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ABSTRACT

The historyofmine bacldiIl shows that in the pas!, considerable improvements in backfill-reliant

miningtechnologywere made when new fill systems were introduced. The present trend inmine

bacldill technologyis towards the useofhigh-density fill systems. Tight filling and void reduction

have also become essential requirements inengineering design ofmines to ensureglobal stability.

High-densityfills have a low moisture content and are more competentproducts requiring less

binderand time for stabilizatio~compared to conventional hydraulic backfi.ll. Cemented rocldill

and tailingslsand paste fills are two familiar bigh-densitybacldill systems in current use. In future

there could beahigh demand for low porosityhigh-density fills, as mines go deeperand ground

stresses Încrease.

This studywas anoriginal attempt to investigate the characteristics and propertyofhigh-density

composite fill systems. Composite fills are made up ofderivatives ofwaste rock, tailings, sand and

metallurgical by-products. Composite fHls represent the futme direction ofbackfill technology. As

mines go deeper, the ore could be processed underground and the waste rock and tailings

combined togetherto fonn a low-porositycompetent fill product. The application ofcomposite

fill systems will also increase the material avaiIable forbackfilling, providemore fleXlbility inbackfill

mix design and produce competent fill systems for ground support. Il will also benefit the

underground mine environment through effective utilization ofmine wastes.

The fundamental basis ofthe work required the studyand understandingofthe characteristics and

properties ofcemented rockfiU and paste backfill. The effects ofsandaddition to fine tailings as

a means ofreducingporosityand improvingthemechanical propertiesofthe fill productwere a1so

investigated. Additionally, a new conceptofbacldill, namely, Composite-AggregatePaste (CAP)

that consists ofa mixture offine tailings and graded coarse aggregates was introduced and the

matena! properties were investigated.
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RÉsUMÉ

L'histoire montre que l'adoptionde nouveaux systèmes de remblayage nous a permis d'améliorer

considérablement la technologieminièrequi dépendait deces systèmes. Actuellement, la tendance

dans ce domaine penche vers l'utilisation de systèmes de remblayage de haute densité. Le

remblayageétanche et la réductiondes espaces vides sont ainsi devenus des exigences de premier

planpour les ingénieurs qui font la conceptiondes mines avec un souci de stabilité globale. Les

produits de remblayage de hautedensitéont un faible contenu d'humidité et sontplus efficaces; ils

requièrent moins de liant et moins de temps pour se stabiliser que le remblai hydraulique

conventionnel. Les remblais cimentés enpâte constitués de résidus avec ou sans sable sontces

systèmes de remblayage de haute densité les plus communément utilisés maintenant. À l'avenir,

lademande de remblais de haute densité et faible porosité pourrait être considérable, à causede

la profondeurde plus enplus grandedes mines etde l'augmentation des pressions qui s'exercent

sur les terrains.

Cette étude présente un nouvel effort pour étudier les caractéristiques et les propriétés des

remblais composé de haute densité. Le remblayais composé est constitué de dérivés dedébris de

roche, de résidus miniers, de sable et de sous-produits métallurgiques. C'est vers ce type de

remblais que s'oriente la technologie, car, les mines étant plus profondes, le minerai pourrait être

traité en souterrain et les débris de roche et résidus miniers combinés pour former un produit de

remblayage efficace à faible porosité. L'applicationdes remblais composés augmente aussi la

quantitéde matériel de remblayage, pennet une plus grande libertédans laconceptiondu mélange

de matériaux de remblayage, et produit des systèmes de remblayage plus efficaces pour le

soutènement Elle amélioreaussi l'environnement souterraindans les mines par l'utilisationefficace

des résidus miniers.
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Essentiellement, ce travail a nécessité l'étude et la compréhension des caractéristiques et des

propriétés des produits de remblayage de roche cimenté et de remblayage en pâte. Les effets de

l'ajoutde sableaux résidus fins pourréduire laporosité et améliorer les propriétés mécaniquesdu

produitde remblayage a aussi étéétudié. En outre un nouveau produitde remblayage, qui consiste

en un mélange de résidus fins et d'agrégats classifiés de taille uniforme -le remblais en pâte

composite - a été conçu et les propriétés du matériau ont ensuite été étudiées.
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ANH

3p

B

BMT(#)

C

c

C·

Cc

Cg

CT

Cu

Cv

Cw

DIO

D30

°so

0 60

Dmax

Dmin

e

emax

emin

Fs

FA

• h

Anhydrite

Aggregate surface area for a constant water-cement ratio

Width of fiIl block (also, width ofstope)

Base Metal Tailings

Cement or binder content

Cohesion or cohesive strength

Ratio of cement to tailings or sand

Coefficient ofcurvature

Solids concentration of fill slurry placed underground

Classitied tailings

Coefficient ofUniformity

Volume ofcement in a unit dry volume offreshly placed backfill

Comminuted Waste

Grain size at 10% passing (also, the Effective grain size)

Grain size at 30% passing

Grain size at 50% passing

Grain size al 60% passing

Maximum particle size

Minimum particle size

Void ratio

maximum void ratio

minimum void ratio

Safety factor for fHI stability

Fly Ash

Height ofcut

-xxiii-



• H,He

L

Mc
LID

OPC

P

PC

PFA

PBFC

PMT (#)

q

Qo

UCS

w/c

a

11

r

rr

•

Effective height offill block

Strïke length ofan exposed fill

Fill block weight minus the wall shear component

Length to diameter ratio

Ordinary Portland Cement

mean ofminor and major principal stresses = «Cfl + a])/2)

Portland Cement

Pulverlzed Fuel Ash

Portland Blast furnace cement

Precious Metal Tailings

One halfofdifIerence between major and minor principal stress

= «al - a])/2)

Maximum load per unit area (of mine equipment)

Unconfined compressive strength

Water/cement (binder) ratio by weight

Angle offailure in fill block

Porosity

Unit weight offill

Unit weight of rock overlying til1

Angle of internai friction

Total major principal stress

Total minor principal stress

Deviator stress

Unconfined compressive strength

Tensile strength offill

Shear stress



•
1.

1.1

INTRODUCTION

General

CHAPTER 1

•

New cost-effective methods of improving operational efliciency are being sought by the

mining industryworldwide. With regard to miningmethods employingbacldill, improvements

have been made to various aspects of bacldilling systems. These have included: different

types ofbacldill systems; availability and supply of fill materials; fill preparation procedures

including desired consistencies for transportation and placement; the use of alternative

cementing agents; methods ofbacldill transportation, placement, consolidationlstabilization

and stability analysis through modelling. The information has been presented in various

conference proceedings on Mine Backtill and related subjects (Back:fill Conference

Proceedings, 1973-1998). These advancements have presently resulted in a growing demand

toward the use ofhigh-density cemented rocldill and paste backfill systems. Mining at greater

depths will demand further innovations in high-density backfi11 technology. These should

include the introduction and application of new fill systems complete with methods of

preparation and placement.

This study was an original attempt to investigate the characteristics and properties ofhigh

density composite fill systems. The work was motivated by the general interest in the mine

bacldililiterature toward the application oflow porosity composite and "aggregate" fills for

ground support in mines. The laboratory investigations were carried out at the Mine Fill

Support Systems Laboratory, Natural Resources Canada in Sudbury, Ontario between 1995

and 1997.
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1.1.1 Definition ofMine Baekrdl

Mine bacldill refers to any material that is used to fill mine openings for stability,

environmental and other economic reasoDS. Bacldilling serves several useful functions in the

mining cycle. For example, bacldill is used to improve safety and increase productivity. In

terms of safety, it is used as an engineered structural product to control subsidence, to

provide pillar support and to improve ground conditions in deep mines or in stressed zones.

Backfilling provides an adequateworkingf1oor forworkers and mine equipment and increases

productivity by controlling ore dilution (Aitchison et al., 1973; Dickhout, 1973). In a mining

operation, bacldilling provides a means of disposing large quantities of waste produets

underground away from the surface environment (Amaratunga and Annor, 1989). It is aIso

used to improve mine ventilation. In a more unique role, backtill is used to establish new

mining methods (Annor and Clarke, 1988).

1.2 RESEARCB roSTIFICAnON

ln the past, the development of more efficient mining methods had often depended on the

availability of better types of back:fill and other improved support systems. For example,

current improvements to conventionai cut and fill stoping have benefited from the use of

competent consolidated filis (Dickhout, 1973). These bave resulted in increased stope sizes,

mechanisation, safe and economical recovery ofpillars and sbortened stope cycle time.

Tight filling (Hedley, 1987, 1995; Grice, 1989; Yu, 1990; Hassani, 1993; Gürtunca and Gay

1993) is an essential requirement in mine design because it reduces convergence and enhances

the global stability in a mine. As mines go deeper, ground instability problems can arise due

to inadequate fi11 strength. (Thomas et al., 1979), stope convergence (Hedley, 1987), fi11

segregation (Yu, 1989; Farsangi, 1996), and other causes including the break down of

cement bond (Mitchell and Wong, 1982; Ouellet et al,. ,1998). Therefore, there is a critical

requirement for bacldiU reliant mines to investigate alternative types ofbackfill systems. The

1-2



•

•

new fill systems should rely on having abundant sources offi1l material readily available near

the mine workings (Stone~ 1993; White and Robertson, 1998)~ and also economical means

of preparing the material into a competent structural produet (Annor and Clarke~ 1988;

Hassani~ 1993; Stone~ 1993) for underground support. For example~ this will involve a

careful selection and engineering of locally available materials (tailings~ waste rock and

metallurgical by-products) (Ross-Watt~ 1989; Grice~ 1989; McKinstryand Laukkanen, 1989;

HassanL 1993; Reschlce, 1993; Petrolito et al.~ 1998; Bloss and Greenwood~ 1998) as high

density composite fill produets. It will a1so reduce the critical shortages of fiIl materials

(Barrett et a1.~ 1983) which are sometimes encountered at some mine sites.

A review ofthe Iiterature shows that various opinions exist regarding the characteristics and

behaviour ofhigh-density backfill systems including total tailings and classified tailings paste

tills. Paste fi1I is increasingly being recognised by industry as an effective high-density backfi11

system. This is because paste till provides several advantages over the conventional hydraulic

bacldill systems (Arioglu~ 1983; Blight and Clarke~ 1983; Clarke, 1988; Arefet al., 1989;

Landriault, 1992, 1995; Brackebusc~ 1994; Chen and Annor~ 1995; Ouellet et al.~ 1998;

Pierce et al.~ 1998).

1.2.1 Concerns About Cemented Roclôdl Applications

Cemented rocldill is a familiar and widely used bacldill system by industry (Stone~ 1993). It

is often assumed to have properties that are similar to those of a weak concrete (Barrett~

1973; Berry, 1981; Arioglu, 1983; Yu and Counter~ 1983, 1986, 1988; Yu, 1989; Quesnel

et al., 1989; Reschk:e, 1993; Hedley, 1995; Farsangi, 1996; Farsangi et al, 1996). Cemented

rocldill is usually porous and contains average void ratio ofapproximately 0.51 (Yu, 1990)

which cao be a disadvantage in terms ofachieving a denser fill mass and also, utilizing more

waste rock material for till preparation.
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1.2.2 Concerns About the Application of Paste Backf".

Compared to conventional hydraulic back:fill, pastebackfillprovides better support properties

and early stabilisation which often results in high strength and stiftÏ1ess (Annor and Clarke,

1988; Hassani and Aret: 1988; Arefet al., 1989; Amaratunga and Annor, 1989; Bissonnette,

1995; Millette et al., (995). For example, Hassani and Aref(1998) and Aref et al. (1989)

bave stated that paste tilI bas a sborter consolidation time and uses less binder, generally

between 2 and 7 per cent. This can result in higher productivity and lower mine operating

costs due to reduced binder requirements and early development of fil[ strength. Hedley

(1995) bas suggested that paste fill can hevery resilient, depending on the binder composition

,and can provide effective control against rockbursts.

In spite of the suggested potential advantages associated with paste fill use at tbe present

time, a large volume placement ofpaste filI in underground stopes relies on preparation from

surface plants (Barrett et al., 1986; Lerche and Renetzeder, 1984; Bissonnette, 1995; Dodd

and Paynter, 1995). It May be necessary to process the fiII material underground (White and

Robertson, 1998) as in the case ofdeep mining. Another major concem is that paste fi11 bas

become a generic term which is commonly used to represent a wide range of low-moisture

content bydraulically placed backfill systems made from composite mixtures of various

materials including mill tailings, sand, gravel, silts, clays, and other aggregate materials

(Lidkea and Landriault, 1993) as weil as mine and metallurgical by-products.

1.2.3 The Need for Composite FiJI Systems

The new blended, composite or "aggregate" fills (Ariog[u, 1983, 1984; Barrett et al., 1983;

Grice, 1989; McKinstry and Laukkanen, 1989; Wmgrove, 1993; Swan et al., 1993; Moss and

Greenwood, 1998; Raftield et al., 1998) have originated from attempts to engineer and

optimize uniformly graded fine or coarse fill materials to achieve a competent structural

product. In most of the reported studies (Grice, 1989; McKinstry and Laukkanen, 1989;

Wmgrove, 1993; Moss and Greenwood, 1998; Raffield et al., 1998), the maximum aggregate

size used had been limited to less than 20mm in diameter. The fine material had aIso
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consisted of classified hydraulic tailings to permit drainage after placement. The reported

"aggregate" fills were mostly uncemented or wealdy cemented (Swan et al., 1993; Wmgrove,

1993).

The characteristics and behaviour of these new tills when placed as composite-aggregate

paste ("CAP") till merits further research, especially when aggregate sizes larger than 20mm

and cemented full plant tailings paste mixtures are used. The understanding ofcomposite fill

behaviour is essential because the application of composite till systems could become the

future direction ofhigh-density bacldill tecbnology when mining at greater depths.

It is proposed that the properties of composite aggregate paste (CAP) fill be considered

fundamentallyas consisting ofthe combined properties oftwo bacldill systems: tailings paste

fill and cemented rockfill. In this regard, a study on composite fi1l systems must also include

the basic understanding ofthe characteristics and properties oftailings or sand paste back:fills,

as wel1 as cemented rockfill.

1.2.4 Other Considerations

Consistency is defined in this study as the degree offinnness ofa paste till mixture, which can

be expressed by either pulp density or slump (ASTM C-143). Various viewpoints exist

(Lidkea and Landriault, 1993; Landriault, 1992, 1995) regarding how paste fill consistency

should be determined. Presently, slump tests are used (ASTM C-143; Neville, 1987) to

establish optimum pulp density ranges for paste bacIdill transportation. Generally, paste

bacldill is transported underground at approximately 178mm to 229mm (7" to 9") slump

(Lerche and Renetzeder, 1984; Hassani and Aret: 1988; Arefet al., 1989; Landriault, 1992,

1995; Lidkeaand Landriault, 1993; Brackebusch, 1994). The relationship between slump and

moisture content for concrete is known to be influenced by the physical properties of the

materials (Neville, 1987). Unlike concrete technology (Neville, 1987), there are no definitive

studies in the published literature regarding the effects ofmaterial properties on paste fill pulp

density, although low binder content paste bacldill May not behave like concrete. This
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information is essential for understanding and establishing optimum mix design limits

~mgrove, 1993) for high-density composite bacldill systems which essentially, involve the

blending ofsand, or tailings paste and rocldiIl aggregates.

Ideally, the behaviour of fill material in situ is best detennined from field placement tests.

Laboratory scale effect tests (Reschke, 1993; Yu, 1990; Yu and Counter, 1983), can however

provide some indicationofthe poteotial underground behaviourofthe material in the absence

of a field test.

1.3 OBJECTIVES AND SCOPE OF STUDY

The main objective ofthe study is to extend the state ofknowledge 00 backfill as a support

system in underground mines. Specifically, an original attempt bas been made in this study

to investigate the characteristics and properties ofhigh-density composite bacldilI as a new

fill system.

The specifie objectives and scope of the study are seen as follows:

1. Examination offactors that affect the consistency oftaiIings and sand paste back:fill

in term8 ofmix design considerations for composite 00. The evaluation of paste fill

consistency will be made as a function ofthe physical properties ofthe fili materials

(tailings and sand).

2. Examination offactors that affect high-densitycomposite bacldiI1 properties including

the range ofstrength development as a function ofparticle size gradation, binder and

moisture contents, curing environment and time.

3. Investigation ofscale effects on the strength and defonnation properties ofthe high

density composite fill systems relative to the cemented rockfil1 and paste back:fill.

This information will be used as a means ofestablishing the potential in situ behaviour

ofthe high-density composite backtills relative to those ofthe cemented rock:fill and

the paste backfill.

1-6



• 4. 1.4 METRODOLOGY

•

The investigation consisted of the following major components:

1. Literature review

2. Laboratory studies

3. Analysis ofthe results

4. Discussions and conclusions

A tlowchart ofthe research methodology is provided in Figure 1.1

1.4.1 Literatore Review

The tirst element of research deals with the identification of potential properties of high

density (stift) bacldill systems trom the literature. A comprehensive review of bacldill

materials, their properties and behaviour, optimization methods, quality control procedures

for high-density fill preparation and placement, as well as engineering design models have

been made trom the literature survey. The material bas provided the relevant background

information for the study.

1.4.1 Laboratory Studies

This element ofresearch has consisted ofphysical and mechanical properties detenninations

on bacldill materials and stabilized high-density backfill products.

These investigations were conducted using full plant or"total" and classified mill tailings from

six different sources of base Metal and precious Metal mines. Three different sources of

alluvial sand materials, as well as waste rock aggregates were investigated. The broad

selection of test materials was made in attempt to obtain a fair representation of the wide

variety ofbacldill materials found in praetice. The tests have been carried out as a function

of specific gravity, size gradation, sand and/or coarse aggregate contents, binder type and

composition, moisture content, and curing age and environment.
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A fundamental e,ramjnation ofpaste bacldill consistency in terms ofmethod ofmeasurement

for mill tailings and/or sand fiIls have been made with the selection ofa suitable range ofmix

design limits for the composite aggregate paste (CAP) fiIl systems. Variable quantities of

sand were used for mix design ofthe tailingslsand composite pastefilL depending on the size

gradation of the tailings. A three step approach was followed in this regard.

i) lnitially, the characteristics and propenies of tailings and sand paste fiIls as weil as

cemented rocldill were established independently.

ü) Secondly, sand was added to the tailings in various proportions depending on the

particle size distribution, in an attempt ta improve the size gradation orthe combined

material. The charaeteristics and properties ofthe composite paste product with and

without the binder were then evaluated.

üi) Next, fine tailings were added to graded rocktill aggregates in a fixed ratio and the

charaeteristics and properties of the resulting composite-aggregate paste (CAP) fill

were assessed.

With regard to the mechanical properties determinations, testing has included direct shear

measurements, unconfined and triaxial compressive strength tests on uncemented as weil as

stabilized paste fill samples. These were done to provide information on the strength and

deformation properties as weil as the failure charaeteristics of the fill samples.

1.4.3 Bacldill Materials and Cementinl Alenu

Both conventional and non-conventional bacldill materials have been investigated as part of

this study.

i) The conventional backtill materials have included:

classified mill tailings;

alluvial sand;

waste rock aggregates; and

a combination ofmill tailings and coarse aggregates including sand.
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• li)

iii)

iv)

Full plant tailings or " total tailingsn have also been studied under the category ofa

non-conventional fill material.

Backfill preparation bas also included the evaluation ofbinder compositio~ sample

curing environment and time. Bath singular and combined effectiveness ofthe most

commonly used cementitious materials such as Ordinary Portland Cement (OPC),

slag, tlyas&, anhydrite, silica fume and other metallurgical by-products have been

investigated as part ofthe evaluation in meeting the study objectives.

Thelaboratorymechanical property test data bas been developed using both small size

and large size cylinders. Test specimen sizes have ranged between SOmm by IOOmm

cylinders and 457mm by 914m.m cylinders. Cube samples with sizes ranging between

SOmm and lS0mm were also tested. This was done in order to evaluate the potential

scale effeets on the in situ properties ofthe composite back:fills relative to those ofthe

paste back:fill and cemented rocldill.

•

1.5 OUTLINE OF THESfS

The investigation is as outlined in the foUowing chapters:

(1) The functions of bacldill in the mining cycle are introduced and a new original

definition of mine bacldil1 is provided in Chapter 1. The advantages of using high

density composite back:fill systems and the justification for undertaking the research,

as well as the study objectives and the outline ofthe thesis research program are also

presented in this chapter.

(2) Chapter 2 contains a review ofthe literature on high-density backtill systems. These

include mill tailings and sand paste fills, cemented rocktill and derivative fills including

blended paste fills and composite-aggregate (CAP) fill. The chapter also contains a

summary ofoptimization methods for improving backfill material properties, as weil

as relevant failure models for analyzing backfill stability and designing bacldill
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(3)

(4)

(5)

(6)

(7)

systems. The review contains information on the scale effects of mecbanical

properties ofgeotechnical materials such as rocks and soils.

Chapter 3 oudines the physical property experiments and results on mill tailings and

sand paste OOs, cemented rockfill and composite back:fills, including hlended

tailingslsand paste and rocldi1I/tailings composites. The chapter also contains a

description of the sample preparation procedures as weU as test methods used to

determine the slump and pulp density ofpaste bacldill.

The mechanical property tests and results are presented in Chapters 4 and 5. The

mechanical properties ofthe fill materials are determined as a function ofhinder type

and content, and curing environment and time. The effeets of specimen size on the

mechanical properties were a1so determined for the three high-density hackfill systems

in order to provide a basis for comparing their potential till behaviour in situ.

Comparisons ofthe three high-density bacldill materials properties as weil as possible

applications ofthe results ofthis study are provided in Chapter 6.

The results of the research study are discussed and overall conclusions from the

various segments ofthe investigations are surnmarized in Chapter 7.

Chapter 8 contains the literature references cited in this study.

•

Detailed information on the laboratory tests are summarized in a series of appendices.
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2.1

PREVIOUS WORK

GENERAL

CHAPTER 2

•

Manyarticles document the properties and hehaviourofconventional hydraulic sand and tailings

hackfill systems. Recent advancements in conventional hydraulic hacIdill technology have

resulted in the development of low moisture content, or high-density fill systems. Cemented

rock fin and "paste fill" are the two most common high-density backfill systems which are in

present use. While cemented rockflll can be considered as a form ofweak concrete (Gonano et

al., 1978; Blight and Clarke, 1983; Weaver and Luka, 1970; Yu and Counter, 1983, 1986), paste

fin (Lerche and Renetzeder, 1984; Hassani and Aret: 1988; Arefet al., 1989; Ouellet et al, 1998;

Pierce et al., 1998) has become a generic term, which is commonly used to represent a wide

range of low moisture content hydraulically placed backfill systems.

Lidkea and Landriault (1993) have suggested that paste fill caP- be prepared from any types of

materials. Presently mixtures and derivatives ofvarious materials including min tailings, sand,

gravel, silts, clays, and other aggregate materials as weIl as, mine and metallurgical by-products

can generallybe classified as paste backfill. The characteristics ofthese blended or "aggregate"

fills (Arioglu, 1983; Barrett et al.,1983; Grice, 1989; McKinstry and Laukkanen, 1989;

Wingrove, 1993; Bloss and Greenwood, 1998) may resemble those of "engineered soils"

(Nicholson and Wayment, 1964; Terzaghi and Peck, 1967; Weaver and Luka, 1970; Thomas et

al., 1979; Arioglu, 1983; Grice, 1983; Barrett et al.,1986; Wingrove, 1993;), depending on the

proportional amounts ofthe fill materials in the composite mixture. Studies in Soil Mechanics

(Terzaghi and Peck, 1967) and Concrete Technology (Neville,1987) suggest however, that

composite materials with similarities in physical appearance cao sometimes have different and

variable mechanicai properties and behaviourial characteristics. Such products can aiso differ

in terms of their transportation and placement behaviour.
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The charaeteristics and behaviour ofhigh-density fiUs are complex, the subject matter covers a

wide range of topics inmining engineering, concrete technology, soil mechanics, rock mechanics,

fine particle physics and tluid mechanics. The objectives and scope of the review have been

limited to areas of mining engineering, soil mechanics, concrete technology and bacldill

technology with special emphasis on materials that relate to the preparation of composite fill

systems.

2.1.1 Objectives and Scope of the Liter.tore Review

The objectives ofthis literature review are to identifY previously published works on high-density

fill systems, to evaluate the properties and behaviour ofthese filI products and

to determine the requirements for further work needed to meet the objectives of the proposed

research study.

The scope and principal elements ofthe review include the following:

• High-density backtill identification criteria;

• Properties and behaviour ofmill tailings paste bacldill;

• Liquefaction potential ofmill tailings paste backfill;

• Properties and behaviour ofcemented rocldill;

• Properties and behaviour of"aggregate" fiJls;

• Relative comparisons ofhigh-density bacldill material properties;

• Optimization methods for backfill materials;

• Scale effeets on mechanical properties of fill materials;

• Fill design rationale and predictive models

2.1.2 Definition of a High-Density FiJI System

Paste fill, cemented rocldill and "aggregate" or "blended paste fill" for short, are the three types

ofhigh-density bacldill systems being considered in this review.
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Blight and Clarke (1983) describe high-densitybacldill ara "stifffill" as it is commonlyknown,

as consisting ofa relativelyrigid skeleton ofwaste rock baving the interstices filled with cement

or cemented tailings. On the other band, Blight and Clarke (1983) consider a "soft fill" as

normally composed ofcemented tailings or sand. The preceding definition does not accurately

describe most stifffill systems since, it excludes cemented tailings, high density slurryand paste

backfills as types ofbigh-density fill systems. A high-density fill for this study is considered as

a low water content product with high compressive strengtb and bigh deformation modulus,

compared to values obtained with conventional cemented hydraulic fill. This new description

ofa stifffill system, is based on the mechanical properties and behaviourofthe fill mass, instead

of the physical appearance of the fill product.

2.2 PROPERTIES AND BERAVIOUR OF MILL TAILINGS PASTE BACKFILL

2.2.1 Definition of Mill Tailines Backtill Systems

Hydraulically placed mill tailings fiUs can exist in three consistencies (Millette et al., 1995,

1998) depending on the amounts of solids and water that are present in the till. The

consistencies are generally identified in terros ofpulp densityor settled density. The pulp density

refers to the weight proportions of solids and water present in a gjven mass of fill. It is also

considered in terms ofwater-to-solids (w/s) ratio (Clark, 1988). The settled density is the density

at which the tailings material settles over a specified tinte period, generally, one-hour. The

specifie gravity, size, shape and the gradation of the tailings particles affect the settled density

( Chen and Annor, 1995).

By definition, the pulp density of a conventional hydraulic fill is much lower than the settled

density of the tailings materia!. The pulp density of a conventional hydraulic fill often ranges

between 65°;'0 and 70 % (Millette et al., 1995, 1998)ofdry solids by weight. For bigh-density

slurry backfills, the pulp density is j ust below the settled density and it generally ranges between

71% and 76% solids by weight. Paste backfill on the other band, has a pulp density, which is
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higher than the settled density. The solids composition of paste backfill generally ranges

between 76 per cent and 84 per cent by weight (Millette et al., 1995). Paste backfill has also

been described in terms of slump (ASTM C-143; Verkerk and Marcus, 1988; Lidkea and

Landriault, 1993) as well as the water retention ability and percentage ofminus 20J.Ull particle

size material present in the fill (Landriault, 1992; Brackebusch, 1994).

This later description uses transportation requirements as the criteria for identifying what

constitutes a "paste fill" instead ofthe settling density of the fill materials. These reports tend

to suggest that any composite mixture of aggregates qualifies as paste bacldill provided the

product contains more than 15% ofthe minus 20J.1lll material particles. Paste fill has also been

detined (Millette et al., 1995) as any hydraulically placed backfill that does not exude water.

2.3 PLACEMENT BEHAVIOUROF MILL TAILINGS BACKFILLS

2.3.1 The Effects of Material Properties on Backfill Bebaviour

The placement behaviour ofmill tailings hackfills is generally influenced by the properties of

the constituent materials. Fill porosityand moisture content represented bywater-to-solids (w/s)

ratio have been suggested by Clark (1988), as sufficient parameters for describing the phase

relationships ofanybacldill. Various investigators including Clark (1988), Lamos (1993) and

Chen and Annor (1995) have identified some important factors, which define the three stages of

mill tailings backtill consistency in a stope. Solids sedimentation, consolidation and drying are

among the important processes that affect the placement behaviour of 0011 tailings backtills.

AlI the above three processes are significantlyinfluenced by the specifie gravityofthe solids and

the porosity, or voids content of the fill. These processes transfonn the fill from a slurry to a

paste-like consistency and finally, to a dry bulk solid (Clark, 1988; Chen and Annor, 1995).

These processes cao aIso affect the stability ofthe pastefill in situ (Ouellet et al., 1998) if the

fill mass becomes saturated.
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• 2.3.2 Placement Rebaviour of Gold Mill TaiUnas Racla"':

Lidkea and Landriault (1993) have suggested that the density ofpastefill can varybetween 78

and 87 percent solids byweight, depending on the particle size distribution ofthe materiaI used.

