4 
PC (wt%) 5 5 5 6.9 
FA (wt%) 10 15 20 10 
SS (wt%) 85 80 75 83.1 
Predicted UCS (MPa) 1.04 1.23 2.45 2 
Desirability (D) 0.90 0.93 0.94 1 

   

4.7.3 CLSM with model waste 
 
The solutions derived for PC-FA-OMW-SS and PC/L-FA-JR-SS from the optimisation 

procedure are presented in Table 4.14 and Table 4.15, respectively. The highlighted column 

is defined as the optimum formulation. 

 
Table 4.14:  Optimisation solutions for PC-FA-OMW-SS. 

 
 Solution  
 1 2 3 4 5 
PC (wt%) 5 5 7 7.1 7.9 
FA (wt%) 20 15 10 11.3 10 
OMW (wt%) 10 10 10 16.6 17.1 
SS (wt%) 65 70 73 65 65 
Predicted UCS (MPa) 2.55 1.80 2 2 2 
Desirability (D) 0.45 0.80 1 1 1 

 
Even though the optimal solution chosen for PC/L-FA-JR-SS predicts a UCS below the lower 

limit of the desirable range and gives zero desirability, it is regarded as optimum as it has the 

least amount of PC. The PC + L content for the optimal mix is still in excess of the 7 wt% PC 

limit for cost effectiveness but contains the least amount of binder in comparison to other 

solutions. Furthermore, as previously stated in Section 2.8.3 CLSM have been reported to 
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give UCS values below 1 MPa, and since the chosen combination exceeds the walkability 

limit for CLSM, defined as 0.45 MPa in Section 2.8.3, it was assumed to be adequate for the 

optimal formulation.  

 
Table 4.15:  Optimisation solutions for PC/L-FA-JR-SS. 

 
 Solution  
 1 2 3 4 5 
PC (wt%) 5 6 6.5 6.7 6.75 
L (wt%) 5 6 6.5 6.7 6.75 
FA (wt%) 15 10 10 10 11.5 
JR (wt%) 10 10 12 11.6 10 
SS (wt%) 65 68 65 65 65 
Predicted UCS (MPa) 0.91 1.50 1.82 2 2 
Desirability (D) 0 0.50 0.82 1 1 

 
4.7.4 CLSM with bioleach waste 
 

Although T is not a bioleach waste, the optimised solution for PC-FA-T (Table 4.16) has 

been included in this section because T has been chosen to represent one of the waste streams 

of bioleaching processes defined in Section 3.5.2. The highlighted column represents the 

optimal formulation. The optimised solutions for CLSM with P35 are shown in Table 4.17 

(PC-FA-P35-SS) and Table 4.18 (PC-FA-P35-T). The optimised solutions for CLSM with 

P70 are shown in Table 4.19 (PC-FA-P70-SS) and Table 4.20 (PC-FA-P70-T).  

 

Table 4.16:  Optimisation solutions for PC-FA-T. 
 

 Solution 
 1 2 3 4 
PC (wt%) 5 5 5 6.4 
FA (wt%) 20 10 15 10 
T (wt%) 75 85 80 83.6 
Predicted UCS (MPa) 2.86 1.38 1.72 2 
Desirability (D) 0.14 0.38 0.72 1 

 
Table 4.17:  Optimisation solutions for PC-FA-P35-SS. 

 
 Solution  
 1 2 3 4 5 
PC (wt%) 5 5 6.7 7.3 7.3 
FA (wt%) 20 15 10 10 10 
P35 (wt%) 10 10 13 10 17.7 
SS (wt%) 65 70 70.3 72.7 65 
Predicted UCS (MPa) 2.56 2.07 2.02 2 2 
Desirability (D) 0.44 0.93 0.98 1 1 
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Table 4.18:  Optimisation solutions for PC-FA-P35-T. 
 

 Solution  
 1 2 3 4 5 
PC (wt%) 5 7.5 5 7.9 8 
FA (wt%) 15 10 20 10 10 
P35 (wt%) 10 10 10 10 17 
T (wt%) 70 72.5 65 72 65 
Predicted UCS (MPa) 1.28 1.81 1.88 2 2 
Desirability (D) 0.27 0.81 0.88 1 1 

 
Table 4.19:  Optimisation solutions for PC-FA-P70-SS. 

 
 Solution 
 1 2 3 4 5 
PC (wt%) 5 5 5 7.5 8 
FA (wt%) 10 15 20 11.5 10 
P70 (wt%) 10 10 10 16 10 
SS (wt%) 75 70 65 65 72 
Predicted UCS (MPa) 1.45 1.82 2.11 2 2 
Desirability (D) 0.45 0.82 0.89 1 1 

 
Table 4.20:  Optimisation solutions for PC-FA-P70-T. 

 
 Solution  
 1 2 3 4 5 
PC (wt%) 5 5 6 7.5 8.3 
FA (wt%) 15 20 15 12.5 11.4 
P70 (wt%) 10 10 10 10 15.3 
T (wt%) 70 65 69 70 65 
Predicted UCS (MPa) 1.25 1.76 1.78 2 2 
Desirability (D) 0.25 0.76 0.78 1 1 

 
 
4.8 CONCLUSIONS 
 

The employment of the mixture design methodology has been shown to be an important tool 

to help develop formulations of cement-based materials consisting of several components, as 

their properties are a function of the proportions of the components, rather than performing 

trial-and-error runs or varying the proportions of one component at a time.  

 

The predicted UCS are in good agreement with the experimental UCS and the application of 

optimisation techniques has enabled the development of cost-effective CLSM, i.e. PC < 7 

wt%, while satisfying walkability and excavatability requirements for classification as CLSM 

and maximising waste content used. Model validation using ANOVA analyses, lack-of-fit 

tests and coefficients of determination confirms that the optimum formulations chosen are 
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reliable and accurate. The optimised formulations have been used in subsequent chapters to 

evaluate the various properties of CLSM.   

    

Valuable results have been gained regarding the interactions between components and their 

effect on UCS. As expected, PC significantly influenced UCS for all CLSM designs. FA also 

positively influenced UCS but to a lesser extent. Three-component CLSM mixtures did not 

show significant blending interaction between components. Four-component CLSM mixtures 

showed that the waste component may positively influence UCS; however, the blending 

interaction with PC has an antagonistic effect on UCS. Ternary interactions have been shown 

to exist but not to considerable significance. Wastes were not expected to positively influence 

UCS. However, in most cases when waste was applied at the optimum level, i.e. 10 wt%, it 

improved strength in comparison to the conventional formulation (PC-FA-SS) containing no 

waste. All CLSM mixtures evaluated suggest that individual components have a greater 

effect on UCS than their combination. 

 

Optimised water contents were similar to trial-and-error values reported in the literature. The 

addition of waste significantly increased water demand and decreased UCS. This effect is 

explained in the consequent chapters. Tailings addition to four-component CLSM mixtures 

further increased water demand and reduced UCS. Model and bioleach waste can both 

produce CLSM of desirable UCS that are analogous.        
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5. EVALUATING CONVENTIONAL CLSM 
 
   

 

5.1 INTRODUCTION 
 

This chapter reports and discusses the various properties of the optimised conventional 

CLSM formulation derived from Chapter 4 (PC-FA-SS = 5-15-80 wt%, respectively), 

following the procedures described in Chapter 3. The properties of the raw materials used 

have also been summarised in this Chapter. The methods employed for characterising the raw 

materials have been previously addressed in Section 3.2. Results and conclusions from this 

chapter have been used in Chapters 5-8 to express the effects of adding the selected waste 

materials on the properties of CLSM.   

     

 

5.2 CHARACTERISATION OF RAW MATERIALS 
 

Table 5.1 presents the particle size distribution of raw materials. It is apparent that PC and FA 

had significantly smaller particle sizes than SS. The notation dxx refers to the size d, in µm, 

for which xx percent of the sample is smaller than d. d50 is referred to as the median particle 

size, at which half the sample is greater and the other half smaller than that particle size. The 

coefficients of uniformity (Cu) and curvature (Cc), defined by Equations 5.1 and 5.2, 

respectively, can be used to define the particle size distribution of a material (Allen, 1997; 

Powrie, 1997). A material may be characterised as well-graded, i.e. reasonable range of 

particle size, if Cu ≥ 6 and 1 ≤ Cc ≤ 3. If both conditions are not met the material is 

characterised as uniform, i.e. consists predominantly of a single particle size (Powrie, 1997). 

PC and FA were both well-graded; with FA having a very large Cu suggesting it consisted of 
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a wide range of particle sizes and would pack together well. SS was uniform and had a 

particle size distribution that classifies it in the medium sand range (200-600 µm).    
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Table 5.1:  Particle size distribution of PC, FA and SS. 

 
Parameter PC FA SS 
d10 (µm) 2.50 1.31 160 
d30 (µm) 8.62 9.50 281 
d50 (µm) 15.8 21.1 380 
d60 (µm) 21.9 49.3 480 
d90 (µm) 49.1 80.4 705 
Mean (µm) 10.1 31.2 250 
% fine (<20 µm) 56.7 48.5 - 
Cu 8.76 37.6 3.00
Cc 1.36 1.39 1.03

 
Table 5.2:  Physical properties of the PC, FA and SS. 

 
 PC FA SS 
Moisture content (wt%) - 14.0 ± 0.3 - 
pH 12.6 ± 0.1 10.2 ± 0.3 7.10 ± 0.2 
Specific gravity 2.77 ± 0.05 1.96 ± 0.07 2.37 ± 0.04 
BET surface area (m2 g-1) 1.10 ± 0.3 2.65 ± 0.2 1.00 ± 0.5 
LOI (wt%) 1.20 ± 0.7 6.00 ± 0.9 - 

 
The physical properties of the raw materials are shown in Table 5.2. FA was provided with a 

moisture content of 14 wt% by the supplier whereas PC and SS were dry. PC had a 

significantly higher pH than the other materials. FA also exhibited an alkaline pH value 

favourable for cementing reactions. The specific gravity of PC was lower than the usual 

reported value of ca. 3.11 in the literature (Taylor, 1990); FA and SS, however, had typical 

values. Even though PC had smaller particle size than FA, its BET surface area did not 

correspond to the largest. This means that FA was more porous than PC. The BET surface 

area of PC was somewhat greater than the typical range of 0.3-0.4 m2 g-1 reported in the 

literature using air permeability methods (Neville, 1995). This is because the BET method 

gives results two to three times greater than air permeability methods, because it includes the 

internal surfaces present in micro-cracks or in pores only open at one end (Taylor, 1990). LOI 
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was larger for FA than PC owing to un-burnt carbon content and release of hydrates and/or 

carbonates.         

 

Table 5.3:  Chemical composition of PC. 
 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn2O3 P2O5 SO3 SUM 
PC 
(wt%) 23.6 4.24 2.40 61.6 2.59 0.27 0.88 0.32 0.06 0.32 1.37 97.65

 

Table 5.4:  Elemental analysis of FA by ICP-AES. 
 

Element (mg g-1) FA 
Ag     0.0000400 
Al   25.9 
As     0.0594 
Ba     0.313 
Be     0.00363 
Ca   18.4 
Cd     0.000760 
Co     0.0188 
Cr     0.0405 
Cu     0.0654 
Fe   27.5 
K     2.84 
La     0.0338 
Li     0.0591 
Mg     4.79 
Mn     0.174 
Mo     0.0116 
Na     2.45 
Ni     0.0567 
P     2.16 
Pb     0.0372 
S     1.77 
Si 510 
Sr      0.682 
Ti      0.850 
V      0.0737 
Zn      0.0575 

 

The chemical composition of PC is shown in Table 5.3 and the elemental analysis of FA is 

shown in Table 5.4. An elemental, rather than the conventional oxides percentage, analysis 

was given for FA to emphasise on its trace elements content. The calcium content of FA was 

approximately 2 wt% which means it may be classified as Class F, i.e. pozzolanic, since the 

calcium content was less than 7 wt% (ASTM C618-05, 2007). FA contained a variety of trace 

amounts of heavy elements with barium, in particular, being present at higher concentration 

than the rest.   
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Figures 5.1-5.3 illustrate the morphology of PC, FA and SS. These figures are complemented 

with elemental spectra to qualitatively observe their composition. PC was composed of 

aggregated clinker grains in the micrometer scale. FA was composed of different sized 

spherical alumino-silicate particles ranging from less than 1 µm to more than 15 µm. SS was 

composed of relatively uniform angular particles with size of ca. 0.3 mm. The EDS spectrum 

suggests a pure silica composition.      

 

  
Figure 5.1:  SEM image [left] of PC with elemental spectrum [right].  

  

  
Figure 5.2:  SEM image [left] of FA with elemental spectrum [right].  
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Figure 5.3:  SEM image [left] of SS with elemental spectrum [right].  

 

XRD data for FA and PC are presented in Figure 5.4. It is clearly seen that the majority of 

crystalline phases present were mullite [3Al2O3·2SiO2] and quartz [SiO2] for FA, and alite 

[C3S], belite [C2S] and tricalcium aluminate [C3A] for PC. The presence of amorphous 

material in FA is denoted by the presence of a wide peak between 15 and 35° 2θ. XRD 

analysis was not performed for SS because the EDS spectrum in Figure 5.3 clearly identified 

it is composed of silica (quartz).  
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Figure 5.4:  XRD spectra of PC and FA [A - alite, C3S; Al - tricalcium aluminate, C3A; B - belite, 
C2S; M - mullite, 3Al2O3·2SiO2; Pg - periclase, MgO; Q - quartz, SiO2].  
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5.3 WORKABILITY AND SETTING TIMES 
 

The water requirement for desirable workability, according to Section 3.9.1, of the optimised 

conventional CLSM formulation (PC-FA-SS) was 21 ± 1 wt% of the total weight of 

components, i.e. solids plus water. This water content resulted in a w/c of 5.32 ± 0.32 and a 

w/cm of 1.33 ± 0.08, both of which are values that fall within typical ranges for conventional 

CLSM. The initial and final setting times were 175 ± 5 and 270 ± 4 minutes, respectively. 

Both of these times fall within the recommendations mentioned in Section 3.9.2. 

 

 

5.4 UNCONFINED COMPRESSIVE STRENGTH DEVELOPMENT 
 

Figure 5.5 shows the unconfined compressive strength (UCS) development of the optimised 

conventional CLSM at 7, 14, 28, 56 and 90 days of curing. It is clear that UCS increased with 

increasing curing since the development of strength in cement-based materials is time-

dependent owing to progressive hydration of the binders. The range of UCS was within the 

walkable and excavatable limits identified in Section 2.8.3. Strength increased significantly 

(ca. 1.3 MPa) up to 28 days, after which slowed down as seen by a change in the slope 

indicating that hydration of the binders was almost complete. Even after 90 days of testing 

the strength was within the upper limit of excavability.    
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Figure 5.5:  UCS development of the optimised conventional CLSM formulation. 
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5.5 POROSITY AND HYDRAULIC CONDUCTIVITY EVOLUTION 
 

Figures 5.6 and 5.7 give the porosity and hydraulic conductivity evolution, respectively, from 

7 up to 90 days of curing of the optimised conventional CLSM (PC-FA-SS). Both porosity 

(ca. 4%) and hydraulic conductivity (ca. 8 x 10-7 m s-1) steadily decreased with increasing 

curing up to 28 days. A further reduction of ca. 3% for porosity and ca. 9 x 10-7 m s-1 for 

hydraulic conductivity occurred at a slower rate up to 90 days, denoted by a change in the 

slope. This behaviour was inversely proportional to UCS development. As hydration of 

binders matured, this increased UCS and consequently decreased the porosity and permeation 

properties of the matrix. Despite the decrease in both porosity and hydraulic conductivity, the 

values remain high and may be a cause of concern in the presence of hazardous components 

owing to the porous and permeable nature of CLSM. Hydraulic conductivity values were in 

accordance to values reported in the literature (Section 2.8.8). However, these values are 

particularly high in comparison to other materials used in the sub-surface, e.g. landfill 

barriers where K is in the order of 10-10 m s-1. 
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Figure 5.6: Porosity evolution of the optimised conventional CLSM formulation. 
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Figure 5.7:  Hydraulic conductivity evolution of the optimised conventional CLSM formulation. 
 

 

5.6 MICRO-STRUCTURAL AND MINERALOGICAL INVESTIGATIONS 
 

The effect of curing on the micro-structure can be seen in Figures 5.8 and 5.9. After the first 

28 days of curing (Figure 5.8) the CLSM matrix had developed a well-defined structure. It 

can be clearly seen that the binders, particularly PC, had reacted and produced a range of 

hydration products. The most notable are the amorphous filamentous structure covering the 

entire matrix and the needle-like crystallites growing on the FA spheres which are most likely 

C-S-H and ettringite, respectively. The FA spheres had not undergone hydration to their full 

potential by 28 days, as seen by their relatively unaltered particle structure. It can also be seen 

that the CLSM matrix is quite porous after 28 days curing.     

 

It is obvious from the 90-day SEM micrograph shown in Figure 5.9 that further curing 

decreased the pore space of the matrix. This confirms that the increase in UCS and decrease 

in porosity and hydraulic conductivity are in fact related to the degree of hydration of the 

binders. Hydration products also seem to be further matured, with a denser C-S-H structure 

coating the entire CLSM matrix. Dissolution of some of the larger FA spheres can also be 

noticed indicating that FA had reacted.    
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Figure 5.8:  SEM micrographs of the optimised conventional CLSM formulation at 28 days. 

 

  
Figure 5.9:  SEM micrographs of the optimised conventional CLSM formulation at 90 days. 

 

Figure 5.10 shows the XRD spectra of the optimised conventional CLSM at 28 and 90 days 

of curing. Quartz and mullite were present in both spectra originating from the FA and SS. 

The intensity of the mullite peaks, in particular, decreased at 90 days indicating the 

contribution of FA to hydration reactions. The main PC hydration product identified at 28 

days was portlandite [Ca(OH)2]. Small peaks of calcite [CaCO3], as a result of the 

carbonation of portlandite, were also detected. In addition to portlandite and calcite, small 

peaks of ettringite were detected at 90 days indicating further maturation of PC and FA 

hydration products. C-S-H was not detectable because of its largely amorphous structure. 

Owing to the exceptionally large peaks of quartz from the large amount of SS used, the peaks 

related to hydration products of the small amounts of PC and FA used were considerably 

diluted.    
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Figure 5.10:  XRD spectra of the optimised conventional CLSM formulation at 28 and 90 days [C - 
calcite, CaCO3; E - ettringite, 3CaO·Al2O3·3CaSO4·32H2O; M - mullite, 3Al2O3·2SiO2; P - portlandite, 
Ca(OH)2; Q - quartz, SiO2]. 
      

 

5.7 LEACHABILITY EVALUATION 
 

Table 5.5 shows that the alkaline nature of CLSM significantly altered the initial pH of the 

leachant. The pH for all replenishment periods was above 10 and varied from 10.6-11.5. 

According to Section 2.9.4, most hazardous cationic species are stable at this pH range and 

should not leach. Furthermore, pH is one of the most influential factors controlling leaching 

of components. The pH of the leachant fractions indicate the likelihood that leaching of 

components may be strongly affected by the change in pH. pH seemed to peak after period 6, 

i.e. 16 days, and then only slightly decreased until the end of the test. The increasing 

electrical conductivity (EC) of the leachant indicated that there was movement of ionic 

species from the monolith to the leachant. EC followed a similar trend to pH with a peak 

value of 340 µS cm-1 observed after period 7, i.e. 36 days.   

 

The measured cumulative leaching concentrations of components are reported in Figure 5.11. 

The components shown are heavy metals at concentrations that were detectable in the 

leachate, and have been compared against the New Dutch List intervention values for 

groundwater contamination (horizontal line) as listed in Appendix II. All other hazardous 

metals analysed (e.g. Be, Cd, Co, Mn, Ni, and Pb) were either below the detection limits of 
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the ICP-AES or at levels significantly below the intervention values and are, therefore, not 

considered an environmental threat. Barium and chromium, originating from FA, leached at 

levels above the intervention values and may pose environmental concern. Both these 

elements indicate that their release has not reached maximum potential by the end of the test, 

as seen by the increasing slope of their plots. Arsenic concentrations were very low and after 

the second period no further release was detectable, hence the straight line recorded. Copper 

and zinc were well below their guideline values, with concentrations stabilising after about 9 

days of testing.   
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Figure 5.11:  Cumulative leaching of heavy metals from tank leach testing over 64 days. 
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Cumulative leached concentrations of calcium and sulphur have been plotted in Figure 5.12 

since the availability of calcium in CLSM is necessary for hydration reactions and also for 

immobilising contaminants. Sulphur is important since it is associated with ettringite. Their 

excessive release from the CLSM matrix could potentially destabilise the ability of the 

CLSM matrix to achieve full strength development and decrease the effectiveness of 

contaminants immobilisation (Batchelor, 2006). Cumulative leaching of calcium showed a 

steep rate of increase, releasing ca. 250 mg l-1 Ca after 4 days of testing, with values 

continuing to increase until the end of testing at a slower rate. The concentrations were high 

and may suggest decalcification of cement grains initiated by the consumption of calcium-

based products, particularly Ca(OH)2, by heavy metals species. This may be a cause of 

concern because the CLSM matrix may lose its buffering capacity and ability to immobilise 

contaminants if concentrations continued to increase. This may explain the excessive 

leaching of barium and chromium shown in Figure 5.11 and may suggest that their release 

was independent of the pH. Cumulative concentrations of leached sulphur were at much 

lower levels. An increase of ca. 1.8 mg l-1 S was observed during the first 4 days of testing, 

followed by minimal leaching for the remaining testing period. The initial release of sulphur 

is believed to originate from the surface washing of the hydrated sulphates formed during 

cement hydration.     
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Figure 5.12:  Cumulative leaching of Ca and S from tank leach testing over 64 days. 

