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ABSTRACT 

Mine tailings are the main waste streams produced by mining companies. Most 

tailings are cornprised of very fine particles together with a large amount of water 

following mineral processing. The dilute tailings sluny forms a huge pond that occupies 

excessive arnounts of land which constitutes environmental pollution. The challenge for 

the modem mining industry is environmental protection and reclamation of occupied 

lands. 

The character of tailings depends upon the ore processed. Two different types of 

tailings used in this research project were obtained from Brunswick Mining & Smelting 

Corporation (a hard sulphide mineral tailings) and Syncrude Canada Limited (a sofl clay 

rich oil tailings). They were generally in a Iiquid form and exhibited about 77% and 85% 

water for Brunswick Mining & Smelting Corporation and Syncrude Canada Limited. 

respectively. The main objective of this research was to solidi@ these high water content 

iailing slumes to efficient strength for application as mine backfill using an appropriate 

binder. 

In this thesis the author utilized a special cernent, High-Water Rapid-Setting 

cernent jointly developed by CUMT & DGI, as a solidifjing agent. The Syncrude and 

Brunswick tailings were tumed into a solid Stone after about 30 minutes. The solidifled 

tailings have high early strength and can develop over 85% of the long terni strength in 7 

days. At a water/HiFa ratio of 1.5 (tailingRIiFaBond ratio of 1.951) by weight for 

Brunswick tailings, the compressive strength of 8.8 MPa was achieved in three days. At 

an excessively high water/HiFa ratio of 4.5 (tailing/HiFaBond ratio of 5.84: 1). the strength 

was maintained at approximately 1 MPa. The solidified Syncrude oil-sand tailings 

displayed similar strength results. Addition of the proper amount of sands andor fly ash 
--. 
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to the mixture has increased the strength. At high water/HiFa rates of 3.5 and 4.5. the 

strengths could be improved by over 35% and 1 1 1% by adding sands into oil-clay tailings, 

respectively. The strengths could be increased approximately 18.7% and 30.5% by adding 

fly ash into Brunswick tailings at water/HiFa ratios of 2.5 to 3.5, respectively. Especially, 

ar high Brunswick taiIings/(HiFa + fly ash) ratios of 3.5 and 4.5, about 20% of HiFa Bond 

could be repiaced by fly ash without reducing the strengths. When only 12% HiFa cernent 

was required at excessively high water/(HiFa + fly ash) ratio of 4.5 and Brunswick 

tailingdFWa ratio of 7.26, the strength was maintained above 1 .O5 MPa. 

The results of this study have indicated that it is possible to solidie the dilute 

tailings slurry without dewatering and to develop sufficient strength for application in mine 

backfill by adding proper amount of HiFa Bond. 

xiv 



CHAPTER 1 

INTRODUCTION 

1.1 Statement of the problem 

The annual production of minera1 wastes in Canada is estimated to be 525 million 

tons (Murray, 1985). Over 90% of this amount is waste rock and miIl tailings From the 

mining and mineral processing industry. The arnount of tailings thus occupies 

considerable land areas and is estimated at 45,300 ha, and the requirement is continually 

increasing. Thus, tailings becorne one of the main sources of environment pollution 

because of the possibility of acid mine drainage (AMD), which is produced due to 

oxidation of sulphide tailings when they are exposed to the atmosphere. The acid 

generation is a major environmental problem, not only for contaminating groundwater 

with acidity and dissolved metals but also by making reclamation of tailings areas dificult 

and expensive. It is therefore important to protect the environment and reclaim this 

disturbed land. Solidification is one of the important treatment techniques employed to 

reach these two purposes simultaneously. 

Tailings are very fine particles with a large amount of water resulting from mineral 

processing. The water in some mines is dificult to recycle due to low rates of 

sedimentation. For example, the slow-settling clay particles of oil-sand tailings would take 

a few years to reach the consistency of mnny toothpaste, and may take a few centuries to 

reach the consistency of a sofi clay (Syncrude, 1995). Thus large volumes of water are 

unavailable for recycling, resulting in an impoundment area which can become physically 

unstable. The removal of water from the tailings impoundment area is very important. 

The dewatenng schemes that have been proposed in the industry include: addition of 

Rocculants, agglomerates, application of ultrasonics, electrophoresis, and fieeze-thaw 

dewatering pnor to disposal. 



Scheiner and Smelley (1981) reported that flocculants were used to dewater clays 

tailings whose density ranged fiom 3% to 25% solids. They also showed that clay wastes 

containing 11.8% percent solids could be dewatered to 20.6% percent solid of the total 

weight by using agglomerants on a static trommel screen. Greater than 28% percent 

solids were obtained in 90 days. When using the freeze-thaw dewatenng method. the 

process must be very slow so the water within the cells is allowed to crystallize and 

squeeze the solids into compact granules (Mahoney and Suensing, 1972). Al1 these 

techniques require a long time for high-water, Iow-settling clay tailings to dewater. The 

use of dectrical dewatering techniques such as ultrasonics and electro-osrnotic methods 

c m  be used for rapid dewatering of srnall volumes. but the process is uneconomic for 

large volumes of slurry (Stanczyk and Feld, 1964) due to high power costs. In most 

cases, the water after dewatering requires the removai heavy metals before use for 

recycling (Spendlove, 1977). 

Considering the dewatering processes are expensive and time consuming, we have 

focused on finding a desirable cementing material to solidie tailings with high-water 

content without dewatering. The curent solidification method using Portland cernent as a 

binder does not work for dilute tailing slumes except after dewatering. The maximum 

water content for solidification using cement is 30% - 40% of the weight of the cernent 

(Neville, 1975). Therefore, an alternative approach using a binder which can solidi@ 

tailings slumes with high percentage of water is required. 

1.2 Objectives of the Study 

The main objective of this research was to solidi@ mine tailings with high water 

content. A special cernenting material, High-Water Rapid-Setting cernent (HiFa bond), 

was used as a solidifjmg agent to develop sufficiently strong mine backfill or construction 

materials. 



1.3 Researc h Met hodology 

A literature review was conducted to search for tailings treatment techniques. 

Based on these results, solidification technique and compressive strength testing criteria 

were adopted for this study. Two typical mining waste tailing slumes with high water 

content were selected as samples to be solidified. A special cernent (HiFa Bond) was used 

as a solidifjmg agent. A large number of experiments was designed to test the strengths at 

various water/HiFa Bond (WK) ratios and at different time penods. In order to 

strengthen the solidified tailings rnix at high W/C ratios, natural sands were selected as a 

reinforcernent material to increase the strength of Syncnide tailings. Trenton Power Plant 

fly ash was used to strengthen Bninswick tailings by addition and partial replacement. 

1.4 Structure of the study 

Solidification, an important waste treatment method, was selected following an 

extensive literature search outlined in Chapter 2. C hap ter 3 provides experimental 

methods and equipment required. The typical properties of HiFa Bond and ASTM testing 

standards are given in this Chapter. Solidification experiments in Chapters 4 and 5 were 

conducted in various watedcement ratios from 1.5 to 4.5 for two types of tailings, 

respectively. Tests outlined in Chapter 6 were strengthening experiments of both tailings 

by adding different economic reinforcements (natural and fly ash) at excessively high water 

and tailings content. Chapter 7 relates the conclusions drawn from the test results 

produced in the previous three Chapters to recornrnendations designed for the direction of 

fùture research endeavors. 



CHAPTER 2 
LITERATURE REViEW OF TAILINGS SOLIDIFICATION 

2 1 Solidification Processes 

Solidification is one of the rnoa important waste rernediation technologies that can 

be effectively used in mine tailings treatment. Because solidification processes can 

irnmobilize tailings and develop adequate strength by using proper cernenting matenals, it 

combines environmental protection and reclarnation of disturbed lands. A solidification 

process is a method of encapsulating waste tailings in a monolithic solid of high-structural 

integrity. These processes can be achieved rnainly by using chemical and physical methods 

(William & Anderson, 1994). 

Solidification of tailings by chemical means or stabilization (Ritcey, 1989) provides 

a possibility for long tem stabilization and minimization of environmental problems due to 

migration of contaminants through tailings. This method implies the conversion of toxic 

components to a form resistant to weathering and leaching. Solidification by physical 

processes does not necessarily involve a chemical interaction between the waste and the 

solidifjmg reagents. but may mechanically bind the waste in the monolit h. Solidification 

denotes the conversion of the wastes into a solid. Both solidification methods may be 

necessary. Claudio and Sobtinho (1990) stated that solidification is an efficient 

technology for toxic metal ions such as Cd, Hg, Pb, Cr, Ni and Zn. 

2.1.1 Solidification Agents 

The current solidification methods applicable to waste treatment include the 



a). Inorganic binders 

- silicate and cernent based 

- lime based 

b). Organic binders 

- thermoset polymer based 

- encapsulation techniques 

Yamasaki ( 1995) has s h o w  that above agents arongly influence the solidi£kation 

characteristics of mine wastes and the quality of the leachate from the sediments. One 

method may be suitable for certain tailings. Dean and Havens (1973) reported the 

methods for chernical stabilization of tailings and did anaiysis of comparative costs. 

Dunng this study, approximately 70 chemicals were selected and tested in field plots. The 

more effective chernicals based on their effectiveness and cost for the amount of reagent 

required to stabilize a given area were lime, cernent, polymer. By comparing organic 

binders and inorganic binders, Allen (1989) found that polymeric and spthetic binders 

were considerably more expensive than natural types with the dose levels being maintained 

near 1%. The other drawbacks of organic binders were that they usually needed 

expensive equipment, some organic polymers were biodegradable and flammable, and wet 

wastes required drying before the solidification process could be applied. On the other 

hand, inorganic binders were relatively cheap, the processes of solidification were simple 

and had long t e m  stability. Allen also suggested that complete mixing of binder and 

substrate was essential. Messman (1977) suggested that inorganic binder classification 

should be based upon the presence of such elements as calcium, aluminum and silicon and 

couId include additives such as bentonite, lime and cernent. 



2.1.2 Inorganic binders 

Inorganic binders include silicate and cernent based binder, and lime based binders. 

Inorganic, cementitious stabilization is applicable to a wide range of industrial wastes and 

results in very stable products and it has the following characteristics: 

- relatively iow cost; 

-satisfactory, long-term stability, both physical and chemical; 

- widespread availability of the chernical ingredients; 

- non-toxicity of the chemical ingredients; and 

- easy to use in processing. 

In 1992, the US Environmental Protection Agency reported (EPA Report, 1992) 

that stabilization processing of wastes with inorganic constituents involved silicate- 

forming reactions, resulting in the incorporation of heavy-rnetal ions into the crystal lattice 

structure of highiy insoluble calcium-alumino-silicate compounds. The reaction effectively 

immobilized the contaminants, thereby reducing the potential for leaching. A silicate or 

lime based solidifjmg agent micro-encapsulated the alurnino-silicate compound to form 

another physical barrier to leaching. The result was a very stable compound analogous to 

cornmon rock-forming silicate minerais. The arnount of binder required for stabilization 

varied according to the proportion of organic and inorganic wastes present. 

2.1.2.1 Silicate and cement based agents 

Silicate and cernent based agents are one of the important inorganic binders. 

These binden are cementing materials that mainly include cernent and fly ash. In the 

solidification process, they contribute to the properties of the hardened concrete through 

hydraulic or pouolanic activity or both. Especially, fly ash exhibits pozzolanic activity. 

Thomas (1973) defined pozzolan as a siliceous or durninous/siliceous matenal which 



reacts in the presence of lime and water to produce stable, insoluble, cementitious 

materials similar in nature to the hydration products of Portland cements. The pouolan 

normally needs to be in a fine-grained, reactive form to yield satisfactory reaction kinetics. 

Corner and Polosky (1974) reported that the principle of solidification using silicate and 

cernent based agents was based on the reactions between soluble silicates and silicate 

setting agents. The reaction process consisted of t hree stages: ( 1 ) waste homogenizat ion: 

(2) pumping of the waste to the reactor, mixing of waste and reagents, and discharge to 

the disposal area; and (3) solidification within 72 hours, producing soil-like properties 

Krofchak (1978) reported that the Canadian waste technology process is based on 

activating silica (sand and clay miner&) in water so that a cornplex metd silicate matrix is 

forrned. The mining waste is treated with at least one of the following: H2S04, HCl. 

HNO3, Cao, MgO, CaC12, Ca(O& or Mg(OH)* yielding a s l u q  which solidifies on 

standing. 

Wiedernann (1982) found that the solidification and irnrnobilization of 

contarninants with pouolanes mainly relies on the encapsulation and low water 

permeability of the product. Also, the high pH values contribute to a particular 

stabilization of heavy metals by the formation of less soluble compounds. Vachon and 

Siwik (1 987) showed that lime was effective in treating acid tailings drainage (AMD). 

base metals and suspended solids. 