. Lidkea and Landriault (1993) contend that, finer materials have greater surface area to be wetted,

therefore theyproduce higherdensitythan a coarser material at the same consistency. They have

also suggested that it is possible to produce pastefill from any material however, they have

recommend that prior test work should be done to determine the economic feasibility ofusing

these materials. The following three pulp density ranges have been identified (Landriault, 1995;

Landriault and Tenbergen, 1995) for total tailings paste backtill based on a 178mm (7-inch)

slump:

Tailioas Type

Coarse

Medium

Fine

wt% solids content

79wt%

75wt%

70wt%

•

Brackebusch and Shillabeer (1998) have suggested however that both particle size distribution

and the specific gravityofthe mineraIs, affect the pulp densityofpaste mixtures. Brackebusch

(1994) has suggested that the consistencyofpaste mixtures as measured in terms ofslump cone

may range from zero or slightly greater to nearly 30Omm. Espleyet al., (1970), concluded that

the placement behaviour ofrnill tailings hydraulic fi1l is influenced by the specific gravity ofthe

material, binder composition, as well as particle size distribution of the fill material.

2.4 MECHANICAL PROPERTIES AND BEHAVIOUR OF TOTAL TAILINGS

PASTE BACKFILL

Various studies including those by Wayment, 1978; Hassani and Aret: 1988; AreCet al., 1989;

Hunt 1989; VickeryandBoldt, 1989; Ross-Watt 1989; LandriauIt, 1992; Lidkeaand Landriault,
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• 1993, Udd and Annor, 1993; Hedley, 1995; Chen and Annor, 1995; Bissonnette, 1995; Ouellet

et al., 1998; Pierce et al., 1998) have contributed to the knowledge base on the mechanical

properties and behaviour oftailings paste backfill systems.

There are also conflicting reports in the available literature regarding the behaviour ofhackfills

containing high amounts of fine material. Thomas (1981) and Boldt et al. (1993) detennined

that the compressive strength increased wben fine material was added to conventional hydraulic

fill (Figure 2.1). Ross-Watt (1989) also reported that compressive strength increased for paste

bacldill with increased content offine materials. On the other band, Clark (1988), showed that

the presence offine particles decreased the compressive strengths oftotal tailings paste hacldill.

Chen and Annor (1995) studied the properties of finely ground gold mill tailings and concluded

that there were close similarities between the compressive strengths of cemented full plant

tailings samples and cemented classified tailings samples. Similarly, Vickery and Boldt (1989)

aIso investigated the engineeringproperties ofdewatered total tailings including compressiveand

tensile strengths as described in Section 2.4.1.
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Figure 2.1 Tests - curing curves to 28 days for three fill grades (coarse, medium, and fine)

and range ofPortland cement addition level (after Thomas, 1981).
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2.4.1. Engineerinc Properties ofDewatered Total TailiDCs Fill

Vickery and Boldt (1989) studied total tailings bacldill in which the pulp density ofthe pastefill

slurry was limited to 70 per cent soIids by weight. The gradation of the total tailings ranged

between 0.001 to 0.6 mm in diameter. Commercially available Class F flyash super plasticizer,

pit-run and ground smelter sIag, ki1n dust, and oil shale retorted waste were incorporated in the

test mixes to detennine their influences on the physical properties ofthe bacldills. The material

properties were determined after 28, 120, and 180 days ofcuring.

A 28-daycompressive strength of717 kPa was obtained for mill tailings paste fill containing oil

shale retorted waste without cement. It was found that the cementing properties ofthe retorted

wastes were greater for the finer grain size tailings. AIso, the compressive strength ofthe total

tailings aggregate improved when fly ash was used as a binder. The influence of the tIy ash

diminished however, after the arnount of the minus 200 mesh (75 micron) size material

increased. It was aIso reported that the addition offly ash improved the compressive strength of

total tailings bacldill samples and resulted in increases ofup to 98% over the strength gained by

the use ofcement aJone. The ratio ofcompressive strength to tensile strength ranged between

4.4 and 4.8 for the range ofstudied tailings material.

2.4.2 Reported Examples of Backfill Properties (after Ross-Watt. 1989)

Ross-Watt (1989) reported on the backfilling practices at three mechanised base Metal (Gold

Fields Group) mines in South Africa. The three mines were Black Mountain Mineral

Development Company (Pty) Limited (BMM), O'okiep Copper Company Limited (OCC) and

Tsumeb Corporation Limited (TCL).

2.4.2.1 Black Mountain Mine

Three types of tailings material were used for backfilling at the Black Mountain Mine. These

consisted of unclassified, classified and a mixture of classified tailings and dune sand. The

mixtures of the above materials with various cement contents were placed at rates ranging

between 300 and 400 tons per hour. The placement pulp density was in the range of 70% to
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74%. A 14-day target strength of 700 kPa was obtained for the mixture containing 50%

classified tailings and dune sand using al: 13 cement ratio. It was noted that the bacldill required

sufficient resiliency to withstand the efIect ofpillar stope blasts. The cement ratio required for

an unconfined compressive strength of700 kPa was found to be too high to allow for resiliency

ofthe placed fUI against blasting. The high strength also resulted in vertical shrinkage cracks.

The change to a compressive strength target of400 kPa improved the properties of the fill in

terms ofits resistance to vertical shrinkage cracking. These findings suggest that fill design is

sometimes influenced more by considerations other than strength and stiffuess.

2.4.2.2 O'oldep Copper Company (OCC)

Ross-Watt (1989) reported further that at the O'okiep Copper Company, the mining practice

required the use of a strong bacldill to withstand mining of adjacent stopes. A free standing

height of up to 150m was required. An unconfined compressive strength criterion of850 kPa

after 90 days was selected, based on test work and experience previously gained with cemented

hydraulic bacldill. A mixture ofsand and tailings was used for bacldilling. Test work showed

that a bacldill consisting ofa ratio of3.5:1 tailings to dune sand by weight, a 1:15 cement ratio

and reticulated at a pulp densityof75% would provide the required strength. Copper reverbatory

slag produced at the acc smelter was investigated as an alternative binder, a readily available

low cost substitute for Portland cement. The addition of6% to 7% by weight of the modified

slag to the backfill was shown to produce the required strength.

2.4.2.3 Tsumeb Corporation

Ross-Watt (1989) reported also on the properties ofcemented bacldill that was being used for

all cut-and-fill stoping as a standard practise at Tsumeb Corporation. After substantial

investigation and test work at Tsumeb Corporation, unclassified tailings was identified as the

most suitable hacldill material at the mine. The average strength of the fill was reported as

follows:
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• Cement Ratio
1:8

1:12

1:15

1:20

1:25

1:30

1:35

UCS. kPa @ 7 days
2900

830

650

500

240

240

120

It was found that, in general, the strengili increased with fines content of the tailings as shown

below:

Secondary underflow
Primary underflow
Unclassified

Percent

Minus 45 micron

3.8
15
45

UCS, kPa

at 7 days

765
800

2900

The test work indicated that the streogili aIso increased with increasing puip density, but it was

difficult to consistently achieve pulp densities ofover 75 per cent in practice.

The two types ofbackfill which were being used at the mine had the following specifications:

Cement UCS (kPa) DCS (kPa) Pulp Density

Ratio 24 hours 7 days %

1:12 84:3 830 75

• 1:25 35 240 75
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The higher strength bacldill provided a hard surface for mining purposes after 48 hours.

The above studies suggest that high early strengili bacldill can be produced with a careful choice

ofconventional binder quantities.

2.4.3 Reported Examples of Laboratory and In-Situ Paste Fill Properties Bebaviour

Two recent studies on the properties and behaviour ofpaste bacldiU systems by Ouellet et al.,

(1998) and Pierce et al., (1998) are summarized below.

Ouellet et al. (1998) studied the physical and mechanical characterization ofpaste hackfill by

laboratory and in-situ testing. It was concluded from the study involving various confining

pressures and cement contents ranging from zero and 6.5 per cent that cohesion is created by the

effects ofcement. Also that the cohesion can be destroyed depending on the sample load history.

The uncemented samples were found to display purely frictional behaviour without cohesion.

Ouellet et al. (1998) determined from their study that the observed apparent cohesion was a of

function cement content and depended on the load history of the bacldill. This finding is an

agreement with the results of a previous reported study by Mitchell and Wong (1982) which

concluded that the yjeld point on the stress-strain curves correspond ta a transition from a linear

to non-Iinear behaviour for these materials. Ouellet et al. (1998) have proposed further that

during shearing, the cementationbonds are progressivelybroken until finally the backfill behaves

as an uncemented material with no apparent cohesion.

Ouellet et al. (1998) concluded from the results of a pressure meter field study that the in-situ

paste bacldill was close to saturation.

The studies by Ouellet et al. (1998) have indicated that paste bacldill displays a "contractant"

or (non-dilatant) behaviour. Also, in situ testing ofthe fill six months after placement, revealed

that the material was near a state of saturation therefore, the cement bond was the only thing

producing cohesion.
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The importance ofhaving a good cement bond was stressed in the report. It was suggested that

there must be sufficient cohesion to counteract the mining induced loading and aIso, to improve

the liquefaction resistance ofthe fill mass and to ensure stability of an exposed bacldill face in

situ. The damage ofthe cement bond could aIso be caused bychemicaI reaction (Mitchell, 1983)

within the fi11, or rockmass convergence (Hedley, 1995). The exposure ofa free face due to the

extractionofsecondary pillarhave also been suggested as source ofloading 00 the fill (Gürtunca

and Gay 1993). The loading history ofbacldill can also affect the observed cohesion strength.

Pierce et al. (1998) also studied paste backfill properties and behaviour at the Golden Giant

Mine. Test samples were prepared at a constant fill slump of19cm (7.sin) and this corresponded

to a pulp density of75 per cent byweight. Three different types ofbioder were used in the study.

These consisted of 50:50 blend of Normal Portland Cemented (Type 10) and type C Fly Ash

(FA). Unconfined and triaxia! tests samples consisted 50mm diameter by 120mm long. The

samples were tested at 28, 56 and 112 days. The fi11 materia! was classified as sandy silt, and

contained 50 per cent silt, 45 per cent sand and 5 per cent clay.

The coefficientofunifonnity for the materia! was found to be 13. The weight percent ofmaterial

passing 20flm was 27 per cent.

The average physical properties of the test materia! were as fol1ows: 25 per cent moisture

content, 50 per cent porosity, bulk density of 2000kg/m3 and 90 per cent degree of saturation.

Laboratory tests were conducted on the pastefill material to detennine the paste backfill

behaviour under unconfined, confined and consolidated undrained triaxial compression loading.

Shear strength parameters were detennined using both consolidated drained and undrained

triaxial tests.

Limit equilibrium analysis (Mitchell et al., 1982) was conducted based on the drained triaxial

test parameters. The undrained shear strength of the pastefill was found to be less than the
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drained shear strength and that seemed to be of sorne concern. It was concluded that

liquefaction potential ofthe Golden Giant pastefill with 3 per cent binder content would be low

after 28 days curing period.

2.5 LIQUEFACTION POTENTIAL OF TOTAL TAILINGS PASTE BACKFILL

The performance of most soil-like (Geotechnical) materials inc[uding soil-cement and mill

tailings bacldills are controlled by their shear strength (Terzaghi and Peck, 1967). The build up

ofpore water pressure reduces the shear strengths ofthese materials (Terzaghi and Peck, 1967;

Hassani and Aret 1988; Ouellet et al., 1998). An evaluation of the liquefaction susceptibi[ity

oftotal tailings paste backfill should therefore be made under, variable [oading conditions as a

part of the engineering design requirements.

Hassani and Aref (1988) and Aref et al. (1989), eva[uated and reported on the liquefaction

potential of total tailings pastefill. The test program invo[ved both [aboratory and field

investigations to define the physical and mechanical properties ofthe fi[I. Liquefaction potential

was eva[uated based on the princip[e of "steady state ofdeformation" approach (poulos et al.,

1985). The results of that investigation suggested that under the specified conditions, even

weakly cemented tailings pastefill was not susceptible to liquefaction.

2.6 CEMENTED ROCKFILL AND COMPOSITE AGGREGATE PASTEFILL

2.6.1 Properties and Behaviour of Cemented Rocldill Systems

Rockfill has been described (Landriault, 1992) as any backfill material transported and placed

in an underground workp[ace in a non-saturated state. The preceding definition suggests that fill

systems that are used for underground civil construction such as sand and b[ended alluvial

materia[s can also be considered as forms of rockfill. Mill tailings bacldill cao a[so he

transported and p[aced in an underground workplace in a non-saturated state depending on the
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mining method and the mode of till delivery or transportation.

For the purposes ofthis reviewand the study, a Rocldill system refers to the use ofcoarse waste

rock for bacldilling rather thao a tailings or sand hydraulic fill system. A cemented rocldill May

consist ofsized or unsized cemented aggregates. It may also, be uncemented however, unless

cemented the loose rock bas limited ground support and negligible free standing potential.

Quesnel et al., (1989) and Hedley, (1995) have both stated that cemented rocldill cao provide

good ground support in high stress areas and cao also be effective in controlling rockbursts.

Yu (1990) reported on the various forms ofrocldill systems in use at Kidd Creek Mines Limited.

These rockfill types and their preparation are summarized below. Sorne ofthe described rocktill

preparation methods are relevant to this research studybecause oftheir similarities to composite

aggregate paste CAP bacldill systems. Other reported studies in the available Iiterature on the

properties and behaviour of cemented rockfill for mining applications include the following:

Barrett(1973), Gonano etai. (1978), Berry(1980), Arioglu(1983), YuandCounter(1983, 1986,

1988), Yu (1989), Quesnel et al., (1989), Stone (1993), Farsangi and Hara (1993), Reschke

(1993), Swanet al., (1993), Hedley(1995), Farsangi (1996), Farsangi et al., (1996) and Moss and

Greenwood (1998). This part of the review covers the physical and mechanical properties of

rocldill systems, theirpreparation and placement methods and the identification ofrequirements

for improvement, in the context of the research study on composite tills.

2.6.2 Rockfill Type and Metbods of Preparation and Placement

2.6.2.1 Cemented Rockfill

Cemented rockfill is composed ofa mixture ofaggregates containing various types and amounts

ofbinder. The mixture generally produces a stiffer and higher strength till with lower amounts

ofcementing agents, compared to conventional cemented hydraulic bacldill (Reschke, 1993).

With equivalent binder contents, cemented rockfill can generally produce unconfined

compressive strengths that are higher than those ofhydraulic till. Compared to hydraulic fili
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(Thomas et al., 1979), cemented rockfill normally develops a higher modulus of elasticity,

cohesion and angle of friction.

It is reported that (Hassani et al., 1989; Yu,1990) in certain Canadian mining operations, the

cemented rocldill product consisted ofsized rockfill aggregates. The rock fill aggregates were

generally mixed with cement slurry, usually 5% to 6% by weight ofaggregates at a pulp density

of50-60%. The reported advantages ofcemented rockfill include the fact that there are generally

no drainage problems associated with its use (Berry, 1980; Stone, 1993; Reschke1993; Bloss and

Greenwood 1998). Also, when correctly placed, cemented rockfill can produce a high quality

fill product. The main disadvantages associated with cemented rocldill use, include problems

with control over the segregation of the fi11 product and requirements for an extensive

preparation plant and transportation system (Yu, 1990). Additionally, cemented rockfill

generallycontains high void ratio orporosity and therefore, maynot be conducive to tight filling.

2.6.2.2 CODsoUdated Sand-Rocldill

This is reported (Yu, 1990) as a combination ofconsolidated rock fill with varying amounts of

sand added to il, usually 5-10% of the rocldill aggregates by weight. With the same cement

content as consolidated rock fill, a cement sand slurry is introduced simultaneously with the

rocldill to fill the voids within the aggregates. This enhances the stability of the fill for both

gravity loading as weIl as, resistence to blast vibration during excavation of adjacent stope or

pillars. The reported advantages of using a consolidated sand rocldill system include the

following: raise layout is not critical, the product is denser and has relatively good mobility; it

also tends to segregate less than consolidated rocldilI. Additionally, consolidated sand-rockfill

has a lower angle ofrepose than conventional cemented rockfill. On the other hand, a relatively

good access to stope is required for till placement. Siurry runoff and control cao also be a

problem.

2.6.2.3 Consolidated Sand Waste FiJI

This fill system (Yu, 1990) involves the use of mine wastes. Generally, waste rock is left in
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place and consolidated byadding a cement/sand slurry mixture which percolates through it. It

is reported that the proportion ofcement by weight ofsand is approximately 18%. The overall

cement content is about 5% of total aggregates. The pulp densities of the cement and sand

slurries often range between 55-60% and 65-70% respectively. Fill consolidation is achieved

through the use ofa higher amount ofbinder in the mixture. Sorne reported advantages ofthis

fill system are that the slurry mixture is very mobile and a good stope access is not essentiaI for

fill placement. AdditionaIly, it is not necessary ta remove waste from the stope. It also pennits

consolidation to be targeted to specific areas ofa stope, sucb as individual walls. Sorne cited

disadvantages associated with the use of this system, include a requirement for bulkhead

construction and it is often difficult to control the flow direction of the sand slurry.

2.6.4 Consolidated Sand Fili

Consolidated sand fill (Yu, 1990) consists ofa lean cement-sand slurry mixture with about 5 to

10 per cent cement content. The cement sand slurry is placed after the majorityofthe stope has

been filled with cemented rocldill. It is generally used to tightly fill the remaining void beneath

the stope back and the rockfill, thus providing effective roofsupport. The main advantage ofthis

rockfill product is that the slurry is very mobile and good stope access is not required. AIso, the

placed product bas a low angle ofrepose. The disadvantages include a requirement for bulkhead

control. There are aIso problems with slurry runoff and control, after fill placement.

2.6.4 CEMENTED ROCKFILL PREPARATION AND PLACEMENT

Various methods (Barrett, 1973; Yu and Counter, 1983; Yu, 1989) are used for preparing and

placing cemented rockfill. Preparation methods include surface plants and underground mixing

systems. It is reported that at Kidd Creek Mines Limited (Yu and Counter 1983, 1986, 1988),

Yu (1989), a simple mixing system suited to conveyor transportation is used to eosure adequate

mixing and to minimize segregation ofthe rocldill product. This consists ofa baftled slide or

chute, a spray beader for the slurry whicb is pumped from a holding tank, and a conveyor
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carrying the aggregates. The conveyor discharges aggregates on to an inclined bafile. A spray

header mounted over the top ofthe bafile sprays the binder sluny onto the aggregates as .they

enter the baffle.

Altemate methods for mixing cemented rocldill aggregates, when trucks are employed for

rocldill placement, is by simply spraying of the slurry on top of the rock in the bucket or tray.

This system allows the slurry to sufficiently mix with the rock during transport while final

mixing takes place as the fUI is dumped. Similar to concrete technology (Neville,1987), the key

for producing a competent cemented rockfill product has been identified as (Swan, 1985; Yu,

1990; Lidkea and Landriault, 1993) to thoroughly coat and bind ail the aggregates with binder

slurry during transportation, mixing and placement.

2.6.5 SEGREGATION

Product segregation often occurs when placing cemented rockfills. Differentiai settling of the

fill material causes cemented rockfill aggregates to separate during backfilling. The severity

of segregation is a function of the fill raise orientation and the stope geometry. It has been

reported that (Barrett, 1973; Berry, 1980; Yu and Counter, 1983, 1986, and 1988) also that

during segregation a zone of fine aggregate tends to occur near the impact area, by consuming

DIOst of the cement paste and leaving a low cement content rockfill at the perimeter of the fill

cone. The measured fill strength in the impact zone has been reported (Yu and Counter, 1983

and 1986) to be higher than in other parts ofthe stope.

Severe segregation is also reported to occur when stopes are filled by conveyors (Berry, 1980;

Yu and Counter, 1983 and 1986; Yu, 1989). This bas been attributed to the impact velocity

caused by the speed ofthe belt and the subsequent free falI ofthe aggregates. In contrast, when

a stope is filled by mobile vehicles, only the largest particles have the momentum to travel to the

stope wall. The rest of the material fills the stope by progressive slumping resulting in a more
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uniform product.

Barrett (1973) reported that different cemented rockfill structures were fonned in a stope at

Mount Isa Mine. The fonned structures varied radially from the centre ofimpact zone towards

the stope walls. The coarser rock fragments and the hydraulic till were reported to have migrated

to the outer edges of the fiU with an open textured zone alongside the pulverized impact area.

The outennost zone comprising of 15 per cent of total volume was found to be as strong as

nonnal cemented fill.

2.6.6 AGGREGATE ATTRITION

Aggregate degradation (Barrett, 1973) or attrition (Yu, 1989) results from the breaking down

the rocldill material as theyare transported to a stope. ft is reported (Yu, 1989) that the attrition

of aggregates is proportional to the depth to which the material is transported. Yu, 1989

suggested that aggregate attrition resuIts in excessive generation offine materials and therefore,

should he taken in to account in cemented rocldill mix design computations. It is reported that

the introduction ofexcess fines can often result in a higher demand for additional binder to coat

the extra fine material (Barrett 1973; Barrett et al., 1989).

It is apparent from the above description that material segregation and aggregate attrition can

have a significant effect on cemented rockfill placement and properties. These parameters are

generally considered in cemented rock.fill mix preparation, and should therefore be included in

the engineering design ofcomposite fiIl systems.
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1.6.7 PHYSICAL AND MECHANICAL PROPERTIES OF CONSOLIDATED

ROCKFILL

1.6.7.1 Laboratory Determined Roclâtl. Properties and Ouality Control Methods

Farsangi (1996) has outlined sorne of the quality control measures used to achieve superior

rocldi11 engineeringproperties. Itis suggested that, qualitycontrol measures should beexercised

during fi11 preparation at the bacldill plant, during fill transportation and over fill placement in

the stope. Sorne ofthe recommended procedures included the proper weighing and sizing offill

aggregates, and the use of cementing agents, to ensure that consistent bulk densities are

maintained for the 611 batches. AdditionaIly, it is recommended that care must be taken to

ensure that there is sufficient binder slurries to adequately coat the rock aggregates. Careful

control ofmoisture within the mass ofaggregates has also been recommended.

Farsangi (1996) reported that the use ofmine water for mixing reduced compressive strength of

the cemented rocktill byas much as 60% compared to when potable water was used for mixing.

It is reported that in tests performed at the Kidd Creek Mine, it was noted that rockfill

manufacturing using 60% tIy ash and 40% normal Portland cement binder and recycled

underground process water, produced oolyhalfthe rockfill strength when prepared using similar

cementing agent mixed with potable water. The use ofrecycled process water formixing rockfill

mixtures was also shown to produce lowercohesive strengths, binderorcement hydration; it a[so

produced excessive water bleed-off from the placed rocldill. Regular physical sampling

monitoring to detect any significant deviations in the quantity and quality of fi11 materials used

in the fill batching was aIso recommended.

It has been suggested (Barrett, 1973; Yu and Counter, 1983; Yu, 1989) that the mechanical

properties ofcemented rocldill are very different from those ofcemented paste fil!. AIso, the

segregation(Stone,1993; Reschke, 1993; Bloss and Greenwood, 1998) of cemented rockfill

products, can result in a large range ofin-situ densities existing in the cemented rocldill masses.

It is reported that typical in-situ bulk densities can be 10-20% lower than those measured in the
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laboratory. Rocldill can have a moisture content ranging from 2% to 5% with an average

porosity of 34%. The reported compressive strength of cemented rocldill in situ have been

shown to vary from 1.3 to Il MPa (Yu, 1990).

%.6.7.% In-Situ Investie.tion ofCemented Rockf"dl Properties

At most mine sites, large scale field tests (Gonano and Kirby, 1973) are usually conducted to

simulate the actual stope fill operation. Yu and Counter(1983) reported on large-scale cemented

rock fill dump tests at Kidd Creek Mines. Table 2.3 summarizes some ofthe measured physical

properties ofcore specimens and samples taken from the dump tests, together with results from

tests on the placed fill. The compressive strengths of tested core specimens ranged between 6

and 10.3 MPa. However, it was laterdetennined from chemical analysis that the cores contained

higher cement content, 7.3% when compared to the average of5% in the laboratorycast samples.

This indicated that (Yu ad Counter, 1983) the distribution ofcement in the fill piles was probably

not unifonn.

It is interesting to note from Table 2.1 the differences between the field and laboratory

detennined compressive strengths and modulus ofelasticity values. The 8.4cm cored samples

showed higher strength and deformation values than the 15.6cm cast samples. The higher

strengths have been attributed to differences in cement composition. No consideration was

given to the differences between the two sample sizes in the interpretation ofthe field test results

by the investigators.
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• Table 2.1 Sorne physical properties ofCRF from drop tests and underground fi11 specimens
(after Yu and Counter, 1983)

•

Ave. Comp. Elastic
Sample Density Curing Strength Modulus

gjcc Period MPa MPa

Threecores
15cm dia. 2.0 28 days 6.9 2.0

Threecylinders
15cmdia. 2.5 28 days 6.1 -
Nine cores
8.4cm dia. 2.3 3 months 10.3 3.1
(from 838 stope)

1235 stope;
DumpCone 2.4 4yrs 11.0 3.8

Fines Layer - " 8.5 -
Mid. agg. Layer - " 3.5 -
CoarseAgg. Estimated
Layer " 1.3- -

2.7 PROPERTIES AND BEDAVIOUR OF COMPOSITE BACKFILL SYSTEMS

2.7.1 Fiii Description and Preparation

A composite-aggregate paste (CAP) bacldill may he described as a heterogeneous mixture of

materials rangjng from cobble-size waste rock aggregates, down to clay size particles. The

particle dimensions cao cover a wide range ofsizes that are similar to glacial till soils (Terzaghi

and Peck, 1967; Peck et al., 1974). It is expected that when cemented, a high-density composite

fi1l system could have properties that are similar to a weIl compacted glacial till soil. The present

application ofcomposite bacldi11 in the mining industry has probably resulted from attempts to

optimize particle size gradation of backfill materials to improve their strength and stiffuess.

Various types ofcomposite fill systems are presently being used by the mining industry
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industry world wide. The composite fiUs are sometimes identified by other names ïncluding

"aggregate fill" (Berry, 1980; Corson et al.,1980; Arioglu, 1983; Barrett et al., 1983; Grice, 1989;

McKinstry and Laukkanen, 1989; Raffield et al., 1998; Moss and Greenwood, 1998) and

"alluviaVsand or blended paste fill" (Lidkea and Landriault, 1993; Chen et al., 1998). There is

however, no uniformity in the description of the fill properties in the available literature.

The foUowing are seen in this study as some probable forms of composite-aggregate paste

backfiU systems:

• Mill tailings paste containing agglomerates

• Mill tailings paste containing alluvial material (sand or gravel)

• Rocldill aggregates containing mill tailings paste

• Mill tailings paste containing metallurgical by-products (slags)

For the purposes ofthis review and study, a "conventional" paste fill refers to mill tailings paste

backfill containing up to 10% coarse (minus 20Jlm) aggregates. Various descriptions ofhlended

tailings/sand paste backfill systems are provided in the available literature (Corson et al., 1980;

Arioglu, 1983; Landriault, 1992; Lidkea and Landriault, 1993; Landriault and Tenbergen, 1995).

These are also considered in this review as types ofcomposite backfill systems. For example,

Corson et aL (1980) described a method ofpreparing a fonn ofcomposite/aggregate fill in place

whereby cemented sand slurry was introduced into a pile ofwaste rock, and was consolidated

by introducing as a means of fiUing the voids between the rock aggregates.

Gnce (1989) describes a project in which cemented aggregates fill consisting of (30%)

aggregates, was added to hydraulic fill slurries and successful delivered to stopes. Initially,

aggregate was tried as a replacement for rocldill at Mount !sa Mines. Dry aggregate and

cemented hydraulic fill (in a ratio of 1:1) was introduced at the top of the stope in a sunilar

manner as cemented rockfill method. The method of placement was discontinued because of

inadequate penetration ofthe hydraulic fiii. It is also reported that the cemented aggregate fill

segregated when it was placed in a stope.
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Wingrove (1993) aIso describes a "tailings-aggregate bacldilling project at South Deep Mine in

South Africa". Two types of aggregates were considered. The selected bacldill material

consisted of aggregate produced underground from development waste mixed with classified

tailings. The second selection consisted of mixture aggregates produced underground from

development waste and a rod-mill product. The maximum aggregate size of20mm was selected

to permit transportation in a pipeline. Wingrove (1993) reported that the acceptable ratio of

pipeline diameter to maximum particle size of5:1 was used to avoid bridging during hydraulic

transportation.

The following mix tailings and aggregates (T/A) ratio by weight were used. T/A (50:50.60:40

and 70:30). Othermaterial ratios consistingofdevelopment waste aggregates (CCW/AG) 80:20,

60:40, 40:60 and 30:70 were also tried. The composite materials were either uncemented or

cemented. Large scale placement tests were carried out under simulated stope conditions using

two tests paddocks. Geotextile bags were installed inside the paddocks. A backfill blend of

CCT/AGG and CMW/AGG of30:70 were finally used. Placement relative densities were 2.15

and 2.18 respectively.

It was concluded from the simulated placement tests that both types ofaggregate and composite

waste mixtures displayed relatively good drainage and they were aIso found to he stable.

However, when the geotextile bag was cut, it was reported that neither of the two bacldill

materials was found to be completely stable one day after placement. Solids loss of about 1

percent of the total placed solids was noted. AIso, approximately 2 pec cent shrinkage of the

material was observed. An optimum blend for both types ofbackfill were similar and consisted

of60 to 70% aggregates 30 to 40 percent classified tailings or cumulated waste. The stiflhess

of the TailingslAggregate (T/A) was round to be flexible, it was also found to depend on the

composition of the fine material. The CMW/AGG did not show much flexibility in tenns of

stifihess changes. The rate of strength gain after placement was round to be higher for the

CCT/AGG bacldill than for the CMW/AGG. The in situ shear strength of the bacldill was
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measured using a shear vane. The shear strength of the placed backtill was estimated to be

22kPa after one day ofplacement.