 

Figure 5.13 presents the calculated cumulative concentrations (εn), derived from Section 

3.12.1, of the components listed in Figures 5.11 and 5.12. Arsenic and copper have not been 

included because for some fractions the value was zero since the element was below 

detection limits and cannot be used in the calculations. The dominant leaching mechanism for 

components shown in Figure 5.13 was determined from the slope of the linear regression (rc) 
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through the data points. The conditions stated in Section 3.12.1 were used to identify the 

dominant leaching mechanism and are shown in Table 5.6. The dominant leaching 

mechanism for barium, calcium and chromium was identified as diffusion. Since a slope 

value could not be determined for arsenic and copper, their dominant leaching mechanism 

could not be assessed. Sulphur and zinc exhibited a surface wash-off mechanism, therefore, 

their mobility cannot be assessed. 

 

For the components in Table 5.6 that showed their release was governed by diffusion, their 

mobility, i.e. immobilisation potential, was evaluated according to pDe values as defined in 

Section 3.12.1. Barium, chromium and calcium had pDe values in excess of 12.5 suggesting 

low mobility and low rate of leaching. Furthermore, the quantity of these components leached 

per unit mass (Udif,64) and the percentage of depletion (UPdif,64) over 64 days in relation to the 

total available fraction (Uavail) are presented in Table 5.6. Barium, chromium and calcium 

were found to deplete at 12, 4.3 and 7.2%, respectively. This low depletion is assumed to 

result from the high pH of the CLSM matrix. When comparing Udif,64 and Uavail values to the 

intervention values of the New Dutch List (Appendix II) it can be seen that all components 

were at significantly lower levels. The upper limit of leaching (εT), derived from Appendix I, 

for components studied was also included in Table 5.6. The acid neutralisation capacity of the 

optimised conventional CLSM was found to be 1.47 mol kg-1 at pH 7, and 2.36 mol kg-1 at 

pH 4. The greater consumption of acid to maintain a pH of 4 suggests that the CLSM matrix 

possessed some buffering capacity.   

 



164 
 

Table 5.5:  pH and electrical conductivity (EC) of eluates at replenishment periods 1-8 during diffusion leach test. 
 

Period pH EC (µS cm-1) 
1 10.8 84.3 
2 11.2 133 
3 10.6 104 
4 10.9 198 
5 11.1 211 
6 11.5 249 
7 11.4 340 
8 11.1 222 

 

 

Table 5.6:  Parameters derived from diffusion leaching testing of the optimised conventional CLSM formulation over 64 days. 
 

Parameter Component       
As Ba Ca Cu Cr S Zn 

εT (mg m-2) b 99.9 40,000 b 3.51 220 26.9 
Uavail (mg kg-1) 0.993 60.3 40,100 2.98 5.96 1210 5.06 
Udif,64 (mg kg-1) a 7.21 2,880 a 0.254 a a

De (m2 s-1) a 1.44 x 10-13 5.24 x 10-14 a 1.83 x 10-14 a a

pDe a 12.8 13.3 a 13.7 a a

UPdif,64 (%) a 12.0 7.20 a 4.30 a a

rc b 0.645 0.448 b 0.488 0.179 0.0679 
Mechanism - DF DF - DF SW SW 

                    *DF: diffusion; DS: dissolution; SW: surface wash-off. 
                           a Cannot be estimated because diffusion leaching not established.  
                            b Cannot be estimated because value(s) below detection limit of ICP-AES. 
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Figure 5.13:  Calculated cumulative leaching of components from tank leach testing over 64 days. 

 

 

5.8 CONCLUSIONS 
 

Owing to the heterogeneous nature of CLSM, characterisation and evaluation was complex 

and involved the combined use of several methodologies. The fresh-mix properties, i.e. 

workability and setting times, were in agreement with the requirements for conventional 

CLSM reported in the literature. Mechanical integrity, i.e. UCS, was within the lower and 

upper limits of walkability and excavatability, respectively, even up to 90 days of curing. 
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Physical properties, i.e. porosity and hydraulic conductivity, proved to be inversely related to 

strength development and directly related to each other, but were nevertheless still at high 

levels and within the range of CLSM tested by other researchers. Micro-structural and 

mineralogical investigations further verified the link between UCS, porosity and hydraulic 

conductivity. In comparison to 28 days curing, after 90 days the CLSM matrix seemed further 

matured with a less porous structure and fewer un-reacted and exposed components.      

 

When monoliths were subjected to the leaching environment of the tank test most 

contaminants seemed to be well fixated within the alkaline CLSM matrix. However, the 

levels contained in the raw materials were low. Barium and chromium were the only 

exceptions and were leached independently of pH, at concentrations exceeding the 

intervention values for groundwater contamination recommended by the New Dutch List. 

This may be as a result of the highly porous and permeable structure of the CLSM. Elevated 

levels of calcium were leached which may potentially reduce the efficiency of the CLSM 

matrix to immobilise contaminants. The porous and permeable nature of the monolith was 

also considered to be the cause of this excessive release. Despite low cement contents and the 

porous/permeable structure of CLSM, the mobility of barium, chromium and calcium were 

low and relatively low percentages were depleted even though the measured concentrations 

of barium and chromium in the leachant were above guideline values. All other components 

analysed were either below the detection limits of the ICP-AES or at significantly low levels.  

 

Diffusion was not the dominant leaching mechanism for all components investigated 

suggesting that the CLSM matrix did not provide low matrix solubility and maximum control 

of contaminant leachability. In addition, the long-term leaching behaviour of components is 

not possible. Overall, however, the optimised conventional CLSM evaluated in this chapter 

has performed in agreement to previously studied conventional CLSM in the literature and 

does not pose a significant environmental threat to hinder potential sub-surface applications. 
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6. EVALUATING CLSM WITH MODEL WASTE 
 
 

 

6.1 INTRODUCTION 
 
The effects and suitability of incorporating model waste, as a simulation of bioleach waste, 

into CLSM formulations have been evaluated in the following sections. This has been 

achieved through the reporting and discussion of the various properties of the optimised 

formulations defined in Chapter 4 (PC-FA-OMW-SS = 5-15-10-70 wt%, respectively; PC/L-

FA-JR-SS = 5/5-15-10-65 wt%, respectively), following procedures outlined in Chapter 3. 

The characterisation of the model waste has also been included, following the techniques 

outlined in Section 3.2. The characteristics of PC, FA and SS have been previously given in 

Chapter 5.  

 

 

6.2 CHARACTERISATION OF RAW MATERIALS 
 
Table 6.1 presents the particle size distribution of the raw materials. It is clear that OMW had 

the smallest particle size of all raw materials with all of the particles being less than 20 µm. 

JR also had relatively small particle sizes in comparison to other raw materials and also with 

a significant amount of fines, i.e. ca. 86%, far in excess of the minimum threshold of ca. 15-

20% for backfill materials (Section 2.7.5). The uniformity (Cu) and curvature (Cc) 

coefficients suggest that although Cu was above 6 for all raw materials presented in Table 6.1, 

Cc was not in the region of 1-3 indicative of a well-graded material (Section 5.2). This 

suggests that the materials consisted predominantly a uniform particle size, particularly 

OMW as it had the lowest Cc.  
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The physical properties of L, OMW and JR are shown in Table 6.2. OMW and JR had 

similarly high water contents as they were provided in sludge-form whereas L was in a dry 

powder form. L had a strongly alkaline pH, similar to PC. The pH of the model waste was 

much lower than that of the binders. With a pH of 4.6, JR was relatively acidic which would 

not favour cementitious reactions. L was added to CLSM incorporating JR to neutralise the 

acidity. It is well-known that the addition of L raises the pH of a system owing to its 

relatively high water solubility and, therefore, enhances the dissolution of the SiO2 and Al2O3 

phases of FA promoting their reaction with the calcium in solution (Helmuth, 1987).  As a 

result of fine particle size, OMW had a very large BET surface area (200 m2 g-1), 

significantly greater than the other materials. The large surface area suggests that OMW 

could potentially exhibit strong adsorptive effects and high adsorption capacity (Doi et al., 

2005) favourable for immobilising contaminants in CLSM. JR had a BET surface area of 35 

m2 g-1 that is greater than the remaining materials, i.e. L, PC and FA. OMW had a greater 

specific gravity than other materials because of its high iron content (Table 6.4), and both 

OMW and JR had high LOI values. LOI of L was higher than expected and suggests that it 

could have either hydrated or carbonated as a result of reaction with the atmospheric moisture 

and CO2 contents.  

 

Table 6.1:  Particle size distribution of L, OMW and JR. 
 

 L OMW JR 
d10 (µm) 10.2 0.60 0.98 
d30 (µm) 15.8 0.90 3.18 
d50 (µm) 31.3 1.80 9.25 
d60 (µm) 62.5 4.65 16.8 
d90 (µm) 250 7.17 26.5 
Mean (µm) 34.5 3.00 13.7 
% fine (< 20 µm) 36.5 100 86.1 
Cu 6.13 7.75 17.1 
Cc 0.39 0.29 0.61 

 

Table 6.2:  Physical properties of L, OMW and JR. 
 

 L OMW JR 
Moisture content (wt%) - 75.0 ± 0.4 88.0 ± 0.2 
pH 12.3 ± 0.2 8.70 ± 0.3 4.60 ± 0.2 
Specific gravity 2.25 ± 0.07 3.10 ± 0.09 2.74 ± 0.06 
BET surface area (m2 g-1) 2.50 ± 0.9 200 ± 2.1 35.0 ± 1.1 
LOI (wt%) 13.3 ± 0.4 15.4 ± 0.6 26.5 ± 0.6 

 

The chemical composition of L, in terms of oxides, is shown in Table 6.3 and the elemental 

analyses of OMW and JR are shown in Table 6.4. Elemental analyses were given for OMW 
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and JR to emphasize on heavy metal and trace elements content. Both OMW and JR had high 

iron contents, i.e., ca. 35 and 23 wt% respectively, and calcium contents were in the order of 

ca. 1.3 and 0.6 wt% respectively, which are typical for by-products derived from iron-based 

mineral processing. It is apparent that JR comprised of greater contents of hazardous 

components, in particular lead (ca. 1.8 wt%) and zinc (ca. 11 wt%) originating from the zinc 

concentrates used for mineral processing. Arsenic, copper, chromium and sulphur were also 

at higher levels in comparison to OMW.      

 

Table 6.3:  Chemical composition of L. 
 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SUM 
L (wt%) 9.85 0.78 0.58 72.9 1.23 0.09 0.15 85.58 

 

Table 6.4:  Elemental analysis of OMW and JR by ICP-AES. 
 

Element (mg g-1) OMW JR 
Ag     0.000270     0.139 
Al     1.19     6.83 
As     0.00690     2.63 
Ba     0.127     0.0119 
Be     0.000205     0.00291 
Ca   12.5     6.33 
Cd     0.000280     0.550 
Co     0.00307     0.0318 
Cr     0.000670     0.255 
Cu     0.000450     8.03 
Fe 345 228 
K     0.419     3.00 
La     0.000605     0.000385 
Li     0.00804     0.0131 
Mg     0.802     3.49 
Mn     0.0371     1.27 
Mo     0.000400     0.0442 
Na     2.09     2.24 
Ni     0.00214     0.0961 
P     0.0538     0.429 
Pb     0.0222   17.9 
S     0.839   55.5 
Si   28.1   77.6 
Sr     0.656     0.0799 
Ti     0.00810     0.555 
V     0.000320     0.0364 
Zn     0.171 112 

 

Figures 6.1-6.3 illustrate the morphology of L, OMW and JR. These figures are 

complemented with elemental spectra to qualitatively observe their composition. L was 

composed of fine-sized CaO crystals, as verified by the elemental spectrum in Figure 6.1. 

The SEM micrograph shown in Figure 6.2 suggests OMW was composed of finely-sized 
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seed-like crystallites (in the order of a few microns) appearing to be agglomerated and 

identified by EDS to primarily consist of iron and oxygen. The elemental spectrum for JR 

suggests a complex composition of a range of compounds (primarily iron, oxygen and 

sulphur) with particles varying in size.     

 

  
Figure 6.1:  SEM image [left] of L with elemental spectrum [right].  

 

  
Figure 6.2:  SEM image [left] of OMW with elemental spectrum [right].  

 



171 
 

  
Figure 6.3:  SEM image [left] of JR with elemental spectrum [right]. 

 

The XRD data shown in Figure 6.4 concurred a largely amorphous structure for OMW owing 

to wide peaks, with the main phase present being a partly crystalline goethite [FeO(OH)]. 

Minor peaks of calcite [CaCO3] were also detectable. The XRD data for JR suggested a 

complex mineralogy with fairly crystalline minerals giving sharp peaks. The main 

components identifiable were Zn-bearing jarosite hydronian [(H3O)Fe3+(SO4)2(OH)6] and 

franklinite [(Zn,Mn,Fe)2+(Fe,Mn)2
3+O4]. Minor components included lanarkite [Pb2(SO4)O], 

goethite [FeO(OH)] and willemite [Zn2SiO4].  
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Figure 6.4:  XRD spectra of OMW and JR [C - calcite, CaCO3; F - franklinite, 
(Zn,Mn,Fe)2+(Fe,Mn)2

3+O4; G - goethite, FeO(OH); J - jarosite hydronian, (H3O)Fe3+(SO4)2(OH)6; L - 
lanarkite, Pb2(SO4)O; W - willemite, Zn2SiO4]. 
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6.3 WORKABILITY AND SETTING TIMES 
 

Table 6.5 shows the water demand for desirable workability and setting times of optimised 

CLSM with OMW (PC-FA-OMW-SS) and JR (PC/L-FA-JR-SS). In comparison to the 

conventional CLSM studied in Chapter 5, the addition of waste in CLSM increased water 

demand. This is a result of the significantly smaller particle size, high amount of fines and 

greater surface area of the waste materials, in comparison to SS, requiring more water to 

make the mix flowable. PC-FA-OMW-SS required a 5 wt% increase and PC/L-FA-JR-SS a 9 

wt% increase of water in comparison to the conventional CLSM. When comparing the two 

wastes, CLSM with JR required ca. 4 wt% more water than CLSM with OMW as a result of 

the greater binder (PC+L) content. The w/c and w/cm ratios were within typical ranges 

reported in the literature for conventional CLSM (Section 2.8.8). 

 

Table 6.5:  Water demand and setting times of optimised CLSM with model waste. 
 

Mix Water  
(Total wt%)  w/c w/cm Setting times 

Initial (min) Final (min) 
PC-FA-OMW-SS 26 ± 0.6 7.09 ± 0.11 1.77 ± 0.03 140 ± 3 190 ± 7 
PC/L-FA-JR-SS 30 ± 0.3 2.83 ± 0.04  1.70 ± 0.02 420 ± 7 900 ± 5 

    

In comparison to the conventional CLSM in Chapter 5, the initial and final setting times of 

PC-FA-OMW-SS were reduced by ca. 35 and 80 minutes, respectively. It is well known that 

the higher the water content the longer it would take for PC hydration products to develop a 

structure of adequate resistance to penetration of the Vicat needle because of dilution effect 

of cement grains (Bye, 1999). Owing to its high surface area, OMW had a greater adsorption 

capacity for water which reduced the amount of free water available in the pores of the 

CLSM matrix for the hydration of binders thus providing a faster resistance to penetration. 

Furthermore, small amounts of ettringite crystals were detectable in the SEM micrographs 

shown in Figures 6.8 and 6.9 which may have caused an accelerated setting since ettringite is 

primarily formed during the first few hours of PC hydration (Bye, 1999). Setting times for 

PC/L-FA-JR-SS were significantly retarded because of the higher concentrations of lead and 

zinc in JR coating PC particles and hindering hydration (Section 2.9.5). Setting times for both 

CLSM, however, fall within the recommendations mentioned in Section 3.9.2. 
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6.4 UNCONFINED COMPRESSIVE STRENGTH DEVELOPMENT 
 
Figure 6.5 shows the unconfined compressive strength (UCS) development of the optimised 

CLSM with model waste at 7, 14, 28, 56 and 90 days of curing. In comparison to the 

conventional CLSM in Chapter 5, PC-FA-OMW-SS resulted in similar UCS development 

with slightly greater initial strength gain, even though it had greater w/c and w/cm ratios. 

This could possibly be because of ettringite formation during the early stages of PC 

hydration, and the effects of the high OMW surface area suggested in Section 6.3. The rate of 

strength development decreased after 28 days, but UCS continued to increase up to 90 days 

of testing with values very close to the excavatable limit. PC/L-FA-JR-SS gave a 7-day UCS 

below the lower limit of walkability, with steady increase up to 90 days giving a desirable 

UCS below the excavatable limit. It is obvious that even though PC/L-FA-JR-SS had 10 wt% 

of primary binders, i.e. PC + L, the high heavy metal component of JR prohibited greater 

strength development.   
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Figure 6.5:  UCS development of optimised CLSM with model waste. 
 

 

6.5 POROSITY AND HYDRAULIC CONDUCTIVITY EVOLUTION 
 
Figures 6.6 and 6.7 give the porosity and hydraulic conductivity evolution, respectively, of 

the optimised CLSM with model wastes cured from 7 to 90 days. In comparison to the 

conventional CLSM in Chapter 5, both CLSM with model waste resulted in higher porosity, 
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in the order of ca. 5% for PC-FA-OMW-SS and ca. 9% for PC/L-FA-JR-SS, because of the 

increased water contents. Porosity of PC-FA-OMW-SS was lower than PC/L-FA-JR-SS 

mainly because the latter had a larger water content. It is also assumed that the high specific 

surface area of OMW particles adsorbed larger proportions of water in their structure, 

therefore, allowing less free water to contribute to porosity. Porosity was indirectly related to 

UCS (Figure 6.5). There was a steady decrease in porosity of ca. 3% for PC-FA-OMW-SS 

and ca. 4% for PC/L-FA-JR-SS up to 28 days curing. A further reduction of ca. 4% and 3.5%, 

respectively, occurred at a slower rate up to 90 days.  
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Figure 6.6:  Porosity evolution of optimised CLSM with model waste. 
 

According to Figure 6.7, it is postulated that hydraulic conductivity readily decreased up to 

28 days, followed by a further decrease at a slower rate up to 90 days of testing. In 

comparison to the conventional CLSM, hydraulic conductivity values were lower for CLSM 

with model wastes even though they had higher water contents and, in the case of PC/L-FA-

JR-SS, lower UCS. This is not in agreement with the porosity and UCS trends identified for 

conventional CLSM, i.e. increasing strength development gave decreasing porosity and 

hydraulic conductivity evolution. PC-FA-OMW-SS had greater strength development than 

PC/L-FA-JR-SS and yet both showed similar hydraulic conductivity behaviour. As suggested 

by Ganjian et al. (2006), the reason for this could be that the higher-strength CLSM was more 

rigid, whereas the lower-strength CLSM was compliant and fine waste particles were weakly 

bonded to the CLSM matrix causing blockage of the pore routes by a ‘silting’ effect. Another 

suggestion is that there was a lack of interconnectivity of successive pores that could explain 
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why, in comparison to the conventional CLSM, porosity was higher but did not correspond to 

similarly higher hydraulic conductivity. Nevertheless, hydraulic conductivity of both CLSM 

formulations was high and comparable to values recorded in the literature (Section 2.8.8).     

0 14 28 42 56 70 84 98
0

1

2

3

4

5

6

7
K

 x
 1

0-7
 (m

 s
-1
)

Curing Period (Days)

 PC-FA-OMW-SS
 PC/L-FA-JR-SS

 
Figure 6.7: Hydraulic conductivity evolution of optimised CLSM with model waste. 

 
 
6.6 MICRO-STRUCTURAL AND MINERALOGICAL INVESTIGATIONS 
 
The SEM micrographs of PC-FA-OMW-SS shown in Figures 6.8 and 6.9 did not show clear 

evidence of PC and FA hydration products even after 90 days of curing. A small amount of 

needle-like crystallites, believed to be ettringite, were visible at both 28 and 90 days. The 

CLSM matrix appeared to have a porous structure, and there was no significant change to the 

microstructure with increased curing. Much of the matrix structure seems to be dominated by 

the amorphous OMW coating all other constituents. FA spheres seemed to have reacted with 

some growth noticeable on their surface likely to be C-S-H. The XRD spectrum shown in 

Figure 6.12 did not detect any binder-related hydration products. The peaks of mullite seem 

to have decreased possibly indicating that FA has reacted to some extent. It could be assumed 

that the properties of PC-FA-OMW-SS were dominated by the structure of OMW rather than 

the extent of hydration of binders.         
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Figure 6.8:  SEM micrographs of the optimised PC-FA-OMW-SS formulation at 28 days. 