Using cementing agents to produce cohesion and necessary strength in bacffills is 

also a widespread practice. Comrnercially available Portland cernent, delivered to the 

mines in bulk is a convenient and effective consolidating agent for fill. Akroyd (1970) 

determined that the tendency of backfill development is from hydraulic fill to high-density 

paste fill through industry practices. Usually, hydraulic fill is produced at pulp densities 

ranging from 68% to 72% solids by weight, depending on the characteristics of 



concentrator tailings (NWQB, 1973). In 1970, the Garpenberg Mine utilized cernent- 

stabilized methods to reinforce stope stability. The cernent was simply added to the fil1 in 

the ordinary filling plant on surface. The cernent content arnounted to about 15% by 

weight. This method was abandoned, because segregation in the fil1 caused layers without 

sufficient cernent content, which resulted in poor roof conditions and roof falls. Sallen 

(1978) found that the main reason for the poor strength of the cernented fill in this mine 

was high water content - about 40 percent of weight. A large arnount of water had to be 

removed by drainage whereby the sand and cernent separated. Some cernent also followed 

the drainage water, and the function of the cernent had to be questioned seriously as there 

was no control of the cernent distribution within the fill. For Portland cernent, the  

maximum water-cernenting materials ratio is 0.50 according to CSA standards. 

Afier the dewatering process, cernent has been successfully used in backfiil and 

provides sufficient strength. Argall (1988) reported that Outokumpu Oy's Keretti mine in 

Finland used a waste fill composed of 86% crushed rock, 5% cernent, and 9% water. The 

backfill mix provides an unconfined compressive strength of 1200 psi (8.3 MPa). 

2.1.2.2 Lime based and others 

Lime, in the form of calcium oxide or calcium hydroxide, is often used for 

chernical stabilization of soils. Salomons (1988) reported that lime has been used 

especially for the treatment of oii-contarninated wastes because pozzolanic reactions occur 

and calcium silicates and aluminates are formed which show the known effects for heavy 

metals. 

Smith and Webster (1973) successfully used an encapsulation process that 

involved the mixing of waste with fly ash and lirne-rich material. The treated waste has 



the consistency of dry soil-cernent. In this process, a 5% over-al1 binder content was 

chosen, and fly ash was introduced in the slurry at a concentration of 25% of total binder. 

Sontheimer (1966) introduced the "lime bonding capacity". Lime reacts with 

wastes to form a calcium salt and other compounds containing calcium. Lime bonding 

capacity is the amount of lime required by the waste tailings to maintain a certain pH 

1 1 It is possible to maintain a hi& pH with high lime dosages. 

The other agents mainly include gypsum and bentonite. Solidification of gypsum 

by addition of water is a known process in which water is included in the cqstal structure 

and calcium sulphate dihydrate results (Salomons & Forstner, 1988). This process can be 

used to solidi@ wastes because the strong re-sorption of water by the gypsum dries up the 

waste, and the crystals form a strong and stable frame in which other pollutants and 

contaminants may be included. 

Bentonite has been a known and proven binder employed by the rnining industry to 

solidifi tailing slurries. The bentonite lattice structure arranged in layers is capable of 

absorbing large amounts of water. When water is absorbed, the lattice layers increase 

considerably and the mineral swells. This swelling property and the high thixotropic 

behavior are the most important characteristics for its bonding capacity. Clark (1974) 

found that the more active Na type bentonites were more effective than the Ca type. 

Usually the quantity of bentonite is in the range of From 10.0% to 25.0% by weight of 

anhydrite present (FONDU, 1 995). 



2.1.3 Discussions of Application Techniques 

2.1.3.1 Cernent and Lime Based Binder 

Wiedemann also found that processes on the basis of silicates and lime based 

binders would be preferred by comparing with other binders, because the chernical 

reactions and the formed mineral phases were in natural conditions. By technical 

cornparison of various solidification processes, Pojasek ( 1 979) reported that the cernent 

and lime based binder were widely available and inexpensive, especially the lime. The 

strength and permeability of the end-product could be varied by controlling the amount of 

cernent or lime. Equipment required for processing was simple to operate and readily 

available. 

Kamon (1 985) investigated the possibility of using a stabilization treatment by lime 

and cernent mixture for very sofi fkeshwater clay. In these experirnents, lime alone or 

cernent alone did not harden well in preliminary tests. Hence, a special stabilizing agent 

which aimed at the pozzolanic reaction and could reduce the free water by enclosing it 

into crystals was introduced. A limekement mixture with aluminium sulphate was used 

with varying relative proportions of their contents. Hardening treatrnent using both 

cernent and lime was much more effective than using lime or cernent alone. 

2.1.3.2 Hydraulic Fill and Paste Fill 

Peny and Churcher (1996) comrnented on the current backfill methods: hydraulic 

fil1 and paste fill. 

1) In underground mines, the introduction of hydraulic fill systems more than 40 

years ago provides adequate compaction, relatively Iow costs and ease of operation 



without dewatering processes. Hydraulic fil1 can be effectively used to fil1 empty stopes in 

underground mines, particularly where the backfill is dificult. The drawback of hydraulic 

fill is poor strength gain of cemented fill and water decantation d e r  solidification due to 

relatively high water content. 

2) Paste fil1 is a purnpable fluid consisting generally of mine tailings and cernent. It 

has a relatively low water content (10% to 25% of the total weight). Faste technolog is 

gaining importance because of its environmental advantages. Paste fi11 systerns offer the 

following advantages over hydraulic sandfill systems: 

Greater strengths can be achieved with less cement. The ratio of water to 

cernent for paste fil1 is low (between 0.4 and 0.5 but less than 1) producing 

greater strength gain per unit volume of cernent added to consolidate the fill. 

High volume of mil1 tailings solids are recovered increasing filling rates. 

The rnining cycle time is less with paste backfill systems because strength is 

achieved earlier than with hydraulic sandfill. 

3). The main drawback of paste fill is the necessity to dewater the tailings in order 

to produce a paste. Test work is necessary to optimize the dewatering system and to 

obtain data for engineering design of the paste pipeline transportation system, so hiçh 

density paste fi11 is not as easy in operation as hydraulic fill, but it can be effectively used 

to fill large open stopes with adequate strength. 



2.2 Factors Mecting Solidification Strength 

Waste tailing characteristics that may affect the strength performance of 

solidification mainly include clay content, moisture content, oil and grease content. the 

size of the waste and pH of the waste. Usually, oil and grease may have deleterious 

effects on the ability of a matrix to set and thus may reduce the unconfined compressive 

strength of the treated waste (STC. 1991). High clay and moisture content are also 

employed to reduce compressive strength. The particle size of the wastes also contnbutes 

to strength, the smailer the waste size, the higher the strength. In addition, efficient high 

pH is necessary for increasing lime bonding capacity. 

There are many other factors which affect solidification strength such as conditions 

of solidification that include temperature, particle size, humidity. and voids. Cernent 

content, waterlcementing materials ratio, and cunng time are major factors that greatly 

affect strength. Al1 of these factors should be taken into consideration. 

2.2.1 Cernent Content 

Corson (1966) showed that unconfined compressive strength increases with 

increased cement addition. He also found that inclusion of minor amounts of dispersant 

yielded a significant increase in bearing strength of the leaner sand-cement mixes. Corson 

(1970) reported, in lean mixes, the uniformity of the tailings material was the most 

significant factor that affected strength. Thomas (197 1) published a comprehensive report 

on cemented-fi11 practice at Mount Isa, and again confirmed many previous findings as 

well as introducing new data, which included 1) moisture content decreased with 

increased cernent content; 2) void ratio decreased with increased cernent content; 3) 

compressive strength decreased with increased void ratio; and 4) compressive strength 

increased with increased fines addition. Rawlings, Toguri and Cerigo (1 966), in addition. 



reported that permeability of solidified specimens decreased with increased cernent content 

and curing . 

In many cases, mine backfill with unconfined compressive strength of 0.7 to 2 MPa 

was adequate (Brackebusch, 1994). 

2 -2.2 Water-cementing Ratio and Curing Time 

McCreedy and Hall (1966) reported that fil1 to which Portland cernent in ratios of 

1 30 to 1 :20 had been added, behaved as follows: 

strength increased significantly with pulp density. 

strength increased with age and it increased more rapidly when dry-cured. 

which is the usual condition in the mine. 

The principal factors affecthg strength are water-cementing materiais ratio and 

age, or the extent to which hydration has progressed. Figure 2.1 shows compressive 

strengths for a range of waterlPortland cernent ratios at different ages. Tests were made 

on 150-mm-diarneter cylinders that were 300 mm in height. Note that strengths increased 

with age but decreased roughly as the waterlcement ratios increased. When the 

watedcement ratio increased from 0.4 to 0.6, the strength dropped to approximately 1 

MPa in one day. The long term strengths had the same problems. Usually, for normal 

cernent, the water to cernent ratio is less than one otherwise it can't set. There is 

agreement among authorities that the low water content is a major limitation for normal 

cernent application in solidifjmg dilute tailing slumes. 



2.2.3 Solidification Conditions 

Dunng the preparation of experiments, there are some factors that contribute to 

the strength gain of solidification strength. Weaver and Luka (1970) sumrnarized the 

findings 

Compressive strength, MPa 

\ Normal Portland cernent .--..*-- 

0.4 0.5 0.6 

Water-cernent ratio? by mass 

Figure 2.1 Typical waterlcement ratio and age - strength reiationships of Portland cernent 

(fiom Steven et al, 1994) 

of some of the important laboratory and field work carried out on the behaviour of fil1 in 

Canadian mining industries. They reported that: 



The grain size distribution of the tdings is significant. Fineness of Portland 

cernent increases the strength of the cernent fill, but it does not produce great 

changes. 

Using acid mine water to transport the cemented fill does not seem to affect 

the ultimate strength. 

Flocculants have beneficial effects on strength and percolation rate, and in 

reducing losses in the drainage water. 

Cunng temperatures of between 50 and 8S°F (10 and 29°C) do not have much 

ifluence on the ultimate strength. As the temperature rises above 29°C 

strength increases quickly. 

Adequate humidity is of benefit to the strength development of specimens. 

2.2.4 Strengthening by Adding Aggregates 

The aggregates strongly influenced the fieshly mixed and hardened concrete 

properties, mixture proportions, and economy. Askew (1978) reported that some excellent 

consolidated tailing fills have been made by the addition of cernent to a graded sands and 

crushed rock mixture to produce concrete of desired strength. 

The most commonly used aggregates are sand, grave1 and crushed stone. Fine 

aggregates generally consist of natural sand or crushed stone with most particles being 

smaller than 5 mm. Very fine sands are often uneconornical; very coarse sands and coarse 

aggregate can produce harsh, unworkable mixes. In general, aggregates that do not have 



a large deficiency or excess of any sire and yield a smooth grading curve produce the most 

satisfactory results. Fine aggregate content depends upon cementing materials content. 

type of aggregate, and workability. The lower percentage is used with rounded 

aggregates and is higher with crushed material. Aggregate addition may increase setting 

time and decrease water required. Thus, using aggregates in a mix to be solidified 

introduces a nurnber of complexities with regard to proportioning if the accepted 

relationships between workability, strength, and water-cernent ratio are employed. 

Generally, fine aggregate is about 25% to 35% by volume of the total aggregate. 

In 1970, Corson found that the solidified specimens containing sands exhibited 

much higher cohesion than the well-graduated material when the ratio of sand to cement 

was 0.4:1, when the well-graded material had the larger angle of interna1 fiction and was 

capable of supporting a higher nomal stress. 

2.2.5 Strengthening by Adding Fly Ash 

Fly ash is a by-product of the combustion of pulverized coal in thermal power 

plants. The particles of fly ash are typically spherical, ranging in diarneter from less than I 

up to 150 pm. the majonty being less than 45 pm. More than 85% of most fly ashes are 

comprised of chemical compounds and glasses formed from the elements silicon. 

aluminum, iron, calcium, and magnesium. The chemical compounds of fly ash are 

determined by the types and relative amounts of incombustible matter in the coal 

combusted. There are two kinds of fiy ash, Type C and Type F. In recent years, there has 

been a recognition that fiy ashes differ in significant and definable terms, reflecting their 

composition and, to some extent, their ongin. Fly ash Type C is produced fiom lignite or 

subbituminous coais and 8y ash Type F is produced form bituminous coals. Norrnally, fly 



ash fiom the combustion of subbituminous coals contains more calcium and less iron than 

fly ash fiom bituminous coal. The physical and chernical characteristics are given in 

Tables 2.1 (Canadian Standards, 1982) and 2.2 (Marcus and Sangrey, 198 1). 

Table 2.1 The physical characteristics of Fly Ashes (Canadian Standards. 1982) 

Characteristics 

Bulk density (&m3) 

Moisture (%) 

pH of 10% suspension 

Particle size distribution (p) 

1 Fly Ash F 1 Fly Ash C I 

Table 2.2 Chernical characteristics of fly ashes (Marcus and Sangrey, 198 1) 

C hemical Component 

Sioz + A i 2 0 3  + Fe203 

Ca0 

Mg0 

AlkaIis as NazO 

so; 
Loss on Ignition 

Fly Ash F 

88.0 

2.4 

1.5 

5.0 

1.3 

Fly Ash C 

63 .O 

22.7 

6.3 

1.5 

3.5 

1.8 



The Type C ashes differ fiom the Type F materials principally in ofien having a 

capacity for self-hardening in the absence of cernent. In other words, fly ash F has 

relatively higher bonding capacity and activity. Both of them are natural pozzolans. 