Swan et al. (1993) studied the compressibilityand stiflhess ofcemented and uncemented rocldill

aggregates containing some tailings. The ratio oftailings-to-rocldill aggregates ranged between

5195 and 20/80 per weight percentage. ft was reported that the stiffness of the fill can be

controlled by varying the porosity.

2.7.2 Aaalomerated Fine Mill Yailinas as Coane Aagrœates in "CAP" Backfills

Theco~e fraction ofa composite bacldill system Mayconsist ofagglomerates orpalletized fine

tailings material. Agglomeration can be used to reduce milliog wastes and a1so, as a means of

converting wastes ioto a more usefuI backfill materia!. Various investigators including

Archibald and Nantel (1986), Amaratunga and Annor (1989), and Boldt et al. (1990) have

studied the use ofagglomerated fine tailings to supplement underground backtilling materials.

Archibald and Nantel (1986) considered immediate freezing of water and tailings pellets as

potential bacldill aggregates incold climates. Amaratunga and Annor(1989), outlined a concept

of agglomeration of fine tailings and showed how it could be used to supplement backfill

materials. Theyalso presented the results ofpreliminaryexperimental studyofthe concept. The

environmental and economic benefits to the mining industry in tenns of savings on surface

tailings disposai requirements were aIse outlined in the study. Theyconcluded that the proposed

concept ofrnil1 tailings agglomeration could henefit the mining industry in manyways. It would

supplement the aggregate material used for bacldill, reduce the waste disposai requirements,

conserve land and protect the environment. It could also eliminate the constraints placed upon

fine grinding for the Iiberation ofvaluable minerais (Amaratunga anù Annor, 1989), especially

for gold ore.

2.7.3 Mechanical Properties of Composite-Aegreaate Paste (CAP) Fiii Systems

Because ofconfusion in tennioology, there are no distinctive listings ofproperties of composite

bacldil1s in the published literature. The properties ofthis type ofhackfill are often considered
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to be simiIar to those of either mill tailings paste fill, depending on the composition ofsand

(Lidkea and Landriault, 1993). On the other band, composite fill or ~~aggregate

fill"(Arioglu,1983; Orice, 1989; McKinstry and Laukkanen, 1989; Raffield et al., 1998)

properties are assumed to be similar to that ofcemented rockfill depending on the content of

coarse material.

Boldt et al. (1990), reported on the use of agglomerated pellets containing 10 % cement by

weight, as coarse aggregates in laboratory tests. Oven-dried full plant tailings with various

amounts of water and cement were added to the aggregate pellets. Cement content for the

backfill batch mixes ranged between 3% and 10% by combined weight oftailings and pellets.

The proportion ofpellets replaced as coarse aggregate in the full plant tailings were 75,50, and

25 percent by weight. The pulp density of the mixture was 76% by weight ofsolids.

A maximum 28 days unconfined compressive strength of2.47 MPa was observed in samples

containing 50-S0 agglomeratesltailings mixture and 10% cement. This value was to be

compared to a set target strength of8 l\1Pa. It was concluded that even though a target strength

of 8 MPa was not achieved, agglomeration could produce a more useful fonn of fine-grained

mine tailings for underground backfill transport and placement. It was also suggested that

inactive tailings ponds could be capped with cemented tailings pellets to reduce wind blown

dust, and trap native dusts and seed to promote re-vegetation.

2.7.4 Preparation and Placement ofCrusbed Waste/Classified Tailings Backfill

Raffield et al. (1998) reported on the use of a high quality crushed waste/classified (cw/cct)

tailings and crushed aggregates as a special application backfill material. The crushed

waste/classified tailings backfill was placed uncemented in a 1SOm radius around two shafts to

permit extraction around the shaft. Porosity ofthe fill ranged between 28-30%. The mix ratio

for cw/cct backfill ranged between 70/30 to 50/50. The success ofthe stoping was attributed to

the high stiffuess generated by the cw/cct bacldill. It was reported that the till reduced the back

area closure and consequently improved the face and the hanging wall conditions.
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Bloss and Greenwood (1998) described a type of"aggregate" fill in use at Mount Isa mine in

Australia. The fill is prepared by adding the correct amount ofcement to the hydraulic fill to

form cemented hydraulic fille Rock is then placed simultaneously with the cemented hydraulic

fill (CHF) at correct placement ratios that ensure good cement distribution in the stope to

produce a cemented rocldill (CRF). The report describes an in situ aggregate fill which is placed

in a similar manner to cemented rockflll.

2.7.4.1 Summary of"Allrgate" Fill Properties

Arioglu (1983) used a 60 per cent coarse aggregates to 40 per cent tailings ratio in the studyon

"aggregate" fille The optimum ratio ofcomposite aggregate/tailings (AIT) fill mixtures has been

identified to range between 60-70 per cent coarse and 30-40 per cent fine materials

(Arioglu,1983; Grice, 1989; Wingrove, 1993; McKinstry and Laukkanen, 1993; Raffield et al.,

1998). Sorne ofthis investigations were based on the minus 20mm coarse aggregates similar to

that used in concrete technology (Neville, 1987).

There is therefore a need to investigate larger size (minus 152mm) coarse aggregates normally

used for preparing cemented rockflll.

2.8 RELATIVE EVALUATION OF mGH-DENSITY FILL PROPERTIES

Hedley (1995) conducted a Iiterature review on the physical properties ofcemented rocktill and

high density paste backtills from mines in North America. Berry (1980) , Wingrove (1993) and

Hedley (1995) have concluded that compressive strength and deformation modulus of high

density tills are mainly controlled by the cement or binder content, and to a less extent by

porosity. Hedley (1995) expressed the compressive strength ofpaste and cemented rocktill as

a function ofcement/porosity (c!Tl) ratio. The deformation modulus of the fill materials were

also expressed in terms of uniaxial compressive strength, as shown in Figure 2.2 (a & b). A
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good agreement was found between compressive strength and cement content-to-porosity ratio

by Hedley (1995), as foUows:

(rss

u c =26.6 ; 2.1

Where: (Je = compressive strength (MPa)

c = cement or binder content (%)

TI - porosity (%)

HedleyaIso found that there was less scatter in the data thanjust plotting compressive strength

against cement content.

The above findings in effect, suggest that bindercomposition controls porosityofcemented high

density bacldill systems. The findings aIso indicate the need to find mine backfill systems

where void reduction could have significant effects on strength and deformation properties of

the fill product.
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• Hedley (1995), compared the laboratory determined properties of cemented rocldill and

cemented paste hackfills from various sources. It was found that the rate ofscatter in the data

in (Table 2.2) was much greater for the rocldiU than the cemented pastefiU. It was therefore,

suggested that paste bacIdill was the better bacldill system ofthe two types of fili.

Table 2.2 Comparison ofmechanical properties ofpastefill and cemented rocldill samples

(after Hedley, 1995)

•

Density Strength Modulus

Backfill Type (Kg/m3
) (MPa) (GPa)

Mean Range Mean Range Mean Range

Pastefill

10% cement 1920 (1870-2010) 2.74 (2.43-3 .63) 1.37 (0.88-1.71)

RockfiU

5-7% Binder 2000 (1835-2161) 3.24 (2.00-5.63 1.00 (0.48-2.63)

Table 2.2 also suggests the need for further study ofComposite-Aggregate Paste (CAP) baeldill

properties and behaviour in mining. The application ofCAP fills could result in the bridging

of the wide gap between paste bacldill and cemented rockfill properties which has been

identified by Hedley (1995).

Hedley (1995), also compared the in situ stiflhess of the paste fill and cemented rockfill from

various mines in North America. It was found that the stiffuess ofthe cemented paste fill was

at the lower end ofthe range ofvalues as compared to weil graded cemented rockfill. The paste

fill was found to perform in a superior manner when compared to a poorly graded rockfill. It

is interesting to note however, that the comparisons were based on different binder types and

compositions. The paste fill samples contained about 10 per cent cement, whereas the binder

content for the rocldill samples varied between 5 and 7 per cent. The binder consisted of a

mixture ofcement and tlyash. The partiele size distributions and the specifie gravities ofthe fill

materials were also omitted from the comparisons.

2 - 28



• 2.9 OPTIMIZATION MEmOnS FOR BACKFILL MATERIALS

•

2.9.1 A Concept of BackfiU Material Properties of OgtimizatioD

ln general terms, the optimization ofmine back:fill systems refers to the most cost-effective

means of improving the operational efficiency ofbacldill-reliant mines. Optimization is

aIso concemed with the engineering of structurally competent and cost-effective bacldill

materials and systems including the use ofalternative means offill consolidation (Hassani,

1993). In tenns ofcurrentpractice(Stone, 1993; Reschke, 1993; Landriault, 1995; Farsangi

et al., 1996), optimization involves the processes ofimproving mine bacldill performance

while reducing production costs. Backfill performance can be measured in tenns of

improved support POtentiai which is expressed through increases in strength and stiffness

orthe fill.

Various suggestions have been proposed for improving bacldill strength and stiffuess.

These have included:

a) rninimizing fill porosity through aggregates size gradation (Berry, 1980; Thomas,

1981; AriogIo, 1983; Swan, 1985; HedIey, 1995; LidkeaandLandriault, 1993; Swan

et al.,1993; Stone, 1993; Wingrove, 1993)

b) moisture control and compaction (Nicholson and Wayment, 1964; Weaver and

Luka, 1970, Thomas, 1981; Arioglu, 1983; Arioglu et al., 1986), and through

c) convergence (Hedley, 1995) of the stope walls after placement

Binder composition and curing time can also be considered as bacldill optimization

parameters because they affect strength development, and therefore influence stope cycle

time. The method and condition offill placement cao be considered as a method ofbacldill

optimization because placement can be used to improve bacldill properties (Berry, 1980;

Corson et al., 1980). The condition of fi11 placement relates to whether the fill is exposed

or confined and it is greatly influenced by the mining method.

2-29



•

•

%.9.% Baelâtll as an EngiDeered Material

Atcbison et al. (1973), Annorand Clarke (1988), Hassani (1993) and others have considered

the structural aspects ofviewing and designing mine bacldill as an engineered product. No

specific suggestions have however, been proposed on what nature this design concept

should take. With regard to the three high-densitybacldill systems understudy, this concept

is recognized as being the most relevant approach for designing and producing composite

bacldill products from total tailings paste and waste rock aggregate.

Various investigators including Lamos,(1993), Clark (1988), Arefet al. (1989), Vickeryand

Boldt (1989), Ross-Watt (1989) and Chen and Annor (1995), have reported on the use of

total tailings as a suitable material for mine backfilling. The engineering oftotal tailings as

a structural product for bacldilling has so far not been fully addressed in the available

literature. In general tenns, the bacldill must be designed to satisfy the structural

requirements ofthe applicable mining method. The design considerations (ChenetaI., 1996)

should aIso include the ability of the fill to meet the following essential requirements:

• to be self supporting;

• to apply regional support in convergence control;

• to provide a stable bearing surface for men and equipment and to control

dilution control;

• to provide competent stable roof support

The engineering design must also include safety and cost considerations. The fill materials

must therefore be optimised to meet the engineering design requirements while minimizing

cost. The following is seen as a summary ofoptimization procedures used in the design of

conventional backfill systems based on a review ofthe available literature:
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• 2.9.3 Partiele Size Gradation

The effectiveness ofany type ofbacldill for underground support depends on the inherent

material properties, pulp density and conditions ofplacement. Particle sizes and gradation

play important role in the mechanical properties and behaviour of soil-like materials

including bacldills (Esp1eyet al., 1970). With regard to mine bacldill, it bas been suggested

that the primary objective for optimising particle size distribution is to achieve a weil

graded aggregate distribution in order to attain optimum porosity (Thomas et al., 1979) and

thus, reduce binder consumption and mine operating costs.

Various size distributions have been proposed for bacldill materials on the basis of soit

mecbanics principles (Terzaghi and Peck, 1967; Bowles, 1970), and concrete technology

(Neville, 1987). There is no consensus in the available literature on what constitutes

optimum size gradation requirements for bacldill materials, or how it should be measured.

For example, indices such as 'The Effective Grain Size (D,o)", the "Coefficient of

Unifonnity (CJ" and the "Coefficient ofCurvature ( CJ" are generally used to characterise

and quantify particle size distribution of fill materials (Bowles, 1970). These indices are

derived as follows:

2.2

and

2.3

Where

0'0 -

0 30 -• °60 =

grain size at 10% passing (also, the effective grain size)

grain size at 30% passing

grain sizc at 60% passing
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WeU-graded materials usually contain equal representation of aIl size fractions. For

example, Cu values of4 to 6, and Cc: values of 1 to 3 have been proposed (Terzaghi and

Peck,1967; Pecketal., 1974; Das,1983; Craig, 1978) as indications ofa weil graded fill and

soil material. Composite bacldill and cemented rockfill systems generally contain a broad

distribution of fine and coarse aggregates ranging from a few mierometers to several

millimetres in size. The partiele size gradation of these materials cao he expected to be

similarto till-soils (peck et al., 1974). A wide range ofcoefficient ofuniformity(Cu) values

can therefore be expected for these types ofbacldill materials.

2.9.3.1 Optimum Particle Size and Distribution for Concrete

Inconcrete technology, a weIl established relationship exists between compressive strength

and sizes of aggregate materials that are used for concrete mixes (Neville, 1987). The

correct choice ofparticle size distribution results in optimum design ofconcrete mixes by

redueing porosityand thus minimising cement requirements. This approach is widely used

as a means ofoptimizing ail types ofbacldill mix designs. For example, Swan (1985) and

others have proposed that the perfonnance ofa bacldill binder May also be optimized by the

correct choice ofparticle size distribution ofthe fill material.

It has been suggested by Thomas et al. (1979) that fine particles in a weil graded backfill

tend to fill the voids between larger particles thus reducing the volume which the cement

gel must oecupy in order to produce a stronger bonding Figure 2.3. It has also been shown

(Clark, 1988; Chen and Annor, 1995) that soon after placement, and before the fiIl is fully

set, an uncemented tailings bacldill has a lower porosity than when cemented.

Additionally, it bas been shown (Thomas et al., 1979; Vickery and Boldt, 1989; Ross-Watt,

1989) that baeldills containing high proportions of fine materia!, developed higher

compressive strengths than fill produets containing medium or coarse materials.
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Binder
_~~E----- ----~~~.

gel

Situation with no grading control
- Binder gel must fill ail voids

Situation with good grading control
- small particles occupy the voids
reducing the amolUlt ofbinder gel
required

Figure 2.3 Model demonstrating benefits offine particles in hydraulic fill (after Thomas

et al., 1979)

•

Itbas been found (Clark, 1988; Chen and Annor, 1995) that tailings fills with higher specifie

gravities, tend to have higher porosities at the same water to solids ratios. The addition of

cement to tailings tills increases the ultra-fine materials content ofthe fiii. These materials,

together with the binder, retain more water between the particles resulting in higher

placement porosity of the cemented fill when compared with the uncemented fine tailings
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• fil1. The application of higher specific gravity aggregates for composite fill preparation

merits investigation.

2.9.3.2 Desipine The Optimum Particle Size

It is a commonly accepted fact in conventional hydraulic fill technology (Thomas et al.,

1979), that the particle size distribution should be chosen to achieve high shear strength

parameters (friction angle and cohesion), to increase binderperformance and thus, to reduce

costs. To help determine the effects ofaggregate grading on strength, Swan (1985) applied

concepts from concrete technology where the amount ofbinder consumption and strength

development have been related to the size and distribution ofthe materials. This relationship

is based on the Talbot curve. The Talbot curve is often used in the conerete industry to

estimate the cement requiremeots for achieving an acceptable level of streogth for poorly

graded aggregates.

The Talbot curve is defined by:

2.4

Where:

n =

percent passing by weight for sieve size u and for

partiele size Um

experimental constant

•

Experiments by Talbot and Richart (1923) showed that a specifie value for exponent "0"

would minimize porosity of a concrete mix, thereby maximising streogth. Although this

might be true from a theoretical standpoint, it is oot considered as a praetieal solution for

optimising a bacldill mix. This is because in practiee, minimising fill porosity generally

results in harsh hydraulic fill mixtures with attendant placement difficulties such as,

segregation and poor drainage eharacteristics (Swan, 1985).
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%.9.3.3 OptimizatioD of Baekf"ill Matena' Size Gradation UsiDg "BiDder Number"

Swan(1985) has proposed that a Talbot-baseddesignprocedure should be used fordesigning

bacldill mixes. The applicable mixes comprised of a mixture of composite materials

containing cement. The composite mixtures are described as "'aggregate material bound by

a matrix consisting of fine aggregates and cement or other binder". The shape effects of

the particles are neglected in the proposed theory. ft is assumed that aIl aggregate particles

are spherical also, that the aggregate sizes are randomlyarranged, according to the proposed

mix design model.

According to Swan (1985), there are two important theoretical parameters which are relevant

to the mix design. These are: "davg" which is the Mean free distance between aggregate

particles in the mix, and "3p", the aggregate's specific surface area for a constant water

cement ratio. Knowledge of the fill aggregate particle size distribution, its porosity and

volumetrie cement content allows the calculation of 3p and davg from a series ofequations.

A "binder number" which is a dimensionless number equal to (Cv / (davg 3p» is developed

froID the series of equations. The ''binder number" can be caIculated and related to the

expected strength of the backfill mix by a relationship that shows that the unconfined

compressive strength (known frOID free-standing height requirements of the fill) is

proportional to (Cv / davg a.Jk where "k" is a constant.

Swan (1985), plotted the ''binder number" against unconfined compressive strength for 68

selected mine backfills and concretes from the available literature. It was reported that a very

good correlation was found to exist betweenbindernumber and compressive strength. Itwas

also suggested that an increase in strength could be achieved by increasing the binder

number. The following empirical relationship between binder number and unconfined

compressive strength (UCS) was proposed based on a similarly established relationship by

Arioglu (1983) on cemented aggregate fill:
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2.36

UCS = 0283 Cv/davg Qp 2.5

where Cv = volume of cement in a unit dry volume of freshly placed bacldill

expressed as a weight percent.

•

Swan (1985) has further suggested that an optimized grading, based on the above design

approach, can help reduce the amount ofcement needed to achieve a given backfill strength.

It has aIso been suggested that (Swan, 1985) other findings exist in concrete research which

may be ofinterest in bacldill mix design. These include the strong dependence ofstrength

on inter particle distance, on the inverse of the aggregate's specifie surface area, and on

"sorne power ofcement content".

Most ofthe strength data anaIyzed by Swan (1985) were developed using concrete samples

where the cement content was much higher than that nonnally used for bacldills. Other

studies (Boldt et al., 1993) have however, shawn that sorne ofthe concepts used in concrete

technology mix design, do not often apply to the design ofbackfill mixes. For example, in

total tailings pastefills, the porosity is probably largely dependent on moisture content than

inter-particie spacing. Also, unIike concrete technology where binder composition can be

as high as 35% ofthe volume ofaggregates, in mast backfill systems, the amount ofbinder

used per dry weight of fill materia! is relatively small and often less than 10%.

2.9.4 EXAMPLES OF PRACTICAL APPLICATIONS OF CONCRETE

TECHNOLOGY PRINCIPLES TO BACKFILL MIX DESIGN

Boldt et al. (1993) investigated some basic similarities between concrete testing and the

testing ofcemented mill tailings lilIs. The effects of"Fineness Modulusn on compressive

strengths of total tailings bacldill samples containÏDg sand were investigated as part of the

study.
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Fineness Modulus (FM) is a relationship generally used in concrete technology to express

the fineness ofaggregate gradation. It is detined as follows:

FM = (Commutative percentage ofmaterial retained on US sieve screens 4 to 100)/100

where the screen sizes are Nos 4, 8, 16, 30, 50 and 100.

It was a1so reported (Boldt et al., 1993) that other previous studies had shown that wide

variations in sand grading had no effect on the compressive strengths ofmortar or concrete

samples. In an altemate reported study (Bureau ofReclamation (1981) in Boldt et al., 1993),

mortar is defined as a mixture ofcement, sand and water; where as concrete is defined as

containing cement, sand, water, gravel, crushed rock or another aggregate.

Two mixes containing 4 and 6 per cent cement were prepared (Boldt et al., 1993) in the

reported study. Water was kept constant and the slurry density of the mixture was

maintained at 80 percent solids by weight. For the mix containing 4 per cent cement, the

compressive strength increased with the amount of tailings when compared to the 100

percent classified sand. For the mixture containing 6 percent cement, the strength was noted

to decrease initially before increasing..

The differences in the compressive strengths of the samples containing 4 and 6 per cent

cement were attributed to increases in the amount offines content. It was suggested that the

increased amount of fine materia! resulted in increased surface area of the particles which

required more water for wetting. It was also suggested that the effective consumption of

water for particle wetting and cement hydration increased as the amount of fines increased.

This resulted in less available free water for hydration because the water was trapped within

the material mass. The addition of fines resulted in a better graded aggregate mix. It was

found that the compressive strength increased as the particle size ofthe material became finer

and the FM decreased, when slump and water/cement ratio were kept constant.
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Boldt et al. (1993) a1so reported that in tests ofstructural concrete, when water/cement ratio

and slumps were held constant, changes in sand grading was found to have no effeet on the

compressive strength ofthe mortar or eoncrete. It was reported further that there appears

to be an optimum water/cement ratio and grain size gradation which favoured strength

development in tailings fills. Particle size gradation was found to have Iittle effect on

compressive strengfu development at higher water/cement ratios (7 to Il). Additionally, it

was found that the uneonfined compressive streogth more than doubled when the

water/eement ratio was decreased to 4.42.

These findings (Boldt et al., 1993) also suggest that for fine tailings fills, bindercontent and

moisture control seem to have more effeet onstrength development than aggregate gradation.

This approach seems to support the fact that water requirements tend to increase for concrete

and sunHar products (Neville, 1987) including bacldills, as the fines content is increased for

any given size ofcoarse aggregates.

2.9.5 EFFECTS OF COARSE AGGREGATES ON STRENGTH PROPERTIES ON

TAILINGS FILLS

Arioglu (1983) studied the effects ofcoarse aggregate addition on the strength properties of

cemented tailings fil!. This investigation cao he coosidered as a study on the optimization

of aggregate size gradation. The matenal consisted of crushed marble aggregates and

tailings. The specifie gravities ofthe tailings and the marble aggregates were 3.01 and 2.65

respeetively. The coefficient ofuniformity values were 4.7 for the tailings, and 4.89 for the

marble aggregates. An ideal grading for the combined materia! whieh resulted in maximum

density and thus maximum strength was obtained and was expressed by the following

equatioo:
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Where: p =

Dmax -

(
d )0047

P=124 D
max

percentage ofmaterial smaller than size "d"

maximum particle size

2.6

•

The combined material consisted of40% tailings and 60% marble aggregates with particle

sizes ranging between 30mm and 0.15mm. l'bree mixes were prepared with the following

total aggregate/cement ratios: 5: l, 10:1and 20:1. Water/cement ratios ranged between 0.72

and 2.21.

The test results showed that compared to the cemented tailings 00, the strength properties

ofthe cemented "composite" marble-aggregate and tailings fill increased substantially with

increased cement content and decreased water/cement ratio. The strength properties were

found ta he dependent on cement content and water/cement ratio. It was concluded that the

additionofcoarse aggregates to the tailings mix resulted in immense increases in the strength

properties ofthe cemented aggregate fille The test results showing the strength parameters

are summarised in Table 2.3

Although. the blendingofcoarse aggregates with the tailings material played some role in the

substantial increase in strengthproperties, the observed increase in strength parameters were

mainly attributed to cement content and water/cement ratio. Changes in compressive

strength due to the size gradation ofthe materia! was considered to he probably minimal.

The reported results by (Mitchell and Wong, 1982; Boldt et al., 1993; and Chen and Annor,

1995) suggest that moisture content and binder composition seem to influence the

development ofstrength properties more than particle size gradation for bacldill materials.

This suggests that unlike concrete technology where mix design depends on optimal

aggregate size distribution, there is no optimum. size distribution for bacldill materials.

2-39



•

•

Binder type and composition, moisture content and water/binder ratio seem to control the

development ofstrength properties in bacldill mixes.

Table 2.3 Comparison ofcemented filI parameters (after Arioglu, 1983)

Total aggregatel
cement ratio 511 10/1 20/1

Fill type A B % A B % A B %
increase increase

Cement, kg/m3 288 352 20 156.5 195 24.6 81.6 103 26
Water/cement by wt. 1.47 0.72 -50 2.72 1.22 -55 5.24 2.21 -57
Compressive
Strength, kgfcm2 43.56 131.77 200 7.98 57.96 626 4.76 23.77 399
Tensile
strength, kg/cm2 6.57 19.77 200 1.57 9.84 526 4.11
Cohesion, kg/cm2 8.43 25.52 202 1.77 11.97 576 4.95
Statie elastieity
modulus, kglem2 1812 92063 4980 541 39062 7120 14705

A : Cement fill produced from only tailing
B : Cemented aggregate fill produced from coarse marble aggregate and tailing

2.9.6 MOISTURE CONTROL

Conventional hydraulic sand and mill tailings baekfills have always relied on the use of

moisture control through drainage, as a means of strength improvement. The available

literature on mine backfill technology including the following: (Minefill Conference

Proceedings, 1971- 1998; Rawling et al., 1966; Corson, 1970; Thomas et al., 1979; Clark,

1988; Chen and Annor, 1989) are full ofreferences on the subject. For example, the main

reason for tailings classification bycycloning is to improve drainage ofthe fill mass and thus

reduce the water/cement ratio ofthe product after placement in a stope. It is apparent from

the available literature on the subject that binder content and moisture control are probably

stronger detenninants for strength gain in tailings fUis than particle size gradation. Figure
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• 2.4 shows the effects of water/cement ratio on backtill strength (Lerche and Renetzeder,

1984).
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Figure 2.4 Effect of water/cement ratio on back.fill strength, (after Lerche and
Renetzeder, 1984)

2.9.7 BINDER CONCENTRATION AND CONSOLIDATION TIME AS

METROnS OF OPTIMIZATION

Binder and curing time can also be considered as optimization parameters for bacldil1 mix

design. The rate of strength development for most hacldill binders depend upon their

physical and chemical make up and also how they react with the fill material. The physical

make up relates to the fineness ofgrind (ASTM C-204, 1987) which is often expressed in

tenns ofBlaine fineness.

•
Extensive studies on backfill binder usage have been published in the literature. Several

researchers including Thomas (1973a and b), Thomas and Cowling (1978), Manca et al.

(1983), Yu and Counter (1986,1988), McGuire (1978), Hassani (1989), Douglas and

Malhotra (1989), Hopkins and Beaudry (1989), and others have reported on, or investigated
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the use of alternative binders such as slags, flyasb, anhydrite and other products for

consolidating bacldiUs. It bas been concluded that the application ofbinder improves the

cobesive properties and stiffuess ofbackfills. Additionally, alternative binders to ordinary

Portland cement can provide cost-effective means ofconsolidating bacldills.

The rate of strength development and the ultimate strengths are among the essential

requirements for assessing the effectiveness of a binder. Flyash and slags are known to

develop strength at slower rates (Malhotra, 1983) than Portland cement, but they have also

been shown (Douglas and Malho~ 1989; Hopkins and Beaudry, 1989) to achieve higher

ultimate strengths than ordinary Portland cement, over long curing periods.

2.9.7.1 Binder Alternatives

The effectiveness ofsorne ofthe alternative binders for improving bacldills have also been

investigated and proven. It has been concluded that considerable savings can be achieved

by minimising the percentage ofPortland cement used (Yu and Counter, 1988; Douglas and

Malhotra, 1989; Hopkins and Beaudry, 1989) by partially replacing it with cheaper binder

materials. Flyash and slags have been widely used as a partial replacement for up to 50%

ofordinary Portland cement in backfill operations. Ground blast furnace slag and ground

non-ferrous slags have also been suggested as common replacement binders. Hassani (1989)

and others bave extensivelyevaluated the use ofAnhydrite as a binder alternative for backtill

materials.

Petrolito et al. (1998) studied the strength of bacldill stabiüzed with calcined gypsum.

Tailings were obtained from four different sites to simulate materials to widen the scope of

the study. ft was suggested that calcined gypsum bas cementing properties and is cheaper

to produce than cement. Unconfined compression strength(DCS) on 50mm diameterby 100

mm long cylinders were used to determined calcined gypsum stabilized bacldill strengths.

There was significant variations in the strength obtained with different tailings when cement
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was used as a binder. In terms of the cement stabilized fill samples, it was reported that

strength variation was noticeable with samples containing more than 6% cement.

The range ofWater/Calcined Gypsum (W/CG) ratios covered in the mix design was 0.83 to

3.0. The range was selected because it was found that the slurry was difficuIt to mix below

W/CG ratio of 0.83. Also, above 3.0, the strength was found to be insignificant. The

following empirical relationship was established that can be used to reliably predict the

strength of the stabilized bacldill in the nonnal range ofstrength used in practice.

U.C.S. (MPa) = 2.084 (W/CGr2
.322

The rate of strength development and the ultimate strengths are among the essential

requirements for assessing the effectiveness of a binder. Fly ash and slags are known to

develop strength at slower rates (Malhotra, 1983) than Portland cement, but they have aIso

been shown (Douglas and Malhotra, 1989; Hopkins and Beaudry, (989) to achieve higher

ultimate strengths than ordinary Portland cement.