 

  
Figure 6.9:  SEM micrographs of the optimised PC-FA-OMW-SS formulation at 90 days. 
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Figure 6.10:  XRD spectra of optimised PC-FA-OMW-SS at 28 and 90 days [C - calcite, CaCO3; G - 
goethite, FeO(OH); M - mullite, 3Al2O3·2SiO2; Q - quartz, SiO2]. 
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The SEM micrographs of PC/L-FA-JR-SS shown in Figures 6.10 and 6.11 clearly depict a 

well-defined structure of binder hydration products. In comparison to the 28-day micro-

structure, at 90 days the matrix looked more mature and dense and pore spaces were reduced. 

Nevertheless, the matrix would still be characterised as porous as large voids were visible. 

The larger FA spheres appeared to have dissolved. Discrete micro-cracks (< 50 µm diameter) 

were noticeable on the surface of the C-S-H matrix which seemed to have an insignificant 

influence on hydraulic conductivity (Section 6.5). Owing to the complex mineralogy of JR, 

identification of all the crystals was very difficult. Portlandite, ettringite and C-S-H are 

clearly identifiable from the SEM micrographs. The XRD data presented in Figure 6.13 

confirmed the presence of portlandite and calcite as the main hydration products at 28 days. 

Calcite was formed as a result of the carbonation of portlandite, ettringite and C-S-H; as 

CLSM are permeable to CO2. At 90 days ettringite was detected and portlandite disappeared 

possibly due to interaction with heavy metals. Furthermore, mullite peaks diminished 

confirming the dissolution of FA spheres and contribution to hydration reactions. The 

absence of many of the mineral peaks comprising JR may suggest that the heavy metals have 

been fixated and combined with hydration products. Franklinite and willemite, i.e. zinc-based 

minerals, were still detectable, mostly at 28 days, suggesting zinc may be potentially 

leachable. 

       

  
Figure 6.11:  SEM micrographs of the optimised PC/L-FA-JR-SS formulation at 28 days. 
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Figure 6.12:  SEM micrographs of the optimised PC/L-FA-JR-SS formulation at 90 days. 
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Figure 6.13:  XRD spectra of optimised PC/L-FA-JR-SS at 28 and 90 days [C - calcite, CaCO3; E - 
ettringite, 3CaO·Al2O3·3CaSO4·32H2O; F - franklinite, (Zn,Mn,Fe)2+(Fe,Mn)2

3+O4; J - jarosite 
hydronian, (H3O)Fe3+(SO4)2(OH)6; M - mullite, 3Al2O3·2SiO2; P - portlandite, Ca(OH)2; Q - quartz, 
SiO2; W - willemite, Zn2SiO4]. 
 
 
6.7 LEACHABILITY EVALUATION 
 

Table 6.6 shows that PC-FA-OMW-SS and PC/L-FA-JR-SS significantly altered the initial 

pH of the leachant and displayed an alkaline nature throughout the test period. The pH was 

above 10 for all replenishment periods, and varied from 10.5-11.4 for PC-FA-OMW-SS and 

from 10.4-11.7 for PC/L-FA-JR-SS. These values were similar to the conventional CLSM 

(Section 5.7). The pH of the leachant fractions indicate the likelihood that leaching of 
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components may be strongly affected by the change in pH. As JR was found to consist of 

relatively large quantities of lead and zinc, this pH range was not optimal for their 

immobilisation (Section 2.9.4). The increasing electrical conductivity (EC) of the leachant, 

particularly for PC/L-FA-JR-SS, indicated that there was movement of ionic species from the 

monolith to the leachant. EC followed a similar trend to pH with a peak value of 247 µS cm-1 

after period 6 for PC-FA-OMW-SS and 637 µS cm-1 after period 7 for PC/L-FA-JR-SS.   

 

Table 6.6:  pH and electrical conductivity (EC) of eluates at replenishment periods 1-8 during 
diffusion leach test. 

 

Period PC-FA-OMW-SS PC/L-FA-JR-SS 
pH EC (µS cm-1)  pH EC (µS cm-1) 

1 10.5 89.3 10.4 68.4 
2 10.8 98.2 11.2 217 
3 10.7 82.7 11.3 218 
4 11.0 162 11.5 350 
5 11.2 200 11.7 497 
6 11.4 247 11.7 560 
7 11.2 230 11.6 637 
8 11.0 201 11.5 537 

 
The measured cumulative leaching concentrations of components are reported in Figure 6.14. 

The components shown are heavy metals at concentrations that were detectable in the 

leachate, and have been compared against the New Dutch List intervention values for 

groundwater contamination (horizontal line) as listed in Appendix II. All other hazardous 

metals analysed (e.g. Be, Cd, Co, Mn and Ni) were either below the detection limits of the 

ICP-AES or at levels significantly below the intervention values and are, therefore, not 

considered an environmental threat. Barium and chromium exceeded the intervention values 

from both CLSM formulations. Lead and zinc were leached at levels above the intervention 

values only from PC/L-FA-JR-S and are considered an environmental concern. Lead in 

particular was present at levels of ca. 20 times greater than the intervention value. All these 

elements indicate that their release has not reached maximum potential by the end of the test, 

as seen by the increasing slope of their plots. Even though arsenic was detectable at very low 

concentrations in OMW and JR, it was not detectable in the leachate suggesting it was well 

immobilised in the CLSM matrix. Copper was well below the guideline value for both 

CLSM, whereas molybdenum and zinc were marginally below the guideline at the end of 

testing for PC/L-FA-JR-SS and PC-FA-OMW-SS, respectively.   
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Figure 6.14:  Cumulative leaching of heavy metals from tank leach testing of optimised CLSM with 
model waste over 64 days. 
 
Cumulative leached concentrations of calcium and sulphur are shown in Figure 6.15. In 

comparison to the conventional CLSM, PC-FA-OMW-SS leached less amounts of calcium 

(ca. 500 mg l-1 after 64 days) confirming the SEM observations (Figures 6.8 and 6.9) that less 

amounts of hydration products were produced. Considerable amounts of calcium (ca. 1550 

mg l-1 after 64 days) were leached from PC/L-FA-JR-SS owing to the higher percentage of 

binders used, and the greater amount of heavy metals present in JR consuming calcium-based 

hydration products to form metal hydroxides (Section 2.9.4). Sulphur was also significantly 



181 
 

leached, giving a total of ca. 90 mg l-1 after 64 days. This concentration originates from the 

higher concentration of the mobile sulphur fraction in JR and ettringite formation in the 

CLSM matrix. Cumulative concentrations of leached sulphur for PC-FA-OMW-SS were at 

much lower levels (ca. 8 mg l-1 after 64 days).        
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Figure 6.15:  Cumulative leaching of Ca and S from tank leach testing of optimised CLSM with 
model waste over 64 days. 
 
Figures 6.16 and 6.17 present the calculated cumulative concentrations (εn), derived from 

Section 3.12.1, of the components listed in Figures 6.14 and 6.15, respectively. The dominant 

leaching mechanism of the components was determined from the slope of the linear 

regression (rc) through the data points. The conditions stated in Section 3.12.1 were used to 

identify the dominant leaching mechanism and are shown in Table 6.7. The release of 

calcium and chromium (PC-FA-OMW-SS), and barium and calcium (PC/L-FA-JR-SS) were 

diffusion-dominant. Since a slope value could not be determined for molybdenum and lead 

for PC-FA-OMW-SS their dominant leaching mechanism could not be assessed. Barium (PC-

FA-OMW-SS) and lead (PC/L-FA-JR-SS) were controlled by dissolution suggesting the pH 

of the matrix dominated their release. Sulphur and zinc (for both formulations) and chromium 

(PC/L-FA-JR-SS) exhibited a surface wash-off mechanism. 

 

For the components in Table 6.7 that showed their release was governed by diffusion, their 

mobility, i.e. immobilisation potential, was evaluated according to pDe values as defined in 

Section 3.12.1. All diffusion-controlled components had pDe values in excess of 12.5 

suggesting low mobility and low rate of leaching. Furthermore, the quantity of these 

components leached per unit mass (Udif,64) and the percentage of depletion (UPdif,64) over 64 

days in relation to the total available fraction (Uavail) are presented in Table 6.7. For PC-FA-
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OMW-SS, calcium and chromium were found to deplete at 3.3 and 8.3%, respectively. For 

PC/L-FA-JR-SS, barium and calcium were found to deplete at 6.3 and 5.6%, respectively. 

These low depletion percentages are assumed to result from the high pH of the CLSM matrix. 

When comparing Udif,64 and Uavail values to the intervention values of the New Dutch List 

(Appendix II) it can be seen that all components were at significantly lower levels. The upper 

limit of leaching (εT), derived from Appendix I, for components studied was also included in 

Table 6.7.  

 

The acid neutralisation capacity (ANC) of PC-FA-OMW-SS was found to be 1.41 mol kg-1 at 

pH 7 and 2.42 mol kg-1 at pH 4. PC/L-FA-JR-SS gave values of 3.3 mol kg-1 at pH 7 and 4.80 

mol kg-1 at pH 4. The greater consumption of acid for PC/L-FA-JR-SS is a result of higher 

binder proportions and implies a greater buffering capacity. Both formulations required more 

acid, in comparison to the conventional CLSM, to maintain a pH of 4 suggesting that they 

have greater buffering capacity.  
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Table 6.7:  Parameters derived from diffusion leaching testing of the optimised CLSM with model waste over 64 days. 
 

Formulation Parameter 
Component  
Ba Ca Cr Cu Mo Pb S Zn 

PC-FA-OMW-SS εT (mg m-2) 73.1 19,100 3.99 0.72 b b 282 30.4 
 Uavail (mg kg-1) 84.8 42,700 3.58 1.02 0.402 6.15 1,340 1.69 
 Udif,64 (mg kg-1) a 1,420 0.30 a a a a a

 De (m2 s-1) a 1.12 x 10-14 6.90 x 10-14 a a a a a 
 pDe 

a 14.0 13.2 a a a a a 
 UPdif,64 (%) a 3.30 8.30 a a a a a 
 rc 0.716 0.501 0.525 0.127 b b -0.670 -0.0383 
 Mechanism* DS DF DF SW - - SW SW 
PC/L-FA-JR-SS εT (mg m-2) 75.5 71,000 2.49 1.58 10.5 146 4,850 135 
 Uavail (mg kg-1) 87.8 92,600 2.71 660 0.590 634 12,300 14,000 
 Udif,64 (mg kg-1) 5.49 5,160 a a a a a a

 De (m2 s-1) 3.94 x 10-14 3.14 x 10-14 a a a a a a 
 pDe 13.4 13.5 a a a a a a 
 UPdif,64 (%) 6.30 5.60 a a a a a a 
 rc 0.601 0.437 0.237 0.299 0.235 0.677 0.177 0.138 
 Mechanism* DF DF SW SW SW DS SW SW 

*DF: diffusion; DS: dissolution; SW: surface wash-off. 
a Cannot be estimated because diffusion leaching not established.  
b Cannot be estimated because value(s) below detection limit of ICP-AES. 
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Figure 6.16:  Calculated cumulative leaching of heavy metals from tank leach testing of optimised 
CLSM with model waste over 64 days. 
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Figure 6.17:  Calculated cumulative leaching of Ca and S from tank leach testing of optimised CLSM 
with model waste over 64 days. 
 
 
6.8 CONCLUSIONS 
 
In comparison to the conventional CLSM studied in Chapter 5, the addition of OMW and JR 

affected the properties of CLSM. The fine particle size, large fines content and high specific 

surface area of OMW was found to dominate the properties of the PC-FA-OMW-SS system. 

The greater amounts of heavy metals, particularly lead and zinc, in JR dominated the 

properties of the PC/L-FA-JR-SS system.  

 

Overall, the results suggest that OMW, a mineral waste precipitate with low levels of 

hazardous components, produced a CLSM of appropriate UCS within the lower and upper 

limits. CLSM with JR, a mineral waste precipitate with higher levels of hazardous 

components, exhibited lower UCS development within the desirable range. Setting times 

were improved for PC-FA-OMW-SS, in comparison to the conventional CLSM, whereas a 

significant delay in setting was determined for PC/L-FA-JR-SS. Nevertheless, both 

formulations set within the recommended time period stated in the literature. Porosity and 

hydraulic conductivity were high for both formulations, but within the range of CLSM tested 

in other studies. The micro-structure of both formulations illustrated a porous structure, 

typical of CLSM. 

  

Despite the low amount of wastes used leaching of hazardous components was significant, 

particularly for PC/L-FA-JR-SS. This was expected as these materials were fairly porous and 

permeable. The release of hazardous components from both formulations seemed to be 
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controlled by the highly alkaline nature of the CLSM. The pH range of the leachants 

suggested that the conditions were not favourable in the matrix for the immobilisation of 

hazardous species such as barium, chromium, lead and zinc. Leaching was determined to be 

governed by surface wash-off phenomena for many of the components evaluated. This 

suggests that the CLSM did not show a low matrix solubility that would control leachability. 

The CLSM under investigation had some buffering capacity owing to the alkalinity of the 

CLSM matrix and presence of low solubility calcium-based hydration products.  

 

Because of the small amounts of hydraulic binder used and the high water contents required, 

waste materials that contain significant amounts of hazardous components that could either 

interfere with binder hydration reactions and/or their mobility is influenced by the integrity of 

the cement-based matrix, are not particularly suitable for incorporation in CLSM. Under 

large-scale groundwork applications it is likely that OMW could be beneficially re-formed as 

CLSM, whereas CLSM with JR would give rise to environmental pollution unless placed in a 

lined/encapsulated containment. The effect of encapsulating CLSM on environmental 

performance has been presented in Chapter 8.   
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7. EVALUATING CLSM WITH BIOLEACH 
WASTE 

 
 

 

7.1 INTRODUCTION 
 

This chapter reports and discusses the various properties (following procedures outlined in 

Chapter 3) of the optimised CLSM with bioleach waste, i.e. P35 and P70, and T derived from 

Chapter 4 (PC-FA-T = 5-15-80 wt%, respectively; PC-FA-P35-SS, PC-FA-P35-T, PC-FA-

P70-SS = 5-15-10-70 wt%, respectively;  PC-FA-P70-T = 6-15-10-69 wt%, respectively). 

Furthermore, the effects and suitability of bioleach waste for incorporation in CLSM has been 

evaluated in comparison to conventional CLSM (Chapter 5) and CLSM with model wastes 

(Chapter 6). The characterisation of P35, P70 and T has been included, following the 

techniques outlined in Section 3.2. The characteristics of PC, FA and SS have been 

previously given in Chapter 5.     

 

 

7.2 CHARACTERISATION OF RAW MATERIALS 
 
As shown in Table 7.1, the bioleach waste had similar particle size distributions with average 

particle sizes comparable to JR (Section 6.2). T had larger mean and median (d50) particle 

sizes than the bioleach waste. Fines (< 20 µm) content of T, P35 and P70 were found to be 

ca. 54, 83 and 78%, respectively, which are significantly higher than the minimum threshold 

of ca. 15-20% for backfill materials (Section 2.7.5). These high fines contents indicate that 

their addition to a CLSM matrix could significantly increase water demand for flowability 

requirements and as an effect cause an increase in porosity and hydraulic conductivity. 
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According to the definitions of the uniformity and curvature coefficients stated in Section 5.2, 

T had a large uniformity coefficient (Cu) and very low curvature coefficient (Cc) suggesting it 

had a greater proportion of larger-sized particles that were not particularly well-graded. P35 

and P70 had Cu and Cc values that suggested a greater proportion of finer-sized particles, in 

comparison to T, that were also not particularly well-graded.    

 
Table 7.2 shows the physical properties of T, P35 and P70. All three materials were provided 

in a dry form therefore their moisture content was negligible. P35 and P70 showed no 

significant differences in the properties determined. The pH of P35 and P70 was significantly 

acidic which is typical of bioleach waste products. At such low pH values, binder hydration 

reactions would not be favourable. However, the high calcium contents of P35 and P70, 

shown in Table 7.3, is expected to encourage and contribute to the formation of binder 

hydration products. The pH of T was fairly neutral. The BET surface area of T was large, and 

slightly greater in comparison to P35 and P70, possibly due to clay mineral content (Figure 

7.4). BET surface area values of P35 and P70 were much lower than OMW and comparable 

to JR (Section 6.2). The specific gravity of P35 and P70 was analogous to JR (Section 6.2). 

The LOI of P35 and P70 were similar and largely related to the structural water of gypsum 

[CaSO4·2H2O]. LOI of T was largely related to hydroxides, carbonates and structural water of 

the clay minerals contents.  

 
Table 7.1:  Particle size distribution of T, P35 and P70. 

 
Parameter T P35 P70 
d10 (µm) 1.69 1.94 1.17 
d30 (µm) 5.33 4.27 3.45 
d50 (µm) 17.5 7.37 6.75 
d60 (µm) 45.7 12.1 14.5 
d90 (µm) 76.9 27.8 35.8 
Mean (µm) 29.1 13.8 27.49
% fine (<20 µm) 53.8 82.7 78.2 
Cu 27.0 6.24 12.4 
Cc 0.37 0.78 0.70 

 

Table 7.2:  Physical properties of T, P35 and P70. 
 

 T P35 P70 
Moisture content (wt%) - - - 
pH 6.74 ± 0.3 2.64 ± 0.4 2.93 ± 0.4 
Specific gravity 2.72 ± 0.05 2.44 ± 0.08 2.42 ± 0.07 
BET surface area (m2 g-1) 30.2 ± 2.2 20.2 ± 1.5 21.3 ± 1.7 
LOI (wt%) 11.4 ± 0.8 14.2 ± 1.0 15.8 ± 0.7 
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It can be clearly distinguished from the elemental analyses shown in Table 7.3 that P35 and 

P70 had higher iron (ca. 15 and 14 wt%, respectively) and calcium (ca. 25 and 30 wt%, 

respectively) contents as expected from bioleach by-products. Calcium contents of bioleach 

wastes were higher and iron contents were lower than levels measured in the model wastes 

(Section 6.2). Arsenic levels were significantly higher for bioleach waste (ca. 3.5 wt% for 

P35 and ca. 3.3 wt% for P70) in comparison to model waste (Section 6.2). Sulphur contents 

were also determined to be at significantly higher levels (ca. 20 wt% for P35 and 22 wt% for 

P70) in comparison to model waste (Section 6.2). Overall, the elemental analysis did not 

show major compositional differences between P35 and P70. The Fe:As ratio was 4.52 for 

P35 and 4.29 for P70 suggesting good stability of iron-arsenic precipitate (Section 2.4.2). T 

had a considerable silicon content (ca. 11 wt%) and notable quantities of calcium (ca. 3 wt%), 

iron (ca. 4 wt%) and magnesium (ca. 2.5 wt%). Trace amounts of heavy metals, e.g. copper, 

lead and zinc, were recorded for all three raw materials.       

 
Table 7.3:  Elemental analysis of T, P35 and P70 by ICP-AES. 

 
Element (mg g-1) T P35 P70 
Ag     0.000160     0.000240     0.000160 
Al   29.8     1.74     2.99 
As     0.0146   34.5   33.3 
Ba     0.104     0.00450     0.00360 
Be     0.000350     0.0000900     0.000190 
Ca   29.0 250 295 
Cd     0.000170     0.00521     0.00541 
Co     0.0376     0.0805     0.100 
Cr     0.0651     0.101     0.150 
Cu     0.387     0.240     0.533 
Fe   38.9 156 143 
K     2.75     0.765     0.229 
La     0.00737     0.00220     0.00301 
Li     0.0165     0.0132     0.0122 
Mg   24.7     1.63     1.72 
Mn     0.412     0.0114     0.0238 
Mo     0.000200     0.00430     0.00500 
Na     3.00     1.69     1.71 
Ni     1.28     0.544     0.845 
P     0.273     1.06     1.14 
Pb     0.00800     0.118     0.0164 
S     8.05 204 221 
Si 115     0.915     1.12 
Sr     0.111     0.315     0.282 
Ti     1.54     0.0318     0.0355 
V     0.0182     0.00456     0.00620 
Zn     0.0175     0.138     0.170 

 

Figures 7.1-7.3 illustrate the morphology of T, P35 and P70 and are complemented with 

elemental spectra to qualitatively observe their composition. T was composed of angular 
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irregularly-shaped particles that varied in size (ranging from a few μm to ca. 200 μm). The 

EDS determined they were predominantly silicates (Figure 7.1). Well-formed lath-like 

crystals of gypsum (ranging to more than 150 μm) were clearly identifiable in Figures 7.2 and 

7.3 and were confirmed by the elemental spectra (spectrum 1 in both figures). The habits of 

gypsum crystals seemed to be similar for both bioleach wastes, even though P70 was 

produced from thermophilic bioleaching (Section 3.4). Small particles (typically ca. 5 μm) 

predominantly attached onto gypsum crystals were visible and confirmed by EDS to consist 

mainly of iron, arsenic and oxygen (Figures 7.2 and 7.3).        