2.2.5.2 Strength Development of Cernent Mix Containing F1y Ash 

In 1937, Davis et ai. first reported comprehensive data on fly ash use in cernent 

and concrete in North America. In 1972, Neville listed several pozzolans, including 

natural volcanic ash, purnicite, opaline shaies and cherts, calcined diatomaceous eanh, 

brunt clay and fiy ash. Ferrous blast fùmace slags and steel slags also exhibit pronounced 

pouolanic properties and are widely used in the preparation of special Portland cements, 

as described by Lee (1974) and Emery (1975). 

In most applications, the objective of using fly ash in concrete is to achieve one or 

more of the following benefits (Berry & Malhotra, 1986): 

attaining required leveis of strength in concrete at ages beyond 90 days. 

reducing the cernent content to Iower costs. 

In practice, fly ash c m  be introduced into concrete in one of two ways: 

* A blended cernent containing fly ash may be used in place of 

Portland cernent. 

Fly ash may be introduced as an additional component in the mix to be 

solidified. 

Marcus and Sangrey (1981) exarnined both fly ashes for use in tailings 

stabilization, based upon a maximum addition of 10% of the weight of the solids in the 



s luq .  They found that fly ash C (ffom Cornmanch Power, Arizona) displayed a better 

strengthening effect for stabilizing fine tailings afler 40 days at 55% solids and 3% 

addition of the soiids. Figure 2.2 shows the strengthening effect of the two different fly 

ashes on stabilized fine tailings. Their expenments also showed that the effect of adding 

about 10% ash to the total solids weight was considered optimal when the tailings slurry 

density was 55% solids (Figure 2.2). 

I r 

sIurry solids conc. 55% 
l 

cursig temp. 40 OC 

1 
1 
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I 
I 

l 
I 

Time, days 

Figure 2.2 Strengthening effect of different additives on fine tailings sluny (from Marcus 

and Sangrey, 1 98 1) 

On the other hand, the use of fly ash as a Portland cernent replacement in cernent 

mix may provide many technical and econornic advantages that are very significant in 

industry applications. The fly ash has been cataiogued by chernical and crystalline phase 



composition. In waste-cemented fil1 practice, the pozzolanic reaction occurs between the 

waste and calcium hydroxide produced by the hydration of Portland cernent. The 

pozzolan therefore contributes to strength development by removing the weakening effect 

of the calcium hydroxide and also by forming cementitious materials in its own right. 

After the initiation of the pozzolanic reaction of fly ash, the cernent paste will become 

increasingly dense (Fraay et al, 1989). 

In generai, the 20% - 35% (by weight) fly ash replacement of Portland cernent 

mixes improved strength at most ages. Tikalsky et al (1989) employed 0, 15, and 25 

percent by weight of cernent to replace Type II Portland cernent. They found that a 25% 

fly ash content yielded about the same ultimate strength as a 35% fly ash content. Above 

a fly ash content of around 40%, the strength of the backfill dropped rapidly and curing 

times increased drarnatically. Test results also showed that a binder of 20% - 35% fly ash 

and 65 - 80% Portland cernent was deemed to be an optimal mix, when the ratio of water 

to cernent + fly ash W/(C+F) was in the 0.55 - 0.65 range. Siiirniar results were found by 

Joshi and others (1 99 1). In 1982, Yuan and Cook determined that replacement of 30% 

cernent by fiy ash C was the best at 28 days when W/C was 0.45. Larger amounts of fly 

ash were undesirable for higher strength development. These results are show in Figure 

2.3. 

Yuan and Cook (1983) concluded that the replacement of cernent by fly ash had 

little influence on drying shrinkage. In addition, workability improved while water 

demand simultaneously decreased with increasing fly ash content. Fly ash usuaily reduced 

the strength of concrete during the early atages and increased the strength after long 

penods of moist curing. Matenal costs can be appreciably lowered by reducing cernent 

content and using fly ash as part of the cementitious material. 



-+ 0% fly ash 
1 replacement 

[ -2% & a h  
1 replacement 

+ 30% fiy ash 
replacement 

* 50% fiy ash 
1 replacement 

Figure 2.3 Compressive strength development of concretes containing high-calcium fly ash 

(fiom Yuan and Cook, 1983) 

2.2.5 -3 Effect of Fly Ash Particle Size on Strength 

Ioshi (1 982) found that both 10% and 20% replacement of the finer fly ashes 

imparted greater strength but that the coarse fraction appeared not to have contnbuted 

significantly to the strength. Crow and Dunstan (198 1) concluded that finer ashes reacted 

more readily with Portland cement. 



2.2.5.4 Effect of Curing Temperature on Strength Development 

Klieger (1958) found that increasing curing temperatures for cernent mix without 

fly ash resulted in higher early strengths and lower strengths at 3 months and 1 year. The 

use of certain fly ash appears to have been beneficial due to the effect of on later age 

strength development. 

Owens and Bittler ( 1  980) observed that the effects of high curing temperatures on 

the strength of Portland cernent mortars c m  be related to the arnount of lime in the 

hydrate, while gains in strength are likely to occur in high temperature environrnents. 

Ravina (1982) has shown that the rate of reaction of fly ash-cement systems is 

clearly increased by temperature, as is the case for Portland cernent. 

2.2.5.5 Influence of Fly Ash on the Setting Tirne of Portland Cernent 

Dodson (1981) observed that in cement not containing fly ash, al1 conditions being 

equal, the setting time should be a function of two parameters. One is cernent factor, the 

other is water-?O-cement ratio. As the cernent factor increases, the setting time decreases 

and as the water-to-cernent ratio increases, the setting time increases. 

However, fly ash will influence the rate of hardening of cernent. Lane and Best 

(1982) stated that fly ash generally slowed the setting of concrete. They concluded that 

the observed retardation might be afEected by the proportions, fineness, and chemical 

content of the ash. However, the cernent fineness, the water content of the paste, and the 

arnbient temperature were considered to have a much greater effect. Davis (1987) 

concluded that fIy ash-cernent mixes set more slowly than corresponding cements, but that 

the setting times were within the usual specified lirnits. 



Mailvaganam, Bhagrath, and Shaw (1983) exarnined a number of properties of 

fiesh and hardened concretes prepared at two temperatures, with a low-caicium fly ash, in 

the presence of various admixtures. Data has shown that setting times extended by 

approximately 1 to 1.75 hours when concretes contained 30% fly ash (by weight of 

cernent}. 

2.2.5.6 Effect of Water Requirement on Strength 

Dunng investigations of the concrete matenals for constmction of the South 

Saskatchewan River Dam, Pnce (1961) found that the water requirement was not 

increased when additions of fly ash were made to concrete proportioned with fixed cement 

contents. The resulting concrete had a lower ratio of water to total cementitious material, 

while workability and cohesiveness of the mixes were improved. 

Iohnston and Malhotra ( 1990) reported that in the Beshly mixed state, the effect of 

the fly ash is to reduce the initial water demand. Pasko and Larson (1962) found that the 

water requirement was reduced by 7.2% in a mix in which 30% fly ash C replaced 20% 

cernent. Compton and Maclnnis (1952) reported that a concrete made by substituting 

30% of the cernent with an eastem Canadian Fly ash required 7% less water than was 

required. An empirical estimate was made which indicated that for each 10% of ash 

substituted for cernent, the compacting factor changed to the same degree as it would by 

increasing the water content of the mix by 3 to 4%. 

2.3 Solidification Technology Summary 

The following summary is based on an investigation of solidification methods using 

various inorganic binders and cornparison of solidification processes using cernent and 



lime based binders in hydraulic and paste fiii. The effects of fly ash and natural sands on 

solidified tailings rnix strength have been examined. The main findings of these 

investigations are: 

1. Solidification cm not be employed in high water, low-settling tailing slumes 

except after long-term and uneconornic dewatering processes. 

2. Inorganic binders are relatively low cost and the equipment for processing 

and operation is simple. 

3. The strength of solidification by combining both cernent and lime are much 

more higher than without lime addition. High pH values are effective in the 

stabilization of heavy rnetals and treat AMD. 

4. Waterkementing materials ratio, cernent, and curing time are major factors 

that greatly affect the compressive strength of solidified tailings. 

5. The compressive strength of 0.7 to 2 MPa is adequate for mine bacffill. 

6. Hydraulic fil1 can be used in higher W/C ratio, but it creates water problems 

and the strength is poor. Paste fil1 provides sufficient supporting strength, 

but the dilute tailings slurry need to be dewatered. 

7. The introduction of natural sands and fly ash powder as fine aggregate will 

tend to deflocculate the cernent particles, allowing enhanced hydration 

reactions. This may lead to greater strength charactenstics. 



8. On the other hand, pozzolanic reactions between silica and calcium ions can 

produce additional cementitious hydrates through the introduction of fly ash. 

Thus, fly ash cm be used as a replacement of cernent for economic reasons. 

9. The strength gain varies with different kinds of fly ashes. The Class C ash 

has higher reactivity and activity than Class F ash for strength improvement 

and cernent replacement. 

The main findings associated with the solidification technique using ordinary 

Portland cernent are: 

1. The most noted difficulty is low waterkement ratio W C  < 1). It c m  not be 

used as a solidifjing agent for the high water content tailings. 

2. For equal workability, cement incorporating fly ash and sands usually require 

less water than plain Portland cernent- The water/cementitious material ratio 

generally ranges fi-om 0.3 to 0.7 either by fly ash addition or partial 

replacement. 

3. Fly ash F generally acts as a fine aggregate to increase strength or 

workability but it is hardly used as a replacement for cernent. 



CHAPTER 3 

EXPERIMENTAL METHODS AND PLAN 

3.1 Expenmental Design 

The two diEerent typicai rnining wastes, Brunswick sulphide-nch and Syncrude 

clay-rich tailings, were used in this research project. They were generally in a liquid form 

and exhibited about 77% and 85% water for Brunswick Mining and Syncrude Canada. 

respectively. In the following experiments, we focused on solidifying both high water 

content tailing slumes by using HiFa Bond to obtain sufficient strength for application as 

mine backfill or as construction material. The seventy-seven experiments were planned as 

follows: 

Case I - Syncrude tailings: 

1. Twenty-two experiments were used to test the compressive strength of Syncmde 

tailings mix at various waterMiFa cement (WIC) ratios of 1.5 to 4.5 and curing times 

of 2 hours to 7 days. 

2. Eleven experiments were designed to test the strengthening effect of Syncrude tailings 

mix in excessively high w a t e r m a  ratios of 3 - 5  and 4.5 by adding 1 -25% - 15% and 

2.5% - 15% sands, respectively in 3 days. 

Case 2 - Brunswick tailings: 

1. Twenty-two experiments were used to test the compressive strength of Brunswick 

tailings mix at various WIC ratios of 1.5 to 4.5 and curing times of 2 hours to 7 days. 



Four experiments were designed to test the compressive strength of specimens that 

were made by HiFa Bond itself (without adding tailings) at W/C ratio of 2.5 in the 

different time periods of 1, 3, 4 and 7 days. 

Eight experiments were planned to test the strengthening effect of Brunswick tailings 

at WIC ratios of 3.5 by adding 5% to 25% fly ash F into the mix in 3 and 7 days. 

Ten experiments were used to test the strengthening eEect of Brunswick tailings made 

by fly ash replacement of HiFa Bond in 3 days. In these twelve experiments, four of 

them were done by 0% to 20% fly ash F replacement at a W/(C+F) ratio of 3 S. Six of 

them were made by 0% to 25% fly ash F replacement at a W/(C+F) ratio of 4.5. 

It should be noted that the higher the W/C, the lower the H i a  Bond content and pulp 

density. The tailings/HiFa ratio increases with the increased W/C ratio. Each experiment 

has at least two compacted specimens. ASTM standards C349 were employed for al1 

specimen testing. 

3 -2 Principle of Solidification using HïFa Bond 

Treatment of mine tailings in this study is based upon the principle of solidification 

of loose materials using a bonding agent. When the bonding agent, water and tailings are 

mixed together, they are expected to solidiS and harden quickly through chernical and 

hydration reactions. The solidified materials are expected to develop sufficient strength 

which is required for purposes such as underground backfill in mines and surface 

constructions. The solidification process is also expected to provide means of 

immobilizing hazardous ingredients in the waste tailings and preventing them from being 

transported to surrounding areas by groundwater. 



The high-water rapid-setting cernent mainly consists of sulphoalurninate 

(3CaO-3Al2O3*CaSO4) and some additives in proportion. In hydration, A and B can react 

in aikaline condition to form Calcium sulphoalurninate (3CaO*A12034CaSO~G2H~0). 

Most of the product is in a crystal that can combine with a large quantity of water and 

develop strength quickly with time. 

3 3 Bonding Material Used - HiFa Bond 

The bonding agent to be used in these expenmental studies was a special 

cementing material called HiFa Bond, jointly developed by DZou Geomechanics 

International Lirnited @GI) and China University of Mining and Technology at Xuzhou 

(CUMT). HZa Bond is very different from ordinary Portland Cement in that it can absorb 

large amounts of water (up to 85% by volume) and develops relatively high early strength. 