2.9.8 CONFINEMENT AS A METHOD OF BACKFILL OPTIMIZATION

Placed fill is generally subjected to confinement (Moruzi, 1978; Hedley, 1987) due to the

convergence of surrounding rock mass and this enhances the stiffuess of the till. Ooly a

slight increase in stiffuess often occur under stable ground conditions where there is little or

no convergence. Backfill stiffitess generally increases under highly stressed conditions, as

convergence develops in a stope (Hedley, 1987, 1995).

The effects ofconfinement on the behaviour ofcemented hydraulic backfill samples have

been reported by various investigators including Nicholson and Wayment (1964), Moruzi

(1978), Mitchell and Wong (1982) and Hunt (1989). Moruzi showed that a confining
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pressure ofooly 25 psi (0.17 MPa) increased the strength of fill samples to 125 psi (0.86

MPa). The strength of the fill samples increased further to 300 psi (2.10 MPa) onder a

confining pressure of 75 psi (0.52 MPa). In comparison, samples containing about 1:30

cement-tailings developed unconfined compressive strength of30 psi (0.20 MPa) after 14

days ofcuring; the strength increased by 65% to 50 psi (0.34 MPa) at 90 days.

Hunt (1989) also reported on both uniaxial and triaxial compressive strengilis ofcemented

unclassified (full plant) tailings bacldill samples. The results showed a general increase in

compressive strength with increasing binder composition and curing period and decreasing

moisture content and porosity. Confining pressures of 170 kPa and 340 kPa were used for

the triaxial tests. The test results showed increases in shear strength with confinement.

2.9.8.1 Effects of Confinement on Cemented Rockfill Bebaviour

The ooly source of triaxial cemented rocldill data in the published literature is from

investigations by Gonano et al. (1978). The maximum confining pressure for the studywas

2.0 MPa. The test results showed an increased defonnation modulus with confining

pressure. Wingrove (1993), Swan et al., (l993) and others have studied the compressibility

characteristics ofaggregate fills and have concluded that the stiffuess ofhlended fUis can be

regulated by variation ofporosity. The porositycan also be varied by the proportion offines

(Wingrove, 1993) in the backfill as shown in Figure 2.5.
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• 2.10 SCALE EFFECTS ON BACKFILL MATERIAL PROPERTIES

Input data is critical for the accuracy ofany numerical modeling simulation program. The

reliability of any solution obtained trom the numerical modeling predictions can ooly be as

accurate as the input data on which they are based. Ideally, input data for numerical modeling

should originate from in-situ monitoring and instrumentation ofhackfilled stopes. Generally,

because ofdifficulties which can arise from meeting production requirements, coupled with

the high cost ofconducting field tests, data for numerical modeling are often based on small

scale laboratory properties.

The sizes of test samples are known to play an important role in the laboratory assessment

of the behaviour of geotechnical materials including bacldill. Generally, the observed

differences between mechanical properties of laboratory scale samples and in-situ material

properties are attributed to the differences in scale. For materials such as soil and rock, these

differences have often been the source of exhaustive investigations. Figure 2.6 shows the

effects oftest sample geometry on the mechanical properties of rock specimens (Roek and

Brown, 1980).

Various scaling factors (Hoek and Brown, 1980) have been proposed for converting

laboratory observations to anticipated in-situ conditions for these materials (Figure 2.6). With

regard to mine backtill, there are very limited studies which have involved the effects of

sample size on material behaviour in the published literature. As a matter of acceptable

practice, laboratory test samples generally consist ofcylinders with diameterlheight ratios of

0.5.
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Figure 2.6 Influence ofspecimen size upon the strength of intact rock (after Hoek and
Brown, 1980)

•

The published studies on scale effects generally relate to rock mechanics (Vutukuri et al.,

1974) and civil engineering projects (Marachi et al., 1972). With regard to mine backfill,

Gonano and co-workers (1978) conducted triaxial compression tests on large size cemented

rocldill samples. Barrett et al. (1983) reported on the scale effects ofcemented gravel fills.

The strength ofthe large scale specimens ( 450 mm. indianteter by 900 mm high), containing

Portland cement a10ne was found to be approximately 60% of the laboratory specimen

containing scaled down gravel.
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• Also, Lamos and Clark (1993) investigated the effects of specimen geometry of bacldill

material properties. Theytested specimens with square cross-sections, 48.8mm high and of

various widths; width to height ratios ranged between 0.5 and 14.0. Figure 2.7 shows a

selection ofthe stress-strain curves from the study. Lamos and Clark (1993) concluded that

the compressive strengths ofhacldills in the initial elastic response region, is independent

ofthe hacldill mass geometry. Also, they round that the compressive strength ofcemented

bacldills at high stresses is dependent on the width/height ratio ofthe test sample. Otherthan

the above reported studies, no other previous account was found in the available literature,

regarding laboratory studies in which the efIects ofspecimen sizes ofup to 457mm diameter

by 914mm high had previously been made for mine bacldill materials.
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Figure 2.7 Stress/strain responses of cemented bacldill samples of increasing

width/height ratios (after Lamos and Clark, 1993)
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Carefully determined laboratory scale effects test results can play an important role in

estimating the potential bacldill behaviour in the field especially when developing new

bacldill systems.

2.10.1 Laboratory Test Specimen Sizes for Backfill Materials

The literature on bacldill indicates that reported fill strength data are based on a variety of

test sample sizes and geometries. Testing of both cylindrical and cube shaped specimens

have been reported. Sample sizes have ranged from 2Smm diameter to 1sOmm diameter

cylinders orcubes. Length to diameterratios have ranged between 1: 1and 1:2.S. There have

been instances where no sample sizes were indicated.

The literature (Thomas, 1980; Ross-Watt, 1983; Grice, 1989; Boldtet al., 1990; Brackebusch~

1994), also indicates that the specified unconfined compressive strengili requirements for

cemented stabilized backfills have ranged between o.s and 8.3 MPa. These specifications

have generally been based 00 differeot sample sizes and sometimes even, specimen

geometries. Forexample, test sample sizes ofSOmm diameter and lengths ranging between

lOOmm and 17Smm have been cited in the literature (Arefet al., 1989; Hunt (1989); Vickery

and Boldt (1989); Hopkins and Beaudry (1989) used 7S mm (3") diameter by lSOmm (6")

long test cylinders for hydraulic and paste bacldill testing. Brechtel et al. (1989); Quesnel

et al. (1989) used 1sOmm by300mm for testing cemented aggregate fill and rockfill samples.

On the other hand~ Thomas et al. (1989) tested 100mm by IOOmm (cylindrical) fill

specimens. Arioglu (1983) determined the compressive strength and elasticitycharacteristics

offill material bytesting IScm by 30cm cylindrical specimens. Knissel and ReIms (1983)~

investigated the strength ofcemented rocldill using 32Smm diameter (hId=l) and 100mm

diameter (hId = 2) test cylinders. On the other hand, Barrett et al. (1983), tested 4SOmm

diameter cemented gravel cylinders for strength detenninations.

There have been contlictingobservations on the effects ofspecimen size on fine grain rocks.

It is reported (Obert et al., 1946) that the strength of sorne fine grained rock materials are
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• unaffectedbyspecimen size although, studies oncoal samples (Hustrulid, 1976, Bieniawski,

1997) have indicated contrary results.

The cited literature references have shown that there is variability in tenns oflaboratory test

specimen sizes for bacldill materials. The effects ofthis variation on the engineering design

ofbacldill systems are probablyoffset bythe selection ofrelevant analytical models with the

correct safety factors. The laboratory test results May also be used to infer bacldill mass

behaviour in situ, ifdifferent specimen sizes can be tested to develop empirical relationships.

Reschke (1993) also reported on the effect ofscaie on laboratorytests. It was shown that

increasing sample diameter and aggregates sizes resulted in lower compressive strengths

(Figure 2.8). The results were found to be consistent with those of Falconbridge's Kidd

Creek Mine where the rocldill averaged approximately66 percentofthe Iaboratorycylinders

and about 90 percent for samples of300mm diameter Reschke (1993).
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2.11 ENGINEERING DESIGN RATIONALE FORmGH-DENSITY BACKFILL

SYSTEMS

2.11.1 Aggroaches to Co.ventioD" Baclâtll Desip

Generally, bacldill is designed to be capable ofsustaining both the gravitationalloading of

the roofmaterial as weIl as the dynamic effects applied duringblasting. Severa! investigators

bave reported on the requirements for strength development with regards to conventional

hydraulic bacldill systems. Unconfined compressive strength (UeS) bas been identified

(Thomas et al., 1979) as one ofthe Most important parameters to be considered when dealing

with cemented backfill systems. The unconfined compressive strength requirements for

cemented bacldills are detennined by defining the beight and width of the most likely fiii

exposures in a stope. The published reports contains a limited account ofUeS data. For

example, in order to provide sufficient support, a range of values bas been suggested. A

design requirement of8.3MPa ues has been proposed for a cemented paste backfill (Yu,

1989) operation (Boldt et al., 1990). Similarly, the 28 day design target strength for typical

rocldill operations have ranged between 2.3MPa and 7.0 MPa. Yu (1989) and Hassani and

Bois (1992) have reported that the compressive strength of Quebec mine backfills ranged

between 0.24MPa and 4.30MPa after 28 days curing. The variability between bacldill

strength requirements reported in the published literature is due in part to the site-specifie

requirements based on the mining Methode

2.11.2 Functions of Backtill in the Minmg Cycle

The application ofhacldill in mining satisfies various essential functions in the mining cycle

depending on ground conditions and operational requirements. In tenns of "structural"

requirements, the following have been identified as some of the roles and purposes of

bacldill in conventional bacldill-reliant mining operations (Thomas et al., 1979, Chen et al.,

1996) (Figure 2.9):
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1. In pillar recovery operations, the fill is expected to act as a free standing pillar which is

unsupported over a significant vertical height, Figure 2.9 (a). The stronger the backfill,

the greater the unsupported vertical height. Stabilized bacldills develop bigher free

standing heights. The use of composite fills could further increase the free-standing

height ofa fill mass or else, reduce the binder requirements.

2. The fill is used to apply regjonal support in convergence control. In this role, the fill

must have sufficient stiffitess to resist the movement ofthe surrounding rockmass into

the mined void. This is generally achieved by using the fill to provide passive support

to improve conditions in the void adjacent to an excavation, Figure 2.9 (b). In this

regard, tight filling to the back of a stope is an essential requirement for the global

stabilization of the mine. A low porosity and stiff fill is required for satisfying this

condition.

3. In conventional cut-and-fili operations, the backfill must serve as a bearing surface to

support mining activities and assist in controlling the dilution of the mined ore. The

bearing capacity of the fill therefore becomes an essential consideration in this role,

Figure 2.9 (c).

4. The backtill is used to provide a competent and stable roof support, as in undercut and

fill mining methods, Figure 2.9 (d). Tight filling is also an essential requirement in this

regard and calls for the use ofa low void ratio backfill.
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In order to meet the preceding design requirements, it is important that any bacldill system

employe~ possess sufficient strength and stiffness. Stope size and geometry, and mining

sequence aIso have significant influence on bacldill strength and stiffuess requirements.

Empirical relationships have been developed, based on failure models, to define various

backfill strength requirements for specifie mining conditions. Because conditions can vary

from one mine site to another, strength and deformation requirements tend to be site specifie.

For example, in a pillar recovery operation, a compressive strength of 1.0 MPa May be

required for a certain free standing height ofbacldill. It is reported (Yu,1989) that in a pillar

recovery operation at Kidd Creek Mines Ltd., that the exposed fill face Was designed for a

height of120m and a length of60m and that this required a cemented rockfill strength of7.0

MPa. To support the gravity loading alone, the fill required a compressive strength of2.8

MPa for the above dimensions. A safety factor of2.5 was applied to aIlow for such factors

as additionaI blast loading and a reduction in fill strength should inadequate mixing occur

(Yu, 1989). On the other band, undercut and fill mining May require a backfill strength in

excess of 5.0 MPa to prevent failure (Yu, 1990). The design ofhackfill systems requires

care:ful engineering analysis which takes into account potential failure conditions to be

encountered underground.

In aIl of the above cases, the support requirements are proPOrtional to the geology and

stahility of the rock mass (Hassani and Bois, 1992). The support requirements are aIso a

function ofthe stope size. There is a need to determine the binder requirements necessary

to meet the target strength and defonnation requirements. The basic questions are:

i) cao the binder requirements he optimized by using a composite materials?

ii) wbat constitutes suitable mix design parameters for achieving desirable high-density

backfillprope~es?

iü)on wbat basis should the strength be determined?

iv) what constitutes a suitable test sample size for determining the fill properties?
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The consolidation ofbacldill with a binder bas been identified by several investigators to be

dependent on severa! factors ofwhicb the major ODes include the following:

• Consolidation tinte - How long does it take the consolidated 611 to meet the target

strength and stiffiless requirements?

• Moisture content - How does the filI strengili change with:

a) pulp density (for tailings filIs)?

b) dewatering for hydraulicaIIy placed fills?

c) waterlbinder ratios for cemented rockfill and composite aggregate filIs?

• Binder composition - What are some of the cost-effective binders to use and in what

concentrations; also the effects ofthe curing environment on binder effectiveness?

• Physical properties - What are the physical characteristics ofthe fill materiai (i.e.: particle

size and gradatio~ etc.) and how conducive are they to optimization?

• Condition of fill placement - detennines whether the bacIdill is to be confined or

exposed.

2.12 REQUIREMENTS FOR BACKFILL SYSTEMS DESIGN

Failure models have been developed (Mitchell et al., 1982), or adapted from other sources

includinggeotechnical engineering fordefining the strength requirements for various mining

operational conditions. In mining, the support requirements ofa fill ofknown composition

cao often he predicted using empirical strength models. The empirical design criteria have

been developed based on resuIts ofIaboratory tests and in-situ investigations. The dYDamic

tensiIe strength of a fill mass is an important consideration in the successful design and

recovery ofpilIars. To fulfiU this requirement, the fill must be designed to withstand blast

vibration damage. Tensile strengths for bacldiU systems are difficult to determine directly.

Indirect estimates by Mitchell and Wong (1982); Arioglu (1983); Yu, (1989) and others

(Vickery and BoIdt, 1989), have placed the tensile strength of cemented backfills to be

approximately 5 to IS percent of the unconfined compressive strength.
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The tensile strength is an important parameter whicb expresses the ability ofa fill mass to

resist the tension damage in the form offlexural failure under verticalloading, undercutting

and blast vibration.

Mitchell and Wong (1982) determined the tensile strength ofa cemented tailings fill to be

approximatelyequal to 12 percent of the unconfined compressive strength. On the other

band, Arioglu (1983) found that tensile strength accounts for up to 15 percent ofcemented

aggregate fill's unconfined compressive strength. Yu, (1989), determined consolidated

rocldiU tensile strength to be approximately 5 percent of the unconfined compressive

strength.

2.12.1 BackfiU Failure MechaDisms and Streneth Requirements

Severa! modes ofbacldill failure have been identified in the available literature (Yu, 1990).

These inciude the following:

• failure due to insufficient stiffuess, leading to excessive deformation under load;

• failure due to saturated fill which is improperly drained and cao liquefy under dynamic

Ioading;

• failure by sloughing;

• failure due to inadequate bearingcapacityunder surface loading from mobile equipment,

weight ofore piles and human activity; and

• failure due to insufficient shear strength resulting in slabbing or wedge failure of the

exposed vertical fill faces.

These failure modes must be taken into account during the engineering design ofbackfill

reliant stoping systems. There is aIso a need for fill systems that are best able to meet most

of the above mentioned requirements. Cemented rocldiU bas aIso been identified as the

backtill product which provides the best support in Quebec mines (Hassani and Bois, 1992).
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• 2.12.2 Baclâdl Desip Considerations for Open StoRe Mining

The essential requirements for bacldill design for open stope mining should include static

and dynamic loading from blast vibration. Both static loading and dynamic loading from

blast vibration can be responsible for fill stope failures during the recovery ofore pillars.

Various analytical methods are used to estimate strengili requirements during fill design.

Because of difficulties associated with accurate determination of dynamic loading from a

blast, the existing methods only consider the static loading ofthe filI. As a general mIe and

for safety considerations, a higher safety factor is used ta compensate for the effects of

dYDamic loading induced by the blast vibration.

2.12.3 The ConfiDed Siock Failure Model

Among the failure models developed for calculating fill stren~ the most applicable in fin

design is the confined block with cohesion model. This model refers ta an exposed fin

where opposite sides ofthe fin are against stope walls. A wedge failure model as shawn in

Figure 2.10 is used ta analyze the stability offree standing fill byassuming that there exists

a shear resistance between the fill and stope walls. The net weight of the block is taken as

being equal to the gravity loading, minus the shear component along both waUs. For stability

considerations, the shear resistance between the fill and the stope walls, and in the failure

plane, are expected ta exceed the driving force generated from gravity loading. The fin

stability therefore is evaluated by using a safety factor, as follows:

where: L =

W =

Mc =

• Mc =

LCW
F = cosa +Mccosa tan~

S Mc cosa

Strike Length ofan exposed fill (m)

Width ofa fill block (m)

Fill black weight minus the wall shear component (kN)

He W (L'Y - 2C)
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• He = Effective height ofthe fill black (m)

He = H - 0.5Wtan a

y = Unit weight ofthe fill (kN/m3
)

C = Cohesion ofthe fill (kN/m2
)
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Figure 2.10 Failure Model for a Confined Fill Black (after Mitchell et al., 1982)

•
This model also has been described in detail by various investigators including Mitchell et

al. (1982), Nantel and Lecuyer (1983), Smith et al. (1983) and Arioglu (1984). The model

also has applications in cemented hydraulic fill design analysis.
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• 2.12.4 FiJI Stren&tb Regairements for Open Stope Minina

•

Using the failure model described in Section 2.11.4.1 (Figure 2.10)" the 611 strength required

for open stoping is defined by the following relationship:

where: (Je = compressive strength (in MPA) of fill after 28 days ofcuring

cP = angle ofintemal friction (usually in the range of35° - 45°)

a. = angle of failure in fi1l block a.=(45° + ep/2)

y = unit weight of fi11 in tonnes/m3

M = constant relating to the reaction ofcohesion to compressive

strength

M = 0.18 for cemented rocldill

M = 0.35 for cemented tailings and sand fill

W = width of fili block (m)

L = length ofexposed fill

M = weight ofexposed fill (kN/m3
) (M is a function ofdensity of

the fill mass)

H - effective height of fill block (m)

Fs = safety factor for fill stability Fs = 3 to 5

2.12.5 Fill StrenKtb Reguirements in Overhand Cut and Fill Mininl

A number of models have been developed to analyze the failure mechanisms offi11s under

various geotechnical conditions. In overhand cut and fill mining" it is assumed that the

backfill behaves as a working platform. The failure in the fiIl under the action ofloading by
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• equipment is due ta the shearing ofa wedge ofthe filL It is assumed that the shear strength

contrais the ability ofthe fill to support the mining activities on its surface. This is expressed

in terms ofbearing capacity (Terzaghi and Peck, 1967).

The bearing capacity ofa fill is given by:

Qc= 1.3c Ne +0.4y B Ny 2.9

ln tenns ofdesign analysis, the fill is assumed to act as a shallow strip foundation which

is in contact with the ground, which in this case is represented by the stope floor. The

model used to describe the failure mechanism ofthe fill is based on Terzaghi's Theory on

bearing capacity as indicated by the above equation;

where: Qc = bearing capacity ofthe fill

C - cohesion ofthe fill

y

B

=
=
=

=

unit weight ofthe fill

width ofbearing contact surface

bearing capacity factor due to cohesion of the fill

bearing capacity factor due to unit weight of the fill

The factors Ne and Ng are dependent onlyon the angle ofintemal friction (4)>) ofthe filI. For

mill tailings filIs, the friction angle is a function ofgrain size gradation and the densityofthe

material. Loose fills tend to posses low internaI friction angles and therefore poor bearing

capacity. High-density fills including composite bacldills are expected to develop high

bearing capacity values.

The stability of the fill is evaluated using a safety factor which is defined by:

F= Qc 2.10
S Qo

•
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• where: Qo = load of the mining equipment

A fin designed for overhand cut and fill must be capable ofsupporting a maximum load. In

this regard, the strength is determined bymodifying the analytical failure model as expressed

in the above equation. The cohesion (C) is defined by knowing the friction angle of the

potential fille

c= FsQo- O.4y B Ny
1.3Ne

The unconfined compressive strength (O'J required, is determined by:

(FsQo - O.4y BNy )
U c = 1.3Ne

where: C - cohesion of the fill

Qo - maximum load peT unit area

Qo
Q

-
nB2

Q - total load ofequipment

n - number of tires contacting fill surface

B - width ofcontact area ofa tire on the fill surface

2.11

2.12

•

2.12.6 Fiii Strenûh Reguirements in Underhand Cut and Fiii MiDin&

In underhand cut and fill mining, the fill acts as a roof span and hence, the flexural failure

model is considered as the most likely representation ofthe failure condition (Figure 2.9d).
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• A critical operating stage is assumed to occurjust after the underlying ore lift is removed.

At this stage, the fill is considered to be supporting a non-uniform vertical stress and lateral

closure stresses, which build up as the rock deforms. The stress-strain state of the fi11 is

anaIyzed by idealizing it as a two-dimensionaI plane strain stabilityproblem. These extemal

stresses are registered by bending and shear stresses in the fili.

Irregularities in the wall rocks due to blasting of the ore, provide interlocking with the fiJl

and prevent fill slippage. With rough wall conditions, the roof fi11 bends as a uniformly

loaded beam with fixed ends on the side walls and it is susceptible to flexural failure under

the vertical loading, due to its low tensile strength.

The instability ofthe fili due to gravity loading can be initiated by tension in the centre part

of the span, and failure occurs when the tensile stress exceeds the tensile strength. In

underground cut and 611 mining, the emphasis bas been placed on improving the tensile

strength ofthe backfill. As such, consolidated fills which are genera11y reinforced with steel

screens and bars, have been used to support vertical loads.

The assumption for this condition is that the fi11 mass, cracks at a high tensile stress which

is induced in the roof. For that reason, the fill should be defined on the basis ofits tensile

strength. In tenns of flexural beam analysis, the tensile strength is determined from the

following relationship:

2.13

•
where: 'Y

'Yr

B

=

unit weight of the fill

unit weight of the rock overlying the fiIl

width of the stope
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• h - height of the cut, = friction angle ofthe rock

0'1 = tensile strength ofthe fill

Fs = factor ofsafety

To improve fill stability, various factors which relate to both the fill and the mining

operations are generally considered. A higher safety factor is usually introduced, in the

mathematical model, to compensate for the effects of these factors.

1.13 FILL STRENGm PREDICTION MODELS

The correlations between the fill strength and the material compositions are used in backfill

design. A number ofstrength models have been proposed by various investigators to help

predict the strength and evaluate the potential fill behaviour. The principal prevailing factor

in aIl of these models is the materia! properties of the filI. These depend on the ability to

maximize strength and defonnation (stiffuess) by reducing porosity or void ratio.

1.13.1 Cemented Fiii Strenlth Models

This model was tirst introduced by Mitchell and Wong (1982), and relates the unconfined

compressive strength to porosity, water-cement ratio, and binder content. The unconfined

compressive strength is expressed as:

2.14

•
where:

n

w

=

=

=

unconfined compressive strength (kPa)

porosity (%)

water content (%)
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• C = binder content (%)

experimental constant (=1.1 ... 1.7)

constants to he detennined experimentally

The following model uses '''binder number", a factor relating to the volume ofcement in the

fill, Cv, to estimate the unconfined compressive strength, (J'x, as reported by Swan (1985).

Two parameters, uclavg" which is the mean free distance between aggregate particles in the

mix, and u8p" the aggregate's specific surface area for a constant water-cement ratio, are used

in the strength model. Knowing the fill aggregate particle size distribution, its porosity, and

volumetrie cement content, allows the calculation of8p and davs. An empirical relationship

is expressed as follows:

( )

2036

U x =0283 Cv/davgap
2.15

=

=where: Cv volume ofcement in a unit dry volume of freshly plaeed

bacldi1l (%)

mean free distance between aggregate particles in the

mix

= aggregate surface area for a constant water-cement ratio

The estimation ofthe above parameters is diffieult; hence the Swan (1985) model could he

impractical for conventional baekfilling applications.

2.13.2 Cemented Hydrauli~FUI Strenpb ModeIs

This model relates fill strength to cement content inthe 00, solids concentration ofslurryand

material size distribution, Chen and Jiao (1991). The fill strength is defined by:

• where: = ratio ofcement to tailings or sand
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• Cg solids concentration offill siurry placed underground

N = constant 2.5 for consolidated fill

A, B = constant depending on solids grain size

for tailings filI, A = 0.235, B = 14.494

for sand fill (<2.5mm), B = 19.628

for sand fill «1.2mm), A = 0.255, B = 16.459

Another model relates fill strengfus to contents of cementing agents, water content and

overall material composition in the till. Lamos and Clark (1993). The fill strength in MPa

is determined by:

2.17

where: Pl = 2.15

P5 = 0.07

P2 = 5.65

P6 = 0.34

P3 = 0.67

P7 = 0.21

P4 = 1.60

•

OPC = Ordinary Portland Cement

PFA = Pulverized Fuel Ash

W = Water

CT = Classified Tailings

CW = Comminuted Waste

NCS = Non-Cement Solids (aIl material masses in same units)

PBFC= Portland Blast Furnace Cement

Ail material masses in grams

Limiting ranges: water/cement 2-10

total solids/water 2-5
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• 2.13.3 CemeDted Agree.te FiJI .Bd RocldiU Streneth Models

Arioglu (1983) investigated the properties ofcemented coarse aggregate and tailings fills and

established the following relationships between uniaxial compressive strength and

water/cement ratio:

where:

a.

~n

=

=

(1 = Aa -n
c

uniaxial compressive strength

water/cement ratio by weight

experimental constants

2.18

AIso, Arioglu (1983) established a relationship between cohesion strength and uniaxiaI

compressive strength as follows:

where: c

A,B =

cohesion in kglcm2

uniaxiai compressive strength in kg/cm!

experimental constants

2.19

Yu (1989) modified Arioglu's model and correlated consolidated rocldiII strength with

cement content in the fili. The following relationship was aIso established from laboratory

testing ofrockfill samples at Kidd Creek Mines:

2.20

•
where:

c

=
=

unconfined compressive strength (MPa)

cement content by weight % ofminus 4 sieve aggregate
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• 2.14 SUMMARY

•

1. A review of the literature suggests that the placement bebaviour of mill tailings fills is

influenced by the specific gravity, binder composition as weil as particle size distribution

ofthe fill material. It is important to identifY the extent ofthese parameters on composite

fill properties.

2. The consistency of paste fill bas been noted from the literature review as an essential

parameter for composite backfill design because, it controls the requirements for cement

stabilization., fill transportation and placement (with regard to segregation). The

consistency oftailingslsand paste backfill essentially depends on the moisture content of

the fill product.

3. The reported studies on paste bacldill have identified high moisture content (at near

saturation levels), as one ofthe parameters that could adversely affect paste fill stability

in situ. Other identified adverse parameters affecting pastefill stability include, reduction

in binder eifectiveness due to cbemical reaetivity ofthe tailings, and the in situ break:down

ofthe cement bond under high confining pressures.

4. It is apparent from the reported studies that moisture plays a critical role in the stability

ofbackfill materials. The potential etfects ofmoisture on composite fill behaviour need

to be investigated. These should include: (i) consistency in terms of slump moisture

relationship; (ü) moisturelbinder (w/c) ratio and (iii) an identification of a range of

optimum moisture contents for the studied fill materials.

5. Moisture affects paste backfill stability by reducing the material's liquefaction resistance.

6. Cemented rockfill placement is atfected by aggregate attrition and fills segregation.

Aggregate attrition increases the fines content and thus influences both binder and water
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•

demands for effective strength development. Materials segregation increases the void

ratio and reduces the strength and defonnation properties ofthe cemented roc1dill mass.

7. The literature review bas identified the existence of an information gap between the

properties of paste backfill and cemented rockfill which could limit the tlexibility of

back:fill systems design. The application ofcomposite fill could reduce this gap; it could

aIso introduce more tlexibility in the mine bacldill design by increasing the oumber of

available choices of fill types.

8. The application of"aggregate" tills have proven successful in highly stressed areas in deep

mines. The majority ofthe reported work involviog "aggregaten fills has consisted ofa

combioationofa maximum size of20mm diameter coarse materials and classified tailings.

This process is similar to procedures used in the concrete iodustry. The selection ofthe

20mm maximum aggregate size bas been largely due to practical restrictions imposed by

transporting the fill materials to the stope in a pipeline. A majority of the "aggregate"

fills have also been placed as uncemented 00.

There is therefore a need to investigate the properties of composite-aggregate paste

(CAP) fiUs that comprise oflarger (minus 200mm or, 8 in.) size aggregates and full plant

tailings. The use of larger coarse aggregate sizes for CAP fill preparation would be a

more practical extension ofcemented rockfill preparation methods ta composite fiUs. The

use of larger size aggregates may also reduce aggregate crushing costs.

9. Laboratory test results may be used to infer the behaviour ofback:fill masses in situ. This

is possible ifdifferent specimen sizes cao be tested to develop empirical relationships.