  

  
Figure 7.1:  SEM image [left] of T with elemental spectrum [right]. 

 

  
Figure 7.2:  SEM image [left] of P35 with elemental spectra [right].  
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Figure 7.3:  SEM image [left] of P70 with elemental spectra [right].  

 

The XRD pattern for T shown in Figure 7.4 identified a range of silicate minerals, i.e. 

actinolite (amphibole) [Ca2(Mg,Fe)5Si8O22(OH)2]; albite (feldspar) [NaAlSi3O8]; clinochlore 

(chlorite) [(Mg,Fe,Al)6(Si,Al)4O10(OH)8]; diopside (pyroxene) [CaMgSi2O6] and muscovite 

(mica) [KAl2(AlSi3O10)(F,OH)2], originating from the parent rock of the extracted ore that 

was processed (as mentioned in Section 3.5.2). Most of these minerals are associated with the 

clay minerals group, e.g., muscovite. The XRD pattern for P35 and P70 shown in Figure 7.5 

detected gypsum crystals. The iron-arsenic precipitates were not detectable by XRD 

suggesting an amorphous structure according to Section 2.4.2. The intensity of the gypsum 

peaks (at ca. 11° 2θ) for P70 was greater than P35 suggesting more gypsum was present in 

P70. This is in agreement with the higher concentrations of calcium and sulphur in P70 

according to the elemental analysis presented in Table 7.3, and the larger LOI value stated in 

Table 7.2.        
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Figure 7.4:  XRD pattern of T [Act - actinolite, Ca2(Mg,Fe)5Si8O22(OH)2; Ab - albite, NaAlSi3O8; Clc 
- clinochlore, (Mg,Fe,Al)6(Si,Al)4O10(OH)8; Di - diopside, CaMgSi2O6; Ms - muscovite, 
KAl2(AlSi3O10)(F,OH)2].   
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Figure 7.5:  XRD pattern of P35 and P70 [Gp - gypsum, CaSO4·2H2O]. 
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7.3 WORKABILITY AND SETTING TIMES 
 

In comparison to the conventional CLSM (Section 5.3), Table 7.4 shows that the replacement 

of SS with T (PC-FA-T) increased the water demand (ca. 7 wt%) for consistency 

requirements. This is a result of the large fines content, smaller particle size and clay mineral 

content of T. It is well known that clay minerals have a high affinity for water and can also 

assimilate it in their micro-structure owing to relatively high specific surface areas 

(Fernandes et al., 2007). Furthermore, the setting times of PC-FA-T were delayed by ca. 225 

min for initial set and ca. 380 min for final set. This is assumed to be because of the high 

water content causing significant dilution of the PC grains and significant sulphur content of 

T producing ettringite that coats PC grains and retards hydration. 

 

Table 7.4:  Water demand and setting times of optimised CLSM with bioleach waste. 
 

Mix Water  
(Total wt%)  w/c w/cm Setting times 

Initial (min) Final (min) 
PC-FA-T 28.0 ± 0.8 7.84 ± 0.3 1.96 ± 0.07 400 ± 2  650 ± 5 
PC-FA-P35-SS 22.2 ± 0.3 5.70 ± 0.1 1.42 ± 0.02 200 ± 7 380 ± 5 
PC-FA-P35-T 27.7 ± 0.6 7.65 ± 0.2 1.91 ± 0.05 516 ± 5 811 ± 6 
PC-FA-P70-SS 23.2 ± 0.6 6.03 ± 0.2 1.51 ± 0.05  301 ± 7 502 ± 2 
PC-FA-P70-T 28.3 ± 0.6 7.91 ± 0.2 1.98 ± 0.06 665 ± 3 988 ± 8 

 

CLSM with bioleach waste, in comparison to the conventional CLSM (Section 5.3), resulted 

in an increased water demand by ca. 1 wt% for PC-FA-P35-SS and ca. 2 wt% for PC-FA-

P70-SS. PC-FA-P35-SS was recorded to give ca. 25 min delay in the initial setting time and 

ca. 110 min delay to the final setting time. PC-FA-P70-SS exhibited an even greater delay in 

setting behaviour than the conventional CLSM, and a ca. 101 min delay to the initial set and 

ca. 122 min delay to the final set was recorded in comparison to PC-FA-P35-SS (Table 7.4). 

This is believed to be caused by the greater gypsum content of P70 which is well known to 

retard binder hydration (Section 2.9.2). In comparison to the optimised CLSM with model 

waste (Section 6.3), the water demand for PC-FA-P35-SS and PC-FA-P70-SS, shown in 

Table 7.4, was lower because of the higher specific surface area and smaller particle size of 

OMW and JR. PC-FA-P35-SS and PC-FA-P70-SS required more time to set and harden than 

PC-FA-OMW-SS and less time than PC/L-FA-JR-SS.  

 

According to Table 7.4, the optimised CLSM with bioleach waste and T, i.e. PC-FA-P35-T 

and PC-FA-P70-T, required similar water contents to PC-FA-T for consistency purposes. 
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Setting times, however, were delayed by ca. 116 min for initial set and ca. 161 min for final 

set of PC-FA-P35-T; and by ca. 265 min for initial set and ca. 338 min for final set of PC-

FA-P70-T. The delay in setting behaviour was a result of the gypsum content of bioleach 

waste and sulphur content of T. PC-FA-P70-T required more time to set in comparison to PC-

FA-P35-T because of the greater gypsum content of P70. In comparison to PC-FA-P35-SS 

and PC-FA-P70-SS, CLSM with bioleach waste and T required greater water contents and 

significantly delayed initial and final setting times. This is believed to be caused by the larger 

fines content and smaller particle sizes of T (in comparison to SS) demanding more water 

which in turn created further dilution of PC grains. All optimised CLSM formulations 

presented in Table 7.4 exhibited setting times within the recommendations mentioned in 

Section 3.9.2.  

 

 

7.4 UNCONFINED COMPRESSIVE STRENGTH DEVELOPMENT 
 

Although PC-FA-T was observed to have a retarded setting behaviour in comparison to the 

conventional CLSM, it showed significant unconfined compressive strength (UCS) 

development, as illustrated in Figure 7.6, very similar to PC-FA-SS (Section 5.4) and PC-FA-

OMW-SS (Section 6.4). The calcium and sulphur contents of T are believed to have favoured 

the production of ettringite, and the alumino-silicate content of the clay minerals of T is likely 

to have reacted with some portlandite from the hydration of PC to form the silicate gel C-S-H 

(Glasser, 1993) contributing to strength development. There was a steep initial UCS gain of 

ca. 1.7 MPa up to 28 days, followed by a slower rate of increase up to 90 days. The UCS after 

90 days was on the limit for excavatability of CLSM. 

 

Figure 7.7 shows the UCS development of the optimised CLSM with bioleach waste at 7, 14, 

28, 56 and 90 days of curing. In comparison to the conventional CLSM in Chapter 5 and 

CLSM with model waste in Chapter 6, PC-FA-P35-SS and PC-FA-P70-SS gave higher UCS 

development. Although the strength was, in principal, within the upper 2 MPa limit up to 28 

days, a further increase to ca. 3.0-3.5 MPa after 90 days was determined which raises 

concerns on their long-term excavatability. This steep increase in strength development is 

believed to be a result of the gypsum content of P35 and P70 contributing to strength 

development by the production of secondary gypsum and ettringite. Even though PC-FA-
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P70-SS contained more gypsum it exhibited lower UCS values than PC-FA-P35-SS. The 

difference, however, may be regarded as negligible.      
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Figure 7.6:  UCS development of optimised CLSM with T.   
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Figure 7.7:  UCS development of optimised CLSM with bioleach waste. 

 

Replacing the SS content with T in PC-FA-P35-T and PC-FA-P70-T resulted in a notable 

decrease in UCS development (Figure 7.7). Both mixtures showed almost identical strength 

development up to 90 days of testing. In comparison to PC-FA-T, the UCS was ca. 0.25 MPa 

less after 28 and 90 days. The decrease in strength is assumed to primarily be a result of 

higher water contents. The strength development for optimised PC-FA-P35-T and PC-FA-



196 
 

P70-T was within the lower limit of walkability and upper limit of excavatability even after 

90 days of curing.      

 

 

7.5 POROSITY AND HYDRAULIC CONDUCTIVITY EVOLUTION 
 

Figures 7.8 and 7.9 show the porosity evolution of the optimised CLSM with T and bioleach 

waste, respectively, cured from 7 up to 90 days. In comparison to the other three-component 

CLSM, i.e. PC-FA-SS (Section 5.5), PC-FA-T resulted in higher porosity in the range of ca. 

8-13% from 7 to 90 days curing owing to the greater water demand for workability control. 

Porosity only slightly decreased (ca. 2% from 7 to 90 days) with increased curing. This 

suggests little change to the micro-structure. In comparison to the conventional CLSM 

(Section 5.5) and CLSM with model waste (Section 6.5), PC-FA-P35-SS and PC-FA-P70-SS 

had slightly lower porosity values even though their water contents were greater. There was 

no significant difference between the two CLSM with bioleach waste.  

 

The replacement of SS with T in PC-FA-P35-T and PC-FA-P70-T resulted in a notable 

increase in porosity, i.e. ca. 14% at 28 days and 13% at 90 days (Figure 7.9), mainly because 

their water contents were ca. 5 wt% greater (Section 7.3). PC-FA-P35-T and PC-FA-P70-T 

showed almost identical porosity evolution. Furthermore, in comparison to PC-FA-T (Figure 

7.8), the addition of P35 and P70 resulted in a similar porosity evolution with the minor 

differences (ca. 1-2%) being regarded as negligible. The reduction in porosity with increased 

curing was in agreement with the observed increasing UCS development for all CLSM 

shown in Figures 7.6 and 7.7.           
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Figure 7.8: Porosity evolution of optimised CLSM with T. 
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Figure 7.9: Porosity evolution of optimised CLSM with bioleach waste. 

 

Figures 7.10 and 7.11 show the hydraulic conductivity evolution of the optimised CLSM with 

T and bioleach waste, respectively, cured from 7 up to 90 days. In comparison to the 

conventional CLSM (Section 5.5), PC-FA-T was shown to significantly decrease hydraulic 

conductivity by ca. 19.5 x 10-7 m s-1 after 28 days and ca. 10.5 x 10-7 m s-1 after 90 days even 

though porosity was greater. As discussed in Section 6.5, the reason for this could be that the 

greater fines content and smaller particles of T were weakly bonded to the CLSM matrix 

blocking the pore routes by a ‘silting’ effect, and/or there was a lack of interconnectivity 
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between successive pores. Furthermore, the filling up of voids by secondary hydration 

products (Section 7.6) may offer another explanation.   
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Figure 7.10: Hydraulic conductivity evolution of optimised CLSM with T. 
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Figure 7.11: Hydraulic conductivity evolution of optimised CLSM with bioleach waste. 

 

In comparison to CLSM with model waste (Section 6.5), PC-FA-P35-SS and PC-FA-P70-SS 

were noted to have a relatively similar hydraulic conductivity evolution (Figure 7.11). 

Hydraulic conductivity readily decreased up to 28 days (by ca. 5 x 10-7 m s-1 for PC-FA-P35-

SS and ca. 4 x 10-7 m s-1 for PC-FA-P70-SS), followed by a further decrease at a slower rate 
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up to 90 days of testing (by ca. 1.5 x 10-7 m s-1 for PC-FA-P35-SS and ca. 4 x 10-6 m s-1 for 

PC-FA-P70-SS). PC-FA-P35-SS displayed slightly higher values in comparison to PC-FA-

P70-SS; nevertheless, the difference could be regarded as negligible as both CLSM are still 

relatively permeable. 

 

PC-FA-P35-T and PC-FA-P70-T displayed almost identical hydraulic conductivity evolution 

(Figure 7.11). Hydraulic conductivity readily decreased up to 28 days by ca. 2.5 x 10-7 m s-1, 

followed by a further decrease at a slower rate up to 90 days of testing by ca. 4 x 10-6 m s-1. 

When compared to PC-FA-P35-SS and PC-FA-P70-SS, it is noted that conductivity values 

were somewhat lower even though their porosity was greater and UCS lower. Similar 

behaviour was observed in Section 6.5 for CLSM with model waste. In comparison to PC-

FA-T (Figure 7.10), hydraulic conductivity values of PC-FA-P35-T and PC-FA-P70-T were 

very similar. Overall, CLSM presented in Figures 7.10 and 7.11 would be considered as 

permeable and hydraulic conductivities were comparable to values stated in the literature 

(Section 2.8.8).        

 

 

7.6 MICRO-STRUCTURAL AND MINERALOGICAL INVESTIGATIONS 
 

Figures 7.12 and 7.13 show the SEM micrographs of the optimised PC-FA-T at 28 and 90 

days curing, respectively. It can be clearly seen that at 28 days the CLSM matrix had a 

porous microstructure with clearly visible voids. Small needle-like crystallites, most likely to 

be ettringite, were noticed to grow on the surface of an amorphous structure of C-S-H. At 90 

days, the CLSM matrix seemed to be denser with a clearly visible reticulated network of 

needle-like ettringite crystals filling up the voids. This is a result of the sulphur content of T 

reacting with PC hydration products, and may have contributed to strength development 

(Section 7.4) and reduction in hydraulic conductivity (Section 7.5).   

  

The XRD pattern shown in Figure 7.14 identified peaks of ettringite at both curing periods. 

Small peaks of calcite were also detectable. FA minerals were not present suggesting their 

dissolution and contribution to hydrates formation. Portlandite crystals were not detectable at 

either curing periods as any portlandite produced would be consumed by the sulphur content 

of T to produce ettringite. The remaining peaks were related to the minerals present in T 

suggesting little dissolution. At 90 days, however, the peaks of clay minerals, e.g. muscovite, 
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were slightly reduced which could indicate their contribution to hydration reactions and 

strength development. Even with distinguishable quantities of ettringite present, there were 

no signs of crack development or other disintegration. This is because of the high porosity of 

CLSM compensating the presence of expansive secondary hydration phases.     

 

  
Figure 7.12:  SEM micrographs of the optimised PC-FA-T formulation at 28 days. 

 

  
Figure 7.13:  SEM micrographs of the optimised PC-FA-T formulation at 90 days. 
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Figure 7.14:  XRD spectra of the optimised PC-FA-T at 28 and 90 days [Act - actinolite, 
Ca2(Mg,Fe)5Si8O22(OH)2; Ab - albite, NaAlSi3O8; C - calcite, CaCO3; Clc - clinochlore, 
(Mg,Fe,Al)6(Si,Al)4O10(OH)8; Di - diopside, CaMgSi2O6; E- ettringite, 3CaO·Al2O3·3CaSO4·32H2O;  
Ms - muscovite, KAl2(AlSi3O10)(F,OH)2]. 
 

The SEM micrographs of PC-FA-P35-SS in Figures 7.15 and 7.16 show well-developed 

binder hydration phases with a relatively less porous micro-structure in comparison to CLSM 

with model waste (Section 6.6), particularly at 90 days (Figure 7.16). Considerable 

dissolution of the larger FA spheres was noticeable and as a result contributed to the 

formation of amorphous C-S-H. This is further confirmed by the XRD pattern in Figure 7.17 

showing that mullite and quartz peaks decreased at 90 days. Clusters of grass leaf-like 

crystals, believed to be calcium-arsenic compounds (Phenrat et al., 2005), were visible at 28 

days (Figure 7.15), and appear to have developed on FA spheres as they have acted as 

nucleation sites. Such crystals (solubility limiting phases) were not detectable at 90 days 

possibly because of their progressive dissolution when calcium ions in solution become 

consumed by other hydration phases. The XRD pattern shown in Figure 7.17, however, did 

not detect any calcium-arsenic crystals suggesting they were formed in very low quantities.  

  

Micro-cracks were observed at both curing periods which may be a result of the large 

secondary gypsum and ettringite crystals formed from the sulphate content of P35 exerting 

stresses on the CLSM matrix. This may explain the higher hydraulic conductivity values 

(Section 7.5) in comparison to other CLSM with lower UCS and higher porosity. XRD 

showed that gypsum peaks slightly increased at 90 days. Ettringite was clearly detectable at 



202 
 

both curing periods. As arsenic may be assumed to be predominantly present in its 

pentavalent state (Section 2.4.2), this strongly suggests that arsenic may have fixated in the 

ettringite crystal structure (Section 2.9.4). Arsenic may also be immobilised by adsorption 

onto the C-S-H surface (Section 2.9.4).  

 

  
Figure 7.15:  SEM micrographs of the optimised PC-FA-P35-SS formulation at 28 days. 

 

  
Figure 7.16:  SEM micrographs of the optimised PC-FA-P35-SS formulation at 90 days. 

 

 



203 
 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0

1000

2000

3000

4000

5000

6000

7000

8000

G
p

G
p

C

C

M

M

M

M

G
p

G
p

Q

Q

M

M

M

M

M

Q

Q
Q Q

Q

C
/G

p
C

/G
p

G
p

G
p

G
p

G
p

E

EEE

E

E

E

E

E

E

E

90 days

28 days

In
te

ns
ity

 (c
ou

nt
s)

Angle (° 2θ)  
Figure 7.17:  XRD spectra of the optimised PC-FA-P35-SS at 28 and 90 days [C - calcite, CaCO3; E- 
ettringite, 3CaO·Al2O3·3CaSO4·32H2O; Gp - gypsum, CaSO4.2H2O; M - mullite, 3Al2O3·2SiO2; Q- 
quartz, SiO2]. 
 

The SEM micrographs presented in Figures 7.18 and 7.19 for PC-FA-P35-T at 28 and 90 

days, respectively, clearly showed well-developed binder hydration phases. At 28 days, the 

CLSM matrix was dominated by reticulated lath-like gypsum and needle-like ettringite 

crystals. At 90 days, the CLSM had a denser matrix with less pore space visible and a better 

developed C-S-H amorphous structure covering the majority of the CLSM matrix. There was 

no apparent cracking of the micro-structure. Needle-like ettringite crystals were visible at 

both curing periods and detectable by XRD (Figure 7.20). FA spheres were not visible by 

SEM or detectable by XRD suggesting high dissolution and reaction to form hydrates. XRD 

shows that gypsum peaks slightly decreased and ettringite peaks slightly increased at 90 days. 

There was no significant difference between peaks related to minerals in T with increasing 

curing. There were no calcium-arsenic crystals identifiable by SEM or XRD. However, the 

presence of ettringite and C-S-H strongly suggest that arsenic from P35 may be immobilised 

in their structure (Section 2.9.4).       
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Figure 7.18:  SEM micrographs of the optimised PC-FA-P35-T formulation at 28 days. 

 

  
Figure 7.19:  SEM micrographs of the optimised PC-FA-P35-T formulation at 90 days. 

 

 



205 
 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0

500

1000

1500

2000

2500

3000

3500

4000

4500

QE

A
b/

D
i

C
/G

p

M

D
i/G

pD
i/M

s/
Q

E
A

b
D

i/M
s/

Q

90 days

28 days

In
te

ns
ity

 (c
ou

nt
s)

Angle (° 2θ)

MA
bA
ct

Q

A
ct

E/
G

p

A
ct

A
ct

/C
lc

D
i

A
ct

EG
pD

i

D
i

C
/G

p
A

ct
A

b/
D

i

C

G
p

A
ct

/E
C

lcG
p

G
p

C
lc

A
b

C
lc

A
ct

EM
s

C
lc

E E QQ D
i/G

p
C

lc

MA
ct

E/
G

p
A

ctA
ct

/C
lc

D
iA

ct
G

p
D

i
A

ct

EC
lc A

ct
/E

G
p

A
ct

G
p

C
lc

A
b

C
lcM
s

C
lc

M
s

QE

 
Figure 7.20:  XRD spectra of the optimised PC-FA-P35-T at 28 and 90 days [Act - actinolite, 
Ca2(Mg,Fe)5Si8O22(OH)2; Ab - albite, NaAlSi3O8; C - calcite, CaCO3; Clc - clinochlore, 
(Mg,Fe,Al)6(Si,Al)4O10(OH)8; Di - diopside, CaMgSi2O6; E- ettringite, 3CaO·Al2O3·3CaSO4·32H2O;  
Gp - gypsum, CaSO4.2H2O; M - mullite, 3Al2O3·2SiO2; Ms - muscovite, KAl2(AlSi3O10)(F,OH)2; Q- 
quartz, SiO2]. 
 