The amount of water which is combined chemically with HiFa Bond, is about 72 - 75% 

percent of the weight of the cernent. This is approximately 3 and 1.5 times as much as the 

water required for the hydration of Portland cement and hi@ alumina cernent, 

respectively. HiFa Bond is dark gray and consists of two constituents named matenal A 

and material B. 

3 3 . 1  Material Charactenstics 

Matenal A mainly consists of sulphoaluminate and matenal B consists of sulphate 

and several additives. They are mixed in 1 : 1 ratio. When Material A and B are not mixed 

together, they remain relatively stable and no chemical reaction occurs. HiFa Bond 

possesses the following characteristics (Zou et al, 1997h): 

It can be used with water aione and no sands nor aggregates are necessary. 

Addition of sands and other hard materials will increase its strength. 



It can be used with water done and no sands nor aggregates are necesW. 

Addition of sands and otha hard materials will increase its strerigth 

It can be used with M o u s  amount of water (up to 450?'?') dependhg upon the 

rquirements. 

It sets quickly aflfter d g ,  a p p r o h t e l y  3 to 40 minutes. 

It can develop high d y  strength (up to 1.0 MPa in one hour and over 3.0 MPn 

in one day). Over 75% to 85% of the 28 day strength u s d y  developed within 

24 hours. 

ft possesses plastic ddonnabüity, particularly after the strength fàiiwe limit- 

e It is able to regrow after M u r e  anô to maintain high residual strerigth. 

Typidy, 60 to 12W of the peak strength can be obtained 28 days afta the 

strength failure. 

Figure 3.1 shows the typicai plastic behavior of solidilied materials using HZa Bond under 

compression. The two distinct fatures of plastic deformation and high residruil strength 

are cleariy identifiable (Zou et al, 1997ib). 

Figure 3.1 Plastic behavior of solidifid materials using KiFa Bond ( Zou et al, 1997h) 



In application, equal portions of A and B of ma Bond are mixed with the same 

amount of water, respectively, to form two fluids. Once the two fluids are mixed 

together, they solidifj in minutes and form Stone quickly. The general application 

procedure is illustrated in Figure 3.2. 

/ 
Add t -5 to 4.5 

tirnes water by weight \ 
l-7 Material B 

Working time 24 hrs. / Working tirne 24 hrs. 

Solidified sarnple 

Figure 3.2 Diagram of HiFa Bond application procedure 

3 - 4 S pecimen Preparation and Testing 



Al1 specimens were prepared and tested according to ASTM Methods C349. Test 

for Compressive Strength of Hydraulic Cernent Mortars, using 2" or 50 mm cube molds 

which had three compartments and were made of hard metal. Three specirnens had to be 

made at the sarne time and they were tested after a specified time for each experiment. 

3.4.1 Specimen Preparation 

Making specimens with the 2" cube molds involved intensive and tedious work in 

preparing the molds. Firstly, grinding of raw materials was performed in a laboratory size 

bail mil1 foilowed by sieving using #150 - 200 mesh sieve. Secondly, we had to prepare 

molds. After the interior faces of the molds were cleaned Free of debris, a thin layer of 

mineral oil or light grease was applied on these surfaces and the contact surfaces of the 

molds with the base. The molds were assembled together, excess oil or grease was 

removed fiom the intenor sudiaces and the contact surfaces. Care was taken to make sure 

that the contact surfaces between the molds and the base plate were watertight. 

Based on pre-calculated proportions, equal amounts of matenal A and B of HiFa 

Bond were weighed accurately and mked with required water and tailings separately. Ail 

materials were weighed accurately in a digital scale and mixed in a stirrer. M e r  both 

slumes were mixed thoroughly, the two fluids were then mixed together and stirred for up 

to three minutes. The mix was then quickly poured into the molds. Dunng molding. 

slightly shaking the molds by hands was needed to ensure adequate compaction. M e r  a 

certain time (mainly depending on the ratio of WK), the becoming dense mix with 

flowtability was quickly poured into the 2 inch cube molds. The prepared specimens were 

kept in a conservation chamber until testing. The charnber shown in Figure 3.3 was able 

to maintain a constant temperature and sufficient moisture content. 

The arnbient temperature in the mixing laboratory and the conservation chamber 

was maintained between 20 and 25 O C  (Le.. 68 and 81.5 OF). The relative hurnidity of the 



laboratory should not be less than 50%. Ideally, a moisture room or chamber should be so 

conaructed as to provide storage facilities for test specimens at a relative humidity of not 

less than 95%. This was achieved dunng the experiments by keeping the prepared 

specimens in rnoistened plastic bags which were tightened with strings before being placed 

in the conservation charnber that was set at around 23 OC (73.4 OF). 

When the test time was reached, three cube molds were tested at the same time 

using the compression machine at a constant loading rate (see Figure 3.4). The final 

strength was an average of three compressive strengths. 

3.4.2 Compression Tests on Compacted Specimens 

Three solidified tailings specimens (see Figure 3.1) were tested on a compression 

testing machine for uniaxial strength at a specified t h e .  

Test tirne 

Al1 specimens were tested at a planned curing time after their removal from the 

rnoist closet. The allowable variation of testing time is as follows: 

Test Age: 24 hrs, 3 days, 7 days, 28 days 

Perrnissible Variation: *1/2 hr, *lhr, 13 hrs, 112 hrs 

The testing procedure was as follows: 

a) take the molds requiring testing out of the charnber 

b) remove the specimens from the molds in the moistened bags 



c) wipe each specimen to a surface-dry condition, and remove any loose particles 

and measure width and height of each specimen. 

d) select specimen faces that are the tme plane surfaces of the mold 

e) carefùlly place the specimen in the testing machine below the center of the 

upper loading plate 

f) apply the load to specimen faces gradually 

g) adjust the rate of loading and keep it constant until the maximum load is 

reached 

Readines 

Record the total maximum load indicated by the testing machine, and calculate the 

compressive strength in Pascals. The compressive strength of al1 acceptable test 

specimens made fiom the same sarnple and tested at the same penod should be averaged. 

Al1 specimens were tested for each expenment at a specified time. 

During testing, load was applied slowly at a manually-set rate, which was 

maintained relatively constant. No strain gauge was used to measure the deformation. 

Only the maximum load was recorded. Due to the plastic behavior of H i a  Bond, no 

violent failure and sudden rupture were observed at specimen failure. The load indicator 

on the testing machine displayed a graduaily increasing number during loading and a 

graduaily decreasing number after the strength was reached. Loading was stopped as 

soon as the numbers started dropping. 



Figure 3 .3  Chamber for maintenance of the specimens 



Figure 3.4 Compression testing machine 



CHAPTER 4 

SOLIDIFICATION EXPERIMENTS ON SYNCRUDE TAILINGS 

4.1 Introduction 

This chapter of the thesis presents the results of solidification experiments on 

Syncnide oil îadhgs using HiFa Bond. Syncrude Canada L i t e d  extracts oil from rnined 

oil sands. The operation continuously produces large arnounts of taiiings. Roughly 

300,ûûû tons of tailings solids are produceû each day at the Syncmde Canada oil sands 

plant (Fort McMufcay, AB, 1996), the by-products of which are considered waste 

matenals. Disposal of these wastes has been a research topic of the Company and 

becornes more urgent as the accumulation increases daily. Syncrude taüings mainly 

consist of slow-settling clay particles, therefore impounding area requirements are much 

greater and more costly than for faster settling tailings slurries. In addition, billions of 

gaiions of water are trapped annuaiiy in the slimes, thus reducing its potential for reuse. 

Hence, these wastes must be properly treated before the disturbed land can be reclaimed. 

Previous research, up to the S u m e r  1995 by the Fine Tailings Fundamentals 

Consortium W C ,  1995) in Alberta outlined the technical difficulty in treating these 

tailings. The Consortium also reporteci that the strength of the dried fine tailings is very 

low, below the typicai range of consolidated soils. Even after consolidation, the fine 

taiiings are unable to support any construction t r a c  required to reclaim the land. 

Therefore, the search for a practical and economical solution is ongoing. 

4.2 Description of Syncrude Tailings 

Syncrude oil tailings are a byproduct of the oil sand extraction process. They are a 

yeiiowish mixture of water, sand, silt and clay particles. In generd, the coarse particles 



settle at the bottom forming a dark yellow layer. The black biturnen and other oils are 

mainly suspended on the top and the fine particles are suspended in the middle portion 

forming the fine tailings. The fine tailings contain about 13 - 30% fine clay particles which 

are yeuowish and approximately 2% residual biturnen. The fine clays tend to suspend in 

the fluid and settle extrernely slowly. 

Upon request, Syncrude shipped two buckets of tailings nom Plant 5 .  The fïrst 

bucket was deiivered in eariy June 1996. It contained nui-off f?om the mil1 tailings and 

consisted of over 90% water. The tailings sarnple was taken from the bucket and put in a 

transparent bottie to watch the sedimentation of this clay rich tailings. M e r  several days 

without disturbance, the tailings segregated into four layers as iiiustrated in Figure 4.1. 

Figure 4.1 Segregation of Syncmde oil tailmgs 

These four layers can be described as: 

a thin layer of bitumen floated on the surface as a fioth 



a layer of a little yeilowish water under the top layer (about 15% of the total 

volume) 

water and clay minerals suspended together with a little bitumen in the middle 

(over 50% of the total volume) and 

coarse solid settled at the bottom 

4.2.1 Tailings Chernical Character 

Syncrude oil tailings have a very wmplex composition with many organic 

materials and some hazardous ingredients. Typical analytical results were done by 

Syncrude Canada Limited as show in Table 4.1 (Syncmde, 1996). 

Table 4.1 Components of Syncmde tailings (hazardous ingredients) 

1 Bitumen I 0.2 - 5 l 
Hazardous Ingredients 

1 Amorphous silica sand I 15 -70 I 

Weight Fraction (Yo) 

4.2.2 Tailings Physical Character 

The Syncrude oil-sands tailings consist of a mixture of bitumen, minerais and water 

and large arnounts of clay (See Figure 4.2). 



Figure 4.2 Typical arrangement of tar-ssnd particles (Kessick 1978) 

The physical data of Synaude tliilings wae sbown in Table 4.2 (Syncrude, 1996). 

Table 4.2 Physical data of Synaude triilings 

The Syncrude tailings maidy contain &y, which is a laose materid and the 

specific gravity is not very high, ranging ikom 1.0 to 2.0. The tailings in the middle layer 

are a fine material with 800h passing #150 siew, and the coarse material is relative@ high 

with 800! passing #80 siewe. 

Boiling point 

Freezing point 

Approx. lûû°C 
, 

Approx. O°C 



4.3 Taiîings Separation and Density Testing 

After sdientation, the four layers of oii taiiings were separated and stored in 

diierent containers. Since the water on the top is almost clean, it can be recycled. After 

water was deducteci, the volume of tailings slurry was reduced. Now, we could mainly 

treat the large middle and bottom layers using solidification techniques. 

Samples were taken fiom the middle and bottom layers, weighed, and kept in a 

weighed clean container. They were dried at room temperature and weighed again. The 

solid content was calculated using the foilowing relationship: 

Density (C) = (Dry weighWet weight) x 100% 

Mass Balance: MC = MiCi + M2C2 

where: 

M - 

C - 

Mr - 

Cl - 

M i -  

C2 - 

weight of middle and bottom layers 

the density of middle and bottom layers 

weight of middle layer 

the density of middle layer 

weight of bottom layer 

the density of bottom layer 

After calculations we exhibit these results: 

the density of fine and coarse layers together: 15.59%. 



In orda  to be consistent with the work of the Fine Tailings Fundamentals 

Consortium, tailings containhg 85% water were used for the foUowuig experhents. This 

was achiwed by taking proper proportions of the contents of the two layers. The bitumen 

was kept in the mix. 

4.4 Solidification Experirnents 

Al1 materials were mixed and specimens were prepared and tested as described in 

Chapter 3. The only thing we need pay attention is to make the samples when the 

solidified materiai still can flow. 

In this Chapter, solidification experirnents were planned to cover various 

water/HiFa (WC) ratios at dEerent tirne periods. Experirnents were designed to: 

state the solidincation ability of the HiFa Bond used in various ratios of water 

and cernent 

check the effects of the amount of HiFa Bond used and strength development 

examine the relationship of curing tirne of Syncrude tailings planned and the 

strength development 

Table 4.3 shows the complete plan where "x" means a planned experiment. The 

water/HiFa ratio varied fiom 1.5 to 4.5 and tests were to be carried out Erom two hours to 

28 days afker mixing. For experiments in Items 1 to 5, a mix of fine and coarse tailings 

having density of approxirnately 15% were used (excluding the clean water on top). 



Table 4.3 Experirnent plan of Syncmde oil tailings 

Water used in the experiments came fiom the tail'mgs which had only 15.59% of 

solid and 84.41% water by weight. Based on predetermined formulae, the ratios of 

taiiings/HiFa Bond/water were caiculated. A minimum of three specirnens were prepared 

for each experiment indicated in Table 4.3. A total of sixty-six specimens were made with 

Syncmde oil tailings. 