Scaling factors ranging between 60 to 90 percent have been proposed for relating

laboratory scale test sample data to in situ conditions for cemented rocldiU. A review of

the bacldillliterature has aIso shown that iocreases in sample diameters and aggregate

sizes have resulted in decreased compressive strength of backfill materiais. There is a
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•

the bacldillliterature bas a1so shown that increases in sample diameters and aggregate

sizes have resulted in decreased compressive strength ofbacldill materials. There is a

need to investigate the possibilityofscale effects oncomposite-aggregatepastefill (CAP)

samples, especially when larger sizes ofaggregate (ofup to 200mm diameter) are used

for fill preparation. The test data could be used to infer potential behaviour ofa CAP fill

mass in situ.

10. Various AggregatelTailings (AIT) combinations bave heen tried according to the

literature survey. An optimal range of 60 to 70% coarse aggregates and 30 to 40%

tailings combinations have been identified for the minus 20mm size aggregates and

classified tailings. With regard to large size "aggregate" fills, a study comprising of60%

coarse/material and 40% tailings bas been reported. This material ratio falls within the

identified optimum mix range. Any future studies involving composite fills should

therefore, begin with the examination of 70% coarse aggregates and 30% tailings

compositions.

Il. It has been identified from the literature survey that the porosity of cemented rockfill

systems is controlled by the binder content and the water/cement ratio. There is also an

established correlation between the compressive strength (aJ and the deformation

modulus (E) of cemented rocldill properties. There is therefore a need to expand this

correlation to other types ofmine bacldill systems, 50 that the established relationships

cao be applied as predictive tools for the design ofmine bacldill systems.
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3.

3.1

CHAPTER3

PHYSICAL AND ENGINEERING PROPERTIES INVESTIGATIONS

INTRODUCTION

•

This chapterdescribes the physical and engineering properties ofthe fill materiaI used in this

study.

3.1.1 Objectives and Scope ofthe Physical and Enldneerin& Properties Investieations

The objectives ofthe physical property investigations outlined in this chapter were to:

• define the physical and engineering property limits ofthe studied fill materials;

• evaIuate the physical property and characteristics ofthe 611 materials and to use the

information as a fundamental requirement for understanding composite fill

bebaviour;

• develop scientific knowledge regarding the application of the studied fill materials

for ground support in mines.

The scope of the investigations included the following:

i) Examination of the physical properties of tailings, alluvial sand and rockfill

aggregates as suitable materia! for the preparation ofhigh-density composite tills.

ii) Investigation of the chemical compositions ofthe test materials (tailings and sand)

iii) Detennination ofhackfill consistencies for the tailings and sand pastefill in terms of

the weight percentage of solids and aIso in terms of slump and moisture content

relationships.

3.1.2 Identification of Fili Materials

The test material for this part ofthe study consisted ofmill tailings, alluvial sands and rock

fill aggregates. The mill tailings originated frOID various sources, including precious Metal
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• mines and base Metal rnining operations in North America. A total ofseven (7) different

types oftailings were investigated. These consisted ofthree (3) full plant precious Metal ore

tailings and tbree (3) classified and one (1) full plant base metal ore tailings. Three (3)

alluvial sands consisting of fine, medium and coarse gradations (Lidkea and Landriault,

1993) were also studied. The sands were typical ofthe supplementary fi11 materials normally

used for mine bacldilling in Northem Ontario.

The type and sources of tailings materials are indicated in this study by the type of ore

followed by an assigned number; for example: ''Base Metal Tailings (BMT #1)". The

alluvial sand sources are represented in a similar manner to the tailings. This method of

sample identification was adopted in order to maintain the generic aspects ofthe study. The

fill materials are also identified as Tailings # (1-3) or as Sand # (1-3). Both the type and

source representations (eg. ''Base Metal Tailings") and generalized identifications (eg.

"Tailings #1") are also used through out the text for the tailings materials, depending on the

emphasis. The two types of identification for the tailings materials are therefore

interchangeable throughout the thesis.

The rocldill aggregates comprised ofmine development waste from a precious Metal mining

operation in Ontario and consisted mainly ofminus (6") 152mm size material, Figure 3.1

• Figure 3.1 Typical Aggregates for Cemented Rocldill and Composite Backfill Studies
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• The primarymaterials consisting ofmill tailings, alluvial sands, and rocldill aggregates were

selected to broaden the scope ofthe studyon composite filI system.

3.1.3 Moisture Content Determination for Rockfill AlIleeates

Before performing the particle size analysis, the moisture content ofthe rockfill aggregates

was determined in accordance with ASTM-(D2216) recommendedprocedures. The moisture

content values which ranged between zero (0) and one (1) per cent by weight were required

for cemented fill mix batching computations.

3.1.4 Chemical Analysis of Fili Material

The chemical analysis of the fill materials used are reported in Table 3.1

Table 3.1 Chemical Analysis ofTest Materials.

•

Compound P.M.+ B.M*. 8.M. B.M. P.M. P.M. Saud #1 Saads
TaiBalS TalUalS Taillais TaillaIS TaiOals TaiUalS #7. & #3

#1 #2 la&b #3 #3 #7.

SI04 10.59 52.28 33.56 72.69 27.63 57.56 84.38 77.49

no! 0.09 0.92 0.23 0.16 0.21 0.29 0.88 0.31

AlzO] 1.93 12.79 5.97 3.98 3.86 10.20 6.43 8.90

F~03 1.71 17.22 35.68 0.65 43.10 7.38 2.91 2.44

MaO 0.821 0.165 0.006 0.122 0.666 0.165 0.147 0.03

CaO 28.47 6.00 0.99 8.32 3.03 7.62 0.17 2.44

MgO 12.80 5.16 0.87 2.77 3.01 4.60 0.57 1.26

NazO 0.46 2.02 0.16 0.04 0.42 1.55 0.56 2.61

KzO 0.35 1.26 1.25 1.29 0.21 0.55 1.19 1.77

Pz Os 0.06 0.17 0.07 0.04 0.05 0.04 0.06 0.05

LOI 43.58 2.21 19.38 8.99 10.44 9.71 2.33 2.82

S(ppm) 0.31 2.30 28.50 0.23 16.80 0.72 <0.01 70

• a.M. =Base Metal
+ P.M. = Precious Metal
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•

3.1.S Partiele Size ADalysis (Fine Materiall

Sizing of the tailings samples was performed using a laser-based optical particle size

analyzer (Leblanc and Annor, 1990). The sand samples were analyzed by both sieving

(ASTM-C136) and laser-optical analyzer. The ultra fine material was taken to be the minus

20f.Ull size material. Table 3.2 shows particle size analysis results for the tailings.

3.1.6 Partiele Size ADalysis (Coane MateriaD

The sizes and distributions ofthe coarse and fine rock aggregates and coarse alluvial sand

were detennined by screening the material through a series of sieves. This was done in

accordance with ASTM-(C136) specifications. Bydefinition, the coarse aggregatewas taken

as the material retained on the 9.5mm (3/8") sieve and not larger than 152mm (6").

Similarly, the fine fraction ofthe rocldill aggregates was taken as that which passes through

the 9.5mm (3/8") sieve.
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• Table 3.2 Typical Particle Size Distribution for Tailings Material

•

ParticleSizeJ.llD Base Metal Base Metal Base Metal Base Metal
Tailings #la Tailings #lb Tailings #2 Tailings#2

12 18.22 29.29 10.67 7.57

16 28.36 44.53 17.29 12.39

20 33.22 52.05 21.37 15.84

24 35.19 57.47 25.23 21.18

32 38.87 61.32 29.31 23.28

40 41.36 62.59 32.26 29.7

60 47.86 68.66 39.06 36.98

80 54.38 69.97 4330 49.19

100 64.37 75.57 47.61 75.28

200 89.96 90.71 74.57 82.06

300 92.12 94.86 85.10 88.24

400 96.46 100 92.13 96.85

500 96.46 100 95.99 95.99

600 100 100 100 100

Particle Size (J.lID) Precious Metal Precious Metal Precious Metal
Tailings #1 Tailings #2 Tailings #2

3 3.77 2.78 6.00

4 6.86 5.34 10.56

5 10.39 8.46 15.62

6 16.87 15.02 23.55

7 22.75 22.22 37.84

8 28.51 30.06 42.90

9 33.48 35.42 47.55

10 37.85 39.48 73.54

20 66.38 63.10 84.32

30 79.13 75.69 87.61

40 86.13 78.71 90.14

50 87.30 83.86 91.29

60 89.09 85.38 95.17

70 90.39 86.81 97.53

80 93.50 90.38 100

90 96.01 92.65 100

100 96.01 96.26 100

150 100 100 1 100

200 100 100 100

300 100 100 100
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• 3.1.7 Particle SiR Analysis Results

The mean particle size distribution curves for the various materiaIs are presented in Figure

3.2. The Coefficients ofCurvature (Cc) and Uniformity (Cu) were determined as foUows:

Where: DIO = grain size at 10% passing

D30 = grain size at 30% passing

D60 = grain size at 60% passing

2.2

2.3

•

Cc values for the rockfill aggregates ranged between 1.44 and 6.54. Similarly, Cu values

varied between 9.15 and 59.7. Figure 3.2 also contains for reference purposes, the general

gradation limits for silt (ASTM), medium and coarse tailings, and concrete aggregates. The

particle size distribution procedures for the various fill materials are presented in Appendix

A-I.

The average particle size distribution curves for the high-density fill materiaIs in Figure 3.2

cover a wide range ofparticle sizes. The range and size gradation curves for soils, tailings,

sands, concrete and cemented rockfill aggregates (HedIey, 1995), have aIso been presented

in Figure 3.3 for purposes ofcomparison. The range ofsize gradation parameters for the test

materials have a1so been presented elsewhere in this Chapter (in Table 3.4) in terms of the

foUowing: (i) minimum and maximum size ranges; (ü) Coefficient ofCurvature (Cc); (iü)

Coefficient ofUniformity (Cu); and (iv) Ultra-fine particle size content (%-20llm).
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Figure 3.2 Particle size distribution curves for the studied fill materials
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• The size gradation curves for the fill material compare favourably to the general shapes of

curves shawn in Figure 3.4 and are within the range ofmaterial gradations found in Canadian

Mine sites (HedIey, 1995). For example, Pierce et al., (1998) reported that the Golden Giant

Mine tailings had a Cu value equal to 13 a1so, 27 per cent of the material was below 20Jlm

size. Similarly, Ouellet et al., (1998) found a Cu of3.1 to be the typical value for the paste

backfill materials they studied. AIso, they reported that the typical amount ofmaterial below

the 751lm size ranged between 65 to 80 per cent. The reported values are in general

agreement with the tailings materiais in this study (Table 3.2).

3..1..8 Relative Densities of Rockfill Aggregates

The maximum and minimum densities of the representative rocldill aggregates were

detennined using a vibrating table in accordance with ASTM (04253 & 4254) recommended

procedures. The void ratios of the rocldill aggregates in the (oosest and densest packing

states were aIso determined. This was done in order to define the minimum achievable void

ratio for the rocldill aggregates before mixing with tailings and stabilization with a binder.

This information was used as a reference material for comparing changes in the void ratios

ofthe stabilized rocldill and the composite bacldill samples.

The minimum and maximum void ratio values for the rocldill aggregates are summarized

in Table 3.3

Table 3.3 Minimum and Maximum Void Ratio Values for Rockfill Aggregates

•

Test # Moisture Content Minimum Void Maximum Void

(%) Ratio Ratio

1 0 0.37 0.51

2 0 0.38 0.67

3 0 0.39 0.68

4 0 0.35 0.54

Average 0.37 0.60
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• 3.1.9 Specifie Gr.vity DeterminatioDs

The specific gravities ofthe test materials were carried out inaccordance with ASTM (0854)

specifications. The specific gravity values for the tailings and sand materials are presented

in Table 3.4. The specific gravity values for the rocldill aggregates ranged between 2.54 and

2.90

Table 3.4 Specifie Gravity Test Results for the Studied Mill Tailings and Alluvial Sand

Samples

•

Precious Precious Base Base Base Base Base Sand Sands
#1 #2&3

Metal Metal Metal Metal Meral Metal Metal

Tailings Tailings Tailings Tailings Tailings Tailings Tailings

#1&2 #3 #Ia #lb #2 #3 #4

Specifie 2.741 3.43 3.93 3.90 2.92 2.64 2.94 2.55 2.67
Gravity 2.75

3.1.10 Summary of Physical Property Limits of the Studied Materials

The observed range ofphysical property parameters for the studied materials are presented

in Table 3.5. The values compare favourably to values in the published literature Hedley

(1995); Arioglu (1983); including Arefet al., (1989) Pierce et al., (1998); Farsangi (1996);

Duellet et al., (1998).
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• Table 3.5 Summary ofPhysicai Properties ofStudied Fill Materials

•

SourceName S.G. SizeRange Cil Cu %

-20Jlm

Precious Metal Tailings 1 2.15 2 Jlm 200 Jlm 0.26 5.3 42.3

Precious Metal Tailings 2 2.14 2Jlm 100 Jlm 0.63 7.5 40.5

Precious Metal Tailings 3 3.43 2Jlm SOJlm 0.92 3.S 74.S

Base Metal Tailings 1a 3.93 SJlm 500 Jlm I.S0 10.9 15.5

Base Metal Tailings 1b 3.90 SJlm 300 Jlm 0.32 5.9 43.5

Base Metal Tailings 2 2.92 8 Jlm 500 J1m LOS 10.9 25.2

Base Metal Tailings 3 2.64 SJlm 500 Jolm 1.12 7.4 18.3

Sand 1 2.60 2f.lm 150J,lm 1.15 4.2 26.5

Sand 2 2.67 Sf.lm 4.75 mm 1.45 6.5 13.9

Sand 3 2.67 8f.lm 9.50 mm 1.51 11.0 11.9
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• 3.2 ENGINEERING PROPERTIES TESTS

•

Consistency refers to the degree of firmness or the extent ofwetness ofa paste ti11 mixture

(ASTM C-143). The main objective of this element of the study was to examine paste

bacldill consistency from two view-points. These were: the percentage solids composition

by weight, and slump and moisture content determinations. The consistency test results

contributed to the information base for establishing an optimum. range ofpulp density and

slump values for composite fi11 mix batching.

3.2.1 Determination of Mill Tailinls/Sand Pasle FiU Consistency <Puig Oensity)

Paste fill has been described as having the consistency ofa tooth paste (Hassani and Are~

1988; Aref et al., 1989). Paste consistency which refers to the thickness or stiffuess of a

paste mixture cannot be readily measured. Instead, ''Pulp Density" which is a reflection of

the percentage (%) of solids present in the mixture, can be determined as a function of

moisture content based on sedimentation-consolidation tests (Clark, 1988).

Generally, hydraulically placed Mill tailings tills can exist al different consistencies

depending on the ratio ofwater to solids (w/s) which is present in the till. The consistencies

are often identified in terros ofpulp density or the settled density. Bacldi11 pulp density can

also be considered (Clark, 1988) in terms ofwater-to-solid (w/s) ratio. Slump tests (ASTM

C-143; Verkerk and Marcus, 1988) have aIso been used to detennine the pulp density of

tailings paste tilI. Both methods ofdetermining paste pulp density were investigated as part

of this study to assess:

(a) to evaluate the effects ofthe physical property limits ofthe fill materials in terms of

pulp density and slump determinations.

(b) to establish a range of hacktill pulp density values best suited for preparing

composite backtill materials.
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•

3.2.2 SedimeDtatioD-CoDsoUdatioD Tests

The Sedimentation-Consolidation Tests were performed:

• to establish the pulp density range for the tailings and sand pastes,

• to evaluate the effects ofspecific gravity and particle size gradation on settling rates

of the test materials,

• to determine the volume change of the settled particles due to expulsion of water

under consolidation.

The sedimentation-consolidation tests were carried out on the tailings and the alluvial sand

materials, to establish the settling pulp densities of the particles and the corresponding

backfill consistencies. The test method followed was siInilar to that described by Clark

(1988) and Chen and Annor (1995). About 800g dryweight ofmaterial were prepared as a

slurryat a slurry-densityofapproximately30 percent solids by weight (Millette et al., 1998).

This value corresponds to a typical feed pulp density of tailings slurried in Most bacldill

plants. The sedimentation rates of the slurried were studied using a two liter cylinder. The

settling rate was measured in tenns of the solids interface and the settling time. The

observations were made over a 24 hour period and readings were taken at specific time

intervals.

With regard to the consolidation tests, about 250g dry weight ofmaterial were prepared to

a settling pulp density between 70% and 75% by weight of solids depending on the

sedimentation test results. The test specimens were tested in a 1Omm diameterconsolidation

cell under a pressure head ofapproximately 140 kPa (2Opsi). The consolidation test method

was similar to that used in soil mechanics (ASTM D-2435).

Typical sedimentation test results are summarized in Table 3.6. Typical settling

consolidation test graphs are presented in Appendix A-2.
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• Table 3.6 Materials Properties and Bacldill Consistencies Based on Sedimentation
Consolidation Tests **Note HF - Hydraulic Fill~ HDSF = High Density
Sluny Fill, PF = Pastefill

•

SourceName S.G. Size Range (J1m) Cc Cu % Backfill
-20 Consistencies

Min Max J1m

Precious Metal 2.75 2 200 0.26 5.3 42.3 <65% HF
Tailings 1 65%-72% HDSF

72%-78% PF

Precious Metal 2.74 2 1000 0.63 7.5 40.5 <65% HF
Tailings 2 65%-70% HDSF

70% - 800/0 PF

Precious Metal 3.43 2 80 0.92 3.8 74.8 <65% HF
Tailings 3 65%-73% HDSF

73%-78% PF

Base Metal 3.93 8 500 1.8 10.9 15.5 <70% HF
Tailings la 70%-78% HDSF

78%-86% PF

Base Metal 3.90 8 300 0.32 5.9 43.5 <70% HF
Tailings lb 70%-76% HDSF

76%-84% PF

Base Metal 2.92 8 500 1.05 10.9 25.2 <65% HF
Tailings 2 65%-70% HDSF

68%-78% PF

Base Metal 2.64 8 500 1.72 7.4 18.3 <60% HF
Tailings 3 60%-68% HDSF

68%-80% PF

Sand 1 2.60 2 150 1.15 4.2 26.5 <65% HF
65%-68% HDSF
68%-78% PF

Sand 2 2.67 8 4.75 mm 1.45 6.5 13.8 <65% HF
65%-73% HDSF
73%-84% PF

Sand 3 2.67 8 9.5 mm 1.51 11 11.9 <65% HF
65%-75% HDSF
75%-86% PF
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•

3.2.3 Diseussions of Pute Consiste.cv Determination br Sedimentation-

Consolidation Tests

The three common bacIdill consistencies for hydraulic fills (Chen and Annor, 1995) are: (i)

"Conventional" bydraulie ,..11; (ii) Higb Density Siurry Fill; and (iü) Paste fiD. These

consistencies are generallyexpressed in terms ofPulp Density or Solids content by weight

percentage. Pulp Density refers to the weight proportions of solids and water in a given

mass of fill expressed in tenns of a percentage (Clark, 1988; Brackebusch, 1994). By

definition (Millette et al., 1998), the pulp density ofa conventional hydraulic fill is lower

than the settled density ofthe tailings material; it usually ranges between 65 and 70% solids

by weight. Similarly, high density sIurry backfill has pulp densities that are just below the

settled density and it generally ranges between 71 and 76% solids by weight. Paste fill on

the other hand, has a pulp density that is higher than the settled density ofthe materia!. The

solids composition oftailings paste bacldill generally ranges between 76 and 84% byweight

(Lidkea and Landriault, 1993).

The identified values ofpaste consistency limits are expressed as block diagrams (Figures

3.4 to 3.7) against the following independent variables: (i) Specific Gravity(S.G.), (ii) U1tra

fine particle size content (% -20 J,lm); (iii) Coefficient ofCurvature (Cc); and (iv) Coefficient

ofUnifonnity (Cu). This Was done as a method ofidentifying any general trends in paste

formation as a function ofthe physical properties ofthe test materials. For the analysis, Cu

values of4 to 6, and Cc values of 1 to 3 were considered (Terzaghi and Peck, 1967; Peck et

al., 1974; Das, 1983; Craig, 1978) as indications ofa weil graded fill maleria!. Additionally,

the fine material composition was taken in this study to be tailings or sand containing more

than 35% ultra-fine size particles by weight.

An optimum composite mixture is identified in this study as on that is flowable, resilient

without segregation and able to minimize porosity of the stabilized fill product.
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3.2.4 Siump-Moisture Content Relationsbips

The standard slump test (ASTM C-143) is generally used in Concrete Technology to indicate

the workability of concrete. Slump can also be used to measure consistency of concrete

mixtures (Neville, 1987) and is known to change with variables including moisture, air, binder

composition and fines content, as weU as, the presence of concrete admixtures. In tenns of

Mine Back:fill Technology, the weight per cent ofsolids is correlated to the moisture content

to establish an optimum mix design range for stabilization, transportation and placement

(Brackebusch, 1994; Brackebusch and ShiUabeer, 1998). The following pulp density limits

have been identified for total tailings paste bacldill (Landriault, 1995; Landriault and

Tenbergen, 1995) based on a 178mm (7-inch) slump:

Tai.inls Type wt. solids content

Coarse 79 wt.%

Medium 75 wt.%

Fine 70wt.%

These values have gained universal acceptance, and are often quoted by consultants when

specifYing pulp density for paste bacldill work although there have been no other published

studies to validate them.

In terms ofhigh-density composite till preparation, the pulp density can be correlated to the

moisture content to establish an optimum mix design range for stabilization, transformation

and placement.

3.2.4.1 Stad! Obiectives

The objective ofthis element of the study was to determine the relationships between slump

and moisture content for tailings and sand pastetill mixtures. A1so, to determine how they

relate to paste puIp density for the till materials in this study when compared with the results

ofthe settling-consolidation measurements (Section 3.2.1). Paste till can be produced at very

solid concentrations so that the material does not bleed water (Brackebusch, 1994; Millette
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et al., 1995; Brackebusch and Shillabeer, 1998), however effective mixing (petrolito et al.,

1998) and transportation (Brackehusch and Shillabeer, 1998) requirements are often the

defining criteria for selecting an optimum pulp density range for the engineering design of

bacldill systems.

The ultimate goal of this part of the investigation was to determine some favourable mix

design limits for the composite bacldill materials. In this regard, the ability of the tailings

to flow through, penetrate and combine with the coarse aggregates (Yu, 1990) without

segregation is a very important requirement for composite fili design. This would ensure

effective void reduction, low porosityand improved mechanical properties ofthe fill product.

3.2.5 Sium! Moisture Content Determinations

The slump tests were conductedon both cemented and uncemented materia! to determine the

pulp density range ofmixtures for composite tili preparation and stabilization. ASTM (C

143) standard test method was used. Three hundred and ten (310) tests were carried out on

the tailings and alluvial sand materials. Figure 3.8 shows a slump test in progresse
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Figure 3.8 Slump Test

The results of the slump test for the tailings and alluvial sand materials are presented in

Appendix A-3. Typical tests results are sUIDmarized in Table 3.7

Table 3.7 Typical Slump Moisture Content Tests Results for Tailings Paste FiU

•

Binder Binder Slump Slump Moisture Pulp

Content Composition (inches) (mm) Content Density

(OPC)· (%)

0 0% 3.25 82.6 17.4 82.6
0 0% 5.50 139.7 18.8 81.1
0 O°/ca 8.25 209.6 19.5 80.5
0 0% 10.50 266.7 21.6 78.4

5 5% 3.25 82.6 15.8 84.2
5 5% 5.25 133.4 16.2 83.8
5 5% 8.50 215.9 17.3 82.7
5 5% 10.50 266.7 21.9 78.1

·OPC = Ordinary Portland Cement
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3.2.6 DiseussioDs-Slump vs Moisture CODteDt Test Results

The slump-moisture content curves for the uncemented tailings and sand paste fills are

presented in Figure 3.9. The 178mm (7-inch) to 228mm (9 inch) slump range have a1so been

highlighted on the graphs so that the corresponding consistencies can be readily identified.

The shaded zone represents the preferred range for composite tailingslsand paste mix design

for stabilization based on the results of this study. Visual observations during testing

indicated that paste mixtures remained cohesive, but workable within this zone.

The range ofmaximum and mjnjmum pulp densities for the paste fill materiaIs, based on the

slump tests were aIso identified and were compared with values obtained from the

sedimentation-consolidation tests. For purposes of comparison with the sedimentation

consolidation test results, the maximum and minimum pulp density levels were set

respectivelyat 102mm (4-in) and 254mm (10-in) slump. The range ofpaste fill pulp density

values from both the sedimentation-consolidation and slump tests are summarized in Table

3.8. The values shown in parenthesis in Table 3.8 represent the maximum and minimum

ranges ofpulp densities from the sedimentation-consolidation tests.

The results indicate a graduai increase in slump values with moisture content for both the

uncemented and cemented paste fUIs (Appendix A-3). The rate ofincrease seems to vary

with the type ofmaterial (tailings or sand), the ultra-fines content and the specifie gravity of

the fill material. The coarser base Metal tailings showed a more rapid variation in slump

with increasing moisture content compared to the finely ground precious Metal tailings. This

suggests that the coarser materials have a tendency to bleed water and segregate at high

slump values and therefore, could represent the most difficult materia! to mix and place

without segregation as a composite backfill system. The least variation in slump values were

observed for the precious metal tailings PMT#3 and the medium and coarse grain sand #2

and sand #3 (Figure 3.9). These materials indicated a high tendency to suddenly segregate

ioto solid and liquid components beyond the 227rnm slump during the slump tests.
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Three of the base Metal tailings (Base Metal Tailings #1a, 2 and 3) and Precious Metal

Tailings #1 produced similarpulp densities at 178mm (7-inch) slump. The estimated paste

pulp density for Base Metal #1a (classified tailings) was approximately, 78 wt% solids. The

ultra-fine materia! contents for the three Base Metal Tailings (#1, 2 and 3) were 25.2% and

18.3% respectively. On the other hand, the ultra-fines composition for the precious Metal

tailings was 42.3%. The differences suggest that size gradation ofthe tailings alone could

not have accounted for the observed similarities in pulp density values. Perhaps the

similarities were due to other factors.

There were similarities in the consistencycurves within all the tailings material investigated

in this study (Figure 3.9). For example, there were close similarities between the pulp

densities ofBase Metal Tailings #2, and #3, and Precious Metal Tailings #1 over a range of

slump values. This occurred between 102mm and 178mm (4-inch to 7-inch) slump values.

Withreference to 178mmand 227mm slumps, pulp densities ofthe investigated fill materials

ranged between approximately 85%wt. and 72%wt solids for the uncemented products, and

88%wt. to 73%wt. for the cemented products. There seems to be no direct correlation

however, between pulp density and particle size gradation for any of the tailings materials

in this study. There were ooly very slight variations in slump values between the cemented

and uncemented mixtures for the investigated materials in this study. This was true for each

ofthe fill materials investigated in this study (Appendix A-3).

The alluvial sands however, had similar specific gravity values (2.60 to 2.67) and therefore

displayed a specific trend between pulp density and particle size gradation as shown in

Figure 3.10. The coarser the sand, the higher the pulp density values that corresponded to

paste formation. This trend indicates that specific gravity is an important determining factor

in establishing slump-moisture content relationship for paste filI materials.
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Table 3.8 Siump vs Pulp Density Relationship for Uncemented Tailings and Sand

•
Pulp Density Values

(%)

Siump Base Metal Base Metal Base Metal Base Metal Precious Precious Precious Sand 1 Sand 2 Sand 3
Metal Metal Metal

(Inches (nun)
Tailings la

Tailings lb Tailings 2 Tailings 3 Tailings 1 Tailings 2 Tailings 3

4 102 (86) 86,6 (84) 79.5 (82) 79.5 (80) 79.4 (80) 76.3 (80) 81.9 76.4 84.4 86.6
(78) (78) (84) (86)

5 127 78.4 85.5 79.2 79.3 79.0 75.4
81.3 75.6 84.2 86.0

6 152 78.3 83.8 78.7 78.8 78.7 74.5
80.8 75.0 84.1 85.7

7 178 78.2 81.6 77.9 78.0 78.3 73.4
80.3 74.4 83.9 85.4

8 203 77.5 78.9 76.8 17.0 77.S 71.8
79.6 73.6 83.6 85.3

9 229 76.3 75.7 75.5 75.7 76.2 69.3
78.5 72.4 83.2 85.3

10 254 74.S (76) 72.0 (70) 73.9 (70) 74.1 (72) 74.1 (68) 65.8 (70)
76.8 70.5 82.5 85.2
(73) (68) (73) (75)
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3.%.7 Sum.aa and Conclusions <Pute Consistency Measurementsl

The test results indicate the foUowing:

a) The onset ofpaste formation for the various materials in this study increased directly

as their specifie gravity values (Figure 3.4). Paste was formed over a wide range of

pu1p density values for the lower specifie gravity materials, than those with higher

specifie gravity values.

b) The onset ofpaste formation decreased with inereasing content ofuniformly graded

ultra-fine material (between 10 and 35%) (Figure 3.5). The pulp density range for

paste formation was lower for materials with ultra-fine compositions ofgreater than

35%.

c) The onset ofpaste formation decreased for the uniformly graded test materials (those

with coefficient ofcurvature (CJ values ofless than 1.0), and increased as the materia!

became coarser and weU graded for (Cc) values ofgreater than 1.0 (Figure 3.6).

d) Pulp density increased directly as the Coefficient ofUniformity (Cu) values ofthe test

materials. This was true for both the fine and coarse materials (Figure 3.7). Cu values

ofgreater than 4 indicate a weB graded soil (Terzaghi and Peck, 1967; Peek et al.,

1974; Das, 1983; Craig, 1970).