In comparison to the micro-structure of PC-FA-P35-SS, the SEM micrographs shown in 

Figures 7.21 and 7.22 depict that PC-FA-P70-SS exhibited a similar substantial degree of 

hydration of the binder materials. The main hydration product identifiable by SEM was the 

amorphous C-S-H. In comparison to the conventional CLSM (Section 5.6) and PC-FA-P35-

SS, the C-S-H appeared to have a more fibrous structure which is a clear sign of arsenic 

interacting with the binder hydration products (Akhter et al., 1997). Increased curing did not 

appear to have a substantial effect on the micro-structure as the matrix appears similar at 28 

and 90 days. The XRD patterns presented in Figure 7.23 also did not appear significantly 

altered after 90 days of curing further substantiating this point. Gypsum and ettringite were 

clearly visible by SEM and detectable by XRD at both curing periods. Portlandite was not 

visible at both curing periods because arsenic is well known to readily react with this mineral 

(Akhter et al., 1997). There were no clear calcium-arsenic minerals identifiable by SEM or 

XRD. However, the presence of ettringite and C-S-H strongly suggest that arsenic from P70 

may be immobilised in their structure (Section 2.9.4). FA spheres were only sparingly visible 

by SEM suggesting significant dissolution. Micro-cracks were visible at both curing periods, 

as similarly observed and discussed for PC-FA-P35-SS.       
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Figure 7.21:  SEM micrographs of the optimised PC-FA-P70-SS formulation at 28 days. 

 

  
Figure 7.22:  SEM micrographs of the optimised PC-FA-P70-SS formulation at 90 days. 
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Figure 7.23:  XRD spectra of the optimised PC-FA-P70-SS at 28 and 90 days [C - calcite, CaCO3; E- 
ettringite, 3CaO·Al2O3·3CaSO4·32H2O; Gp - gypsum, CaSO4.2H2O; M - mullite, 3Al2O3·2SiO2; Q- 
quartz, SiO2]. 
 

In comparison to PC-FA-P35-T, the SEM micrographs shown in Figures 7.24 and 7.25 for 

PC-FA-P70-T at 28 and 90 days, respectively, clearly showed similarly well-developed 

binder hydration phases. Gypsum and ettringite crystals were clearly identifiable at both 

curing periods. In addition, an amorphous C-S-H phase was visible which appeared 

somewhat more fibrous in comparison to C-S-H observed for PC-FA-P35-T. This could 

suggest that arsenic from P70 had reacted with the hydration products altering their structure. 

Even though the CLSM matrix appeared to have a denser micro-structure at 90 days, it 

remains relatively porous as voids were clearly visible. There were no apparent cracks on the 

micro-structure as opposed to PC-FA-P35-SS and PC-FA-P70-SS. The XRD pattern shown 

in Figure 7.26 detected ettringite at both 28 and 90 days. The remaining phases related to the 

minerals comprising T and did not seem to have altered significantly suggesting little 

interaction with the binder system. FA spheres were not visible by SEM or detectable by 

XRD suggesting high dissolution and reaction to form hydrates. A slight increase in the 

gypsum and ettringite peaks was noticeable at 90 days suggesting further maturation of 

hydration of binders. There were no calcium-arsenic crystals identifiable by SEM or XRD. 

However, the presence of ettringite and C-S-H strongly suggest that arsenic from P70 may be 

immobilised in their structure (Section 2.9.4).       
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Figure 7.24:  SEM micrographs of the optimised PC-FA-P70-T formulation at 28 days. 

 

  
Figure 7.25:  SEM micrographs of the optimised PC-FA-P70-T formulation at 90 days. 
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Figure 7.26:  XRD spectra of the optimised PC-FA-P70-T at 28 and 90 days [Act - actinolite, 
Ca2(Mg,Fe)5Si8O22(OH)2; Ab - albite, NaAlSi3O8; C - calcite, CaCO3; Clc - clinochlore, 
(Mg,Fe,Al)6(Si,Al)4O10(OH)8; Di - diopside, CaMgSi2O6; E- ettringite, 3CaO·Al2O3·3CaSO4·32H2O;  
Gp - gypsum, CaSO4.2H2O; M - mullite, 3Al2O3·2SiO2; Ms - muscovite, KAl2(AlSi3O10)(F,OH)2; Q- 
quartz, SiO2]. 
 

 

7.7 LEACHABILITY EVALUATION 
 

Table 7.5 shows that CLSM with T and CLSM with bioleach waste, as similarly observed 

with CLSM studied in Chapters 5 and 6, significantly altered the initial pH of the leachant 

and displayed an alkaline nature throughout the testing period. The pH varied from ca. 10 to 

11 which suggests that the potential calcium-arsenic compounds and ettringite should be 

relatively stable (Myneni et al., 1997). This pH range was lower in comparison to 

conventional CLSM (Section 5.7) and CLSM with model waste (Section 6.7) possibly 

because of the acidic pH of P35 and P70 and their high sulphur contents. At the pH of the 

leachant fractions immobilisation of heavy metals should be favourable (Section 2.9.4).  As 

previously stated (Sections 2.4.2 and 3.4), the precipitated iron-arsenic compounds are not 

stable at the pH range measured for the leachates. Arsenic is expected to be mobilised and be 

present, in large, as arsenate [AsO4
3-] oxyanions which may be immobilised in the structure 

of binder hydration products (Section 2.9.4).  
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Table 7.5:  pH and electrical conductivity (EC) of eluates at replenishment periods 1-8 during diffusion leach test. 
 

Period 
PC-FA-T PC-FA-P35-SS PC-FA-P35-T PC-FA-P70-SS PC-FA-P70-T 

pH EC (µS cm-1)  pH EC (µS cm-1)  pH EC (µS cm-1)  pH EC (µS cm-1)  pH EC (µS cm-1)  

1 10.3 175 10.7 488 10.6 314 10.5 368 10.5 537 
2 10.6 346 10.7 471 10.7 591 10.7 472 10.9 736 
3 10.8 390 10.6 454 10.7 776 10.7 471 10.7 788 
4 10.7 398 10.9 465 10.8 754 10.8 512 10.8 804 
5 10.7 639 10.9 703 11.0 1150 10.9 711 10.9 1180 
6 10.7 571 10.8 874 10.9 1020 11.0 950 11.0 1110 
7 11.0 605 10.1 1130 11.1 1440 10.3 1160 10.9 1460 
8 10.5 395 10.0 1240 10.4 1260 10.4 1230 10.9 1280 
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The increasing electrical conductivity (EC) values shown in Table 7.5 indicated that there 

was movement of ionic species from the monolith to the leachant. The values for CLSM with 

P35 and P70 were the highest amongst all CLSM formulations investigated. Peak values 

ranged from 1230-1460 µS cm-1 with the larger values recorded from CLSM with bioleach 

waste and T.        
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Figure 7.27:  Cumulative leaching of heavy metals from tank leach testing of optimised CLSM with 
bioleach waste over 64 days. 
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Figure 7.27 shows the measured cumulative leaching of hazardous components that were 

present at measurable concentrations and have been compared against the New Dutch List 

intervention values for groundwater contamination (horizontal line) as listed in Appendix II. 

All other hazardous metals analysed (e.g. Be, Cd, Co, Mn, Ni and Pb) were either below the 

detection limits of the ICP-AES or at levels significantly below the intervention values and 

are, therefore, not considered an environmental threat.  

 

Cumulative concentrations of arsenic significantly exceeded the guideline value for CLSM 

with bioleach waste. PC-FA-T only slightly exceeded the guideline value. In particular, PC-

FA-P35-SS was found to exceed the guideline by ca. 20 times after 64 days of testing. A 

possible explanation could be that the free calcium in the CLSM matrix was insufficient to 

react will all the arsenic present and the low amount of PC did not produce adequate amounts 

of hydration products to immobilise the arsenic. The cracks visible in the CLSM matrix 

(Figure 7.15) may have further promoted its release. PC-FA-P70-SS showed slightly less 

amounts of leached arsenic, similar to the amounts leached by PC-FA-P35-T and PC-FA-

P70-T. Apart from PC-FA-T and PC-FA-P70-T, which showed no further increase in arsenic 

concentrations after 16 days, the increasing arsenic values indicate that its release has not 

reached maximum potential by the end of the test. CLSM with T, in comparison to SS, as the 

bulk material gave slightly lower amounts of leached arsenic.  

 

Chromium was the only other metal that exceeded the guideline value, with PC-FA-P70-SS 

exceeding the limit the most by ca. 17 times after 64 days of testing. There were no 

significant differences for CLSM with P35 whereas CLSM with P70 showed higher 

cumulative chromium concentrations with SS, in comparison to T, as the bulk material. 

Chromium levels for CLSM with bioleach waste were higher than the levels for conventional 

CLSM (Section 5.7) and CLSM with model waste (Section 6.7). As previously mentioned in 

Section 2.9.5, Cr3+ produces insoluble compounds between pH 5-13 which suggests the 

excessive leaching could be a result of the presence of Cr6+ ions.  

 

Cumulative concentrations of barium did not exceed the guideline value as was the case for 

conventional CLSM (Section 5.7) and CLSM with model waste (Section 6.7). All other 

metals presented in Figure 7.27 did not exceed their intervention value although cumulative 

amounts of molybdenum were close to the limit for PC-FA-P70-SS. Zinc concentrations were 

lower than levels for the other CLSM studied (Chapters 5 and 6), and good immobilisation 
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was achieved in the CLSM matrices as no significant release took place after ca. 16 days of 

testing presumably because of the predominance of stable Zn(OH)2 in the pH range 9-11 

(Section 2.9.5).     
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Figure 7.28:  Cumulative leaching of Ca and S from tank leach testing of optimised CLSM with 
bioleach waste over 64 days. 
 

Figure 7.28 shows the cumulative leached concentrations of calcium and sulphur. In 

comparison to the conventional CLSM (Section 5.7), PC-FA-T leached less amounts of 

calcium (ca. 400 mg l-1 after 64 days) but significantly greater amounts of sulphur (ca. 150 

mg l-1 after 64 days). In both cases cumulative concentrations do not significantly increase 

after 16 days of testing suggesting a slow release from the CLSM matrix. The high sulphur 

concentrations originate from the mobile sulphur fraction of T and ettringite formation.  

 

CLSM with bioleach waste showed significant cumulative concentrations (ranging from ca. 

1400-1600 mg l-1 after 64 days) of calcium (Figure 7.28) similar to PC/L-FA-JR-SS (Section 

6.7). Replacing SS with T as the bulk material resulted in slightly increased leaching of 

calcium. Cumulative concentration of calcium for CLSM with bioleach waste exhibit a steep 

slope suggesting their maximum leachable potential has not been reached after 64 days of 

testing. The high concentrations may suggest decalcification of calcium-based products, e.g. 

binder hydration and complex calcium-metal compounds, which may explain the inefficiency 

to immobilise arsenic and chromium shown in Figure 7.27.  

 

Cumulative concentrations of sulphur (ranging from ca. 850-975 mg l-1 after 64 days) were 

significantly greater for CLSM with bioleach waste (Figure 7.28) in comparison to CLSM 

with model waste (Section 6.7). These high values originate from mobile sulphur content of 
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P35/P70 and T, and ettringite and secondary gypsum formation. The release of sulphur 

species related to binder hydration products may be a cause of concern since arsenic is 

assumed to be fixated in the structure of ettringite. 

 

Figures 7.29-7.32 present the calculated cumulative concentrations (εn), derived from Section 

3.12.1, of the components listed in Figures 7.27 and 7.28. The dominant leaching mechanism 

of the components was determined from the slope of the linear regression (rc) through the 

data points (presented in Figures 7.29-7.32), following the conditions stated in Section 3.12.1, 

and have been summarised in Tables 7.7-7.9.  

 

The leaching of arsenic was governed by diffusion from PC-FA-T (Table 7.7), PC-FA-P35-

SS (Table 7.8) and PC-FA-P70-SS (Table 7.9). CLSM with bioleach waste and T, i.e. PC-

FA-P35-T (Table 7.8) and PC-FA-P70-T (Table 7.9), were observed to release arsenic 

through surface wash-off. Barium was governed by diffusion only from PC-FA-P35-T (Table 

7.8) and dominated by surface wash-off from the remaining CLSM. The release of calcium 

was diffusion-controlled from the matrix of PC-FA-P35-T (Table 7.8) and PC-FA-P70-SS 

(Table 7.9) and dominated by surface wash-off from the remaining CLSM. Sulphur was the 

only other element that was controlled by diffusion from PC-FA-T (Table 7.7), PC-FA-P35-T 

(Table 7.8) and PC-FA-P70-SS (Table 7.9). For all other elements, i.e. chromium, copper 

molybdenum and zinc, surface wash-off phenomena controlled their release to the 

environment. 

       

The components that suggested diffusion-release exhibited a low mobility and low rate of 

leaching as the pDe values (as defined in Section 3.12.1) were in excess, or very close, to 12.5 

(Tables 7.7-7.9). Furthermore, the quantity of these components leached per unit mass 

(Udif,64) and the percentage of depletion (UPdif,64) over 64 days in relation to the total available 

fraction (Uavail) have been presented in Tables 7.7-7.9.  

 

Arsenic was found to deplete at 26.7% for PC-FA-T (Table 7.7), 13.5% for PC-FA-P35-SS 

(Table 7.8) and 12.6% for PC-FA-P70-SS (Table 7.9). Although a higher percentage was 

calculated for PC-FA-T, the actual amount of arsenic released, i.e. 0.53 mg kg-1, was 

negligible in comparison to the amounts leached from PC-FA-P35-SS and PC-FA-P70-SS, 

i.e. 3.99 and 2.53 mg kg-1 respectively. Furthermore, even though low mobility and relatively 
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low depletion have been calculated, the cumulative amounts released after 64 days were 

significantly above the guideline value as shown in Figure 7.27.  

 

Barium was depleted at 4.5% from PC-FA-P35-T (Table 7.8), calcium at 9.3 and 6.0% for 

PC-FA-P35-T (Table 7.8) and PC-FA-P70-SS (Table 7.9), respectively, and sulphur at 9.0% 

from PC-FA-T (Table 7.7), 18.6% from PC-FA-P35-T (Table 7.8) and 11.6% from PC-FA-

P70-SS (Table 7.9). Apart from the slightly greater depletion of sulphur from CLSM with 

bioleach waste, low depletion percentages of these elements were assumed to be a result of 

the high pH of the CLSM matrices. The amounts of components leached after 64 days 

(Udif,64) and the total amount available for leaching (Uavail) were below the intervention values 

of the New Dutch List (Appendix II) for all components included in Tables 7.7-7.9. The 

upper limit of leaching (εT), derived from Appendix I, for components studied was also 

included in Tables 7.7-7.9.  

 

The acid neutralisation capacities (ANC) of the CLSM formulations studied in this chapter 

are presented in Table 7.6. PC-FA-T was found to have lower values in comparison to the 

conventional CLSM (Chapter 5) suggesting that replacing SS with T reduced the buffering 

capacity of the CLSM. The incorporation of bioleach waste in CLSM gave similar ANC to 

PC-FA-OMW-SS (Chapter 6) and the conventional CLSM (Chapter 5). There was a slight 

decrease in ANC for CLSM with bioleach waste with T as the bulk material, i.e. PC-FA-P35-

T and PC-FA-P70-T, suggesting less resistance to pH change.   

 

Table 7.6: Acid neutralisation capacity (ANC) of optimised CLSM with T and bioleach waste. 
 

Mix Acid Neutralisation Capacity (mol kg-1) 
pH 7 pH 4 

PC-FA-T 1.06 1.84 
PC-FA-P35-SS 1.54 2.25 
PC-FA-P35-T 1.22 2.16 
PC-FA-P70-SS 1.53 2.34 
PC-FA-P70-T 1.34 2.00 
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Table 7.7:  Parameters derived from diffusion leaching testing of the optimised CLSM with T over 64 days. 
 

Formulation Parameter Component        
As Ba Ca Cr Cu Mo S Zn 

PC-FA-T εT (mg m-2) 8.03 14.7 15,900 14.6 0.803 12.0 4,690 10.8 
 Uavail (mg kg-1) 2.01 44.5 36,100 2.39 43.0 1.27 3,450 3.31 
 Udif,64 (mg kg-1) 0.53 a a a a a 312 a

 De (m2 s-1) 3.99 x 10-13 a a a a a 7.99 x 10-14 a

 pDe 12.2 a a a a a 13.1 a

 UPdif,64 (%) 26.7 a a a a a 9.02 a

 rc 0.432 0.238 0.282 0.286 0.084 0.213 0.354 -0.097 
 Mechanism* DF SW SW SW SW SW DF SW 

                      *DF: diffusion; DS: dissolution; SW: surface wash-off. 
                                  a Cannot be estimated because diffusion leaching not established.  
                                  b Cannot be estimated because value(s) below detection limit of ICP-AES. 
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Table 7.8:  Parameters derived from diffusion leaching testing of the optimised CLSM with P35 over 64 days. 
 

Formulation Parameter Component        
As Ba Ca Cr Cu Mo S Zn 

PC-FA-P35-SS εT (mg m-2) 62.8 22.0 62,600 11.3 1.76 11.3 40,300 5.77 
 Uavail (mg kg-1) 29.7 28.9 76,200 2.40 5.47 1.53 26,000 1.25 
 Udif,64 (mg kg-1) 3.99 a a a a a a a

 De (m2 s-1) 1.81 x 10-13 a a a a a a a

 pDe 12.7 a a a a a a a

 UPdif,64 (%) 13.5 a a a a a a a

 rc 0.379 0.246 0.292 0.154 0.006 0.156 0.304 -0.350 
 Mechanism* DF SW SW SW SW SW DF SW 
PC-FA-P35-T εT (mg m-2) 42.8 19.9 82,400 11.7 2.75 7.09 44,300 3.84 
 Uavail (mg kg-1) 22.4 29.6 58,200 2.15 14.4 1.11 15,600 1.10 
 Udif,64 (mg kg-1) a 1.30 5,410 a a a 2,910 a

 De (m2 s-1) a 1.80 x 10-14 8.02 x 10-14 a a a 3.23 x 10-13 a

 pDe a 13.7 13.1 a a a 12.5 a

 UPdif,64 (%) a 4.50 9.3 a a a 18.6 a

 rc 0.246 0.422 0.376 0.022 0.217 0.219 0.415 0.035 
 Mechanism* SW DF DF SW SW SW DF SW 

  *DF: diffusion; DS: dissolution; SW: surface wash-off. 
    a Cannot be estimated because diffusion leaching not established.  
    b Cannot be estimated because value(s) below detection limit of ICP-AES. 
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Table 7.9:  Parameters derived from diffusion leaching testing of the optimised CLSM with P70 over 64 days. 
 

Formulation Parameter Component        
As Ba Ca Cr Cu Mo S Zn 

PC-FA-P70-SS εT (mg m-2) 39.8 21.5 68,400 23.0 3.13 13.4 43,600 6.24 
 Uavail (mg kg-1) 15.8 24.5 72,800 4.44 12.4 1.02 23,900 9.74 
 Udif,64 (mg kg-1) 2.53 a 4,350 a a a 2,770 a

 De (m2 s-1) 2.56 x 10-13 a 3.57 x 10-14 a a a 1.35 x 10-13 a

 pDe 12.6 a 13.4 a a a 12.9 a

 UPdif,64 (%) 16.0 a 6.00 a a a 11.6 a

 rc 0.466 0.279 0.349 0.207 0.133 0.195 0.346 -0.125 
 Mechanism* DF SW DF SW SW SW DF SW 
PC-FA-P70-T εT (mg m-2) 28.7 23.8 84,300 5.57 3.42 10.3 49,400 b

 Uavail (mg kg-1) 7.68 31.7 64,300 3.68 14.9 1.30 15,600 1.54 
 Udif,64 (mg kg-1) a a a a a a a a

 De (m2 s-1) a a a a a a a a

 pDe a a a a a a a a

 UPdif,64 (%) a a a a a a a a

 rc 0.163 0.317 0.289 0.081 0.158 0.046 0.314 b

 Mechanism* SW SW SW SW SW SW SW - 
  *DF: diffusion; DS: dissolution; SW: surface wash-off. 
    a Cannot be estimated because diffusion leaching not established.  
    b Cannot be estimated because value(s) below detection limit of ICP-AES. 
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Figure 7.29:  Calculated cumulative leaching of heavy metals from tank leach testing of optimised 
CLSM with T over 64 days. 
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Figure 7.30:  Calculated cumulative leaching of heavy metals from tank leach testing of optimised 
CLSM with P35 over 64 days. 
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Figure 7.31:  Calculated cumulative leaching of heavy metals from tank leach testing of optimised 
CLSM with P70 over 64 days. 
 

 

 

 

 

 



222 
 

0.1 1 10 100
100

1000

10000

100000

 PC-FA-T

rc = 0.282

C
a 

(m
g 

m
-2
)

Leaching Period (Days)  
0.1 1 10 100

100

1000

10000

100000

rc = 0.376

rc = 0.292

 PC-FA-P35-SS
 PC-FA-P35-T

C
a 

(m
g 

m
-2
)

Leaching Period (Days)  

0.1 1 10 100
100

1000

10000

100000

rc = 0.289

rc = 0.349

 PC-FA-P70-SS
 PC-FA-P70-T

C
a 

(m
g 

m
-2
)

Leaching Period (Days)  
0.1 1 10 100

1

10

100

1000

10000

 PC-FA-T

rc = 0.354

S 
(m

g 
m

-2
)

Leaching Period (Days)  

0.1 1 10 100
100

1000

10000

100000

rc = 0.415

rc = 0.304

 PC-FA-P35-SS
 PC-FA-P35-T

S 
(m

g 
m

-2
)

Leaching Period (Days)  
0.1 1 10 100

100

1000

10000

100000

rc = 0.314

rc = 0.346

 PC-FA-P70-SS
 PC-FA-P70-T

S 
(m

g 
m

-2
)

Leaching Period (Days)  
Figure 7.32:  Calculated cumulative leaching of Ca and S from tank leach testing of optimised CLSM 
with bioleach waste over 64 days. 
 