4.5 Results and Conclusions 

WIC: 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

Ali specimens were tested on a compression testing machine at a planned curing 

tirne as shown in Table 4.3. The detailed amount of materials and water used for 

individual experiments is &en in Appendix A. The maximum load at failure was recorded 

during each test. The results are given as foiIowing: 

Tirne 

2 hours 

1 day 

3 days 

7 days 

28 days 

1 

2 

3 

4 

5 

4.5.1 Effect of WatedHiFa Ratio 

#o f  

tests 

2 

2 

7 

7 

4 

x x 

x x 

x x x x x x x 

x x x x x x x 

x x x x 

Since the tailings contained 85% water, the amal t a i l ingrna  ratio was 1.76 to 

5 -29 and the actual amount of HiFa Bond was about 36% to 16%, respectively, as shown 



in Table 4.4. The mixed fluid solidified within 3 to 12 minutes d e r  rnixing. The lower 

the watedHiFa ratio, the faster the rnix sets. 

Table 4.4 Compressive strength of Syncrude oil tailings with 85% water 

WaterIHiFa TailingfHiFa Water HiFa [%] of 

Ratio Ratio c"oI total mix 

1.5 1 -76 54 36 

2.0 2.35 60 30 

2.5 2.94 63 25 

3.0 3.53 66 22 

3.5 4.1 2 68 20 

4.0 4.71 70 18 

4.5 5.29 7 1 16 

3 Days 7 Days 28 Days 

[ M W  

7.28 7.6 8.5 

4.95 4.5 

2.82 2.84 3.02 

1 -96 2.04 

1.37 1.33 1.66 

1 .O4 1.28 

0.78 1.1 1 0.99 

These strength tests were performed for the 3, 7 and 28 days curing time in 

various ratios for water and HiFa of 1.5 to 4.5. The results of strength tests for Items 3 to 

5 in Table 4.3 are given in Table 4.4 and displayed against the tailings/Kifa cernent ratios 

in Figure 4.3. The sarne results are plotted against the HiFa content [wt %] in Figure 4.4. 

As c m  be seen, the strength increases as the water content reduces andor the HiFa 

content increases. Over 7.82 MPa strength was achieved when 1.5 times water (1 -76 

times tailings) was added. Even with as much as 4.5 times water (5.29 times tailings), the 

strengths were maintained at above 0.78 MPa in al1 cases. These results clearly 

demonstrated that: 

HiFa Bond is capable of solidifjmg loose clay-rich oil tailings in vanous 

water/HiFa ratios even at high water/HiFa or tailings/HiFa ratios. 



satisfàctory strength can be achieved by adjusthg the water/HiFa ratio a d o r  

the HiFa content and 

M e r  the mWng of  materiai A and B, both of them reacted quickly. Considerable 

hydration heat was released during the reaction. It was found that the Iess tirne it took, 

the more hydration heat and strength it would accumulate. 

T i e  effect can be evaiuated based on the experiment plan in Table 4.3. The 

results of strength development with t h e  are given in Table 4.5 and Figure 4.5. 

Table 4.5 Time effkct on strength of Syncrude tailings 

The conditions of water/HiFa ratio at 2.5 and 3.5 (i.e., tailings/KiFa ratio of 2.94 and 

4.12) were considered. AU other conditions remained the same. Tests were performed at 

difFerent times ranging âom 2 hours to 28 days &er mking. The sarne results are plotted 

in Figure 4.6 as a percentage of 28 days strength. 

WaterMiFa=2.5 WaterMiFa=3.5 

Tailings/HiFa=2.94 Tailings/HiFa=4.12 Time 

2 hours 

1 day 

3 days 

7 days 

28 days 

Water/HiFa=2.5 Water/HiFa=3.5 

Tailings(HiFa=2.94 Tailings/HiFa=4.12 

[ M W  WPaI 
0.93 0.49 

1 -45 1.09 

2.82 1.37 

2.84 1.33 

3.02 1.66 

31 % 30°h 

48% 66% 

93% 83Oh 

94% 80% 

100% 100% 



As can be seen, during the Grst 24 hours, the strength increased sharply and d e r  3 

days the increase slowed down. The solidified tdings achieved 0.49 MPa or more 

strength in only 2 hour, which is over 30% of the final strength. In 3 days, the strength 

reached above 1.37 MPa comprishg over 83% of the finai strength. The smali fluctuation 

of strength at 7 days may be caused by defects in the specimens, such as poor compaction, 

or other factors. 

The high early strength property indicates that the solidified tailings when used as 

mine backnll may be able to provide sdlicient support to the ground within 1 day and 

cany the fuil load after 3 days. However, the time it takes for the solidified tailings to 

reach the finai strength rnay Vary depending on the water content and perhaps other 

factors as weii. This needs particular attention in the field because of clirnate variation, 

thus fiirther study is required. 

Conclusions: 

Experhents on over sutty specimens have been conducted on the oii tailings from 

Plant 5 of Syncrude Canada Limited. The effects of water/HiFa ratios, tailings density, 

curing tirne and addition of sands are evduated through these experiments. The tailings 

used for rnost of the experiments contained 85% water. The genera! findings are as 

follows: 

even with 1.5 - 4.5 tirnes water (1.76 to 5.29 times tdings), the mix hardened 

quickly (less than 30 minutes) and achieved relatively high strength, 

when the water/HiFa ratio of 1.5 (tailings/HiFa ratio of 1.76) by weight, the 

compressive strength reached was 7.6 MPa in 7 days, 



at a constant waterma ratio of 2.5 and 3 -5 (taihgsRFiFa ratio of 2.94 and 

4-12), the 3 day strength reached over 80% of the final strength, 

At high excessively hi& water/HiFa ratios of 3 -5 to 4.5 (tailings/HiFa ratios of 

4.12 to 5.29), the strength was maintained at above 1 .O MPa in 7 days. 

Overd, the results are satisfactory and HiFa Bond perfonned effectively. The 

solidiied tailings are able to sustain the strength required for land reclamation and the 

strength development indicates that it is possible to start construction within one to two 

weeks d e r  treatment. Further strength irnprovement at high W/C or high taiiings/HiFa 

ratios can be found in Chapter 6. 



S yncnide Tailings Tests 

3, 7, and 28 days strength of Syncmde tailings treated with Wa Bond 

The tailings contain 85% water 

1 1 .S 2 2.5 3 3.5 4 4.5 5 

WaterMiFa ratio by weight 

Figure 4.3 Compressive strength development of various waterRIiFa ratios (Zou et al, 1997 b) 

+ 28 days 
+ 7 days 



Syncrude Tailings Tests 

Effect of HiFa content on strength of Syncrude tailing s 

The tailings contain 85% water 

HiFa content by weight 

Figure 4.4 Compressive strength of solidified Syncrude tailings vs. HiFa percentage (Zou et al, 1997 b) 



Syncnide Tailings Tests 

Tailings contain 85% water 

Days after mixing 

Figure 4.5 Syncnide tailings strength development (Zou et al, 1997 b) 



Syncrude Tailings Tests 

Strength development with time 

Days after mixing 

Figure 4.6 Syncrude tailings strength development in percentage (Zou et al, 1997 b) 



CHAPTER 5 

SOLJDIFICATION EXPERlMENT ON BRUNSWICK TAILINGS 

5.1 Introduction 

This chapter deals specindy with the solidincation of sulphide-rich tailings that 

were taken fiom the No. 12 lead-zinc mine of Bathurst Brunswick Mining and Smelting 

Corporation Ltd. It is the largest hown sulphide deposit in New Brunswick. In 1984, an 

inventory of mine wastes throughout Canada was undertaken by the Canada Department 

of Energy Mines and Resources. It was estimatexi that there were app roh te ly  45,300 

ha of land affecteci by waste rock, overburden or taüings (Murray, 1985). Studies 

indicated that approximateiy 9,000 ha (20%) of üiis total were sulphide taihgs (Phinney, 

1984). They become the main source of emkonmentai pollution, since, when the taiüngs 

sluny containing pyrite are exposed to the atmosphere, a highiy acidic, sulphate-rich 

drainage ( A m )  will fonn, due to the oxidation of sulphide minerais. The acid generation 

is a major problem, not only for wntaminating atreams with acidity and dissolved metals, 

but also making the reclamation of tailings areas expensive since gras and tree rooting 

are impossible in the acidic conditions without expensive additions of neutraiking agents, 

fertilkers and ground cover. The key in AMD control and prevention is preventing pyrite 

contact with air and inhibithg or decreasing acid generation. The current methods used 

are neutraüzation by adding alkali, and isolation ffom oxygen by ushg covers. S o i i d i g  

tailings and waste rock mixture using KiFa Bond can be considered as a innovative 

technology to prevent contamination, control AMD and reclaim the disturbed land. 

5.2 Description of Brunswick Tailings 

Brunswick Taillligs are a byproduct of Brunswick Mining and Smelting 

Corporation Limited. They are a dark mixture with over 77% water by weight. The 



density of tailing solids is quite hi@. Thus, they settle very quickly at the bottom forming 

a black compact layer. The clean water resides on the top of the bucket as shown in 

Figure 5.1. 

t Clean water 

Figure 5.1 A sedimentation of Brunswick taihgs 

5 -2.1 Particle Size Distribution 

After the notation of the econornic minerais, lead and zinc, the Brunswick taillligs 

contain extremely fine particles due to low liberation of galena. Particle size distribution 

results as illustrateci in Table 5.1 indicate over 80% particles passing No. 36 micron screen 

and the specific surface area as 0.10 sq.m./cc. 



Table 5.1 The distribution of  particte size (Oa., 16, 1996) 

1 Specific Surface Area 0.10 sq.m./cc. I 
These results were measured by Malvem Laser Diffraction Particle Sizer in the Daltech 

Minerals Engineering Centre. 

In band 

YO 

0.2 

0.6 

1.1 

t 

Size 

microns 

1 18.4 

102.1 

88.1 

5 -2.2 Analyses of Characteristics 

Under size 

?40 

100.0 

99.8 

99.3 

The tailings from Brunswick's mining Company are composed mostly of pyrite and 

waste rock. The main components of these tailings are pyrite, galena and silica, together 

with a large amounts of femc iron, calcium and organic chemicals. 

Typical analysis results from the lab report of Brunswick Mining and Smelting 

Corporation Ltd. in 1996 are as follows . 



Table 5.2 Components of Brunswick tailings (Hazardous Ingredients) 

Component 

Pyrite (FeS) 

The basic physical data from Brunswick tailings are given in Table 5.3. 

Table 5.3 Physical data of Brunswick tailings 

Weight Fraction (%) 

60- 100 

Silica as Quartz 

Zinc Sulphides (Zn, Fe)S 

1-5 

1-5 

1 Melting point 1 750°C 

State 

Bulk density 

1 Evaporation ratio 1 Zero 

black powder, extremely fine, no odour 

about 2 kg 

1 ~ o h b i l i t ~  in water 1 slight 

The hardness of these tailings is quite high, and the density of it is approximately 2 k g .  

5.3 Determination of density 

Since the density of Brunswick tailings is much higher than water, they settle at the 

bottom quickly via gravity. They have an obvious interface with the clear water on top 

and the solids at the bottom. M e r  sedirnentation, a compact layer is formed. The settled 

solids and the clear water were separated according to the interface, then weighed and 

stored in clean containers respectively. According to the calculation relationships as 



shown in Chapter 3, the density of total tailing sluny is found to be about 23% by weight. 

The separated water was kept for followhg tests. 

5 -4 Solidification Experiments 

In these experiments, the taitings contahed 77% water were used to prepare 

specimens. The methods of making and testing specimens were the same as before. Two 

groups of tests were conducted on Brunswick tailings as follows: 

Group I Tests 

Experiments were planned to test the compressive strength of samples prepared in 

various WatedHiFa (WC) ratios of 1.5 to 4.5 and at dinerent time penods of 2 hours to 

28 days. The water previously separated fkom the tailings was used for making these 

samples. Experiments were planned to: 

check the effects of the amount of HiFa Bond used and strength development 

after mixing, 

state the ability of HiFa Bond to solid@ sulphide tailings in various water/HiFa 

and tailing/HiFa ratios, and 

examine the setting time of solidied Brunswick tailing requûed and the 

relationship with strength dwelopment. 



gr ou^ II Tests 

Experiments in Group II were planned to compare the compressive strengths of 

samples made by adding Brunswick tailings in the mO< with those of samples made by 

HiFa itseif (without tailings). Because Brunswick tailings are much harder than Syncnide 

&gs, experiments were plmed to check the &éct of hard sulphide tailings on the HiFa 

Bond strength. 

In Group II tests, we only employed HiFa Bond and tap water to perfonn the 

tests. Experhents were designed to test the compressive strength of sarnples made in 

constant water/HiFa ratio of 2.5 at different tirne periods of 1, 3, 4, and 7 days. Tables 

5.4 & 5.5 show the experimentai plan for Group 1 & Group II tests, where 'Y means a 

planned experiment. 