Almost all ofthe investigated tailings and sand materials can be considered as weil graded, if

the Cu value alone is used as the governing criterion for size gradation. However, the results

ofthis investigation suggests that both Cc and Cu values must be taken into consideration in

defining the size gradation ofthe fill materials. The results aIso suggest that the range ofpulp

densities over which paste was formed, and sustained for the test materials was influenced by

both specifie gravity and size gradation. This is in agreement with the findings ofBrackebusch

(1994), and Brackebusch and Shillabeer (1998). Particle size gradation atone was found not

to he the ooly determinant for paste formation based on the test materials in this study.

The test results suggest that care must be exercised in applyjng particle size gradation data

alone, as a criterion for establishing consistency limits for paste fill materials. The slump

moisture content results in this study was found to be "material specifie". Particle size
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• gradation ofthe tailings did not correlate directly to pulp density values, except in the case of

the alluvial sand materials that had very similar specific gravity values.

3.3 SUMMARY

The physieal and engineering properties tests on fill materials used for the study were earried

out in this Chapter. The fill materials consisted ofseven (7) types ofbase Metal and precious

metal tailings form six (6) ditferent mine sites, three (3) different sources ofalluvial sands, and

also roeldill aggregates. The physieal property tests consisted ofspecifie gravity, particle size

analysis, and moisture content determinations. Chemieal analysis of the tailings and sand

materials were also carried out.

The engineering property tests eonsisted ofthe establishment ofmaximum and minimum void

ratios for the rockfill aggregates, eonsistency levels ofthe tailings and alluvial sand materials

for paste formation, and the changes in consisteney levels with the physical properties of fiiI

materials, (Le. particle size gradation and specifie gravity) were also determined. The results

ofthe physical and engineering properties determination indieate the foIIowing:

1. The specifie gravity values ranged between 2.60 and 3.93 for the tailings and sands.

The rockfiII varied between 2.54 and 2.90 in terms ofspecifie gravity.

2. The particle size gradation of the fiIl materials in this study covered a wide range of

sizes ranging foern 21lm ta 9.5mm for the alluvial sands. Similarly, the rockfill

aggregates ranged between 0.02mm to 152mm. The specifie gravity and void ratio

values are in agreement with results in the published literature.

•
3. The maximum void ratio which represent the loosest paeking state for the roek:fill

aggregates, ranged between 0.51 and 0.68 with an average value of0.60. Similarly the

minimum void ratio ranged between 0.35 and 0.39 with an average value of0.37. The

efficiency ofvoid reduetion by cement stabilization or through the addition oftailings
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4.

5.

6.

tailings to the roeldill aggregates (to create a composite CAP fill) will be determined

with reference to the average void ratio value of0.37.

Based on the materials in tbis study, the consistency ofpastefill may be determined

using either a sedimentation~onsolidation approach or eIse, by the slump moisture

content method.

There was no direct correlation between particle size gradation and pulp density for

any of the materials in this study. Both specifie gravity and particle size gradation

were found to be detenninants ofpaste formation.

The most favourable limits for composite (blended tailings/sand) pastefill mix design

and stabilization was found to be between 176mm and 228mm slump. The mixtures

in this study remained cohesive but workable within this zone.
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4.1

CllAPTER4

MECHANICAL PROPERTIES TESTS

•

4.1.1 General

The objectives of the mechanical properties tests were to:

1) examine factors that could affect high-density composite bacldill properties

including the range of strength development as a function of:

• particle size gradation

• moisture content

• binder type and composition

• curing environment and time and

• condition of loading

2} Also, to investigate the effects ofspecimen size on the mechanical properties ofthe

composite fill as a means ofinferring the potential behaviour ofthe placed materia!

in situ. The investigations were made relative to cemented rocldill and paste hacIdill

properties.

The foUowing mechanical properties tests were carried out as part of this study:

i) Unconfined compressive strength tests (ASTM C192; C39)

H) Direct shear tests (ASTM 03080)

Hi) Triaxial compressive strength measurements (ASTM 02850)

4.2. UNCONFINED COMPRESSIVE STRENGTH TESTS

4.2.1 General

The main objective of this element of the study was to investigate parameters affecting

unconfined compressive strength development in high-density composite hacldiU samples

relative to cemented rocldill and tailings and sand paste bacldill samples. The factors of
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interest included the range ofstrength development as a function of: Sïze and gradation of

the fill materials, moisture content, binder type and composition, curing environment and

time. The unconfined compressive strength tests were conducted in accordance with ASTM

(C192 and C39) specifications.

4.2.2 Sample Preparation and Testina

Various batches of material were prepared in a planetary mixer to a uniform consistency.

Bindercompositions ranged between 0% and 10% dryweight offiU material. Various types

ofbinders were used to consolidate the fill. Tbese included Ordinary Portland cement (Type

10); Blast Furnace Slag and Fly Ash (Type Cl. Othercombinations ofPortland cement, slag

and fly ash in variable proportions were also tested, with a 50/50 mixture ofPortland cement

and Fly Ash being the most common. With regard to the precious metal tailings containing

a large fraction of minus 20Jlm material, special blends ofordinary Portland cement with

supplementary binders were a1so tried as cementing agents. These resulted in the

formulations of "Product A" and other binders which were used purposely for this study.

The other binders included cementing agents containing anhydrite and metallurgical by

products.

4.2.3 TaiiiDls and Sand PastenU Samples

Tailings, sand and composite or blended tailings and sand paste fill test specimens were

prepared at pulp densities ranging between 71% and 78% solids by weight. The test

specimens consisted ofcylinders with length-to-diameter (UD) ratios ofapproximately 2:1.

Two types of specimen diameters (102mm and 152mm) were used depending on the

quantity ofmaterial available for testing. Four hundred and eight (480) test specimens were

prepared and tested onder this element of the study.

Figure 4.1 shows testing ofunconfined compressive samples and a typical mode of failure

for the composite tailings/sand samples.
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<a) (b)

Figure 4.1 (a) and (b) show testing ofunconfined compressive strength samples and the
specimen faiIure mode.

•

4.2.4 Cemented Rocldill and Composite-Agregate Paste (CAP) Samples

With regard to the cemented rockfill and composite aggregate paste backfill, the test samples

were batched 00 the basis ofweight. Ordinary Portland cement (Type 10) and Type C flyash

were used as binders. Cement alone was used as a binder in halfofthe cylinders, while 50%

cement/50% flash were used as the binder in the other halfofthe cylinders. The proportions

ofbinder per dry weight ofthe fili materials varied between 5% and 7%.

The water and binder were mixed as slurry (Pulp) densities ranging between 54% and 56°..10

depeoding on the moisture content of the test material. The equivalent average water to

binder ratio is about 0.8. A known weight ofrocldill aggregates was then mixed with the

binder slurry to a uniform consistency in a O.25m3 (9W) capacity cement mixer. Each test

sample was made from a whole mix batch in order to maintain a uniformity.
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The proportions of coarse and fine aggregate compositions of the mix batches ranged

between approximately64 to 78% and 22 to 36% respectively. For the composite-aggregate

paste fill samples, the proportions of coarse and fine aggregates compositions were

respectively, 70% waste rock and 30% tailings. The test procedure for the tailingslsand

composite were sunilar to that used for the paste fill specimens.

Two sizes ofwaxed cardboard cylinders (sono-tubes) were used for casting the test samples

to study scale eiTects 00 the cemented rocldill properties. These were 152mm and 457mm

diameter. Length-to-diameter (VO) ratio of2: 1were maintained for the cylinders. Because

ofthe weight and volume ofthe 457mm diameter samples, special steel pallets were required

for support and handling. The pallets a1so served as base platens for the test cylinders during

unconfined compressive strength tests (Figure 4.2)

Prior to the casting ofeach cylinder, the surface ofthe pallet was coated with a Iight film of

motor oil. This reduced end friction eiTect which could result in booding betweeo the

cemented rockfill materia! and the pallet during testing for compressive strengfu.

The test batch ofcemented rocldill mixtures was placed in the cylinder mould to a depth

ranging between approximately 5mm to 30mm below the top ofthe mould depending on the

specimen size as shown in Figure 4.2 (a). The cylinder was then weighed, a plastic bag

placed over the top ofthe cylinder and left to cure in a curing chamber al a temperature range

of20° and 23° and about 95% to 98% Relative Humidity.

Uncontined Compressive strength testing was carried out over 7 to 56 days ofsample curing.

Two days before the designated testing date ofa sample, the cylinder was again weighed.

Next, the top of the cylinder mould was capped with a lOmm to 30mm thick mixture of

plaster ofParis, and Ordinary Portland Cement with water depending on the specimen size.

The mixture was trowelled level and allowed to cure at room temperature (Figure 4.2( b» .
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(a) (h)

•

Figures 4.2 (a) Large Size (457 x 914 mm) Cemented Rockfill Tests Specimen

(b) Cemented Rocldill Tests Specimen showing base platen and cap

The test samples were tested using a 550KN universal testing machine (152mm samples) and

a 10MN capacity servo-hydraulic press (457mm samples) (Figure 4.3). The maximum

loading rate was 5.5KN/s. Axial displacement of a sample with increasing load was

measured with two LVDT transducers positioned on diametricallyopposite sides ofthe test

cylinder. The displacements were converted to axial strain by averaging the two axial

displacement readings at various load levels and dividing by the length of the cylinder.

Figure 4.4 shows a failed tests specimen.
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Figure 4.3

Figure 4.4

457mm x 914mm Composite Aggregate Paste Fili Test Specimen Being
Loaded in Unconfined Compression

Failed 279mm x SSSmmTailings PastefillUnconfined Compressive Strength
Test Specimen
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4.2.5 Seale EfI'eets OD RiCh-Deasity Fm Properties

The main objective ofthis element ofthe study was to estimate the potential behaviour of

composite bacldi1ls in si~ with reference to the scale effeets observed in high-density

tailings paste backfill and cemented rocldill systems (Yu and Counter, 1983; Reschke,

1993). Scale effeets are essential for numerica1 analysis and must he taken ioto account in

detennining the required safety factors in stability analysis.

The test procedure was as described under the Unconfined Compressive Strength

measurements (Section 4.2). The test specimen sizes for the scale effect detenninations for

the tailings, sand and tailingslsand composite paste fills consisted of cylinders ranging in

sizes fonu 38mm to 279mm in diameter and cube specimens rangjng in sizes from 51mm

to I02mm. (Figure 4.5). The cemented rocldill and composite-aggregate paste fill samples

were limited to 152mm and 457mm diameter cylinders.

4.3 ANALYSIS OF UNCONFINED COMPRESSIVE STRENGTH TEST

RESULTS

The unconfined compressive strength test results are presented in Appendix B-I. Typical

stress-strain curves for the straight tailings paste 00, the composite tailingslsand paste 00,

the cemented rocldill and the composite-aggregate paste (CAP) specimens are provided in

Figures 4.6 to 4.8 The defonnation modulus for a test sample was calculated as a tangent

modulus at 50% the fallure strength. The test results are discussed in Section 4.4.
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• 4.4 DISCUSSIONS-MECHANICAL PROPERTIES AND RERAVIOUR OF

TAILINGS AND SAND PASTE FILL TEST SAMPLES

•

4.4.1 Summary ofTest Results

This section deals with the analyses of the unconfined compressive strength tests results.

The mechanical properties of the tailings and sand paste fi1l samples were determined and

evaluated in tenns ofthe type ofore, binder type and composition, moisture content, curing

environment and time, as weIl as, confinement. The scale effects on strength and

defonnation properties were aIso investigated for the tailings fille The bulle ofthe evaluation

consisted of unconfined compressive strength testing; and the tests were conducted using

both precious metal and base metal ore tailings. Three types of alluvial sands were also

investigated as high-density fill products in this study as a fundamental step towards the

understanding of the characteristics and behaviour of high-density composite bacldill

materials. A total ofseven hundred and fifty-nine (759) specimens were tested in uniaxial

compression. The results are summarized in tenns ofthe specified test conditions, curing

time and binder content in Table 4.4.

In general terms, the results compare favourably with reported results in the published

literature, especially those reported by Vickery and Boldt, 1989, Boldt et al., 1993, Ross

Watt (1989) and Hedley (1995) on straight tailings, sand and blended tailings/sand paste fill

samples.

The results of the cemented rocldill tests also compare favourably with the range ofvalues

reported byYu and Counter (1983), Yu (1990), HedIey (1995), Farsangi (1996) and Reschke

(1993). The results of the uniaxial compressive strength tests are treated in Sections 4.4.2

to 4.4.6 below in terms ofthe stated objectives ofthe various test conditions examined in this

study.
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Table 4.1 Summary of mechanical properties test results for tailings and sand sampies

•

~

\oH

Phvtlcal ProaertIH Mechanlcal Prooertln Enal....rlna ProaertIH
SpecIflc Bulk Curlng StImpIe TNIBlnder MoI.tu,. Conlent ComplU'Ive Defofmdon Void

FINTn- FlIISource GmltJ Cu Cc %.20jlFl1 o.n.lty, P PMtod DlMneter Content alTlltlng Strength, Oc MockllUl, B '-'Ilo,e POfOIIty, "
IlIalm" 10..' (mm) (%1 1%1 IMPal 'OP., '%1

.... Base Metal TaHlngs 1 3,9 10.8 0.32 43.5 2528-2715 2 0,150 - 0.170 0.016 - 0.133

Til"'" 2f1.... D.1'" 0.D57
PMI 14 102 4 0.180·0.240 0.017 ·0,046

U13 D.OJ1
TCItII 6 0,360 • 0.530 0,080·0,136

TIIIInp USD 0.102
2 0.240 ·0.290 0,011 ·0.020

US7 D.D15
N-27 28 102 4 NIA 0.340 - 0.410 0.030 • 0.042 NIA NIA

0.J7J O.OU
6 0.450 • 0.630 0.094 - 0.200

Q,5" D.fJ'
2 0.300 • 0.370 0.036 - 0.071

U.J3 USD
56 102 4 0.440 • 0.500 0.043 • 0.067

U70 0.053

6 0.750 - 0.830 0.067·0.133
UDO O.otJ

14,28,56 102 2,4,6 NIA 0.150·0.630 0.011 • 0.200 NIA NIA
UD1 D.otJ

Base Metal TaMlngs 2 2.92 10.9 1.05 25.2 NIA NIA NIA NIA NIA NIA NIA NIA NIA

Base Me1a1 T.HloaB 3 2.64 7.4 1.72 18.3 NIA NIA NIA NIA NIA NIA NIA NIA NIA



•
Table 4.1 Summary of mechanical properties test results for tailings and sand samples continued.

•

~

-~

Phvalal ProaettIn ""'hanlc:-' P,ODeftln Enalneerlna P-""
Specifie BuIk Curtng SampIe Total SI"" Mohtu,. Content Cam.....'" Deformltion Void

FlllTwe FIllSoun:e Grmty c.. C. %·2Om Den.~,p P.rlod DIIlrMIer Con1tnl • Tutlng 5.....,a. ModulUl,1! RIlIio,. POfOIIt)t, "
fkalm'l IDaval fmm' f%l f%l fMPat IOPat f%t

Mill PrecIouIl Metal TaMIogs 1 2.74 5.3 0.26 "2.3 1870·1998 1 22.5·24,3 0.054 • 0.070 0.001 - 0.001 0.42·0.47 29.7· 32.0
TIiltnp '147 2304 0.0112 0.00' US .JO.'
P.... 3 23.1 - 23.7 0.160 • 0.185 0.008 • 0,010 0.39·0.41 28.3-29.2

2304 0.171 0.00II 0.4 21.7
Tot8I 3 102 5 20,9'21.4 0.299 •0.333 0.02.0.024 0.42·0..... 29.5-30.6

TellI... 21.1 0•.111 0.022 0.41 ».0
7.5 19.1- 19.6 0.357 •0.395 0.055·0.079 0.39·0.39 28.0·28.1

,1.3 0,.17. 0.0117 0..1. 21.1
10 18.4 ·19.4 0.493 •0.543 0.252 - 0.260 0.38·0,38 27,4 ·27.7

11.1 tU1I 0.2" 0•.1' 27.1
1 22.0 ·23.3 0.271 ·0,296 0.002 ·0.003 0.45·0.45 31.0·31.2

22.' UN 0.002 0.45 .11.1
3 20.4·22.1 0.308 • 0.333 0,009 • 0.030 0.36·0,40 21.6-28.8

2U Ulf 0,02 0.31 21.2
N-B 7 102 5 20.4 ·20.8 0.382 - 0.395 0,023 • 0.085 0.39-0.43 28.2· 30.1

2U un D,ON 0.41 21.1

7.5 18.9'18,9 0....... ·0,543 0.146.0.156 0.39 ·0.40 28.2 - 28.6
11.1 UN 0.151 0.4 21.4

10 18.4·18.8 0.703·0.789 0.059·0.091 0.39·0,40 27.9·28.7,,,, D.741 0.075 0.4 21.3
14 102 5 22.2 ·22.5 0.423·0.474 0.028 • 0.098 0.44·0.46 30.6·31,4

2204 U4. O.ot.1 0.45 UO
28 102 5 22.3 -23.5 0.433·0.518 0,018·0,078 0.41·0.41 28,9· 29.1

22.1 0.478 D.tUt 0.4' lU
56 102 5 21.3·22.3 0.581 ·0.581 0.044 • 0.101 0,41-0.42 29.2 ·29.5

21.1 tU" 0.07.1 0.41 11.3
3,7,14, 102 1.3,5 18.4 - 24.3 0,054 ·0.789 0,001 - 0.260 0.39·0.47 27.4·32.0
28,56 7.5,10 21.2 o.m 0.0115 0.4, 21.2



•
Table 4.1 Summary of mechanical properties test results for tailings and sand samples continued.

•

~

-VI

PhVlllca1 Praaertin MechMlc.I~ EnalnHrina ..........
Speclftc Bulk Curtng ....... Tolal Bincler MoII"''' Cona.nt Comllf'HlM DtfonMtIon VoidFIIlT... FIIlSoutce GrlvIty Cu Cc %.2Om uenll1y, p Pertod DIameW eona.nt l'T"tln; ItNngth,G. MOCIUIUl,t. RatIo,. t'ORlII1y, "

(kgf"" IDan' lnun) "" (") '.1) (GPI' 00MIl PrecIouI Metal Tilinga 2 2,74 7.5 0.63 40.5 1734 - 2015 2 O. UNi -0.490 0.017 • 0.026
TIIlflnge 'lU 0.111 o.on'.et 3 0.256 - 0.332 0.019· 0.029

0.21' D.DISTOCII 4 0,578 - 0.623 0.070 - 0.071
T..... 14 102 UOS 0.07'

5 0.379 - 0.530 0.040 • 0.060
UN 0.05'

6 1.030-1.100 0.110-0.143

1.0" D. ':JO
8 0.598 • 1.504 0,082 - 0.412

1.D.4 0.2"
2 0.231 - 0.289 0.032 - 0.043

D.251 0.03.
3 0,289 • 0.432 0.024 • 0.039

0.375 0.03'

4 0.834 - 0.920 0.092 - 0.111
H-135 28 102 NIA O.N' o.'OJ NIA NIA

5 0.395 - 0.650 0.044 - 0,081
0.524 0.05'

6 1.110 - 1.340 0.198·0.308
1.240 D.243

8 0.644 • 1.899 0.081 - 0.519
UN 0."7

2 0.291 - 0.355 0.036 - 0.094
0.32. o.oto

3 0.290 - 0.530 0.029 - 0.045
UDt D.M'

4 0.840 • 1.070 0.107 - 0.127
56 102 D.NJ O.".

5 0.487 - 0.829 0.057 - 0.106
0.137 0.07'

8 0.730 - 2.515 0.091 - 0,797
U24 Uf3

3 23.8- 27,0 0.055 - 0.230 0,006 - 0.028 0.44·0.55 30.6-35,4
7 152 21.5 0.'21 0.014 0,4. 31.7

5 23,3·27.2 0.120 - 0.430 0,012 - 0.071 0,44 - 0.55 30.3- 35.4
25.1 0.'11 D.OU 0.47 Jt.7

3 22.3- 27.4 0.148 - 0,340 0.005 - 0.036 0.45 -0.47 31.0- 32.2
28 152 25.1 UB 0.01' O.". 31.7

5 21.1·27.0 0,247· 0.660 0.027 - 0.084 0.43 -0,48 30.3-32.5
24.' 0.401 o.oN U. 31.4

7.14. 102,152 2,3.4. 17.5 - 27.4 0.055·2.515 0.005 - 0.797 0.36.0.62 26.5- 38.1
28,56 5,6,8 22.7 0,474 O.DI' 0,47 JU
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Table 4.1 Summary ofmechanical properties test results for tailings and sand sampIes continued.

•

~

•-0\

PhVlIcaI PraaertIH Enalneertno= Bu", Curi", Semple T....lllndlr MolItuN CoIMnt Com.....1w DIfonMUon Voici
fll1We FHlIIoufa Cw Cc %·20m Denslty, P Period ~ Content at'nllntl 1Crtngth, CIe MocIuIUl,E RatIo•• P~.l'l

'IlWm~ IDwa' 'mm) '%1 ,%, ,..., 'GP.' .%,... Precloul Metal '.Hings 3 3.43 3.8 0.92 74.8 1624 ·2694 7 38 6 20,3 - 21.4 1.050· 2.810 0.039 • 0.264 0.41·0.59 29.2-38.9

'.... 2'27 2U '.730 0.122 0.47 11.7

P'" 14 38 6 5.5· 7.7 1.490 - 3,070 0.119· 2.200 0.46·0.59 31.5 ·38.9... UA 0.18' 0.5, ,.1.1

T" 28 38 6 1.8·3.5 1.050 • 3.420 0.034 • 1.706 0.50· 0.64 33.6·38.9

'.... U 2..115 0.3'1 0.17 ,...,
7 51 6 2.5· 8.1 0.271 ·0.891 0.032· 0.207 0.74·0.88 42.6·46.9

4.2 D.4I2 0.'00 0.7' tIJ.7
14 51 6 1.0· 1.8 2.950 ·4.490 0.108·2,783 0.7.. - 0.79 ..2.4· .....2

1.3 4.020 0.510 0.7' 4.1.2
28 51 6 0.7 - 1.2 1.700 • 3,640 0.032 - 0.1!i7 0.70.0.80 41.0 ........

1.0 20452 0.012 0.74 4203
7 76 6 2.0-15.9 1,270 - 3.460 0.031·0.386 0.57 ·0.89 36.3·47.1

,1.1 UN 0.175 US .1t.1
14 78 6 2.3 -12.3 1.450.2.740 0.034 - 0.550 0.63 - 1." 38.7 ·62.6

10.0 1.711 0.211 o.n 4'.0

28 76 6 1.2-8.9 1.450 - 2.410 0.040 - 0.330 0.54·0.95 35.1-48.7
7..1 2.057 0.1" O." MU

N-nO 7 102 6 4.5 '19,5 0,826 - 2.110 0.106 - 0.295 0.53-1.04 34.6·51.0
14..1 UN 0.170 0.18 ,1.2

14 102 6 1.9 ·17.3 0.826 - 2.060 0.062·0.180 0,55·0.92 35.5·47.9,U 1.17. Q.132 U5 .11..
28 102 6 1.6-12.5 0.962 • 2.190 0,061 ·0.159 0.61·0.96 37.9,"9

7.' 1.385 0.11' 0.7' 41.'
7 152 6 19.3 - 19,9 0.445 - 0.757 0.195 - 0.560 0.54 ·0.56 35.1· 35.9

11.5 un D.'" 0.55 .1U
14 162 6 18,9-19.7 1.137 - 1.225 0.111-0.231 0.54 -0.55 35,1-35.5

,1.4 1.1" 0.1" 0.55 ,U
28 152 6 15.5 -17.8 1.121·1.484 0.173 - 0.650 0.55 -0.60 35.5·37.5

11.1 1.34' 0.401 0.57 ,1.2
7 279 6 12.1 0,342 0.032 0.29 31

,2.1 0..142 0.0.12 Q.2. no
14 279 6 NIA 0.522 0,057 0.54 29

U22 0.057 0.54 21.0
28 279 6 9.2 0.538 0.033 0.27 29,3

U 0.5.1' 0.033 0.27 21.3
7.14.28 38,61,76, 6 0,7·21.4 0.271 - 4.490 0.031 ·2.783 0,27 -1.11 21.3- 52.6

102.152.279 U 1.158 O.HO 0,82 ,I.D
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Table 4.1 Summary ofmechanical properties test results for tailings and sand samples continued.

•

~

-.....,

Phvtlcal ProoertIH llec:hanlcal PrDDeI'tIft EnalnMf'lna PraoertIn
Speclflc lulll Cuflng hmpIe Total Binde' MoIttu,. Content CompmaMt DtfonMtIon VoiciFMI'.. Fllllaurce Grntty C.. C. ",·zOrn DenI'ty, P Perlod DtImetIr Content .. r..tlna Itrength, cr. MockIlua,B R.eIo,. PofDatIy, "

(llgtm1 (0-\ Cmm\ (%) (%) IMPa) (OPa) (%)• Base Metal TaRlngs 1 3.92 5.9 1.8 15.5 2624 ·2891 2 0.240 • 0.290 0.014·0.040
T..... 27.1 ua O.OHP.... 14 102 4 0.250 • 0.330 0.030 • 0.083

un 0.050
ClDalftId 6 0.540·0.610 0.120·0.200'.Inp 0.117 0.1"

2 0.270·0.340 0.017 • 0.031
0,305 0.024

Na27 28 102 4 NIA 0.300 • 0.610 0.021 • 0.060 NIA NIA
0.407 O.«»J'

6 0.630·0.710 0.039 • 0.133
UfO O.DIO

2 0.470 • 0.530 0.050 • 0.067
un 0.010

66 102 4 0.440 • 0.630 0.050·0.061
O.lUO 0.0f0

6 0.930 ·1.010 0.143·0.213
un D.fN

14,28,56 102 2,4,6 NIA 0.240·1.010 0.014·0.273 NIA NIA
o.sOl 0.010

Base Metal T8Mlngs 4 2.94 6 1.01 9.5 1635-2063 3 0.195·0.605 0.013 ·0.078 0.89 ·1.17 47.1· 63.8
117. 0.3.7 D,eN' O... 4U

4 0.309 • 0.340 0.041·0.041 0.94 ·0.95 48.5·48.6
Uft 0.044 0.84 4U

14 102 5 0.578· "418 0.115·0.258 0.14 ·1.04 42.6· 51.0
o.... CU.. 0.17 41.3

6 0.961 • 1.100 0.117·0.117 0.12 ·0.13 42.0·42.1
unD CU'7 0.72 42.0

3 0.231·0.684 0.029 • 0.095 0.89 ·1.17 47.1· 53.8
0.414 D.D" O... 4..,

4 0.570 • 0.600 0.088 ·0.107 0.94·0.95 48.5·48.1
UN D.OH D.J5 41.8

HaM 28 102 5 NIA 0.834·1.554 0.148·0.298 0.78·1.04 43.1·50.9
UN U22 o.n "'6 1.110· 1.340 0.161 •0.176 0.72·0.71 41.7·43.6
1.2«1 0.'71 0.75 42.1

3 0.290·0.784 0.044·0.131 0.89 ·1.12 41.0·52.8
0,530 0.0.5 O." 4'"

4 0.620 • 0.830 0.114·0.119 0.95·0.95 48.6 ·48.6
0.703 O.U' 0.15 .....

56 102 5 0.840·2.000 0.191· 0.851 0.72 ·1.02 42.0· 50.6
U'3 Ulf US 45.t

6 0.921 ·1.380 0.140·0.198 0.16·0.82 43.2·45.1
1.12f D.f75 0.7' fU

14 152 5 0.518 • 0.623 0.039·0.044 0.46·0.51 31.3·33.9
0.105 0.eN2 O.... 31.3

28 152 5 NIA 0.834 • 0.920 0.055 • 0.086 0.45·0.53 31.2·34.1
D.l12 0.073 0.50 :13.'

56 152 5 0.840 • 1.010 0.018·0.093 0.46·0.47 31.3·31.1
D.H3 0.0111 0.411 31.4

14.28,56 102,152 3.4,5,6 NIA 0.195·2.000 0.013·0.851 0.45·1.17 31.2·53.8
un D.141 0,15 45.2
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Table 4.1 Summary ofmechanical properties test results for tailings and sand samples continued.