 

7.8 CONCLUSIONS 
 

In comparison to the conventional CLSM studied in Chapter 5, the incorporation of bioleach 

waste and tailings affected the properties of CLSM. Although P35 and P70 have been 

produced from mesophilic and thermophilic bioleaching (Section 3.4), there were no 

significant differences in their physical properties. P35 and P70 were similar to model waste 

(Chapter 6) with regards to their iron and calcium contents, small particle sizes and high fines 



223 
 

content. In addition, bioleach waste presented a significant environmental concern owing to 

elevated arsenic concentrations. Their acidic pH and high sulphur contents did not restrain the 

development of CLSM with sufficient integrity. In fact, CLSM with bioleach waste displayed 

the greatest UCS development out of all CLSM formulations evaluated in Chapters 5, 6 and 

7. However, the upper limit of 2 MPa was exceeded for PC-FA-P35-SS and PC-FA-P70-SS 

which raises concerns on their long-term excavatability. When SS was replaced with T the 

UCS development was within the desirable lower and upper limits and similar to CLSM with 

model waste (Chapter 6).      

 

The tailings were a good representation of typical fine-sized tailings (Section 2.3.2), and was 

comprised of trace amounts of hazardous components. The main features of T that dominated 

their effects on CLSM were the clay minerals, high fines and the sulphur contents. The high 

fines and clay minerals contents required increased water demands for workability control 

and attributed to the delayed setting of CLSM. Even though it is well known that the presence 

of sulphur species within cementitious materials can cause deterioration in the quality 

(Section 2.9.6), CLSM with T were observed to have a positive strength development within 

the desirable range.        

 

In comparison to the conventional CLSM (Chapter 5), the gypsum content of the bioleach 

waste and increased dilution of PC grains as a result of the greater water demand negatively 

affected the setting behaviour of freshly-mixed CLSM. All CLSM formulations with bioleach 

waste and tailings displayed a setting behaviour that was agreeable with the recommendations 

outlined in Section 2.8.8. Despite the retarding effect of bioleach waste and tailings on 

setting, the CLSM exhibited mechanical and physical properties analogous to values recorded 

in the literature (Section 2.8.8). Porosity values were greater in comparison to conventional 

CLSM and slightly lower than CLSM with model waste (Chapter 6). Hydraulic conductivity 

values were lower than conventional CLSM and similar to CLSM with model waste for 

CLSM with bioleach waste and SS as the bulk material. Both porosity and hydraulic 

conductivity were high for all CLSM formulations with bioleach waste and comparable to 

literature values. Overall, there were no significant differences between the mechanical and 

physical properties of CLSM with P35 and CLSM with P70.  

 

The micro-structure of the CLSM illustrated a porous structure as also the case for CLSM in 

Chapters 5 and 6. There was some indication that calcium-arsenic compounds were formed. 
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The alteration of the morphology of binder related hydration products may conclude that the 

immobilisation of components of bioleach waste (particularly arsenic) and tailings was 

dependent on binder hydration. This, however, is tentative and a more detailed investigation 

involving SEM-EDS is required to provide a clear identification of the phases present. The 

FA appeared to have favoured pozzolanic reactions contributing to C-S-H production. 

Despite the presence of secondary hydration products, i.e. gypsum and ettringite, no 

detrimental effects were visible for CLSM with T. Micro-cracks were visible in the micro-

structures of CLSM with bioleach waste and SS which may have negatively affected porosity 

and hydraulic conductivity. However, no macro-defects were noticed on the CLSM 

specimens when visually inspected. The highly porous and permeable nature of CLSM is 

assumed to allow for the presence of these expansive secondary hydration products.  

  

Notwithstanding the low percentage of waste used, leaching of hazardous components, 

particularly arsenic and chromium, was determined to be significant. Even though the release 

of arsenic was shown to be diffusion-controlled for most formulations, measured cumulative 

concentrations far exceeded the guideline value. The majority of components were governed 

by surface wash-off phenomena. The inability of the CLSM matrices to control leaching by 

diffusion did not provide the maximum control of contaminant leachability than can be 

achieved. Surface wash-off release suggests that a low-matrix solubility was not maintained. 

Furthermore, significant quantities of calcium and sulphur were released indicating the 

dissolution of hydration products. It may therefore be assumed that the release of hazardous 

components was controlled by the porous and permeable nature of CLSM and the low 

amounts of PC used. As concluded in Chapter 6, CLSM would not be suitable products to 

incorporate large amounts of waste material with significant quantities of hazardous 

components. Suitably lined/encapsulated containments, in principle, would be necessary for 

potential groundwork applications. The effect of encapsulating CLSM on environmental 

performance has been presented in Chapter 8.         
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8. EVALUATING LEACHABILITY OF 
ENCAPSULATED CLSM 

 
 

8.1 INTRODUCTION 
 

As concluded from Chapters 6 and 7, CLSM incorporating only 10 wt% of model and 

bioleach wastes, respectively, were not capable of immobilising certain hazardous 

components. CLSM with model waste leached significant quantities of barium, chromium, 

lead and zinc; and CLSM with bioleach waste leached significant quantities of arsenic and 

chromium. Moreover, the release of calcium and sulphur, the latter particularly from CLSM 

with bioleach waste and CLSM with JR, was also considerable which could promote the 

degradation of CLSM matrices and negate their long-term durability.  

 

Conventionally, leachability of hazardous species would be reduced by pre-treating the waste 

before mixing into a cement-based product to ensure species are in their most stable form 

(Conner, 1990). For instance, wastes containing arsenic or chromium could be oxidised and 

reduced, respectively, by various processing methods in order to favour As5+ over As3+ and 

Cr3+ over Cr6+ which are considerably more stable and less toxic (Section 2.9.4). These 

processes, however, increase the cost of waste re-use and would not be viable particularly if 

large amounts of waste need to be treated. Another obvious, albeit rather expensive, solution 

is to increase PC content which would almost guarantee immobilisation of toxic substances.  

 

This chapter presents an attempt to reduce the leachability of hazardous components by 

physically encapsulating CLSM containing waste with substantial amounts of hazardous 

components within a layer of CLSM which is, in principal, stable and inert. No pre-treatment 

operations or alterations to the PC content have been induced, and the encapsulated CLSM 
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(ECLSM) structure, as previously described in Section 3.8.3, would not be, in principle, 

particularly difficult or costly to construct. This is largely attributed to the liquid-like 

consistency of CLSM filling up hard-to-reach voids and requiring no compaction or levelling. 

Leachability has been evaluated by performing dynamic leaching tests according to 

procedures outlined in Section 3.12.1.    

 
 
8.2 ENCAPSULATED CLSM FORMULATIONS 
 

The dimensions and preparation of the encapsulated CLSM (ECLSM) have been previously 

given in Section 3.8.3. The evaluation of CLSM in Chapters 5-7 has pointed out that the 

conventional CLSM (Chapter 5) and CLSM with tailings (Chapter 7) were the two 

formulations with less leaching of components and have been chosen as the encapsulating 

CLSM matrices. These are denoted as EC (PC-FA-SS) and ET (PC-FA-T) in Table 8.1. Two 

sets of core dimensions were tested, i.e., core 1 (C1) with L:D of 68:26 mm and core 2 (C2) 

with L:D of 62:20 mm, as stated in Section 3.8.3. These core dimensions provided two 

thickness (t1 and t2) values for the encapsulating material, i.e., t1=8 mm and t2=11 mm. The 

combinations of encapsulating CLSM and core CLSM have been presented in Table 8.1. 

 
Table 8.1:  Formulations and abbreviations of encapsulated CLSM mixtures. 

 
Encapsulating  
matrix 

Core  
dimension Core CLSM Abbreviation 

EC  C1 PC-FA-OMW-SS EC-C1-OMW 
EC  C2 PC-FA-OMW-SS EC-C2-OMW 
ET  C1 PC-FA-OMW-SS ET-C1-OMW 
ET  C2 PC-FA-OMW-SS ET-C2-OMW 
EC  C1 PC/L-FA-JR-SS EC-C1-JR 
EC  C2 PC/L-FA-JR-SS EC-C2-JR 
ET  C1 PC/L-FA-JR-SS ET-C1-JR 
ET  C2 PC/L-FA-JR-SS ET-C2-JR 
EC  C1 PC-FA-P35-SS EC-C1-P35-SS 
EC  C2 PC-FA-P35-SS EC-C2-P35-SS 
ET  C1 PC-FA-P35-SS ET-C1-P35-SS 
ET  C2 PC-FA-P35-SS ET-C2-P35-SS 
EC  C1 PC-FA-P35-T EC-C1-P35-T 
EC  C2 PC-FA-P35-T EC-C2-P35-T 
ET  C1 PC-FA-P35-T ET-C1-P35-T 
ET  C2 PC-FA-P35-T ET-C2-P35-T 
EC  C1 PC-FA-P70-SS EC-C1-P70-SS 
EC  C2 PC-FA-P70-SS EC-C2-P70-SS 
ET  C1 PC-FA-P70-SS ET-C1-P70-SS 
ET  C2 PC-FA-P70-SS ET-C2-P70-SS 
EC  C1 PC-FA-P70-T EC-C1-P70-T 
EC  C2 PC-FA-P70-T EC-C2-P70-T 
ET  C1 PC-FA-P70-T ET-C1-P70-T 
ET  C2 PC-FA-P70-T ET-C2-P70-T 
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8.3 LEACHABILITY EVALUATION 
 

The leachability of encapsulated CLSM specimens presented in Table 8.1 has been reported 

in a similar manner to Chapters 5-7. However, the calculated cumulative release of 

components in mg m-2 (εn), upper limit to leaching (εT), total amounts available for leaching 

(Uavail), diffusion characteristics (i.e. diffusion coefficients, depletion percentage) and 

leaching mechanisms could not be determined for ECLSM. This is because the tank test 

method (Section 3.12.1) assumes the monolith under investigation is a single formulation of 

components and not a composite. Therefore, leachability of ECLSM has been evaluated on 

the basis of measured concentrations of components in the leachants in mg l-1.  

  

8.3.1 Encapsulated CLSM with model waste 
 

Tables 8.2 and 8.3 show that ECLSM with model waste significantly altered the initial pH of 

the leachant and displayed an alkaline nature throughout the test period. Overall, the pH 

range was found to be slightly less in comparison to testing the CLSM cores (Chapter 6) and 

encapsulating CLSM (Chapters 5 and 7). ELCSM with cores containing JR gave slightly 

greater pH values than ECLSM with cores containing OMW. There was no significant 

difference in pH on varying the encapsulating matrix (EC and ET) and core diameter (C1 and 

C2) of each ECLSM.  

  

Electrical conductivity (EC) values were greater than the corresponding core and 

encapsulating CLSM formulations, and seemed to be slightly affected by varying the 

encapsulating matrix and core dimensions. For instance, EC slightly increased with larger 

core (C1) and thinner EC and ET for ECLSM with OMW (Table 8.2). This was expected as a 

higher EC indicates larger amounts of ionic species being leached from a larger core with the 

thinner encapsulating layer having less contribution to immobilisation. However, this was not 

always obvious for ELCMS with JR as in some cases EC was lower from specimens with 

larger cores (Table 8.3). This should not be the case and is presumed to be attributed to 

experimental error. Overall, there was no significant difference between EC of the two 

ECLSM formulations.     
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Table 8.2:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with OMW at 
replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-OMW EC-C2-OMW ET-C1-OMW ET-C2-OMW 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 9.95 420 10.1 284 10.2 365 10.2 284 
2 10.2 703 10.3 587 10.5 507 10.6 435 
3 10.4 752 10.7 608 10.4 485 10.4 445 
4 10.1 720 10.3 620 10.3 570 10.3 560 
5 10.8 990 10.9 889 10.5 795 10.6 760 
6 10.5 904 10.7 834 10.9 712 10.9 662 
7 10.6 1025 10.8 1005 10.6 782 10.8 745 
8 10.8 829 10.9 835 10.8 632 10.9 595 

 

Table 8.3:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with JR at 
replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-JR EC-C2-JR ET-C1-JR ET-C2-JR 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 10.1 384 10.2 407 10.1 313 10.0 275 
2 10.7 580 10.7 632 10.6 440 10.6 455 
3 10.6 597 10.6 530 10.6 507 10.6 462 
4 10.4 679 10.5 653 10.5 551 10.5 570 
5 10.7 960 10.8 974 10.8 785 10.8 814 
6 10.9 850 11.0 838 11.0 722 11.0 720 
7 11.0 1080 11.1 1000 11.1 913 11.1 828 
8 11.1 896 11.1 850 11.1 774 11.1 694 

 

Figure 8.1 presents the measured cumulative concentrations of heavy metals leached from 

ECLSM with OMW and have been compared against the leached amounts from the cores 

(Chapter 6) and the CLSM representing the encapsulating matrix (Chapters 5 and 7) to 

determine the effect of encapsulation on leachability. The particular components have been 

chosen because one or more of the plots exceeded the intervention value of the New Dutch 

List (horizontal line) listed in Appendix II. Barium was inadequately immobilised in EC-C1-

OMW and EC-C2-OMW mainly because of the excessive amounts leachable from the 

encapsulating layer (EC). However, the encapsulating layer of ET-C1-OMW and ET-C2-OMW 

suggested satisfactory immobilisation of barium. Excessive leaching of chromium from both 

the encapsulating (PC-FA-SS and PC-FA-T) and core (PC-FA-OMW-SS) CLSM did not 

make it possible to immobilise chromium from either ECLSM presented in Figure 8.1.            
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Figure 8.1:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with 
OMW over 64 days. 
 

Similarly to ECLSM with OMW (Figure 8.1), Figure 8.2 shows that ECLSM with JR were 

also ineffective in immobilising barium (apart from ECLSM with encapsulating layer of ET) 

and chromium. However, the leachability of zinc was significantly reduced from both 

ECLSM to levels far below the guideline value. A plot for the leaching of lead was not 

included as it was not detectable in any of the ECLSM. Although lead and zinc were 

significantly leached from PC/L-FA-JR-SS, it has been proven that they were effectively 

fixated within the ECLSM. Suggested explanations for this behaviour are the adsorption of 

lead and zinc on PC hydration products and/or precipitation of stable hydroxides in the 

encapsulating CLSM layer, and physical immobilisation owing to the lower hydraulic 

conductivity and porosity of the encapsulating matrix acting as a mechanical barrier to the 

release of components (Stegemann, 2004). The dimensions of the cores and encapsulating 

layer did not seem to significantly influence the leachability of barium and zinc, but a thinner 

encapsulating layer seemed to have increased leachability of chromium.     
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Figure 8.2:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with JR 
over 64 days. 
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Figures 8.3 and 8.4 show the measured cumulative release of calcium and sulphur from 

ECSLM with OMW and JR, respectively. Encapsulation only slightly decreased the release 

of calcium from ECLSM with OMW (Figure 8.3), but was particularly effective in reducing 

their release from ECLSM with JR (Figure 8.4) despite greater leaching of calcium and 

sulphur from PC/L-FA-JR-SS. A possible explanation could be that the high concentration of 

calcium leached into the less permeable encapsulating CLSM from the core reacted with lead 

and zinc leached from the core to form stable precipitates. Furthermore, leachable sulphur 

contents are suggested to have further interacted with the calcium content and binder 

hydration products to produce secondary products such as gypsum and ettringite. As a result, 

calcium, sulphur, lead and zinc levels leached into the leachant were reduced. The 

dimensions of the cores and encapsulating layer did not significantly influence the 

leachability of calcium and sulphur.     
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Figure 8.3:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with OMW 
over 64 days. 
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Figure 8.4:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with JR 
over 64 days. 
 

8.3.2 Encapsulated CLSM with bioleach waste 
 
Tables 8.4-8.7 show that ECLSM with P35 and P70 significantly altered the initial pH of the 

leachant and displayed an alkaline nature throughout the test period. Overall, pH values were 

slightly less in comparison to testing the CLSM cores (Chapter 7) and encapsulating CLSM 

(Chapters 5 and 7). Decreasing the core diameter (increasing encapsulating matrix thickness) 

resulted in a slight increase in pH for all ECLSM. There was no significant difference in pH 

on varying the encapsulating matrix (EC and ET).    

 

Electrical conductivity values were greater than the corresponding core and encapsulating 

CLSM formulations. The larger cores (C1) gave notably larger EC values for all ECLSM 

formulations presented in Tables 8.4-8.7, irrespective of the type of encapsulating matrix. 

This was expected as a higher EC indicates larger amounts of ionic species being leached 

from a larger core with the thinner encapsulating layer having less contribution to 

immobilisation. Overall, replacing SS with T for both ECLSM with P35 and P70 showed a 
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slight reduction in EC. Furthermore, there was no conclusive difference between EC values 

of ECLSM with P35 and P70.  

     

Table 8.4:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with P35 and SS 
at replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-P35-SS EC-C2-P35-SS ET-C1-P35-SS ET-C2-P35-SS 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 9.78 292 9.91 179 9.89 273 9.94 230 
2 10.5 649 10.6 530 10.6 633 10.7 535 
3 10.7 736 10.7 538 10.6 612 10.7 518 
4 10.3 720 10.4 561 10.4 612 10.5 522 
5 10.6 1020 10.7 846 10.6 842 10.7 720 
6 10.5 919 10.6 779 10.6 721 10.7 627 
7 10.6 1000 10.8 890 10.8 795 10.9 751 
8 10.8 771 10.9 661 10.7 654 10.9 740 

 

Table 8.5:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with P35 and T 
at replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-P35-T EC-C2-P35-T ET-C1-P35-T ET-C2-P35-T 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 9.53 215 9.64 186 9.68 297 9.87 198 
2 9.90 437 10.1 357 10.2 508 10.3 451 
3 10.1 481 10.2 389 10.3 592 10.5 445 
4 10.3 569 10.4 435 10.5 630 10.6 500 
5 10.3 815 10.5 654 10.6 840 10.7 703 
6 10.4 760 10.5 628 10.6 779 10.8 589 
7 11.0 911 11.0 810 10.9 880 11.1 758 
8 10.9 653 11.0 615 10.6 654 10.9 627 

 

Table 8.6:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with P70 and SS 
at replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-P70-SS EC-C2-P70-SS ET-C1-P70-SS ET-C2-P70-SS 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 9.56 339 9.88 179 10.0 360 10.1 312 
2 10.4 604 10.5 395 10.5 630 10.6 501 
3 10.5 634 10.6 454 10.6 598 10.6 500 
4 10.0 670 10.2 450 10.3 680 10.4 520 
5 10.3 1020 10.6 676 10.7 976 10.8 719 
6 10.4 889 10.7 619 10.7 868 10.9 660 
7 10.8 1000 11.0 771 10.9 912 11.1 708 
8 10.7 770 10.9 598 10.7 728 11.0 619 
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Table 8.7:  pH and electrical conductivity (EC) of eluates from encapsulated CLSM with P70 and T 
at replenishment periods 1-8 during diffusion leach test. 

 

Period 
EC-C1-P70-T EC-C2-P70-T ET-C1-P70-T ET-C2-P70-T 

pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  pH EC  
(µS cm-1)  pH EC  

(µS cm-1)  
1 9.52 264 9.78 138 9.73 362 10.0 206 
2 10.2 471 10.3 361 10.3 491 10.4 382 
3 10.3 544 10.5 352 10.5 540 10.6 418 
4 10.6 543 10.7 420 10.6 586 10.8 477 
5 10.7 857 10.8 664 10.8 863 10.9 719 
6 10.8 793 10.9 660 10.9 786 11.0 650 
7 11.0 989 11.1 821 10.9 875 11.1 773 
8 11.0 745 11.1 624 10.8 646 11.0 649 

 

Figure 8.5 presents the measured cumulative concentrations of heavy metals leached from 

ECLSM with P35 and SS. In comparison to the leaching of the cores (PC-FA-P35-SS), 

encapsulation markedly reduced arsenic leachability although still above the guideline value 

(horizontal line) in some cases, i.e. EC-C1-P35-SS and ET-C2-P35-SS. Both encapsulating 

materials showed favourable immobilisation environments. Barium was not successfully 

immobilised from ECLSM with EC even though potential leaching from the core was below 

the guideline value. This was attributed to the excessive leachable barium from EC. However, 

barium was immobilised to acceptable levels when the core was encapsulated with ET 

presumably because of the lower hydraulic conductivity of ET providing a mechanical barrier 

to the release of barium. This could also explain the obvious reduction in chromium 

concentrations observed with ET-C1-P35-SS and ET-C2-P35-SS despite being ineffectively 

immobilised. Overall, effects on varying core and encapsulating thickness dimensions were 

noticeable from the slightly increased release of arsenic and chromium from EC-C1-P35-SS 

with the larger core (C1). Furthermore, the greater leachability of barium from EC was 

reflected by EC-C2-P35-SS which contained a smaller core and thicker encapsulating layer. 
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Figure 8.5:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with 
P35 and SS over 64 days. 
 