Table 5.4 Experhent plan of Brunswick tailings - Group I tests 

I I tests 

1 

2 

3 

4 

5 

2 hours 

1 day 

3 days 

7 days 

28days 

x x 

x x 

x x x x 

x x x x x X 

x x x x 

2 

2 

7 

7 

4 



Table 5 -5 Experiment plan of Brunswick tailings - Group II tests 

1 Testing T h e  1 1 day 1 3 days 1 4 days 1 7 days 1 # oftests 1 

5.5 Results and Conclusions 

AU specimens were tested on a compression testing machine at a pre-specified tirne 

as shown in Table 5.4. The aüowable variation of testing time was descnieâ in Chapter 3. 

,The samples of soiidiied Brunswick taiiings look a little darker than the Syncrude tailings. 

The amount of materiais and water used for individual experiments is given in detaii in 

Appendix B. The strength results of each expairnent are given in the foiiowing sections. 

5.5.1 Effect of Wate rMa Ratio 

In the first row of the experimental plan - Table 5.4, it is expected to deterrnine 

the early strength after 2 hours. From rows 2 - 5,  it is expected to determine the strength 

d e r  a specified t h e .  The strengths at various waterma ratios were obtained as shown 

in Table 5.6. 

As Water/HiFa ratios increased &om 1.5 to 4.5, tailings contain 77% water and 

that corresponded to 1.95 - 5.84 tailings/HiFa ratio. The actual amount of HZa Bond was 

fiom 34 - 15% and the pulp density was fiom 49% to 34%, respectively. 



Table 5.6 Compressive strength of Brunswick taihgs with 77% water 

Water/HiFa TailingRIiFa Water HiFa [%] of 

Ratio Ratio 1x1 total mix 

1.5 1.95 5 1 34 

2.0 2.60 56 28 

2.5 3.25 59 24 

3 .O 3 -90 61 20 

3.5 4.55 63 18 

4.0 5.19 65 16 

4.5 5.84 66 15 

3 Days 7 Days 28 Days 

Wal 

These strength results were plotted against the tailiigsRIiFa ratio, as shown in 

Figure 5.2. The sarne results were plotted against KiFa content [wt %] in Figure 5.3. 

Both of them were tested 3 days, 7 days and 28 days after e n g .  From these two 

figures, we find that the compressive strength increased with the amount of HiFa Bond. 

Even with as much as 4.5 times water (i.e. 5.84 times tailings), the lowest strength was 

maintained at above 1 MPa. These results showed that HiFa Bond performed effectively 

even with large arnounts of tailings and formed calcium sulphoaluminate with adequate 

strength. This shows a potential for treating the large amounts of slurry tailings discarded 

by the mining Company with HiFa Bond and using them for ground support in the mine. 

5.5.2 Effêct of Curing Tirne 

The strength development over t h e  fiom calculation of group 1 test results is 

s h o w  in Table 5.7 and Figures 5.4 & 5.5. Items 1 - 3 were tested in a short period, 1 

hour, 2 hours, and 4 hours, respectively, after mixing. As can be seen, the strength 

increases with tirne. 



Table 5.7 Tme effect on strength of Syncmde tailings 

T ï e  

1 4 hour 1 1.1 1 I 22.1% 

1 hour 

2 hour 

WaterEGFa=2.5, 

ww 

It is shown that the strengths of solidified Brunswick tailings using HiFa Bond 

develop quickly, over 15% of final strength was developed in 2 hours, over 65% in one 

day and over 85% in 3 days. This indicates that the solidified tdings when used as mine 

backfiîi wiii probably be able to provide effcient support to the ground within 1 to 3 days. 

or Taihgs/HiFa=2.94Water/HiFa=25 

[O/.] of 28 days strength 

0.54 

0-76 

7 days 

28 days 

5.5.3 Residual Strength 

10.7% 

15.1% 

During compression tests, samples were generally loaded to failure and they 

developed extensive fiactures during the process. Theses samples were kept in moistened 

bags and some of them were tested again, 28 days after the fist testing. The results are 

shown in Table 5.8 and Figure 5.6. As can be seen, surpnsingly high residual strength was 

maintained by the solid blocks. At least 60% strength was retained, some had slight 

decreases (up to 40%) and some even had slight inmeases (up to 20%) of strength. This 

is a unique feature of HiFa Bone, due to its special characteristics. Tailings solidifieci with 

4.48 

5.03 

89.1% 

1 00% 



HiFa Bond will therefore make an ideal support synem to the rockburst prone ground 

because; (a) they have high residual strength, and (b) they behave plastic* afker failure as 

described in Chapter 3. 

Table 5.8 Cornparison of Peak and residual ~ e n g t h  of solidiied Brunswick tailings 

WaterAWa 

Ratio 

1 day 1 day 

Peak* Residual 

V a l  N a 1  

3 day 3 day 

Peak* Residuai 

W a l  P a l  

8.78 7.87 

7 day 7  da^ 
Peak* Residud 

W a l  N a 1  

9.24 5.9 

6.84 7.49 

3 -63 3 -64 

3.41 3.44 

J 

Irutid Test Tm and Rt-tcst 28 Days later 

-- 

Figure 5.6 Cornparison of initial strength and residual strength for Brunswick tailings (Zou 

etal, 1997b) 

* The peak strength refen to the strength obtained during the fht the test 



5.4.4 EEéct of adding Brunswick tailings in mix 

The test results of Group II in the experiment plan Table 5.5 are shown in Table 

5.9. These tests were performed by HiFa Bond itseif at a constant water/HiFa ratio of 2.5 

in various t h e  penods, from 1 day to 7 days. The strength results of these samples were 

compared with the samples which were made by addiig Brunswick tailings into the Mx at 

same water/HiFa ratio. 

Table 5 -9 Effect of addïg Brunswick tailings in mDr on HiFa Bond strength 

Mix 

Strength Increase 

HiFa Bond 

Tailing mix 

strength 1 Strength 1 Strength 1 Strength Water/HiFa 

Ratio 

1 days 3 days 4 days 7 days 1 
Tailing/HiFa 

Ratio 

2.5 

2.5 

The results of strength tests in Table 5.9 were plotted against the time penod in 

Figure 5.7. It is clearly shown that the compressive strength of samples with added 

Brunswick tailings is much higher than that without tailings, either in early strength or 

ultimate strength. The average increase is about 1.5 MPa (or over 51%) for each testing 

t h e .  Adequate strength can be achieved by adjusting the HiFa Bond and tailings content. 

The solidified tailings possessed sufficient strength for mine backfill and other construction 

use. 

O 

3.25 



Conclusion: 

Large amounts of laboratory test results above indicate that HiFa Bond has 

demonstrateci the foflowing capabilities: 

1. HiFa Bond can be used to solidi tailings which may contain various amounts 

of water. Even at a high WIC ratio of 3.5 to 4.5 (tailings m a  ratio of 4.55 to 

5.84), the strength was still maintained at above 1 .O MPa in 3 days. 

2. At a constant water/HiFa Bond ratio of 2.5 (tailings/HiFa ratio of 2-94), the 1 

and 3 day strength reached over 65% and 84% of the ultimate strength in 28 

days, respectively. 

3. The residual strength 28 days f ier the Mure was very hi&. There was up to 

20% increase in some cases and less than 40% drop in others. 

4. There were up to 5 1 - 69% strength increase by adding proper perportion of 

Brunswick hard fine tailings in 1 - 7 dey curing tirne. 

5. Acid mine drainage (AMD) can be prevented in the solidification process, 

because the acidity may be neutralized by additions of HiFa Bond which has an 

aikaiinity of pH >12. 

6. HiFa Bond c m  be used to sotid@ sulphide tailings, whereby the oxidized 

sulphide mineral is irnrnobilized into a solid and isolated h m  the air. 



5.6 Discussions of Both Tailing Experimental Results 

During these experimentd studies, a number of factors which may affect the 

strength of the solidified tailings have been identified. They mainly include materials in the 

tailings, compaction of specimen, HiFa Bond mix, the temperature and humidity. 

Cornparing test results of both different tailings, we have the following discussions. 

5.6.1 Similarities 

HiFa Bond has the ability to solidie mine tailings whether sofi oil-clay tailings or 

hard metal tailings with high water content. Relatively high strength can be achieved in 

the early stages. 

Temperature at rnixing seems to play a very important role in the initial setting 

time and early strength. Higher temperatures generally accelerate the chernical and 

hydraulic reactions and result in faster setting times and higher early strength for both 

cases. The above experiments were done in room temperature. The humidity in the 

environment is also important for specimen conservation. It is expected to affect the 

hardening process and consequently the strength. 

S. 6.2 Differences 

The materials contained in the tailings affect the strength. Soft clay-rich solid 

tends to give rise to Iower strength, such as in the case of Syncrude oil sands tailings. 

Experirnents have shown that higher strength cm be achieved with tailings fiom hard rock 

metal mines. Especially, small amounts of bitumen existing in the Syncrude oil sands 

tailings seem to play a large role. It was found that the bitumen rises as a fioth in the 

tailing slurry. when there was sufficient bitumen in the taiiings, there were always air 



bubbles in the rnixed fluid, which became voids in the specimen aAer the specimen was 

dried. This phenomenon has not been observed with Brunswick metal taüings. These 

voids reduce the strengths, speciaiiy in the high W/C ratios. It may be possible to d u c e  

the voids by addition of some aggregates or by some type of mechanicd compction. 

Further study is needed to reduce voids and improve strength in high W/C ratios 

by adding some silica rnaterials. For Brunswick hard metal tailings, the strength after 

solidineci by HiFa Bond is sufficient for mine b a c W .  Now, we attempt to use fly ash as a 

reinforcement to pariially replace HiFa Bond to reduce cost. 
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Figure 5.2 Compressive strength of solidifiad Brunswicû tailings W. tailing/HiFa ratio (Zou et al, 1997) 
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CHAPTER 6 

STR1ENG'IMEMNG EXPERlMENTS 

6.1 Introduction 

During this study, it was found necessary to irnprove the strength and at the sarne 

time to reduce the required binder in order to reduce cost. HiFa Bond has ability to 

sol id^ various mine tailings whether sofk oil-clay tailings or hard metal tailings. But the 

problern is that the higher the w a t e r m a  ratio the lower the strength. This can be seen 

from the previous two chapters. The strength generdy decreases as the water content 

increases andor HiFa Bond content decreases. 

With the increase of w a t e r m a  ratio, the strength of solidified Syncrude tailings in 

3 days dropped to 1.37 and 0.78 MPa at a ratio of 3.5 and 4.5 respectively, and the 

strength of the solidified Brunswick sulphide tailings in 3 days reduced to 1.77 and 1 MPa 

at a ratio of 3.5 and 4.5 respectively. Further studies would be needed to improve the 

compressive strengths in high ratios of water/HiFa cement. 

Strengthening of the solidified tdings is very important for practical application of 

HiFa Bond in mining bacffill or construction. In these experiments, the most commonly 

used material, natural sand and fly ash were used as a reinforcement for the soft-clay 

Syncrude tailings and hard Brunswick metal tailings, respectively. Experiments were 

designed to : 

improve the strength at high water/HiFa cement ratios 

reduce HiFa Bond content for economic reasons 



6.2 Strengthening of Syncrude Tailings by Adding Sands 

In this section, in order to irnprove the compressive strength of Syncrude oil 

tailings, natural sands with most particles smaiier than 4 mm were added as an aggregate 

in W.% of the total tailings s l u q .  The density of sands is about 2.65g/cm3. In this 

expenmental plan, the fine Syncrude tailings had about 85% water and experiments were 

done in two .water/HiFa ratios. The experiment plan is represented in Table 6.1. 

Table 6.1 Strengthening experirnents of Syncrude tailimgs 

Sand Sand Sand Sand #of 

5% 7.5% 10% 15% tests 

Natural sands were added f?om 1.25% to 15% and 2.5% to 15% of total tailings 

@y weight) in a excessively high water/HïFa ratios of 3.5 and 4.5, respectively. 

6.3 Strengthening of Brunswick Tailings by Adding Fly Ash 

In this section, fly ash from Nova Scotia Power Trenton Plant was selected as 

reinforcement because the Trenton Plant bas substantial arnounts of this material which 

has pozzolanic properties. Further studies would focus on improving the strength of 

solidified specimens with high W/C ratios and reducing costs by introducing fly ash. 

In practice, fly ash cm be introduced in two ways: 

Fly ash may be introduced as an additional component in the HiFa Bond rnix. 



A blended HiFa cernent containing fiy ash may be used in place of HiFa Bond, 

Fly ash is one of the most widely used less energy-intensive construction materials 

that is readily available and cheaply collected in many parts of the world. The use of fly 

ash in cernent is now recognized as essential for a variety of technical and economic 

reasons. It may be used as a partial replacement of HiFa Bond or as a filler to reinforce 

the tailings to be solidified. 

The purpose of these tests was to increase the strengîh of solidified Brunswick 

tailings at high water/cementitious material ratios. The water used for mWng was mainly 

fiom tap water because the previously separated water from tailings slurry was not enough 

for preparing expenments with excessively high water content (about 70% of rnix by 

weight). 

6.3.1 Characters and Strengthening Principle of Fly Ash 

Fly ash is a siliceous material (pozzolan) that, in finely divided form and in the 

presence of moisture, chemically reacts with the calcium released by the hydration of HiFa 

Bond to form compounds possessing cementhg properties. In HiFa Bond pastes 

containing fly ash or ground quartz in sufficient amounts, gel-like compounds with a low 

porosity and high specific surface area are formed in pozzolanic reactions dunng c u h g  

penod. W n  fly ash is used in conjunction with HiFa Bond, it will contribute to the 

properties of the hardened HiFa Bond mix through hydraulic or pozzolanic activity or 

both. 