•
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Phvslcal Pl'OOlIrtin Mechan E--.tna P-.tIH
lpIcIftc BuIk Cut1ng ..... Total Blndtr Molsture content Cam".."" o.ronMUon Void

fil'.. FIMIource GmtIy Cu Cc "'·20m DenattJ, p Penod DtImItIr Cament IltTnting ......,uc JIIoduIw, B ,,*,. POIOIItr.'l

'kalm' lDavs' 'mml 1%1 ''''1 IMP.' IOP.' ("'~.... 8and 1 2.55 4.2 1.15 26.5 1610· 1845 1 24.8.24.9 0.038 •0.086 0.001 ·0.001 0.41·0.42 29.0.29.8
1715 l •.' o.OIl 0.001 0.42 21.4

3 29.0 0.086 0.002 0.49 32.7
21.0 UN 0.002 U. J2.7

14 102 5 23.4 ·23.6 0.321 .0.345 0.016·0.019 0.43.0.43 30.2.30.3
lU un 0.017 D.a JIU

7.5 25.0· 26.8 0.419.0.423 0.028 • 0.095 0.46·0.47 31.4·32.0
lU Ul' 0.011 0.47 J1.7

10 26.7·27.1 0.432.0.481 0.059 • 0.065 0.46·0.46 31.5·31.5
lU 0,457 0.071 U. J1.5

1 24.8 - 25.1 0.099 • 0.099 0.001 ·0.001 0.42 ·0.43 29.5 ·30.1
24.1 D.ott O.DD' D.U ,1.1

3 29.3 0.099 0.007 0.48 32.2
lU O.ott D.DD7 0.41 JU

N-27 28 102 6 24.2 -24.7 0.370.0.419 0.018·0.019 0.43-0.43 29.9· 32.7
1•.4 o.:JJ5 0.0" D.4J JU

7.5 26.1·27.5 0.469·0.493 0.030 • 0.049 0.46 ·0.48 31.4·31.5
27.' 0.41' D.IUD o.•• JU

10 24.5 ·25.4 0.555. 0.654 0.026 • 0.077 0.48·0.48 31.7·32.5
lU UD5 0.051 0.47 JU

1 23.3 - 24.1 0.123.0.123 0.001 • 0.002 0.42 ·0.44 29.1· 30.6
13.7 0.123 D.DO' o.a JIU

3 29.2 0.148 0.009 0.81 38.1
lU 0.141 O.DOI O... •••58 102 5 23.8· 24.2 0.493 • 0.506 0.009·0.018 0.43·0.43 30.1·30.3
14.0 0.5DD 0.0'. 0.4' lU

7.5 28.0· 26.6 0.481 ·0.555 0.028 • 0.029 0.48 ·0.48 32.3· 32.3
11.1 0.511 D.OB 0.41 JU

10 23.5·24.5 0.629·0.641 0.052 • 0.067 0.48 ·0.50 32.6· 33.2
1•.0 UJ5 0.010 0,41 JU

14,28.58 102 1,3,5 23.3 ·29.3 0.038 • 0.654 0.001 ·0.095 0.41·0.61 29.0·38.1
7.5,10 lU D.J55 0.021 U. JU

Sand 2 2.67 6.5 1.45 13.8 1944·2077 3 102 8 13.6 ·15.7 0.370·0.875 0.017 • 0.120 0.29·0.30 22.2 ·23.1
2018 .4.1 D.fI07 0.071 UI lU

7 102 8 10.5·13.4 0.493 • 1.689 0.060· 0.158 0.31 ·0.35 23.8·25.8
N-12 'U 0,177 0.0.. D..1J 24.1

14 102 8 8.2·9.6 1.147·2.207 0.075 • 0.190 0.34 ·0.37 25.4 ·27.2
U 1.801 0.'01 0.8 lU

3,7,14 102 6 8.2 ·15.1 0.370 •2.207 0.017 • 0.190 0.29·0.37 22.2·27.2

'1.1 1.00 O.DIO UJ 1••5
Sand 3 2.67 11.0 1.51 11.9 1944 ·2109 3 102 8 8.8·11.0 0.543 • 0.875 0.056.0.113 0.27 ·0.32 21.0·24.2

2045 U O." 0.07:1 UO ZZ.7
7 102 8 8.1·8.3 0.875·1.085 0.062· 0.137 0.27·0.31 21.4·23.8

N-.2 '.Z 0.14' O.DII 0.21 11.3
14 102 8 3.3· 7.3 1.159·2.219 0.125 .0.272 0.29 ·0.37 22.6 ·27.2... 1.101 0.'14 0.J4 25.2

3,7.14 102 6 3.3 ·11.0 0.543·2.219 0.056 • 0.272 0.27 ·0.37 21.0·27.2
I,f 1••40 0.11' U. lU
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Table 4.1 Summary of mechanical properties test results for tailings and sand samples continued.
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Phvsiclll PllllaMtIH IIKlwticlll PnIaertiH Enal....rfna Prooertln
Specifie 8ulll Curt", SImple TotII81ndtr MoIItu,. Conat"t Comprenlw 0ef0nnatI0n Void

fMTVDI FIllIouRe Gmtty Cu Ce %.2Om o.nlltr,p Period DtImItIf Content "'"tina S__,G
e Modulua,B RatIo,. POfOe!tr,'l

'katmJ~ 'DiIvs\ lmm~ ''Il.' ''Il.' '.a' 'OPa' ''Il.'CompoeIIe Preçlous Metal Tallngs 2 NIA NIA NIA NIA 1920 ·1967 3 19.7 -23.7 0.100 - 0.430 0.010 - 0.050 0,39.0.42 28.2 -29.3
FlN 77.5% Tallngs 'NI 7 152 'U 0.'40 0.020 0.40 ,1.1

22.5% Sand 5 18.0 - 23.6 0.180 - 0.580 0.020 - 0.070 0,40-0.42 28.4 -29.5
(TaH.1 ,1.5 U40 D.tuD 0.41 '1.1

1ancI) 3 17.5·23.9 0.150 • 0.580 0.010 -0.060 0.40-0.43 28.8- 29.9
N-. 28 152 '1.5 UJO D.DJO 0.4, 21.4

5 17.9·23,4 0.140 ·0.990 0.030 -0.110 0.40-0.42 28.6 -29.8
ZO•• U7D 0.070 U. 2...

7,28 152 3,5 17.5-23.9 0.100 - 0.990 0.010·0,110 0.39.0.43 28.2-29,9
21.4 UN D.04D 0.4' 21.0

Preclous Metal TaMInga 2 NIA NIA NIA NIA 1955 ·2015 3 20.7·21.4 0.080 ·0.120 0.010 - 0,010 0.37 ·0.39 26.9·27.8
55% Tallings .... 7 152 20.'7 D.DIO D.D'D D.JI 27.1
45%8and 5 19.7·21.4 0.220 - 0.320 0.020 - 0.040 0.36 .0,38 26.5- 27.7

20.5 D.HO D.QJD U7 27.1
3 19.0 - 21.3 0.120 • 0.440 0.020 - 0.040 0.36-0.39 26.7 -27.9

N-23 28 152 20.0 0.21D D.QJD U' 2U
5 19,7·21.7 0.230 - 0.320 0.010 - 0.060 0.37 - 0.40 27.2- 28.6

20.' 0.210 O.OJO UI 27.7
7.28 152 3,5 19.0 - 21.7 0.080 - 0.440 0.010 - 0.080 0.36-0.40 26.6-28.6

20.8 0.2. 0.021 U. 27.4
Preclous Metal Ta.1ngt 2 NIA NIA NIA NIA 1852·1872 7 152 5 0.450-0.490 0.013 - 0.021 0.50·0.50 33.1- 33.5

90% Ta.lngs 1114 0.477 D.1ID 0.10 lU
10% Sand 14 152 5 0.520 ·0.560 0.031 - 0.036 0.50-0.51 33.1- 33.6

NIA D.S40 o.on UO 'U
TOIII N-t 26 152 5 0.580 - 0.&40 0.029 • 0.033 0.51-0.51 33.6- 33.9
N-" 0.ID7 D.DJ1 U. n.7

7.14,28 152 5 0.450·0.040 0.013·0.038 0,50·0,51 33.1· 33.9
0.14' 0.027 D.SD ,1.4

Preclous Metal Tallngs 2 NIA NIA NIA NIA 1907 -1938 7 152 5 0.490-0.490 0.020 - 0.080 0.45·0.48 31.1-31.8
75% Tallngs fl2f 0.410 D.OI' U. ,1.4
25% Sand 14 152 5 0,540 • 0.&40 0.037 - 0.068 0.45-0.46 30.8 - 31.1

NIA D.SIO D.OO U. lU
N-t 28 152 5 0.620 - 0.720 0.028 • 0.039 0.45· 0.47 31.2·31.9

UI7 O.DU DM lU
7.14,28 152 5 0.490·0.720 0,020·0.068 0.45·0.47 30.8 ·31.9

D.57J D.lU' U. ,1.4
Precloul Melal T8Mlngs 2 NIA NIA NIA NIA 1948·2002 7 152 5 0,580 -0.620 0,024 .0,033 0.40·0.41 28,5'28.9

60% Talings 1110 UOO o.oa 0.40 217
40% Sand 14 152 5 0.560 • 0.620 0,080·0.076 0.40· 0.44 28.6·30.4

NIA CJ.IOO O.OH Q.4. 21.1
N-t 28 152 5 0,720 -0.850 0,032 ·0.071 0.40-0.41 28,5-29.0

D.7" D.lUT 0.40 2U
7,14.28 152 5 0,560·0.850 0,024 ·0,076 0,40·0.44 28.5-30,4

O.... 0.lU7 Q.41 21.1
PrecIous Melal TaMings 2 NIA NIA NIA NIA 2016·2071 7 152 5 0.680·0.700 0.020 •0.080 0,35'0,38 26.0 -27.4

45% TaMlngs 2045 UN 0.03' UT 21.7
55% Sand 14 152 5 0,680·0,720 0.038 • 0.068 0,37 ·0,38 26.9·27.4

NIA UtJ 0.00 0.37 27.'
N-' 28 152 5 0.810 - 0.910 0.039 - 0.054 0.36 -0.39 26.3 - 28.0

D.l77 D.tUI 0.J7 17.'
7,14,28 152 5 0.660 • 0.910 0.020·0.068 0.35-0.39 26.0· 28.0

D,7M1 O.lUS U7 27.0
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Table 4.1 Summary ofmechanical properties test results for tailings and sand samples continued.

•

~

N
o

PhllSal~ Mec:han EnalllHllna PrDDMtin
specifie Bulk Curfna ....... Total BIncItJ MoIstu,. Contint Conlflrnsln DefonnItIon Void

FIIIType FIN Source OrilVlty Cu Cc %.20m DensIty, p PerIod DIImeter Content atT"tina Strangth, Gc Modutua,B RatIo,. ~,'1

Iklfm' (Dava' (mm' t%' 1%' (lIPa' (GPa' ~,

CompgeMt Precloua Melal TaRlngs 3 NIA NIA NIA NIA 2064 ·2213 7 76 6 5.9· 7.4 1.076. 1.140 0.181 ·2.809 0.61·0.62 37.9·38.3
F. 25% Talllngs 2127 U U" 1.532 0,11 .0

75%5800 14 76 6 5.4 - 5.9 0.611 ·1.447 0.155 •0.506 0.61·0.63 37.9·38.7
(T..... ' 5.7 UII UN O... .11.3... 28 76 6 4.0· 5.1 1.551·1.776 0.115 - 2.565 0.64 ·0.66 39.0·39.8

4.11 1.1111 UD5 US .lU
7 102 6 6.3· 7.8 0.164 •0.789 0.414 - 0.993 0.61·0.61 31.9-37.9

7.f o.m 0.71U 0.8, .lU
14 102 6 6.9·7.5 1.295 • 1.369 0.120· 3.119 0.62 ·0.64 38.3·39.0

7.2 U.O ,.,.. 0.0 ,,1.1
N-23 28 102 6 5.1· 5.4 1.640 ·1.814 0.080 - 0.390 0.62 ·0.66 38.3·39.8

U 1.7" UOD O... .lU
7 152 6 8.2·8.8 1.615·1.632 0.116·0.136 0.65·0.66 35.6-35.9

'.5 1.124 UH O.N .15.7
14 152 6 8.0-8.2 1.738 ·1.866 0.138-0.176 0.66·0.67 35.9-36.3

'.1 1.1'2 0.157 o.s7 .t
28 152 6 7.2 - 7.2 3.059·3.081 0.175 - 0.363 0.59· 0.59 37.1 ·37.1

7.2 J.D7D D.B' 0.51 J7.f
7,14,28 16,102 6 4.0-8.8 0.764 - 3.081 0.080 •3.119 0.55-0.66 35.5·39.8

152 tU 1.5.IJ un 0.11 .0
TaIIlI Predoul Melal TaRlngs 3 NIA NIA NIA NIA 2130·3059 7 16 6 13.6 ·14.3 0.285 - 0.768 0.014 •0.270 0.63 ·0.63 34,5-34.7
N-U 50'" TaHlngs 2252 11.1 0.515 0.101 D.U .tu

5O"'Sanct 14 16 6 10.3 -11.6 0.482- 0.658 0.066·0.115 0.56·0.81 38.0·37.9
11.0 o.sl2 o.• 0.51

.,1
28 76 6 8.6 ·9.5 0.482·0.702 0.042·0.261 0.59 ·0.80 37.2 ·37.6

'.0 o.s. D.1OJ 0.10 .17..1
1 102 6 14.0 ·14.7 0.641 - 0.851 0.057 ·0.064 0.54-0.55 34.9· 35.3

1..... 0.740 lUM2 D.U .11.0
14 102 6 10.6 ·14.6 0.419 ·1.763 0.161 ·0.358 0.56-0.60 35.8-37.6

12.1 1.2.2 D.244 O." X.
28 102 6 8.5·13.7 0.493 - 2.306 0.061·0.604 0.55 - 0.60 35.3 - 37.4

11.5 1.130 UD1 0.57 .lU
N-30 7 152 6 14.7 - 15,0 0.835 •0.934 0.119-0.153 0.53-0.65 34.4 ·35.3

1.... UI5 0.1.1. 0.14 .N.'
14 152 6 12.9 ·13,6 1.363 -1.418 0.096·0.168 0.51-0.63 33.8 ·34.6

1U 1..111 U.IJ D.l2 ,,4.1
28 162 6 11.4 ·11.6 1.740 - 1.980 2.030 - 2.846 0.54·0.67 35.1· 38.4

fU 1.110 ua D.N .15.1
7 279 6 12.1 0.538 0.06 0.12 10.8

12.1 D.m 0.010 0.12 ,0.1
14 279 tl NIA 0.652 0.031 0.4 28.6

0.152 D.D.11 0.40 21.11
28 279 6 11,8 1.109 0.091 0.28 21.7

fU '.'01 0.01' 0.2. 2f.7
1.14.28 76,102 6 8.5 -15.0 0.285·2.306 0.014 ·2.646 0.12-0.61 10.8- 37.9

152 ,U D.'J' 0.214 Il.n .lU
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4.4.% Effects of Particle Size Gradation on Mechanical Properties of TaHin. and

SaDd Pute Samples

Two methods were used to investigate the effects of size gradation on the mechanical

properties and behaviour of the tailings/sand paste fui sample. The tirst method of

investigation involved a direct comparison of the properties ofa coarse base Metal tailings

against those ofa fine precious metal total tailings samples.

The second approach involved the alteration of the particle size distribution of the"as

received" fine tailings material through sand addition. These were carried out in three parts

in an attempt to identify the MOst favourable sand addition range for the composite

tailingslsand paste fill samples.

4.4.%.1 Method 1: Comparison DfPrDperties Dr Base Metal and Precious Metal

Tailinas Pasterdl Samgles

The effects of particle size gradation on the mechanical properties was evaluated by

comparing the properties oftwo high-density tailings paste fiUs. The selected materials were

Base Metal Tailings (BMT) #3 and Precious ~IetalsTailings (PMT) #2. The two tailings had

different particle size gradations. The test specimens were cast with the same binder

composition and cured under similar environmental conditions for 7 and 28 days. The test

samples were cast at 76% solids density by weight. The binder composition for this test

condition was fixed at 5% per dry weight ofsolids. The test results are summarized in Table

4.6 and are presented in Figure 4.9.

ObsenratioDs

The base metal tailings paste till specimens developed higher compressive strengths at both

7 and 28 days of curing than those of the precious metal tailings. The differences in

compressive strength values cao be attributed to differences in me gradation oftwo tailings

materials. The observation supports finding by Espley et al., (1970) who concluded that

bacldill strength is intluenced by particle size gradation. On the other band, Thomas (1981)
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• and Boltd et al., (1993) have determined that bacldill samples containing higher amounts of

fine tailings developed highercompressive strengths than those containing relativelycoarser

material. Basedon that conclusion, the finer tailings (PMT#2) should have developed higher

compressive strength than the coarser tailings (BMT#3). The differences are due to the fact

that the BMT#3 samples constituted in relative terms, a better graded material (Cc = 1.74,

Cu = 7.4 %-20J.Ul1 = 18.3%) than that ofthe PMT#2 samples (Cc = 0.63, Cu 7.5, %-20J.lm

= 45%). Lidkea and Landriault (1993) have suggested that a wider distribution ofmaterial

sizes is required for strength development in blended tailings/sand pastefill samples.

Differences in mechanical property test results due to particle size gradation
f fiIl

Table 4.5
o paste specunens

Precious Metal TailialS (#2)

Binder Curiag BuJk Uacoaflned Defomaadon Void Porosity
Composition Period Density Compressive Modulus Rado (%)

(Days) (kg/m') StRagth (MPa)
(MPa)

1909 0.132 12.0 0.44 30.3
5% 7 1903 0.200 71.0 0.44 30.5

1907 0.120 14.0 0.44 30.4

1904.7 01SO.7 32 0.44 30.4

1911 0.260 27.0 0.43 30.3
5% 28 1889 0.260 84.0 0.45 31.1

1872 0.250 45.0 0.46 31.7

1890.7 0.257 52 0.45 31.0

Base Metal Tailings (#3)

7 1976 0.419 38.2 0.49 32.8
5% PC 7 1964 0.370 38.5 0.50 33.2

7 2037 0.395 35.4 0.44 30.7

1992.3 0.39S 37.3 0.48 32.2

28 1964 0.912 60.0 0.50 33.2
5% PC 28 1960 0.888 77.8 0.50 33.3

28 2007 0.937 75.9 0.47 31.7

1977.0 0.912 71.21 O.SO 32.8•
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•
Figure 4.9 (a) & (h) Differences in mechanical properties test results due

to particle size gradation ofpastefill specimens for
precious metal tailings pastefill (#2) and base
metal tailings pastefill (#3) at (a) 7 days curing,
(h) 28 days curing (5% binder)
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4.4.2.2 Method 1: Optima.tion of Partide Size ofTailinp Usina Sand

Tbree test conditions involving the addition ofsand to the tailings material were investigated

in order ta determine the suitable condition that would be more conducive ta producing

strength gain in the composite tailingslsand paste fill samples.

Trial A

The first condition involved the blending ofa full plant precious Metal tailings (PMT#3) with

Sand #2. The foUowing constitutes panicle size gradation parameters for the PMT #3

samples were: Cu = 3.8; Cc = 0.92; %-20J.1m =74.8wt%. SimiIarly, for the sand, Cu = 6.5;

Cc = 1.45; %-20pm = 13.8 wtOA.. Sand addition rates ranged between 0 and 75 percent by

weight. The resulting unconfined compressive strength, defonnation modulus, porosity and

void ratio ofthe composite material are presented in terms ofcuring period in Figures 4.10

and 4.11. The strength gain for the blended tailingslsand composite mixture was erratic in

the short terms (7 days), but increased with increasing curing period. The void ratio and

porosity values remained very uniform at each curing period however, the general trend

seemed to he a reduction in porosity with curing period.

TrialB

The second test condition mvolved the blending offull plant precious metal tailings (PMT#2)

with Sand #2. The particle size gradation parameters for PMT #2 are: Cu = 7.5; Cc = 0.63

and %-20J.1m = 40.5. The sand addition percentages to the tailings material were 0%, 10%,

25%,40% and 55%. The revised sand addition rates were made in proportion to the ultra

fine material content ofthe PMT#2 tailings. ope was used as the binder; a cement content

of5% instead of6% was used based on previously calibrated data. The resulting strength and

deformation parameters are presented in Figures 4.12 and 4.13

The results show an early increase in compressive strength of the composite product with

sand addition. The results also indicate a progressive increases in the compressive strength
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• and deformation modulus values as weil as, reductions in void ratio and porosity
with increasing sand content and curing period.

(a)
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1.20
1.00
0.80
0.60
0.40
0.20
0.00

Compressive oeformation Void Porosity -100
StrqIh Modulus RIItio ('fa)
(MPa) (GPa)

(b) 1.75
1.50
1.25
1.00
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0.25
0.00

Compreaïve Deformation Void Porosity -100
Str8ngth Modulus Ratio ('fa)
(MPa) (GPa)

(c) 2.5

2.0

1.5

1.0

0.5

0.0
Compressive Deformation Void Porosity -100

Strength Modulus Ratio (%)
(MPa) (GP.)

CO%Sand .50% Sand .75% Sand

•
4.10 (a),(b)&(c) Effects ofsand addition on unconfined compressive

strength, modulus ofdefonnation, void ratio and porosity
for total tailings fiU (PMT#3) at (a) 7 days curing, (b) 14
days curing and (c) 28 days curing (6% binder)
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•
Figure 4.11 (a),(b)&(c) Relationship between compressive strength and

(a) bulle density, (h) void ratio, and (c) porosity
for tailings (PMT#3) material (6% binder)

4 ... 26



• (a) 0.8

0.6

0.4

0.2

0.0

Compressive Deformation Void Porosity -100
Strength Modulus Ratio (%)
(MPa) (GPa)

(b)
0.8

0.6

0.4

0.2

0.0

Compressive Deformation Void Porosity -100
Strength Modulus Ratio (%)
(MPa) (GPa)

(c) 1.0

0.8

0.6

0.4

0.2

0.0
Compressive Deformation Void Porosity -100

Strength Modulus Ratio (%)
(MPa) (GPa)

[] 0% Sand • 10% Sand .25% Sand .40% Sand .55% Sand

•
Figure 4.12 (a),(b)&(c) Etfects ofsand addition on unconfined compressive

strength, modulus ofdeformation, void ratio and
porosity for total tailings fill (PMT#2) at (a) 7 days
curing, (h) 14 days curing and (c) 28 days curing
(5% binder)

4-27



•
A.. "

X X

.a • • • M~ x• .&••.-.< . -. .....-
•

(a) 'i 1.00
!.t 0.80

! 0.&0

J
0.40

0.20

0.00
1800 1850 1900 1950 2000 2050 2100

Bulk Oensily (kg/mi

xx _.A

X_-~ .~. ..
---- •• JI!-•0.40

0.20

0.00
0.25 0.650.600.550.45 0.500.400.350.30

'i: 1.00
i!-

f
0.80

..~ 0.60

1

(b)

Void Ratio

(c) l 1.00
~

X)(

J
0.80

x>lfoc
0.60

0.«)

J
0.20

0.00
20 22 24 26 28 30 32 34 36 38 40

Porosity (%)

.10% Sand .25% Sand 640% Sand )(55% Sand

•
Figure 4.13 (a),(b)&(c) Relationship between compressive strength and (a)

bulk density, (h) void ratio and (c) porosity for
tailings (PMT#2) rnaterial (5% binder)
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Trial C

A third test condition involved the blending of PMT#2 tailings with Sand # 1 to fonn a

composite product. the particle size gradation parameters for sand # 1 are as follows: Cu =

4.2; Cc = 1.15 and %-20JUll content =2.65. The results ofthis test condition are presented

in Figure 4.14. Both Wmgrove (1993) and Stone (1993) have suggested that increase in

specific density ofa till material can also result in increased stiffuess ofthe product. The test

results suggest that the most favourable sand addition level for maximum strength gain for

the PMT #2 and Sand #1 composite produet is a sand composition ofapproximately 23%.

4.4.2.3 SumDlaa of Sand Addition Test Resulu

The results of the composite tailings and sand trials (Section 4.4.2.2) suggest that, the

addition ofsand to full plant tailings material as a means ofimproving particle size gradatio~

may not always result in a short term strength gain for the composite produet. The

ditTerences in the results orthe sand addition test suggest that the formation ofcomposite blended

tailingslsand paste fill does not readily result in an effective strength gain. The properties of the

composite produet depended Iargely on the properties ofthe constituent materials. These finding

are supported by previous studies by Boldt et al., (1993) who concluded that sand addition to fine

tailings did not readi1y result in strength gain of the composite produet.

A deterrninant for the effectiveness of sand addition seems ta be changes in either bulk

density, porosity or void ratio with increasing sand content. Progressively increasing bulk

density values or a1tematively, decreasing porosity or void ratio values with increasing sand

content, could suggest an early strength gain. In the long term however, sand addition to fine

total tailings could u1timately result in strength gain at higher sand contents.

It is suggested trom the above observations that changes in bulk density, void ratio or

porosity with sand content May be used as an indicator for early strength gain for cemented

composite tailingslsand fill specimens.
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Figure 4.14 (a)&(b) Effects of sand addition on compressive strength

and defonnation modulus for precious metal
tailings paste fill
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4.4.2.4 Eft"ects of Binder Type and Composition and Curinl Period on

Mechanical Progerties of Hilh-Density Tai.inls and Sand Pute Fill

Sgecimens

This element ofthe study was carried out ta determine the effects ofdifferent types ofbinders

and their compositions on the mechanical properties of total tailings high-density fill

specimens. The primary binderfor the study was Ordinary Portland Cement (OPC). Fly Ash

and Slag cement were also used in combination with OPC and various amounts of

supplementary binders to stabilize the filI samples. Other supplementary binders included

Silica Fume, Anhydrite and metallurgical by productwhich is referred to in this study as PCIX

were also used ta stabilize the test samples. A special blend of primary and supplementary

binders which is designated as "Produet An was produced specifically for this study, and was

tested as a potential cementing agent for stabilizing the precious metal total tailings paste fill

samples. A blend ofOPC and other supplementary binders were also used to stabilize base

Metal tailings paste fill samples. The curing period for the test samples ranged between 14

and 56 days because ofthe slow reaction rates ofmost supplementary binders compared to

ope (Malhotra, 1987).

The test results are presented in (Figures 4.15 & 4. 16). The results show that ail the

alternative binders used in this study, produced unconfined compressive strength values that

were similar to, or higher than those obtained using OPC alone. The results suggest that ail

the investigated produets could be used as effective binder alternatives for stabilizing total

tailings paste fills.

It is interesting to note that the straight total tailings paste fill samples containing 4% Product

"An, and also 8% OPC (Figure 4.15 (a», developed compressive strengths that were similar

to the "blended" (60%) tailings (40%) sand paste fill samples containing 5% OPC at 14 days

ofcuring (Figure 4.12 (b». Similar to concrete (Neville, 1987), the strength and defonnation

properties ofthe stabilized tailingslsand paste fill samples improved with time.
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The test results indicate that several alternative binders are available for consolidating

backfi1ls. These alternative binders can he prepared from the blending ofOrdinary Portland

cement with other supplementary binders. The site specifie characteristics (and possible

variations in tailings material properties, including geochemistry of the ore and milling),

would suggest that stabilization trials should he carried out at individual mines site, in order

to arrive at suitable binder combinations.
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Figure 4.1S (a),(b)&(c) Effects ofalternative binder on compressive

strength and defonnation modulus for precious
Metal total tailings at (a) 14 days curlng, (h) 28
days curing and (c) S6 days curing
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4-34



•

•

4.4.%.5 Eff'ects of Carine Period and EDvinnmeDt OD the MechaDicai Propertia of

High-DeDsity FiJI Systems

As mines go deeper, the ambient temperature ofthe wall rock and the mine environment can

be expected to increase beyond the optimum condition required for effective hydration ofthe

cementing agents. ''False setting" (Neville, (987) can result from rapid curing ofconcrete

materials and stabilized fi1l produets at higher temperatures. False setting often lead to poor

strength development in cement stabilized fills (Thomas et al., (979).

The objective ofthis element ofthe investigation was to assess the effects ofnon-ideal curing

conditions on mechanical properties of stabilized high-density tailings paste fills. The

informationcould beuseful toward theunderstandingofthe bebaviourofhigh-density backfill

systems including composite fiUs, when mining at greater depths. Two sets oftest specimens

were prepared for unconfined compressive strength testing. The tirst set ofspecimens were

cured in a fog room in accordance with ASTM specifications for concrete specimens. The

second set ofspecimens were exposed ta the ambient laboratory conditions of 30°C and 18%

Relative Humidity.

The test results are presented in Figure 4.17. The results ofthis study indicate that a curing

temperature of 30°C did not affect strength development for the tests samples. This was

probably due to the fact that the binder content ofthe stabilized fill specimens was lower than

that normally used in concrete mixtures (Neville, (987) and therefore, an ideal environment

for cement hydration was not a major factor in strength development.

Thomas (1983) investigated fine medium and coarse tailings at curing temperatures ofup to

40°C to simulate the anticipated mine stope temperature. Thomas found that, the absence

of coarse material in the (75JlD1 to 425J1m) range in the fill did not affect strength

development. Fine tailings showed the largest improvement at the lowest Portland cement

content. A temperature of up to 40°C did not adversely affect strength development.
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• Thomas (1983) found that strength increased rapidly and then flattened out; he
suggested tOOt it showed the typical behviour ofelevated temperature curing.

It is suggested however, that care should be exercised in curing cemented tailings
pours in situ; the curing should be done in accordance with suggestions made
by Thomas et al. (1979).
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Figure 4.17 Effects ofcuring condition on mechanical properties

ofhigh-density fill specimens
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• 4.4.2.6 Effects of Moisture Content on Higb..Density Paste Fill Samples

Strength and permeability have been identified (Thomas et al., 1979; Hassani and Bois,

1992) as the most important basic mechanical properties required fordesigning conventional

hydraulic backfill systems. It has aIso been suggested that drainage is ofcritical importance

for hydraulic fills (Thomas et ai., 1979; Lerche and Renetzeder, 1984; Clark, 1988; Chen and

Annor, 1995; Yu, 1989; Boldt et al., 1993, Ouellet et ai., 1998 and Pierce et al., 1998) have

indicated the importance ofmoisture content on the stability ofplaced paste bacldill in situ.