 

 

 

 



236 
 

Figure 8.6 shows that encapsulation markedly affected the leachability of calcium and 

sulphur for all ECLSM with P35 and SS. Both encapsulating CLSM (EC and ET) gave very 

similar release of calcium. The release of sulphur was minimised to levels resembling the 

encapsulating CLSM. As discussed for ECLSM with model waste (Section 8.3.1), the 

decrease in leachability of these components may be attributed to physical encapsulation or 

interaction with PC hydration products in the encapsulating CLSM. There was a slight 

increase in amounts of calcium and sulphur leached from ECLSM containing the larger cores 

and thinner encapsulating layer. In most cases, however, the difference was within the 

standard deviation suggesting effects were not conclusive and negligible.      
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Figure 8.6:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with P35 
and SS over 64 days. 
 

According to Figure 8.7, encapsulation also markedly reduced arsenic leachability although 

ELCSM with EC as the encapsulating layer leached arsenic to levels approximately twice as 

much as the acceptable limit (horizontal line), particularly from EC-C1-P35-T with the thinner 

encapsulating layer and larger core. Leachability of barium was also successfully controlled 

to acceptable levels, the only exception being EC-C2-P35-T. It was once again not possible to 
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immobilise chromium with the EC matrix, but was clearly controlled when replaced for ET 

presumably owing to its lower hydraulic conductivity. In comparison to ECLSM with P35 

and SS (Figure 8.5), there was a noticeable reduction in the overall leachability of 

components with the replacement of SS with T in ECLSM with P35 and T.        
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Figure 8.7:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with 
P35 and T over 64 days. 
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Figure 8.8 shows ECLSM with P35 and T also resulted in significantly less calcium and 

sulphur release comparable to release from ECLSM with P35 and SS (Figure 8.6). There 

were no significant differences noticeable on changing the dimensions of the cores and 

encapsulating layers.   
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Figure 8.8:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with P35 
and T over 64 days. 
 

According to Figure 8.9 the leachability of components from ECLSM with P70 and SS was 

very similar to ECLSM with P35 and SS (Figure 8.5). Arsenic was significantly reduced with 

no further increase in concentrations after 9 days of testing. Encapsulation with ET kept 

barium levels below the guideline value (horizontal line) whereas although encapsulation 

with EC reduced leachability it was not particularly effective for EC-C1-P70-SS. 

Encapsulation with ET was also favourable for the control of chromium release but 

encapsulation with EC had a very limited effect. Encapsulation was also determined to 

notably reduce the leachability of calcium and sulphur from ECLSM with P70 and SS (Figure 

8.10) to levels that were comparable to ECLSM with P35 and SS (Figure 8.6).  
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Figure 8.9:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with 
P70 and SS over 64 days. 
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Figure 8.10:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with P70 
and SS over 64 days. 
 

Figure 8.11 shows that the leachability of components from ECLSM with P70 and T was 

very similar to ECLSM with P35 and T (Figure 8.7). Arsenic was significantly reduced and 

maintained at levels below the acceptable limit (horizontal line) throughout the entire testing 

period for all ECLSM formulations. Encapsulation with ET kept barium below the guideline 

value whereas encapsulation with EC was only capable of minimising barium release from 

EC-C1-P70-T. Encapsulation with ET was also favourable for the control of chromium release 

but encapsulation with EC had a very limited effect. Encapsulation was also determined to 

notably reduce the leachability of calcium and sulphur from ECLSM with P70 and T (Figure 

8.12) to levels that were comparable to ECLSM with P35 and T (Figure 8.8). In comparison 

to ECLSM with P70 and SS (Figure 8.9), there was a noticeable reduction in the overall 

leachability of heavy metals with the replacement of SS with T in ECLSM with P70 and T.         
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Figure 8.11:  Cumulative leaching of heavy metals from tank leach test of encapsulated CLSM with 
P70 and T over 64 days. 
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Figure 8.12:  Cumulative leaching of Ca and S from tank leach test of encapsulated CLSM with P70 
and T over 64 days. 
 

 

8.4 CONCLUSIONS 
 

Barium leached above the guideline value in all ECLSM with EC due to excessive leaching of 

barium from this encapsulating material. ET, however, successfully reduced barium release to 

acceptable levels in all ECLSM formulations. Encapsulation had a limited effect on 

chromium leachability as it was in excess of the guideline limit for the majority of ECLSM 

formulations. This is assumed to be because of excessive leaching from encapsulating CLSM 

and possibly because chromium was present in its unstable Cr6+ phase. However, this is 

tentative and further investigation is required. Encapsulation had an excellent impact on 

immobilising lead and zinc from ECLSM with JR waste. Arsenic leachability was markedly 

reduced in ECLSM with bioleach waste, in particular with ET coating and cores incorporating 

T rather than SS as the bulk material. In most cases, however, arsenic was still at levels above 

the guideline value. Calcium and sulphur release was minimised in all ECLSM and levels 
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resembled the release from the encapsulating matrices. There were no significant differences 

in the leaching behaviour of ELCSM with P35 and P70. 

 

Changing the dimensions of ECLSM cores did not significantly affect leachability. This 

suggests that the dimensions chosen were not sensitive enough to determine effects on 

leachability. However, it was obvious that the encapsulating CLSM coating markedly 

affected leachability. In all cases ET was more effective than EC in reducing the release of 

components. This is believed to be attributed to the lower hydraulic conductivity of ET acting 

as a mechanical barrier to the release of components. It is concluded that physical 

encapsulation plays a very important role in immobilising contaminants within cement-based 

solidified waste forms.  

 

Overall, encapsulation reduced the leachability of components from all ECLSM formulations, 

but concentrations of certain contaminants remained above the guideline levels. Although 

results thus far indicate that encapsulated structures may be potentially suitable, in principle, 

for sub-surface application, when placed in the ground additional lining systems would be 

necessary to further reduce leaching of contaminants. The other viable option would be to 

pre-treat the waste to minimise their toxicity before producing CLSM. There is considerable 

room for improving the integrity of encapsulated CLSM to minimise the need of secondary 

lining systems and waste pre-treatment. Recommendations to further progress the work have 

been made in Chapter 9.     
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9. DISCUSSION AND CONCLUSIONS 
 
 

   

9.1 DISCUSSION 
 

9.1.1 General 
 

Although it is common practice in the mining industry to indefinitely retain hazardous mine 

waste materials in large tailings dams, efforts are been made to introduce and encourage 

sustainable waste re-use schemes that diverge from the conventional habit of dumping and 

storing. The majority of this work is currently research-based with only a minimal amount of 

technologies achieving industrial-scale application. The main driver behind the quest for 

sustainable novel alternatives is the implementation of the stringent European Mine Waste 

Directive which mine operators are obligated to abide or otherwise endure significant fines if 

breached. The demanding requirements for ensuring safe and environmentally friendly waste 

management facilities, particularly tailings dams, escalates costs and further emphasises the 

necessity for looking into more sustainable, and cheaper, solutions.      

 

Solid wastes from minerals bioleaching may contain significant quantities of hazardous 

components and may potentially pose a threat to the environment and human health. The 

research presented in this thesis substantiated the need for, and potential of, sustainable novel 

alternative technologies such as controlled low-strength materials (CLSM) to augment future 

waste management in the mining industry via safe emplacement of solid bioleach waste in the 

sub-surface.  
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9.1.2 Comparison of backfill methodologies 
  

Backfilling methods are becoming increasingly perceived as sustainable, environmentally 

friendly and cost effective technologies. Table 9.1 summarises the main backfilling methods 

available in the mining industry and their differences with regard to main properties and 

characteristics. CLSM is included as an additional alternative adopted from the construction 

industry but to date has not been tested at a mine. It is clear that the backfill technologies all 

exhibit roughly similar mechanical and permeation properties. However, waste pre-treatment 

requirements, binder content, consistency and economics associated with each technology 

makes CLSM a practical and competitive alternative. In addition, upper UCS limit of ca. 2 

MPa create a CLSM that is excavatable in the future if necessary. 

 

Paste backfill is becoming increasingly favourable in the mining industry. Many modern 

mining operations incorporate this technique in their waste management strategy. Despite 

extensive research, there are several drawbacks to this methodology mainly associated with 

expensive tailings de-dewatering systems and expensive paste pumping systems. 

Furthermore, there are considerable uncertainties in the comprehension of their 

environmental behaviour. Given the concentrated nature of the tailings used in paste backfill 

and, in the majority of cases, very high sulphur contents (even up to ca. 45%), it is suggested 

the leachability of paste backfill materials would be significant. The relatively high hydraulic 

conductivity and porosity, despite their dense and stiff consistency, further indicates the 

potential for leaching of hazardous components.     

 

CLSM evaluated in this thesis incorporated waste precipitates that contained significant 

amounts of hazardous components. Conventionally, inert mineral wastes are usually added to 

CLSM produced in the construction industry. Although hazardous components were found to 

be leachable in certain CLSM, the application of bioleach waste precipitates and tailings was 

essentially novel in terms of re-using the particular waste steam and adopting the technology 

from the construction industry to fit the needs of the mining industry. Waste precipitates have 

not been previously assessed in any other form of backfill technology. Furthermore, 

encapsulated CLSM systems have not been previously considered and provide a novel type 

of backfill structure to immobilise hazardous components. Encapsulation was found to 

significantly reduce the leachability of certain metals which is indicative of a promising 

technology.  
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Table 9.1:  Summary of main properties and comparison of waste re-use backfill technologies. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Property Hydraulic backfill Paste backfill Controlled low-strength material 

Waste pre-treatment De-watering, slimes removal Intensive de-watering Simple de-watering 

Waste particle size µm-mm 15 wt% < 20 µm µm-mm 

Binder content 0-16 wt% PC 3-7 wt% PC 5-10 wt% PC 

10-15 wt% FA 

Water/cement ratio 0.8-1  1-8  3-11 

Consistency Slurry, 65-70 wt% solids Stiff paste, 75-85 wt% solids ‘Liquid’, 75-90 wt% solids 

Product UCS: 0-7 MPa 

Φ: ca. 40% 

K: 10-7-10-4 m s-1 

UCS: 0.7-2 MPa 

Φ: ca. 40% 

K: 10-6-10-5 m s-1 

UCS: 0.5-2 MPa  

Φ: ca. 40% 

K: 10-7-10-6 m s-1 

Application Void filling behind barrier, rockfill 

cementing 

Void filling, structural support Replacement of compacted fill 

(construction industry) 

Economics Superficially cheap but needs 

slimes management  

Apparently costly pumping 

system but increasingly used  

Apparently competitive but un-tested in 

mines 
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9.1.3 Management strategy of bioleach waste in the mining industry 
 

A single type of technology is not likely to effectively manage the huge amounts of solid 

waste produced at mines. An intergraded approach would be necessary, combining a range of 

methodologies with different end-product uses and applicable to the different types of waste 

streams. Figure 9.1 outlines a hypothetical scheme of various waste management strategies 

that could be employed at mines and relevant to a generic range of bioleach waste. A 

proportion of bioleach tailings may be applicable to produce artificial topsoil or combined 

with sludge from the water industry to produce soil amendment additives. Another proportion 

of bioleach tailings may be used as paste backfill which would be a valuable material to fill 

mining voids, ensure the stability of underground mine openings and in maximising the safe 

recovery of ore. The majority of bioleach precipitates and remaining proportion of tailings 

could be re-used as CLSM in encapsulated structures that are sufficiently stable and 

containable beneath open amenities and light construction. The combination of these waste 

management scenarios would allow a decrease in the amount of surplus material to be 

managed by tailings dams, with an ultimate target of completely eradicating the need to store 

waste material on the mine surface. Surplus water from de-watering stages may be recycled 

back to ore processing offering an additional environmental benefit.      

 

 
Figure 9.1:  Hypothetical scheme for the management of bioleach waste in the mining industry. 
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9.1.4 Comparison of CLSM properties 
 

This section compares and discusses the main properties of the CLSM formulations evaluated 

in Chapters 5-8. The addition of waste to the conventional CLSM mix, i.e. PC-FA-SS, clearly 

affected all properties. In order to maintain constant workability (229 ± 10 mm) for all mix 

designs the addition of different types of wastes required different water contents. This is 

illustrated in Figure 9.2, and in comparison to PC-FA-SS, the addition of waste resulted in an 

increase of water content ranging from 1.2-9.0 wt%. It can be seen that the formulations 

containing the greatest amount of finely-sized materials, i.e. PC/L-FA-JR-SS, PC-FA-T, PC-

FA-P35-T and PC-FA-P70-T, had the largest water demand.       
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Figure 9.2:  Water content of CLSM formulations. 

 

The addition of waste, in the majority of mix designs, caused a delay in initial and final 

setting times. Mix PC-FA-OMW-SS was the only exception, where the addition of OMW 

exhibited the fastest setting behaviour of all CLSM formulations (Figure 9.3). Mix PC/L-FA-

JR-SS had the greatest initial (470 ± 7 mins) and final (900 ± 5 mins) setting times. The 

addition of T to CLSM with bioleach waste, i.e. PC-FA-P35-T and PC-FA-P70-T, further 

delayed setting behaviour in comparison to PC-FA-P35-SS and PC-FA-P70-SS by ca. 315 

mins (initial) and 431 mins (final) for CLSM with P35, and by ca. 364 mins (initial) and 486 

mins (final) for CLSM with P70. In general, it may be concluded that the greater the water 
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content of a mix (Figure 9.2) the greater the setting time (Figure 9.3). This is assumed to be 

largely a result of the dilution of binders. 
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Figure 9.3:  Settings times of CLSM formulations. 
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Figure 9.4:  UCS development of CLSM formulations. 

 

Strength development requirements were largely met by all CLSM formulations evaluated, 

even up to 90 days of curing (Figure 9.4). However, in the case of PC-FA-P35-SS and PC-

FA-P70-SS UCS exceeded the recommended upper limit of 2 MPa for excavatable CLSM by 
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ca. 1.4 MPa and ca. 0.9 MPa, respectively, after 90 days of testing. The combination of 

bioleach precipitates, i.e. P35 and P70, with T maintained strength development within the 

upper boundary. CLSM with model wastes, i.e. PC-FA-OMW-SS and PC/L-FA-JR-SS, gave 

lower 28-day UCS values of 1.22 MPa and 0.91 MPa, respectively. Overall, maximum 

strength achieved by a particular mix was directly related to water content (Figure 9.2) and 

indirectly related to setting time (Figure 9.3) for CLSM with bioleach waste. For instance, 

PC-FA-P35-SS and PC-FA-P70-SS had the greatest strength, faster setting behaviour and 

lower water content in relation to other CLSM with wastes.      

 

The porosity evolution of CLSM formulations (Figure 9.5) was indirectly related to strength 

development (Figure 9.4). When comparing these two figures, it is clear that mix designs 

with higher UCS (particularly PC-FA-P35-SS and PC-FA-P70-SS) gave the lowest porosity 

values and vice versa, e.g. PC/L-FA-JR-SS. The addition of waste material resulted in greater 

porosity values in comparison to the conventional CLSM (PC-FA-SS) mainly because of 

higher water demand of CLSM with finely-sized waste material (Figure 9.2). PC-FA-P35-SS 

and PC-FA-P70-SS were an exception to this general trend as they were found to have the 

lowest porosity mainly due to high strength development. CLSM formulations with high 

porosity also exhibited delayed setting behaviour, particularly PC/L-FA-JR-SS (Figure 9.3). 

Even though Figure 9.5 shows some variation in porosity values, this variation was only of 

the order of 13% and values recorded are still regarded as high. 
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Figure 9.5:  Porosity evolution of CLSM formulations. 
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Hydraulic conductivity evolution presented in Figure 9.6 shows that the addition of waste, in 

comparison to the CLSM with no waste (PC-FA-SS), markedly reduced hydraulic 

conductivity from ca. 28 x 10-7 m s-1 to ca. 5 x 10-7 m s-1 at 7 days, and from ca. 10 x 10-7 m s-

1 to ca. 5 x 10-8 m s-1 at 90 days. This was mainly attributed to fine waste materials being 

weakly bonded to a low-cement matrix creating a ‘silting effect’. There were no significant 

differences between CLSM with model waste and CLSM with bioleach waste. A slight 

decrease in values was noticed for CLSM with tailings and bioleach waste, i.e. PC-FA-T, PC-

FA-P35-T and PC-FA-P70-T, mainly due to higher proportions of fine-sized materials. There 

was no direct relationship between hydraulic conductivity, porosity (Figure 9.5) and UCS 

(Figure 9.4). For instance, in comparison to the conventional mix (PC-FA-SS), CLSM with 

waste gave lower K values but greater porosity. This may suggest a lack of interconnectivity 

of successive pores. Apart from PC-FA-SS, hydraulic conductivity values did not 

significantly differ for the remaining formulations presented in Figure 9.6 and are still 

considered high in comparison to analogous materials such as concrete. 
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Figure 9.6:  Hydraulic conductivity evolution of CLSM formulations. 

 

Micro-structural and mineralogical investigations were qualitative and cannot be compared 

with other properties. All CLSM showed evidence of binder hydration products in both SEM 

and XRD analyses. The micro-structure of CLSM generally was regarded as porous as large 

voids were noticeable which may explain the high porosity and hydraulic conductivity values 

recorded.  
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Figure 9.7:  Concentration of leached components after 64 days testing of encapsulated CLSM 
formulations. 
 

Figure 9.7 shows the effects of encapsulating CLSM containing model and bioleach waste. It 

can be clearly seen that encapsulation reduced the leachability of components after 64 days of 

testing. Arsenic was not a particular problem for CLSM with model waste, but CLSM with 

bioleach waste leached significant amounts of arsenic, even up to ca. 20 times in excess of 

the intervention value (solid line). Encapsulating CLSM cores with bioleach waste with 

CLSM of a less hazardous nature markedly reduced arsenic release even though in some 

cases still above the intervention value. Barium was the only component that seemed to be 

less affected by encapsulation. This is believed to be because of the initially high barium 

contents in the encapsulating CLSM, particularly EC, originating from the fly ash used. 
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Nevertheless, encapsulation with ET clearly reduced the release of barium for CLSM with 

model waste. Similarly, ET was the most effective encapsulating matrix for controlling the 

release of chromium, particularly from PC-FA-P35-SS and PC-FA-P70-SS cores. 

Encapsulation markedly immobilised zinc from PC/L-FA-JR-SS cores to levels that were 

barely detectable. Encapsulation also immobilised lead from PC/L-FA-JR-SS cores.   

 

Calcium leachability was significantly reduced (up to ca. 40%) by both encapsulating 

matrices (EC and ET) and combination of core dimensions (C1 and C2). Sulphur was also 

significantly reduced, particularly with the encapsulating matrix EC. ET was found to release 

slightly greater amounts of sulphur because of the higher sulphur content of the tailings. The 

significant reduction in calcium and sulphur release is fundamental to the durability and 

immobilisation potential of hazardous components as they are the main components required 

for the formation of binder hydration products.  

 

 

9.2 CONCLUSIONS 
 

This thesis has focused on developing optimised formulations of CLSM incorporating model 

and bioleach waste which met 28-day lower and upper strength criteria and studying their 

major properties. The literature search established the need for the development of 

sustainable technologies for the management of mine waste and gave rise to a working 

hypothesis which consequently developed the project objectives (Section 1.3). The work 

carried out subsequently showed the hypothesis to be essentially sound and the objectives to 

have been largely met. Certain semi-quantitative and qualitative interpretations were 

concluded. With regard to specific objectives (Section 1.3) the following conclusions can be 

made: 

 

 Bioleach waste, regardless of the ore processed, may be generically classified into two 

groups: 1) neutralisation precipitates largely composed of iron and calcium 

compounds and may be associated with hazardous components; and 2) bioleach 

residues (tailings) that are largely inert gangue minerals. The model and bioleach 

wastes chosen were a good representation of the first category of waste products. The 

two were found to be similar with regard to their fine particle size, significant iron and 

calcium contents and significant levels of hazardous components which could pose 
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significant risk to human health and environmental pollution. OMW and JR were 

model wastes with low and high levels of hazardous components, respectively, 

providing a broad representation of waste materials. Although the bioleach waste, P35 

and P70, were derived under different bioleaching conditions there were minor 

differences in their properties and consequently CLSM incorporating these materials 

showed very little variation in their properties. As thermophilic bioleaching is more 

expensive but in general produces a higher yield of metal the fact that the by-product, 

P70, had no significant difference to P35 from more conventional mesophilic 

bioleaching does not add further concern to the use of thermophilic processing. The 

tailings were a good representation of the second category of waste products as the 

majority of constituents were gangue minerals.  

 

 The statistics-based mixture design and response surface analysis methodologies 

offered a valuable tool to develop CLSM formulations with a minimal amount of 

experiments that met lower and upper 28-day strength limits while minimising 

Portland cement and maximising waste contents making them economically 

favourable. Predicted UCS was in good agreement with experimental values. 