The fly ash from Nova Scotia Power Plant is dry and very fine dark powder, with a 

distribution of about 80% passing 45 prn. It mainly contains SiO2, Al203. Fe& Ca0 and 

Mg0 as shown in Table 6.2. 



Table 6.2 Chernical characteristics of fly ash fiom Trenton Generating Station Tests 

Trenton Fly Ash 

Sioz 

Al203 

* From Analytical& Environmentai Chernistry Laboratory Report of Trenton Generating 

station (June 1 3, 1997) 

This low-calcium fly ash (Type F) is produced form burning pulverized bituminous 

cod. It is a fine particulate residue from the combustion gases before they are discharged 

into the atmosphere. In this chapter, this fly ash was used to do the following 

experirnents. 

6.3.2 Addition of Fly Ash 

In addition method, fly ash was added to the mix without a corresponding 

reduction in the quantity of HiFa Bond used. Fly Ash was added as a fine aggregate 

according to a predetermined proportion. 

Experiments were planned to compare compressive strength between adding fly 

ash into HiFa Bond mixture and without it. Specimens were made at high waterfHiFa 

ratio of 3.5 in 3 and 7 days as shown in Table 6.3. Experiments were planned to: 



determine the effect on arengthening of addig low-calcium fly ash (Type F); 

determine the maximum strengths obtained by adding various amount of fly 

ashes. 

Table 6.3 Experiment plan of fly ash addition (WfC = 3.5) 

- - - - pp - - - 

In Table 6.3, the ash/tailings ratios were increased from 5% to 25% respectively. 

The strengths of each expenment were tested in 3 days and 7 days &er d n g .  

6.3 -3 Partial Replacement of HiFa Bond by Fly Ash 

AshRailings, % 

Experiment [3 days] 

Experiment 17 days] 

In most applications, the major objective of using fly ash in HiFa Bond is to reduce 

15 

x 

x 

HiFa Bond content in order to reduce costs and attain required levels of strength. The 

greatest advantage is economy, since low cost fly ash replaces more costly HiFa cernent- 

Another advantage is that the fine, rounded fly ash particles increase HiFa Bond rnix 

workability and strength development in long term. 

5 

x 

x 

Expenments were planned to check the amounts of HiFa Bond replaced by fly ash 

in order to obtain approximately equal compressive strength at early age, Say in 3 days. 

Low-calcium fly ash was used as a pouolan matenal replacing part of HiFa cernent. The 

strength development of specimens was investigated when 5 - 25% and 5% - 30% W a  

Bond was replaced by fly ash at waterkementitious materials (HSa cernent and fly ash) 

20 

x 

x 

10 

x 

x 

ratios of 3.5 and 4.5, respectively. The purpose of this expenment was to determine the 

# of tests 

4 

4 



optimum amount of fly ash used to replace HiFa Bond while achieving the maximum 

compressive strength of soiidified tailings mix. 

In this test, 77%-water tailings slurry of Brunswick were employed and ash was 

added in wt. % of the HiFa Bond in two groups of tests. One was performed at a 

water/HiFa ratio of 3.5, the other was done at wa t e rma  ratio of 4.5. Both of them are 

show in Tables 6.4 & 6.5, where "x" means a planned experiment. 

Table 6.4 Experiment plan of fly ash replacement ( W C  = 3.5) 

Table 6.5 Experiment plan of fly ash replacement (W/C = 4.5) 

# of tests 

4 

6.4 Test Results 

25 

x 

Ash replacement % 

Expenment [3 days] 

A large nurnber of tests was done in order to approach these purposes. The 

complete records of experiments are given Appendix C in detail. 

# of tests 

7 

30 

x 

20 

x 

5 

x 

15 

x 

20 

x 

15 

x 

Ash replacement, % 

Experiment [3 days] 

25 

x 

5 

x 

10 

x 



6.4.1 Effect of Adding Sands on the Syncrude Tailings Strength 

Experiments planned in Table 6.1 were to check the strengthening effect of 

adding sands to the mix. These was performed with the 85%-water tailings in two groups. 

In the first Group, the water/HiFa Bond ratio was 3 -5 (tailing/HiFa ratio of 4-12), sands of 

1.25% to 15% were added to the Syncrude t&gs mix. In the second Group, the 

watedcement was 4.5 (tailingRFiFa ratio of 5.33), sands of 2.5% to 15% were added to 

the Syncrude tailiigs mix. AU of these specimens were tested in 3 days. The test results 

are given in Tables 6.6 & 6.7. 

Table 6.6 Effect of sands on the Syncrude tailings strength (W/C = 3.5) 

* pulp density between 37% - 39% 

Table 6.7 Effect of sands on the Syncrude tailings strength (W/C = 4.5) 

These strengh results were plotteci against the sand content of total tailings weight 

in Figures 6.1 & 6.2. From these two figures, the results showed that strength increased 

gradually d e r  sands were added to the rnix. The more sands that were added, the higher 

* TRI is the ratio of tailings to HiFa Bond 

10 

1.69 

23.4 

15 

1.85 

35.0 

3.75 

1.56 

13.9 

15 

1.65 

111.5 

5 

1.62 

18.3 

O 

1.37 

1.25 

1.43 

4.38 

W/C=3.5 

(T/H=4.12) 

* pulp density between 34% - 37% 

10 

1.67 

114.1 

2.5 

1.51 

10.2 

r 

Sands [Yo] 

S t r e n g t h w a ]  

Strength increase % 

O 

0.78 W/C = 4.5 

( T m 4 . 3  3) 

7.5 

1.55 

98.7 

2.5 

1.13 

44.9 

Sands [%] 

Strength w a ]  

Strengt h increase % 

5 

1.34 

71.8 



the strength achieved until up to 15% Sand addition. With high additions of siliceous 

materia the compressive strengths of the solidified rnix were increased up to 35% and 

over 1 1 1% at waterRLiFa ratios of 3 -5 and 4.5, respectively, f i e r  3-day cunng. The 

strengths in Figure 6.1 showed that they sta have the tendency to increase continually at 

the water/HiFa ratio of 3.5. Particularly, the addition of sand at excessively high ratio of 

water/HiFa of 4.5 reduced the porosity of specimens containing bitumen and improved the 

strength effectively. There were over 1 11% increase in strength achieved afier 3 days. 

These results indicated that adding sands can effectively increase strength of solidified 

specimens at hi& ratios of water/HiFa cernent, so the strengthening of tailings mix which 

has high water content like Syncrude tailings can be achieved by addition of sands. 

Tests also showed that adding fly ash into Syncrude tailings could strengthen the 

final strength. Over 1.29 MPa strength was achieved by adding 7.5% to 15% fly ash in 3 

days as shown in Figure 6.2. 

6.4.2 Effect of Fly Ash on Brunswick Tailings Strength 

6 - 4 2  1 Addition of Fly Ash 

The average strength results in experirnent plans of Tables 6.3 is shown in Table 

6.8. The rnix incorporating fly ash presented an increase of compressive strength with 

respect to the rnix without fly ash even at early stages. 

The ashltailings ratios increased from 5% to 20% in Table 6.8. The actually used 

HiFa Bond was about 18%; the pulp density was from 37.5% to 39.7% of total weight; 

correspondingly as the water/HiFa ratio of 3.5. These tests were designed to compare the 

strengths by adding various amounts of ashes in low pulp density (or low HiFa Bond 

content). 



Table 6.8 Compressive strength of adding fly ash (WfC = 3 -5 :  1) 

KiFa % of Pulp Strength Increase % Increase % 

1). Effect of adding fiy ash on strength 

The.average strength results in Tables 6.8 was ploned against the water/HiFa ratio 

in Figures 6.3. Al1 of the tests were done for 3 and 7 days curing tirne. As can be seen, at 

a high water/HiFa ratio of 3.5, with 15% fly ash addition the compressive strength at 3 

days and 7 days was increased by about 24.9% and 30.5%, respectively. The results 

indicated that adding fly ash in the low pulp density would give higher strength, because 

the most significant physicai parameter characte~ng ash is its fineness (as measured by 

45 pm sieve retention). Fineness affects heat release and the rate of hydration. Greater 

HiFa Bond and fly ash fineness increases the rate at which HiFa cernent hydrates and thus 

accelerates strength development. At a later stage, fly ash contributes largely to strength 

development. This tendency can be found fiom test results afler 7 days. 



2). Effect ofadding fly ash on water requirernent 

The addition of type F fly ash did not reduce high water/HÏFa cernent ratios and 

the water content in the mix was almost the sarne as without ash addition. These results 

showed that HiFa Bond performed well at high water/HiFa Bond ratios even with 5% - 
20% fly ash addition. Comparing with ordinary cernent, the water/cementitious material 

ratio generally ranges fiom 0.3 to 0.7 either by fly ash addition or partial replacement as 

described in Chapter 2. This property depends on the typical crystal structure of HiFa 

Bond. The large needle-hke crystal surface area of HiFa Bond cm react sufficiently with 

fly ash and hmobilize large amounts of water in the solidification process. 

6.4.2.2 Partial Replacement ofHiFaBond by Fly Ash 

Expenments were done for 5 - 25% HiFa cernent replacement by fly ash. The 

compressive strengths at a waterkementitious materials (HiFa Bond + fly ash) ratios of 

3.5 and 4.5, respectiveiy, were determined. Each experiment had three cube specimens 

and the strength was tested 3 days d e r  mbùng. The compressive strength of each 

specimen was calculated and the average of three specimens is taken for each set of tests. 

The results are given in the following tables. 



Table 6.9 Compressive strength of Brunswick tailings with partial replacement o f  HiFa 

Bond by fly ash - W/(C+F) = 3.5 

1 replacement 1 Ratio 1 Density 1 total mix 3 days [MPa] 

Strengih 

Increase % 1 
Strength 

* W/(C+F) is water/(HiFa cernent + Fly ash) ratio 

HiFa [%]of Ash [%] of 1 TailuigRIiFa 

Table 6.10 Compressive strength o f  Brunswick tailings with partial replacement of HiFa 

Bond by fly ash - W/(C+F) = 4.5 

Pulp 

Ash [%] of 

replacement - 

HiFa [%]of 

total mix 

Tailing/HiFa 

Ratio 

Strength 

3 days [MPa] 

Pulp 

Density 

Strength 

Increase % 



1) Strengthening effea of fly ash partial replacement 

The waterkernentitious materials ratios varied from 3.5 - 4.5 by weight and the 

strengths at various tailingdHiFa ratios were obtained. The results of strength in Tables 

6.9 & 6.10 were plotted against the ah% of replacement by weight in Figure 6.4. At a 

waterkementitious matenais ratio of 3.5 and pulp density of 37%, the compressive 

strengths increased up to 36.7% with 5 - 15% fly ash replacement comparing with the 

100% HiFa cernent. At a water/cementitious materials ratio of 4.5 and pulp density of 

34%- the strengths increased up to 3 1% with 5 - 20% fly ash replacement compared with 

no fly ash replacement. 

In both cases, ash with 10% replacement of HiFa Bond gave the maximum 

strength increase. The strengths of rnix containing up to 20% fly ash replacement were 

nearly the sarne as that of mix without fly ash. Even with 25% replacement of cernent in 

the high waterkernentitious materials ratio of 4.5, the rnortar still gave acceptable 

strength. 

2) Effect on HiFa Bond Required 

An important purpose of using fly ash replacing HiFa Bond was to search for the 

minimum quantity of HiFa Bond to solidi@ as much tailings as possible. 

When the amount of fly ash replacement at water/cementitious materials ratios of 

3.5 and 4.5 increases, the actual amounts of HiFa Bond required were reduced from 18% 

to 14% and 15% to 11% and the tailingdEFa ratios were increased from 4.55 to 5.68 and 

5.84 to 7.74, respectively. These results were plotted against ash % of replacement in 

Figures 6.5 & 6.6. These graphs clearly show that the amount of HiFa Bond was reduced 

as the fly ash percentage of replacement increased. At the water/cementitious ratio of 4.5, 



the required HiFa bond was only 12% of total tailings mix even with 7.26 times as much 

tailings and low pulp density of 34%. That corresponds to minimum amount of HiFa 

required to treat the maximum arnount of tailings without lowering strength. 

6.5 Conclusions and Recommendations 

Two types of experirnents were conducted on two dserent tailings that were 

Syncrude tailings with 85% water and Brunswick tailing with 77% water. Sands and fly 

ash as reinforcement materials were added to these tailings at two high waterRiiFa Bond 

or waterkementitious ratios, respectively. The results &om laboratory tests have 

demonstrated the following facts: 

1. It is possible to strengthen solidified tailings with high water content even with 

loose clay-oil tailings or sulphide minera1 tailings 

2. When 15% sands were added into Syncrude tailing mix, the 3-day strength 

increased up to 35% and 1 1 1.5% at waterRIiFa ratios of 3.5 and 4.5, 

respectively . 

3. Adding 7.5% - 15% fly ash of the tailings (by weight) into Syncrude tailings 

could increase the 3-day strength up to about 65%. 

4. There were up to 24.9% and 30.5% strength increases at W/C ratios of 3.5 

adding 15% fly ash in 3 and 7.days, respectively. 

5. Adding sand and fly ash effectively increases the porosity of low solid content 

mix. The strength at a higher water/HiFa or waterkementitious materials ratio 

improved more. 



6.  Ry ash F can be successfully used to replace HiFa cernent. About 20% HiFa 

cernent cm be replaced by the low-calcium fly ash without strength reduction. 

7. Only 12% HiFa Bond of the total tailing mix (by weight) was required at 

W/(C+F) ratio of 4.5 (tailings/HiFa Bond ratio of 7.26) to maintain the strength 

above 1 MPa. 

8. Thus, sands and fly ash have'contnbuted to the strength gain of HiFa cernent. 

From the test results, higher strength can be achieved by adding sand and fly 

ash. 

Recommendations 

It is recornrnended that; 

1. Further study is needed to determine the optimum portion of sands and the 

economic benefits of adding the hard particles. 

2. Low-calcium fly ash will act largely as a fine aggregate of spherical fom, high- 

calcium fly ash on the other hand may participate in the early cementing reactions, in 

addition to being part of the particulate suspension. Further test is suggested that using 

hi&-calcium fly ash in stead of low-calcium fly ash. 

3. Using fly ash in a cementitious materials introduces a number of complexities 

with regard to proportionhg if the accepted relationships between workability, strength, 

and water cernent ratio are employed. So al1 factors needed to be taken into 

consideration. 



Strengthening Tests of Syncrude Tailings 
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Figure 6.1 Effect of adding sands on strength of Syncmde tailings (Zou et al, 1997) 







Strengthening Tests of Brunswick Tailinys by Ash Replacement 

3 days compressive strenyth with partical replacement of HiFa Bond with fly ash 
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Figure 6.4 Effect of fly ash replacement on strength of Brunswick tailings 



Strengthening Tests of Brunswick Tailings with Fly Ash Replacement 

Tailings containing 77% water 
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Ash [%] of replacement of HiFa Bond by weight 

Figure 6.5 Effect of fly asli replacement of HiFa Bond of Brunswick tsilings 



Strengthening Tests of Brunswick Tailings with Fly Ash Replacement 

Tailings containing 77% water 
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Figure 6.6 Etiect of TailindHiFa Bond ratio with fly asli replacement of Brunswick tailings 



CHAPTER 7 

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

There were seventy-seven experiments performed for both tailings that were 

Syncrude clay-rich oil tailings and Brunswick sulphide-rich tailings. In this study, a special 

cementing material - High-Water Rapid-Setting cernent, HiFa Bond, has been used as a 

solidifjmg agent. Tailings fiom Syncrude Canada Limited and Brunswick Mining and 

Smelting Corporation Limited containing up to 85% and 77% water, respectively, were 

solidified using HiFa Bond. Natural sands and Trenton Powder Plant low-calcium fly ash 

(Type F) were selected as reinforcements to improve solidified tailings strength or used as 

a partial replacement of HiFa Bond. The results from laboratory tests have demonstrated 

the solidification capability of HiFa Bond in mine tailings treatment. The foliowing facts 

are concluded: 

1. HiFa Bond is capable of solidifjmg soft clay oil-sand tailings and hard sulphide 

tailings at various hi& w a t e r / ' a  cement ratios of 1.5 to 4.5. 

2. HiFa Bond can be used to solidifi tailings which may contain up to 77% & 

85% water of the rnix pulp and to achieve sufficient backfill strength (0.7 - 2 

MPa) with or without addition of sands or fly ash. 

3. For Syncrude tailings, at a water/HiFa ratio of 1.5 by weight (tailing/HiFa ratio 

of 1-76), the compressive strength reached 7.28 - 8.5 MPa in 3 - 28 days. 

Even with excessively high water/HïFa ratios of 3.5 (containing 71% water; 

tailing/HiFa ratio of 5.29), a compressive strength of 1 MPa was achieved in 

28 days. 



For hunswick tailings, at a waterRIiFa ratio of 1.5 by weight (contain 51% 

water; tailing/HiFa ratio of 1.95). the compressive strength reached 8.85 - 9.27 

MPa in 3 - 28 days. Eveo with excessively high water/HiFa ratios of 4.5 

(contain 66% water; tailingRIiFa ratio of 5-84), the compressive strength 

achieved 1.56 MPa in 28 days 

There was over 51% strength increase by adding Brunswick hard fine tailings 

into HiFa Bond in one day. 

Tailiigs solidified with HiFa Bond had high residual strengths and plastic 

behavior after failure. There are less than 40% strength decreased in some 

cases and up to 20% increased in others. 

For both tailings, the strength c m  develop with time. There was over 80% of 

28-day final strength achieved in 3 days. The setting time for al1 tests was less 

than 2 hours. 

Satisfactory strengths at excessively high water/HiFa ratios of 3.5 and 4.5 can 

be achieved by adjusting the HiFa Bond content in the mix or by adding natural 

sands and fly ash in proper proportions into Syncrude and Brunswick tailings, 

respectively. 

When 15% sands were added into Syncrude tailing mix, the 3-day strength 

increased up to 35% and 11 1.5% at water/HiFa ratios of 3.5 and 4.5, 

respectively. 

10. The porosity of Syncrude oil tailings containing bitumen fioth was effectively 

reduced by adding sands. 



11. The strength increased up to 24.9% and 30.5% at w a t e r m a  ratios of 3.5 and 

4.5, respectively, by adding 1 5% fly ash into the Brunswick tailing mix. 

12. Low-calcium fly ash fkom the Trenton Plant can be successfully used to 

partially replace HiFa cernent without reducing high water/(HiFa Bond + fly 

ash) ratios. 

13. About 20% HiFa cernent c q  be replaced by fly ash Type F without affectkg 

strength of soiidifïed Brunswick tailings. 

14. Only 12% HiFa Bond of the total tailings rnix @y weight) was required at 

W/(C+F) ratio of 4.5 to maintain the strength above 1 MPa. 

Overall, mine tailings with hi& water content can be successfully solidified by 

HiFa Bond. Using this technique, satisfactory strengths cm be obtained for mine backfill 

and other construction use. 

Recommendations: 

1. Further study is needed to determine the optimum portion of sands added in 

Syncrude tailings in order to obtain higher strength and to lower HiFa Bond 

costs. 

2. More tailings or wastes from other mines should be tested. 

3. Other aggregates such as cmshed stone may be used as a reinforcement. 



4. Fly ash Type C with high activity and reactivity should be tested as a partial 

replacement of M a  cernent. 
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BRUNSWICK TAlLlNGS 

Brunswick Tailings 7 ~ g s ,  Second --- ime) - 
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Width load Strength -- 
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After 28 days 
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Mixing Time -- ---- Test Time 1 Height - 
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Total: 680 1 
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---- 
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STRENGTHEMNG TEST DATA 
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( Material A 1 Material B Water -- ---- W I ~  
Mixing Tirne 

-. --y- 

sands: 26.99g (5% of tailings) 

Setting - . - - - - Test Time - - - - - - - - - - - . 
Time [min) .- 1997 -- .- 

6.5 3:07pml 318 
.. .---- -- 

Dry Syncrude tailings (The density -- of Syncrude -- tailings is 415.59%) ---- -- 
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5pm, 1317 x - = 7 .  33-1-. -5m.397 . 3 -A---2 

Tailings: 84 g, Sands 63.99 (10% of tailings) 
.- - -.-.---------PA. - -- 

-..-- .- - - - - -- - - - - . . . - - . - - -----.-p. - - - . . --- - - - --- -- -.. - - T-T-1 1 i 
I Tailings: 84 g , Sands 80.859 (75% of taihgs) -1 . . - . - . - - . . - . . . -. . - - I - 

Width --- Period 
. - -- 
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SYNCRUDE TAIL1NGS 

Material A Material 6 Water W/C Mixing Time --- ---. ---- Setting --,.. Test Time ~ - Height - Width .- -- 

[a [91 (91 1997 Time [min] 1997 [mm] [mm] -- --- .---, - --- ---- ---- ---- - --- 

53 
p. . -. -. - - 53 - - - - - 477 - - - 4.5 7:45pm, 1611 1,97 -. - .- 35 - - - - - 7:45pm, - 1911 1 50 - - - - . . - - - - - - - - - 49.2 -- ---- 
Tailings: 88.1 -, g, Fly ash: 42.38g (7,5% of tailings) -- - . . - - - - - - . . - . - . 50.1 48.7 - - - - -. . - - AL - - 

-- - ----,---- - - - . . .. . - - .-- . 
49 49 

- - - 

- - --- -. - - - - - . . - - - - - - . . - - - - . . - . . - .- . . - - -- A - - . . . *, , . - - -- -- - - -. - - - . - - . . - - - - 

, - - .- . . - -- - --- ---- .. -.-.- 
53 53 477 l<jl 7:30pm, ---- 21 11 1,97 - -- 30 . - .- . . . .- , 7:30pm,24111 .-- 48.5 . 49 

Tailings: .- 88.1 g, Fly ash: 66.529 -- (10% of tailings) - - . - . . . . -. -- - - - -. , - . - - . - - - - -. - 48.8 - --. 48.5 

---- --.. - - - -. - -- - - - - -. - - - . - - - - - - . -. -. 49 48 
- -- - - - ., -- .-- - --- 

-- - . - A - - . - - -. - -. - . -. - -- - 

---- . - .- ----y - ---P. .- -. ---P. . 

53 53 477 4.5 8:00pm, 2411 1 35 -. -, -- 8:00pm, 2711 1 48 . 50.6 -- 

Tailings: 88.1 g, Fly ash: 8 4 . 7 6 ~  (75% of tailings) - - - - - . - . - - - -- - . 49 50 

---- -- .. - -- - - - . . . 
49.2 49.6 



Strengthening Tests of Brunswick Tailings 

Newbrunswick -. - - -- tailings (Adding addil 

W/C = 3.5:l 

Material A 1 Material B 1 Water l-"" 

ash=l2.8g 10%) of the tailings 

-7-7-7 

1 (1 5% of the tailings) 

-77- 

mal ash) 

[al 1 1997 - - - - - . - . - - - - . . - . . 

128.2 1 pm, 2915 
P. -- . - . - 

- - - - - . - 

Setting Time 

minute 
-. - -- - - . 

45 . . . - - - - - 

- - -- - - . . 
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Testing Area Load 
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1 pm, 216 1 25.66 ( ..- . 

Ipm, . -  3015 1 25,81 - 1  

Strength . - -- 

. LW 

. . . . - - . 

Days Average ---,, 



Strengthening Tests of Brunswick Tailings 

Material A Material 6 1 ---  Water ( WIC 1. . 

ash=23.9g (20% of the tailing 
1 

ash= 32.059 (25%) of the tailin 

--- "y-' -- - -- 



Strengthening Tests of Brunswick Tailings 

Partial Replacement -- of HiFa by adding fly ash 
l------1-1----- 

58.25 L 58.25 1 429.2 1 3.5 -- - - - -. 
128.2 - - - - - .- 

ash = 6.1 3g (5% replacement) 

---a--- 

~ s h  . m I T - r .  = 12.269 (10% replacement) I-- 

-- -- .. - - - - - . . . - - 

49.06 1 4 S L G 2 t 3 . 5  1 128.2 --- -- - 
ash = 24.59 (20% replacement) 
. I . . . . . '  

Mlxlng Tirne Setttng ~ l m e l  Testlng 
. . -. . . . -- - - - 1 ----- 

- 

Area -- 

cm2 
p- 

25.81 



Strengthening Tests of Brunswick Tailings 

Replacement of Cernent by addinl 
1 7  

fly ash 

. - - . - - - . -. 

NB Tail (di 

- -- 

- 

Load --- 

KN -- 
2.7 -- 
3.4 --- 

3.3 ---- 

- - -- 

3.3 --- 

3,6 --- 

3.3 -- - 

-- --. 

2.5 -- 

2.6 --- 

3.3 ---- 

A---.. 

2.3 
-PL. 

2.6 - -. - 
2.6 

WIC Mlxing Tirne - .  Settlng Time - Testing Area 

1997 minute 1997 ---- -- cm2 

8:35pm, 3/7 --- 20 8:35pm, 617 2581 

- -- 25.81 

------- -. A - A - . - - -- - - 25.81 

- 

Strength 
---- 

[ M W  ---- 

1 .O6 

1 Material A [ Material B 1 Water ( 

1 ash = 4.97 (5% replacement) ( 

- .- -- 
3 Ir- 

ash = 9.9 (10% replacement)' 

I ash = 15 (16% replacement) 
I 

ash = 19.9 (20% replacement) 
I I 

I ash = 25 (20% replacement) 

1 i--- 



i i v i n w L  L V M L V M I I U I Y  

TEST TARGET (QA-3) 

APPLIED A IMAGE. lnc 
1653 Eaçt Main Street - -* . Rochester. NY 14609 USA -- -- - - Phone: 71 61482-0300 -- -- - - Fa: 716/288-5989 