Synergetic and antagonistic interactions between components, both individually and 

in binary and ternary combinations, were provided to assess their effect on the 

response, i.e. UCS. As expected, Portland cement had the greatest synergic influence 

on strength, followed by fly ash. No significant blending interactions of components 

were distinguishable with individual components having greater influence on UCS. 

 
 The properties were measured effectively in order to characterise raw materials and 

CLSM formulations. In comparison to the conventional CLSM formulation, the 

addition of waste significantly altered all properties of CLSM despite only 10 wt% 

used. This was mainly attributed to their fine particle size and heavy metals content. 

The addition of waste to CLSM in most cases significantly delayed setting behaviour. 

Porosity was found to be inversely proportional to UCS which was consistent with 

crystallisation of binder hydration products, but this was not always the case for 

hydraulic conductivity. Specimens containing greater amounts of fine material (i.e. 

waste + tailings, rather than sand, as the bulk material) gave lower hydraulic 

conductivity values even though UCS was lower and porosity greater than other 

CLSM. This was suggested to be attributed to lower-strength specimens being 
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compliant and fine particles weakly bonded to the CLSM matrix thus clogging the 

pore routes. There was no direct relationship between porosity and hydraulic 

conductivity suggesting lack of interconnectivity of successive pores in a highly 

heterogeneous environment. Both porosity and hydraulic conductivity are regarded as 

high. 

 

 Micro-structural and mineralogical investigations proved to be largely of qualitative 

significance as there was a considerable amount of information that could not be 

clearly concluded owing to the highly heterogeneous nature of the CLSM matrices. 

SEM micrographs depicted several crystalline compounds that could not be identified 

solely based on their physical morphology or by theoretical interpretation. 

Furthermore, most of these unidentified components, believed to be predominantly 

binder hydration related products, were also not detectable by XRD as most peaks 

were related to the wastes and bulk materials thus significantly diluting any binder 

hydration related peaks. The fact that only 5 wt% of Portland cement and 15 wt% of 

fly ash were used in most formulations further increases the difficulty of detection. 

Other techniques in conjunction with the ones presented in this thesis would be 

necessary in order to derive solid conclusions from such complex and heterogeneous 

mixtures.        

 

 The mechanical and physical characteristics of all CLSM formulations were 

comparable to values reported by other studies in the literature and are appropriate, in 

principle, for application in groundwork as load-bearing materials. However, 

increases are required in solid waste contents of CLSM with model and bioleach 

wastes for this technology to be beneficial and viable to the overall waste 

management scheme at mining operations. This would substantially improve 

utilisation of surplus waste material and diverge waste being retained in tailings dams.  

 

 Leachability investigations provided a semi-quantitative evaluation since the release 

of the majority of components were not determined to be diffusion-controlled. The 

dynamic leaching test employed assumes that in the majority of cases the monolith 

under investigation has sufficiently low hydraulic conductivity (ca. 10-9 m s-1) to 

allow release of components to be diffusion-driven. This allows for further calculation 

of parameters that indicate the mobility, depletion and amounts of components 
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leached. Furthermore, the diffusion coefficients may be further utilised in geo-

chemical software packages that simulate potential long-term leaching behaviour (van 

der Sloot et al., 1997). CLSM proved to be too permeable for the tank leaching test 

and did not maintain a low matrix solubility. In addition, leachability of encapsulated 

CLSM specimens could also not be fully assessed as the test considers that the 

monolith is of a single formulation and not a composite. The majority of the 

evaluations were therefore based on the measured cumulative concentrations in the 

leachants.     

 

 Significant amounts of heavy metals were leached from all CLSM even from 

conventional CLSM that only included trace amounts of toxic components associated 

with the fly ash. This conclusion was based on the components exceeding the 

intervention values of New Dutch List for groundwater contamination which is rather   

subjective as other, less stringent, guidelines could conclude that leaching was 

acceptable. Nevertheless, the mere presence and increasing release of hazardous 

components was not desirable and indicated that substantial improvement of 

leachability was required to reduce potential risk of environmental pollution. This was 

attempted by evaluating the leachability of encapsulated CLSM specimens (ECLSM). 

 

 Overall, encapsulation effectively immobilised the majority of contaminants, 

however, certain components remained mobile at levels above the intervention value 

of the New Dutch List for groundwater contamination. This may likely necessitate 

effective pre-treatment of the wastes and/or further containment of ECLSM by 

impervious secondary lining systems such as clay or geo-membranes. No significant 

effects were noticeable from altering the dimensions of the cores and encapsulating 

matrix of ECLSM. However, the two different types of encapsulating CLSM were 

found to affect leachability. It was concluded that PC-FA-T (ET) was more effective 

in reducing and in some cases totally immobilising hazardous components. The 

behaviour was attributed to the lower hydraulic conductivity of ET providing a 

mechanical barrier to the mobility of components. Other suggestions relating to the 

uptake of components onto the surface of binder hydration products of ET and 

reaction to produce further hydrates were made but remain tentative and further 

investigation is required. 
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9.3 RECOMMENDATIONS FOR FURTHER WORK 
 

9.3.1 CLSM formulations 
 

CLSM have been optimised based on their 28-day UCS as this is normally considered the 

design strength for cement-based materials, primarily concrete, and have been considered by 

many researchers for CLSM. It is chosen because at 28 days of curing, cement-based 

materials attain approximately 90-95% of their UCS (Neville, 1995). Results presented in this 

thesis, however, indicate that CLSM with bioleach waste, in particular, have not attained the 

majority of their strength development by 28 days. UCS considerably increased up to 90 days 

and surpassed the upper excavatable limit of 2 MPa for CLSM which negates the suitability 

of the 28-day UCS to optimise CLSM formulations. It is thus proposed that the 90-day UCS 

should be used to optimise formulations and ensure the combination of constituents do not 

exceed the 2 MPa excavatability limit after long-term curing.            

 

Besides ensuring lower and upper UCS limits, a range of other properties should be included 

in the optimisation methodology. For instance, a multi-response mixture design and response 

surface methodological approach based on formulations achieving desirable 90-day UCS, 

low porosity and low hydraulic conductivity would enable a more cost-effective design. It 

would also permit a thorough assessment with significantly reduced subjectivity pointing out 

which formulations would be expected to have lower leachability. Quick screening leach tests 

(ca. 24 hours), such as the Toxicity Characteristic Leaching Procedure (TCLP) test 

(Garrabrants & Kosson, 2004), may also be carried out in conjunction to the other responses.  

 

9.3.2 Fundamentals 
 

One of the major drawbacks of CLSM developed in this thesis is the low percentage of waste 

used. It has been shown in Chapter 4 that larger amounts of waste may be used provided that 

at least 10 wt% Portland cement was available. This, however, would significantly increase 

costs as Portland cement is the most expensive constituent of CLSM. A possible solution 

could be to incorporate supplementary binders, in addition to fly ash, to Portland cement such 

as cement kiln dust, silica fume, metallurgical slag and MgO. Apart from MgO, these binders 

are by-products of industrial processes and possess high cementitious/pozzolanic reactivity. 

MgO readily hydrates in a similar manner to Portland cement to produce Mg(OH)2 and has 
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many advantageous properties for incorporating large amounts of waste. Incorporation of 

supplementary binders would therefore reduce the cost of CLSM and make them more 

sustainable and environmentally friendly as it is well known that the Portland cement 

industry is the second largest emitter of CO2 – a greenhouse gas.  

 

As it is intended to apply CLSM in the sub-surface potentially as a load-bearing material it is 

of paramount importance to assess their bearing capacity and volume changes. Under field 

conditions, CLSM should not consolidate or deform upon loading, and should possess 

adequate bearing capacity to withstand applied loads. These parameters need a good insight 

of the elastic properties and the shear strength of CLSM. The bearing capacity considers the 

normal strength and the shear strength parameters, namely, the cohesion and angle of friction 

of the medium. The elastic properties rely on two main variables: the Young’s modulus 

(measure of stiffness) and the Poisson’s ratio (measure of compressibility). These properties 

may be determined using triaxial testing apparatus.      

 

Durability is another important issue that needs to be assessed. CLSM applied in the sub-

surface are likely to come into contact with groundwater and experience seasonal 

freezing/thawing and wetting/drying cycles which may have detrimental effects on CLSM 

integrity. The particularly high water contents in the pores of CLSM matrix could further 

accelerate deterioration of durability. Furthermore, long-term sulphate resistance should be 

assessed as many of the waste in CLSM contained significant quantities of sulphur species.     

 

A series of leaching tests should be carried out, in addition to the tank leach test used in this 

work, to provide a wider understanding of the release of components from CLSM and 

ECLSM matrices. For instance, intrinsic properties may be assessed by the pH Static Test 

which is an equilibrium-based protocol and evaluates the acid neutralisation capacity of the 

material and the solubility of components as a function of solution pH (Garrabrants & 

Kosson, 2004). Even though the pH Static Test does not provide data on the kinetics of 

release and provides only limited long-term performance, when combined with mass-

transport characterisation tests, e.g. tank test, would provide a fully characterised 

fundamental leaching profile of CLSM under a range of experimental conditions.         

  

Additional analytical techniques are required to provide a more rigorous evaluation of CLSM 

properties. Limitations were observed in the micro-structural and mineralogical 
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investigations. Using SEM-EDS in conjunction to SEM and XRD should help identify 

crystalline phases present and clarify the interpretation of properties. Thermogravimetric 

analyses (TGA) coupled with Fourier transform infrared spectroscopy (FTIR) would provide 

additional verification of mineral phases identified by the micro-structural and mineralogical 

investigations. The use of ICP-AES was found to be inadequate as it has relatively high 

detection limits of certain metals, particularly arsenic. This could provide misleading 

conclusions since components not detectable by ICP-AES may still be present at significant 

concentrations. ICP-MS (mass spectrometry) is capable of detecting concentrations of metals 

below parts per billion (ppb) and should therefore be preferred to ICP-AES despite its costly 

operation.  

 

9.3.3 Encapsulated CLSM 
 

Scenarios other than secondary lining systems should be investigated and developed to 

further reduce the leachability of encapsulated CLSM specimens. An attractive option is 

creating a novel impervious coating layer of Mg(OH)2 on the cores of ECLSM which contain 

greater concentrations of hazardous components. This would involve spraying a thick MgO 

slurry onto the surface of the cores. Upon drying and hardening, a dense Mg(OH)2 coating 

would, in principle, reduce the release of hazardous components. Furthermore, Mg(OH)2 

readily reacts with atmospheric CO2 to produce, in principle, MgCO3 which is denser and less 

permeable.     

 

9.3.4 Pilot-scale fieldwork 
 

Specimens employed were small enough to suit analytical instrumentation but may not be 

closely representative of larger masses in the field. Following thorough laboratory-scale 

assessment based on the above recommendations, complementary work at field pilot scale is 

therefore indicated. Novel encapsulated CLSM had substantive content of hazardous 

components leaching into the environment and were not deemed sufficiently ‘safe’ or ‘inert’ 

in the regulatory terms normally required for applications in the sub-surface. Therefore, 

regulated pilot-scale work is also needed not only to demonstrate methodologies and 

emplacement stability in practice but also to inform discussion of possible eventual 

implementation at full scale.   
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APPENDIX I 
 
Formulae for calculation of the upper limit of leaching (εT) of a component over 
64 days according to EA NEN 7375 (2005) 
 

 

Mechanism Criteria Formula for calculating εT 

1) Diffusion controlled leaching 0.35<rc≤0.65 
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2) Surface wash-off   rc < 0.35  
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3) Dissolution  rc > 0.65  
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The parameters have the following meanings: 

∏ = product operator for the product of a series 
rc = slope of the relevant increment 
εT = upper limit of leaching of a component over period T (mg m-2) 
ε*a-b = measured cumulative leaching over the relative increment a-b (mg m-2) 

*
iE = measured leaching of the component in fraction i (mg m-2) 

T = duration of the period (days)  
 

Theoretical linear regression slopes (rc) of the different leaching mechanisms 
derived from log (εn) – log (t) plots 
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DISSOLUTION: rc > 0.65
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APPENDIX II 
 
The New Dutch List target and intervention values for the remediation of 
contaminated soil 
 

 

Heavy Metals Soil/Sediment 
(mg kg-1 dry mass) 

Groundwater 
(µg l-1) 

 Target 1 Intervention2a Target 1 Intervention2b 
Antimony 3 15 0.15 20 
Arsenic 29 55 10 60 
Barium 200 625 50 625 
Cadmium 0.8 12 0.4 6 
Chromium 100 380 1 30 
Cobalt 20 240 20 100 
Copper 36 190 15 75 
Lead 85 530 15 75 
Mercury 0.3 10 0.05 0.3 
Molybdenum 10 200 5 300 
Nickel 35 210 15 75 
Zinc 140 720 65 800 

 

Notes: 
1   The target values indicate the level at which there is a sustainable soil quality. In other 

words, this means that the target values indicate the level that has to be achieved to fully 

recover the functional properties of the soil for humans and plant and animal life. Besides 

this, the target values give an indication of the benchmark for environmental quality in the 

long term on the assumption of negligible risks to the ecosystem. 
2a  The soil remediation intervention values are based on extensive studies of the National 

Institute for Public Health and Environmental Protection (the Netherlands) of both human 

and ecotoxicological effects of soil contaminants. 
2b  The intervention values for groundwater are not based on any separate risk evaluation with 

regard to the presence of contaminants in groundwater, but are derived from the values for 

soil/sediment.  
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APPENDIX III 
 
ANOVA tables for three- and four-component CLSM formulations 
 

 

Three-component CLSM formulations: 

 

Table III.1:  ANOVA table for PC-FA-SS. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 2 125.82 62.91 437.78 < 0.001 
   Residual error 18 2.59 0.14   
   Lack-of-fit 4 2.34 0.56 22.38 < 0.001 
   Pure error 14 0.35 0.025   
   Total 20 128.41    

R2 = 0.9799    R2
adj = 0.9776 

Quadratic model      
   Regression 5 127.89 25.58 747.27 < 0.001 
   Residual error 15 0.51 0.034   
   Lack-of-fit 1 0.16 0.16 6.55 0.10 
   Pure error 14 0.35 0.025   
   Total 20 128.41    

R2 = 0.9960    R2
adj = 0.9947 

 
 
 
Table III.2:  ANOVA table for PC-FA-T. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 2 121.16 60.58 404.36 < 0.001 
   Residual error 18 2.70 0.15   
   Lack-of-fit 4 2.45 0.61 34.15 < 0.001 
   Pure error 14 0.25 0.18   
   Total 20 123.86    

R2 = 0.9782    R2
adj = 0.9758 

Quadratic model      
   Regression 5 123.56 24.71 1233.72 < 0.001 
   Residual error 15 0.30 0.020   
   Lack-of-fit 1 0.050 0.050 2.78 0.12 
   Pure error 14 0.25 0.18   
   Total 20 123.86    

R2 = 0.9976    R2
adj = 0.9968 
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Four-component CLSM formulations: 

 

Table III.3:  ANOVA table for PC-FA-OMW-SS. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 126.22 42.07 544.31 < 0.001 
   Residual error 41 3.17 0.077   
   Lack-of-fit 11 3.05 0.28 67.66 < 0.001 
   Pure error 30 0.12 0.0041   
   Total 44 129.39    

R2 = 0.9755    R2
adj = 0.9737 

Quadratic model      
   Regression 9 127.99 14.22 355.67 < 0.001 
   Residual error 35 1.40 0.040   
   Lack-of-fit 5 1.28 0.26 62.38 < 0.001 
   Pure error 30 0.12 0.0041   
   Total 44 129.39    

R2 = 0.9892    R2
adj = 0.9864 

Special cubic model      
   Regression 13 129.25 9.94 2102.52 < 0.001 
   Residual error 31 0.15 0.0047   
   Lack-of-fit 1 0.024 0.024 5.81 0.22 
   Pure error 30 0.12 0.0041   
   Total 44 129.39    

R2 = 0.9989    R2
adj = 0.9984 

 
 
Table III.4:  ANOVA table for PC/L-FA-JR-SS. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 13.14 4.38 56.28 < 0.001 
   Residual error 41 3.19 0.078   
   Lack-of-fit 11 3.05 0.28 59.80 < 0.001 
   Pure error 30 0.14 0.0046   
   Total 44 16.33    

R2 = 0.8046    R2
adj = 0.7903 

Quadratic model      
   Regression 9 16.12 1.79 289.68 < 0.001 
   Residual error 35 0.22 0.0062   
   Lack-of-fit 5 0.077 0.015 3.33 0.017 
   Pure error 30 0.14 0.0046   
   Total 44 16.33    

R2 = 0.9868    R2
adj = 0.9833 

Special cubic model      
   Regression 13 16.18 1.24 260.08 < 0.001 
   Residual error 31 0.15 0.0048   
   Lack-of-fit 1 0.0092 0.0092 1.98 0.17 
   Pure error 30 0.14 0.0046   
   Total 44 16.33    

R2 = 0.9909    R2
adj = 0.9871 
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Table III.5:  ANOVA table for PC-FA-P35-SS. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 78.88 26.29 138.08 < 0.001 
   Residual error 41 7.81 0.19   
   Lack-of-fit 11 6.92 0.63 21.38 < 0.001 
   Pure error 30 0.88 0.029   
   Total 44 86.69    

R2 = 0.9099    R2
adj = 0.9033 

Quadratic model      
   Regression 9 84.17 9.35 129.81 < 0.001 
   Residual error 35 2.52 0.072   
   Lack-of-fit 5 1.64 0.33 11.13 < 0.001 
   Pure error 30 0.88 0.029   
   Total 44 86.69    

R2 = 0.9709    R2
adj = 0.9634 

Special cubic model      
   Regression 13 85.62 6.59 191.13 < 0.001 
   Residual error 31 1.07 0.034   
   Lack-of-fit 1 0.19 0.18 6.28 0.14 
   Pure error 30 0.88 0.029   
   Total 44 86.69    

R2 = 0.9877    R2
adj = 0.9825 

 
 
Table III.6:  ANOVA table for PC-FA-P35-T. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 67.29 22.43 192.80 < 0.001 
   Residual error 41 4.77 0.12   
   Lack-of-fit 11 4.66 0.42 113.01 < 0.001 
   Pure error 30 0.11 0.0037   
   Total 44 72.06    

R2 = 0.9338    R2
adj = 0.9290 

Quadratic model      
   Regression 9 70.75 7.86 209.83 < 0.001 
   Residual error 35 1.31 0.037   
   Lack-of-fit 5 1.20 0.24 64.00 < 0.001 
   Pure error 30 0.11 0.0037   
   Total 44 72.06    

R2 = 0.9818    R2
adj = 0.9771 

Special cubic model      
   Regression 13 71.93 5.53 1258.85 < 0.001 
   Residual error 31 0.14 0.0044   
   Lack-of-fit 1 0.024 0.024 6.37 0.17 
   Pure error 30 0.11 0.0037   
   Total 44 72.06    

R2 = 0.9981    R2
adj = 0.9973 
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Table III.7:  ANOVA table for PC-FA-70-SS. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 36.90 12.30 262.43 < 0.001 
   Residual error 41 1.92 0.047   
   Lack-of-fit 11 1.36 0.12 6.68 < 0.001 
   Pure error 30 0.56 0.019   
   Total 44 38.82    

R2 = 0.9505    R2
adj = 0.9469 

Quadratic model      
   Regression 9 37.48 4.16 109.40 < 0.001 
   Residual error 35 1.33 0.038   
   Lack-of-fit 5 0.78 0.16 8.36 < 0.001 
   Pure error 30 0.56 0.019   
   Total 44 38.82    

R2 = 0.9657    R2
adj = 0.9568 

Special cubic model      
   Regression 13 38.24 2.94 158.44 < 0.001 
   Residual error 31 0.58 0.019   
   Lack-of-fit 1 0.019 0.019 1.01 0.32 
   Pure error 30 0.56 0.019   
   Total 44 38.82    

R2 = 0.9852    R2
adj = 0.9790 

 
 
Table III.8:  ANOVA table for PC-FA-P70-T. 
 

Source of variation 
Degrees of 
Freedom 
(DF) 

Sum of 
Squares 
(SS) 

Mean Square 
(MS) F-Ratio P-Value 

Linear model      
   Regression 3 50.45 16.82 196.68 < 0.001 
   Residual error 41 3.51 0.086   
   Lack-of-fit 11 3.48 0.32 362.18 < 0.001 
   Pure error 30 0.026 0.00087   
   Total 44 53.95    

R2 = 0.9350    R2
adj = 0.9303 

Quadratic model      
   Regression 9 52.99 5.89 213.22 < 0.001 
   Residual error 35 0.97 0.028   
   Lack-of-fit 5 0.94 0.19 215.32 < 0.001 
   Pure error 30 0.026 0.00087   
   Total 44 53.95    

R2 = 0.9821    R2
adj = 0.9775 

Special cubic model      
   Regression 13 53.92 4.15 3472.86 < 0.001 
   Residual error 31 0.037 0.0012   
   Lack-of-fit 1 0.011 0.011 12.39 0.22 
   Pure error 30 0.026 0.00087   
   Total 44 53.95    

R2 = 0.9993    R2
adj = 0.9990 
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