The objective of this element of the investigation was to evaluate the effects of moisture

content on the mechanical properties of the high-density fill samples. Specimens were

collected and analyzed for moisture content detenninations (ASTM 0-2216), during the

unconfined compressive strength tests. This was done to establish a relationship between the

water/binder ratio for the stabilized paste bacldill samples in this study. Also, to detennine

which of the three pastefiU systems is the most efficient materia! in developing strength in

tenns ofmoisture binder ratio.

The test results for the various fill types in tenns ofwaterlbinder (W/C) ratios are presented

in Appendix B-2. The combined tests results is presented in Figure 4.18. The results show

a clear dependence of compressive strength on waterlbinder ratio. The unconfined

compressive strength decreased with increasing water-to-binder (WIC) ratio

The established relationships between the unconfined compressive strength (oc:) and

moisturelbinder (W/C) ratio for the different types ofpaste fill samples in this studyare as

follows:

Tailings paste filI

•
uc(MPa) = 1.33(W / C)-O.69

(for 0.5 ~ VV/C)
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• Sand paste fill

(jc( MPa) = 1.lo(W/ C)-O.69

(for O.7 ~W/C)

Composite (Blended TailingslSand) Paste fill

(jc( MPa) = 157(W/ C)-l.04

(for 0.9 ~W/C)

4.2

4.3

Based on Figure 4.18, moisturelbinder (W/C) ratios of less than 3, produced higher

compressive strength values for the composite paste fill samples. The strength development

for (W/C) ratios greater than 3, was poor for the sand and tailings fil1 materials in this study.

The above equations are in general agreement with relationships found in the published

Iiterature between unconfined compressive strength and water/cement ratio for bacldill

materials. For example, Arioglu (1983) found the following relationship between

compressive strength (aJ and water/cement (a) ratio for ~~aggregate" till.

(j = Aa-n
c

where A and n are experimental constants.

4.4

Petrolito et al. (1998) found the following relationship between unconfined compressive

strength (li.C.S.) And Water/Calcined gypsum (W/CG) ratio:

U.C.S.(MPa) =2.084(W / CG)-2.322 4.5

•
Petrolito et al. (1989) reported that the range of (W/CG) ratios covered in the mix design

was 0.83 to 3.0. This range was selected because the strength was found to be insignificant

above (W/CG) ratios of3.0. Also, the materia! was difficult to mix below (W/CG) ratios of
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0.83. It was further suggested that, the equation was applicable to U.C.S. va1ues ofgreater

than 1.25 MPa

The test results are also supported by previous findings involving hydraulic fill systems

(Rawlings et al., 1966; Thomas et aI., 1979; Boldt et al., 1993) and aIso, recent studies by

Ouellet et al. (1998) and Pierce et aI. (1998) regarding paste backtills. The resuIts ofthis

study indicate that moisture control is ofcritical importance for all types ofbacldill systems

including high-density paste fills. The test results also indicate that the efIects ofmoisture

content on strength development was independent of the type of fill material, or binder

composition.

Studies by Mitchell and Wong (1982); Lerche and Renetzeder (1984), Boldt et al., (1993),

Chen and Annor(1995), Hedley(1995) havealso indicated that moisture content and binder

composition, rather than size gradation, seem to influence strength development in bacldill

materials.

The reported studies in the published literature, and the results ofthis study suggest that there

is a need for moisture control in situ for aIl types of backfill systems including cemented

paste fil!. A maximum moisturelbinder ratio of less than 3.0 seems to be the limiting value

for maintaining strengili gain in laboratory test samples. Ratios higher than 3 could result

in a reduction in fill strengtb.
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Figure 4.18 Relationship between compressive strength and

moistureJbinder (W/C) ratio for tailings and sand
pastefilI, and composite (blended-taiIings) pastefill
samples
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4.4.2.7 Sc.le Effects OD MeehaDical Properties of Hieh-Density Siraieht Tailines

Pastefill and Composite TailiDls/Sud Pastefdl SpecimeDs

There are problems with scaling up laboratory experimental results to in situ mechanical

properties. The difficulties often lie in the selection of suitable sample sizes for the

laboratory tests. In terms of concrete cylinders the recommendation (ASTM) is to use

samples sizes that are at least three times greater than the size ofthe maximum aggregates

with regard to the testing ofrock core specimens, it is recommended (Brown, 1981) that the

mjnimum specimen sizes be at least one tenth ofthe largest grain size ofthe rock. There is

no known size specification or requirement for backfill samples.

The use of38mm diameter backfill test specimens probably originated from soil mechanics

testing. Bishop and Henkel (1962) refers to the use of1-112 in (38mm) diameter triaxial test

specimen as generally the accepted standard in Great Britain for testing soils containing no

stones. The practice might have aIso been in existence, as a matter ofconvenience due to

difficulties in obtaining undisturbed field samples for testing. There seems to be no

justification for testing small size fill specimens for engineering analysis. The rationale for

using small diameter test specimens for strength determinations is probably based on the

assumption that similar to fine grained soils, backfill materials are not expected to show scaIe

effects on mechanical properties.

The ultimate objective ofthis partofthe investigation was to estimate the potential behaviour

ofcomposite fills in situ based on the scale effects found in high-density tailings paste fills.

In this regard, tailings materiaI ( Precious Metal Tailings 3, Table 4.1) containing the highest

proportion ofuftra-fine material (74.8%) among ail the materials investigated in this study

was selected for the tests. The material was equivalently a clay soil in terros of soif

mechanics classification (Terzaghi and Peck, 1967). Both cylindrical and cube specimens

were prepared and tested in unconfined compression. The specimen dimensions ranged

between 38mm and 279mm diameter for the test cylinders with un =2. Similarly, the cube

specimens ranged from 38mm. to 102m.m side lengths.
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A total of 138 specimens were tested. Binder composition consisted of 6% ordinary

Portland cement. Specimen curing time ranged between 7 days and 28 days.

Stabilized samples of composite (blended tailings/sand) pastefill material were similarly

prepared, cured and tested as described in the above.

4.4.2.8 Seale Effeets Test Resulu (Straight TaiBnls and Composite Tailings/Sand

PastefiUs)

The test results were summarized previously in Table 4.4, theyare presented graphically in

Figures 4.19 and 4.20 respectively, for the straight tailings pastefill and the composite

(biended) tailings/sand pastefill samples.

The test results clearly indicate the effects of scale on the strengili and deformation

properties of the samples. The differences are as much as a four foid increase between the

largest and smallest straight tailings pastefill specimen sizes tested. The composite (blended)

tailings/sand paste fill samples had strength and defonnation properties that were generally

similar to those of the straight tailings and sand paste bacldills. The (biended) composite

pastefill samples had void ratio values that were much Iower than these ofthe straight base

Metal tailings pastefill samples.

The Mean void ratio and porosity values for the composite tailings/sand pastefill samples

were respectively, 0.38, and 27%. These should he compared with 0.81 and 44% for the

straight base metal tailings samples and 0.47 and 31.6% for the precious metal tailings

samples.

The observed effects May he due to the presence ofmore voids in the larger size samples

than the smaller ones. The significance of the scale effects data in engineering design of

backfill systems is discussed eisewhere in this Chapter (Section 4.4.9).
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Figure 4.20 Scale effects on high-density composite (blended 

tailings and sand) pastefill strength and deformation
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4.4.8 STRENGTH AND DEFORMATION PROPERTIES OF CEMENTED

ROCKFILL AND COMPOSITE AGGREGATE PASTE (CAP) FILL

4.4.8.1 Properties ofCemented RocldiU

The study on cemented rockfill properties was carried out primarily to detennine the

characteristics and properties of the material as a reference high-density fi11 for this study.

It has been proposed in the course ofthis study that the properties ofhigh-density composite

bacldiU are basically a combination of those ofcemented rocldill and tailings paste fil1.

Two specimens sizes were used for the study. These were 152mm and 457mm diameter

cylinders. The 152mm diameter cylinder was selected because it was probably the most

commonly used test specimen size for cemented rockfill work at most mine sites (Yu and

Countert 1986). The 457mm diameter cylinder was the largest possible size that could be

safely processed and handled by the available laboratory test equipment.

One hundred and one (101) cemented rockfill cylinders were tested at curing periods ranging

from 14 days to 56 days. The test results are summarized in Table 4.11.

The bulk deosityofthe test samples ranged between 1790 and 2430 (Kg/m3
) with an average

value of2006 Kg/m3
• Unconfined compressive strength ofthe material ranged between 0.82

and 10.88 MPa, depending on the test sample size and curing period. The average

compressive strength value was 3.88 MPa. The average defonnation modulus value was

found to be 3.75 GPa; the values ranged between 0.90 and 24.6 GPa. The minimum and

maximum void ratios were 0.13 and 0.53 respectively; the average value was 0.36. The

averaged minimum void ratio for the rockfill aggregates from the relative density

measurements (Section 3.1.8) was 0.37. This value compares favourably to the averaged

void ratio for the stabilized rockfill samples.

The results suggests that cement stabilization (within the percentage used in this study) was
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an effective method for void reduction in the rockfiU aggregates. Binder stabilization

reduced the average void ratio trom 0.60 (for the loosest material) to 0.36 (for the cemented

rockfi1l samples). The maximum and minimum porosities were 34.7 and 11.7% respectively.

The average porosity value was 26.5%. The results compare favorably with values in the

published Iiterature (Yu and Counter:t 1983;Yu, 1989; Stone, 1993; Reschke, 1993; Hedley,

1995).

The properties ofthe cemented rocldill samples were found to be scale dependent. These are

presented in Figure 4.21. Barrett et al. (1983) and Yu and Counter (1983) have proposed

scaling factors for estimating in situ cemented rocktill compressive strength based on small

scale values. Reschke (1993) has identified the scale effects on laboratory cemented rockfill

test samples. Reschke round that unconfined compressive strength of the stabilized rockfill

samples decreased with increased diameter and aggregate size. The decrease in sample

strength with increasing diameter has been attributed to a decrease in the weight percentage

of fine materials. Hedley (1995) has also indicated that the porosity of cemented rocldill

samples is controUed by the cement content. This suggests that for cemented rockfill

samples, the composition offine matenal is basically controlled by the binder. Also, in terms

ofvoid reductio~ the fines content ofthe rockfill samples can be improved by adding tailings

or sand to the rock:fill aggregates to produce a composite fill (Wingrove, 1993).

The results ofthis study show that on average, the 152mm diameter samples achieved almost

twice the strength of457mm cylinders. In tenns ofdeformation modulus, the ratio between

the small and large sample values was almost 10: 1. Barrett et al. (1983) have suggested that

the in situ compressive strength ofcemented rockfill be taken as 60% ofthe small scale value.

Yu and Counter (1983) have suggested that the in situ rockfill varies approximately at about

66 per cent ofthe laboratory determined value based on 152mmdiameter cylinders, and about

90 per cent for sample sizes greater than 300mm diameter. In this regard, the observed

compressive strength based on the 457mm diameter samples could be taken as close to the

in situ value.
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Table 4.3 Summary ofmechanical properties test results for cemented rockflll samples

•
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Figure 4.21 Scale effects on cemented rocktill compressive strength and

deformation modulus
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4.4.8.2 Progerties of Composite-Acgregate Pate (CAP) Fill

The objectives ofthis elementofthe studywere to determine the Composite-AggregatePaste

fill characteristics and properties as a new high-density bacldill system, and also to compare

the material properties to those ofcemented rocldill and tailings paste fill. AdditionalIy, to

determine whether CAP fill properties were scale dependent so that the potential in situ

properties ofCAP fill may be estimated based on cemented rocldill, and paste bacldill field

data.

The CAP fill samples were prepared and tested as described in (Section 4.2.3). The test

results are summarized in Table 4.4. The bulk-density of the test samples ranged between

2049 and 2520 Kg/m3
; the average bulk density value was 2406 Kg/m3

. The void ratio for

the material varied between 0.18 and 0.31, with an average value of0.25. These values are

much lower than those obtained from the relative density tests on rocldill aggregates. The

test results suggest that the formation ofa composite fill enhanced the relative density ofthe

material and reduced the void ratio. The average minimum void ratio of the rockfill

aggregates was 0.37 (Table 3.3).

The average porosity value for the CAP fill samples is 19.8%, this value is based on

minimum and maximum values of 14.5 and 32% respectively. At the 5% binder content,

the compressive strength values varied between 0.43 and 2.12 MPa. Similarly the

deformation modulus values ranged between 0.37 and 1.22 GPa. The compressive strength

and defonnation modulus values were lower than those ofthe cemented rock.fil1 samples, but

higher than the cemented paste bacldill samples.
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Table 4.4 Summary of mechanical properties test results for composite-aggregate paste (CAP) fill sampIes

Sample Curing Binder Sand Compressive Deformation
Diameter Period Content Content Void Porosity Strength Modulus

(mm) (Days) (%) (%) Ratio -(%) JMPa) (OPa)
152 7 5 0 0.23 18.90 1.07 0.83
152 7 5 0 0.26 20.40 1.12 0.83
152 7 5 0 0.24 19.40 1.18 0.83
457 7 5 0 0.24 19.00 1.13 0.72
457 7 5 0 0.24 19.50 0.87 0.48
457 7 5 0 0.25 20.20 1.05 0.67

152 14 5 0 0.21 17.10 1.33 1.10
152 14 5 0 0.24 19.60 1.20 0.53
152 14 5 0 0.20 16.60 1.88 0.68
457 14 5 0 0.31 23.60 0.73 0.73
457 14 5 0 0.24 20.20 2.07 1.22
457 14 5 0 0.27 21.40 1.58 0.88

152 28 5 0 0.20 16.70 1.42 0.60
152 28 5 0 0.21 17.30 1.40 0.70
152 28 5 0 0.22 17.80 1.30 0.82
457 28 5 0 0.28 22.10 2.12 1.18
457 28 5 0 0.27 21.00 1.67 1.18
457 28 5 0 0.30 22.90 1.33 1.13
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• The low void ratio and porosity values suggest that the composite aggregate fill is a more

compact and densermaterial, compared to either the cemented rocldill and the tailings paste

fill. This is a1so supported by the bulk density values. The CAP filI samples also had lower

void ratios and porosities compared to either the cemented rockfill or the straight tailings tili.

Thecharacteristics ofthe stress-straincurves are indicativeofa strain-hardening or a resilient

material (Lama and Vitukuri, 1974).

In terms ofscale effects on the CAP fi11 samples, there seems to be no apparent differences

between the properties ofthe smal1 scale test samples (152mm diameter cylinders) and those

of the large samples (457mm diameter cylinders). These are presented in Figure 4.22 and

suggest that CAP fHIs may not be scale dependent. This suggests that unlike the cemented

rocldill samples, the CAP fill achieved maximum packing density with addition of the

tailings material. The results are contrary to observations made with the cemented rockfill

and the paste bacldill samples.
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Figure 4.22 Scale Effects on Composite-Aggregate Paste (CAP) Fill, Compressive

Strength and Deformation Modulus
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• 4.4.8.3 AIIUcation of the Mechanieal ProRerties Tests Resalts

Farsangi (1996) bas indicated sorne quality control factors that could affect in situ cemented

rocldill properties. These have included the useofpotable water for mixing, correct batching

ofaggregates and binder as weIl as other environmental factors. These factors should aIso

apply to CAP fill preparation and placement. Considering that this study was carried out

onder weIl controlled laboratory conditions, the established mechanical properties may not

applyto in situ conditions. Care must therefore be exercised in using these results for design.

4.9 SIGNIFICANCE OF SCALE EFFECTS TESTS RESULTS

Barrett et al. (1983), Yu andCounter(1983, 1986), Reschke (1993) and others haveshown

that laboratory determined backfill properties are scale dependent. For cemented rockfill,

it has been suggested that a scaling factor of the field design values be based on, 60 percent

to 66 percent ofthe lahoratorydetermined strength. These scaling factors mayalso apply to

the properties of composite-aggregate paste (CAP) fill, although the results of this study

(Section 4.8.3) have suggested that the matenal is probably not sCale dependent.

With regard to the straight tailings pastefill and composite (blended) tailingslsand pastefill

samples, there was a four fold difference in compressive strength between the small size

(38mm) and large size (279mm) diameter samples. Ithas been suggested that the unconfined

compressive strength cao he used for a preliminarydesignofcement bond strength (Mitchell,

1983). In the simplest case, it has been proposed that low cement bond strength uCb" cao

be taken to be equal ta the unconfined compressive strength ofthe materia! as outlined in the

following equation:

• 4.6
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• where 0lf= limiting confining compressive strength

y = unit weight

H = free standing height offill

Cb = low cement bond strengili

Nf= stability number (or cohesion)

•

In tenns ofthe above equation, the estimate for "Cb" cao. vary up to four times depending

on the sample size and ifscale effects are considered for the straight tailings pastefll samples

in this study.

The stability analysis of tailings fill masses are generally based on the shear strength

parameters (Mitchell et al., 1982), and not onlyon the unconfined compressive strength of

the material. Based on Limit Equilibrium Analysis (Mitchell et al.,1982 ; Mitchell, 1983;

Pierce et al., 1998) bas proposed that the selection of bacldill design mixes should be

subjected to triaxial testing and effective stress analysis in tenns ofcohesion and the friction

angle. The scale effects on the triaxial compressive strengili measurements were not

determined as part of this study. Previous prelirninary investigations by the author had

suggested the possibility ofscale effects on the triaxial test results.

It is anticipated that any potential effects of specimen size on engineering design analysis

could be offset by the selection ofrelevant analytical models with applicable safety factors.

The scale effects on triaxial compression test results and the implications on stabilityanalysis

ofmine bacldill systems, require closer examination in future studies.
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4.10 SUMMARY

The unconfined compressive strength measurements were carried out on backfill materials

consisting ofstraight tailings pastefill, composite blended taiIingslsand pastefiU, composite

aggregate pastefiU (CAP) and cemented rockfill samples.

The investigations were carried out in terms of the type of tailings, binder composition,

moisture content, curing environment and tÎme. The tests were condueted in an attempt to

establish the effects of the physical properties of the respective fill materials on strength

development, when used as a composite produet.

The test results suggest the following:

1. A wider distribution ofparticle sizes are required for strength development.

2. The addition ofsand to fine tailings as a means ofimproving the size gradation ofthe

composite produet did not readily result in strength gain in the short term. Early

improvements in compressive strength occurred when the composite tailingslsand

mixtures had a wider range ofparticle size gradation.

3. Changes in bulk density, void ratio or porosity with sand content could be used as an

indicator for early strength gain for cemented composite-tailingslsand fill samples.

4. Alternative cementing agents can be prepared from a blend of ordinary portland

cement and other supplementary binders including slag, tlyash, anhydrite, silica fume

and locally available metallurgical by-produets. Site specifie variations in tailings

mineralogy and chemistry, as weil as the mine environment, demand that stabilization

trials be carried out at each mine site in order to arrive at suitable binder

combinations.
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5.

6.

7.

A waterlbinder (W/C) ratio of less than 3.0 produced effective strength gain in

composite tailingslsand samples based on the results ofthis study as weB as on data

in the published literature. The site specific properties ofbackfill materials demand

prior testing at each mine site ta determine a suitable W/C ratio.

The unconfined compressive strength and defonnation modulus of the straight

taiIings, composite-blended tailingslsand and the cemented rocktill samples were

found to be scale dependent. On the other band, the compressive strength and

deformation modulus of the comPOsite-aggregate paste (CAP) fill samples were

unaffected by sample size. This suggests that the properties ofthe composite material

in situ could be similar to those determined from laboratory measurements.

Further investigation ofscale effects on composite tiU properties is recommended for

future studies.
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CHAPTERS

EFFECTS OF LOADING CONDITIONS ON mGH-DENSITY Fll..L

STRENGTH AND DEFORMATION PROPERTIES

The performance of soil-like materials including paste bacldill is controlled by shear

strength. It has been suggested that similar to soils (Terzaghi and Peck, 1967) the strength

ofbackfill (Singh, 1976; Thomas et al., 1979) materials May be expressed in tenns of the

Mohr-Coulomb equation:

where 't= shear strength

c = cohesive strength

an = normal stress

~ = friction angle

5.1

•

The above equation basically involves cohesion and friction components.

The strength development depends on either the cohesion component or friction component

or both. The cohesion and friction factors are influenced by the physicai properties ofthe 611

materiais. These include, particle size distribution, moisture content, binder composition,

curing environment and time. Condition of loading including confinement (Moruzi, 1978)

May also improve the characteristics of the shear strength components. Confinement can

also break down the cement bond strength (Mitchell and Wong, 1982; Hassani and Aret:

1988; Arefet al., 1989) and it cao adversely affect the stabilityofthe fill mass when exposed

(Ouellet, et al., 1998).
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• Direct shear tests and triaxial compressive strength measurements were carried out to define

the shear strength characteristics of the tailings materiaI~ and aIso the cemented and

uncemented paste fill samples. The load-response characteristics ofthe straight tailings and

composite paste fill samples were investigated in an attempt to understand the potential

behaviour ofthese materials when used as high-density composite mine bacldill.

The direct shear tests were carried out at various moisture contents ofthe tailings samples.

Singh~ (1976) has suggested that moisture content can affect the long term behaviour of

hydraulic fi11 masses in-situ. On the other hand, excessive moisture in the uncemented fill

can affect the stability of the fill mass in situ by reducing its resistance to liquefaction

(Hassani and Aret: 1988; Arefet al., 1989; Ouellet et al., 1998).

5.2 DIRECT SHEAR TESTS

Sample Preparation

The Direct Shear tests were carried out as an initial step in the evaluation of the shear

properties ofthe uncemented tailings fi11 material. The maximum cohesion and other shear

strength properties are known ta develop at the optimum moisture content for soil materials

(Terzaghi and Peck, 1967). Strong similarities have been established between the behaviour

ofengineering soils and tailings fills (Singh, 1976, Thomas et al., 1979). In this regard, a

multi-step approach was used to evaluate the effects of moisture content on the shear

properties ofthe ultra-fine uncemented total tailings paste fiii. This procedure was followed

as part of the process for identifying suitable mix design limits for the composite backfill

materials in this study.

•
1) lnitially, standard compaction tests (ASTM 0-698) were conducted to establish the

moisture-density relationships for some of the tailings and composite mixtures of

tailings and sands in this study; and aIso, to identify their optimum moisture contents
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3)

and maximum drydensities (Terzaghi and Peck, 1967). Typical results of the Dry

Density-Moisture relationship for mill tailings is presented in Figure 5.1.

Having established an optimum moisture content and maximum drydensity for a test

material, the shear test specimens were prepared and tested, beginning with dry

samples and ending with partially saturated samples.

Each shear test specimen was prepared at approximately the same density by

vibrating the shear box containing the lose material until the desired densityhad been

reacb, prior to testing.

•

5.2.1 ADalysis of Direct Shear TestiD&

The test results are summarized in Tables S.la&b. The failure envelopes for the two types

of tailings materials are presented in Figure 5.2. The results indicate that the uncemented

precious metal total tailings developed similar shear strength properties as the uncemented

base Metal tailings material. The results aIso indicate that either tailings material developed

some apparent cohesion values without cementation at the optimum. moisture contents of

the respective tailings materials. The measured optimum moisture contents for the base

metal and precious Metal tailings were respectively, 14.5% and 16.8% respectively.

Singh (1976) bas suggested that lOto 15% moisture content is essential for maintaining the

long tenn stability ofbulk 611 in an underground environment. It is interesting to note that

the identified optimum moisture levels for the test materials in this study (Table 5.1) are

within the identified range of the values suggested by Singh (1976). Also, the maximum

cohesive strengths ofthe moist tailings materials occurred at the maximum densities and the

optimum moisture contents ofthe materials.
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Table 5.1 (a) Effects ofMoisture Content on Shear Strength Parameters for Base Metal
Tailings (Direct Shear Strength Tests)

Sample Normal Stress Maximum Sbear Apparent Internai
Stress Cohesion Friction Angle

(kPa) (kPa) (kPa) .0
Dry 24.0 32.1

43.6 52.2 11.1 42
73.0 86.1
102.4 106.2

5% 24.0 23.4
Moisture 43.6 34.5 9.8 30

73.0 50.4
102.4 67.5

10% 24.0 23.7
Moisture 43.6 34.5 4.1 37

73.0 55.5
102.4 80.4

14.500.10 24.0 32.0
Moisture 43.6 49.4 21.1 29

(Optimum) 73.0 65.6
102.4 78.9

20% 24.0 37.8
Moisture 43.6 51.6 0 53
(partially 73.0 92.1
Saturated) 102.2 138.6
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Table 5.1 (b) Effects ofMoistureContentonShear Strength Parameters for Precious Metal
Tailings (Direct Shear Strength Tests)

Sample Normal Stress Maximum Shear Apparent Internai
Stress Cobesion Friction Angle

(kPa) (kPa) (kPa) .0
Dry 24.0 22.3

43.7 37.1 11.3 41
73.0 63.5
102.4 9.2

5% 24.0 23.7
Moisture 43.7 37.9 5.0 37

73.0 60.1
102.4 83.2

10% 24.0 23.5
Moisture 43.7 37.8 4.4 38

73.0 58.9
102.4 84.6

16.80% 24.0 28.0
Moisture 43.7 39.9 10.1 36

(Optimum) 73.0 61.10
102.4 82.2

19% 24.0 22.0
Moisture 43.7 40.2 3.8 39
(partially 73.0 59.9
Saturated) 102.2 87.0
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• 5.3 TRIAXIAL COMPRESSION STRENGTH TESTS

•

5.3.1 Trimai Compressive Strenetb Test Procedure and Results

The main objective ofthe triaxial compressive strength tests was to investigate the relative

responses of the various pastefill materials in this study to 1000.

5.3.2 Sample Preparation and Test Procedures (ASTM C-192; D-2850)

The test samples were prepared and cured in a similarmanner to the unconfined compressive

strength specimens (Chapter4). Test sample sizes comprisedof102mm diameterby204mm

long cylinders. Both cemented and uncemented samples were tested. The uncemented

samples were prepared at the optimum moisture content of the respective tailings materia!

(Sec. 5.2.1). The cement content was fixed at 5% by dry weight oftailings. The sample

mixing and curing procedures were as described in the Section on Unconfined Compressive

Strength testing (Section 4.1).

Prior to testing, each triaxial test sample was enclosed in an impermeable rubber membrane.

The jacketed sample was placed in a Universal Testing Machine. De-aired, distilled water

was injected into the triaxial chamberand the cell was pressurized. A confining pressure (03)

was maintained around each sample while an axial stress (°1) was applied to the top of the

sample. The tests were conducted over a confining pressure range of207 to 828 kPa (30 to

120 psi) and a uniform axial strain was used. The axialload and sample deformation were

continuously monitored throughout the test. The deviator stress (a1-(3) and axial strain data

were used to derive the shear strength parameters ofeach curing periode

Sixty-nine (69) samples were tested under undrained conditions without pore pressure

measurements (Bishop and Henkel, 1962). The samples were partially satwated at the time

oftesting. Barrett (1973) suggests that triaxial tests should be conducted on samples having

the same degree ofsaturation as the fill in situ. In situ moisture contents ofpastefill masses

have been reported to be 15% Iower than laboratory determined values (Udd and Annor,
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1993). Hunt (1989) bas also conducted undrained tests on pastefill samples without pore

pressure measurements. The triaxial compressiontests were conducted at curing periods tbat

ranged between 3 and 28 days. The triaxial test equipment is presented in Figure S.3a&b.

Figure 5.3a Triaxial testing equipment showing cell and control panel.
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Figure 5.3b A picture ofa 102mm diameter by 204mm long test specimen after triaxial
compressive strength testing.

5.4 ANALYSIS OF TRIAXIAL COMPRESSIVE STRENGTH TEST RESULTS

The results ofthe triaxial compression measurements are discussed in this section in tenns

ofthe respective pastefill materials response to load.

Typical deviator-stress versus strain curves for the triaxial compression measurements are

presented in Figure 5.4. The triaxial compression test results were used to derive the Mohr

Coulomb failure envelope parameters. The failure envelope parameters for the uncemented

precious Metal and base metal paste pastefill samples are tabulated in Table 5.2. Typical

stress-strain curves and the Mohr's circles and the failure envelope parameters for the

pastefill samples in this study are presented in Appendix C-l .
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5.4.1 Generalïzed Behaviour ofGeolo&ie Materials Under Load

The stress strain relationships ofmost geologic materials are generallyconsidered linearand

are govemed by Young's modulus, Adams and Williamson (1923), Brace (1965), Walsh

(1965) and Many others have suggested that the non-linear relationship for rocks is due to

cracks and voids in the rock. At low stress levels, the non-linear elastic behaviour ofrocks

under compression have been attributed to this influence (Annor and Katsube, 1983; Annor,

1985). Lama and Vutukuri (1978) have suggested that the stress-strain curves for geologic

materials including rocks and soils cao differ depending on the test method, loading-rate,

stress level, specimen size, moisture content as weil as other factors. Lama and Vutukuri

(1978) have a1so identified three types of idealized stress-strain curves for uniaxial

compression tests involving rock samples. These are: (i) Linear-elastic or brittle behaviour;

(ii) Strain softening or ductile behaviour; and (iii) strain hardening behaviour. These

characteristic curves apply to triaxial compression test results (Mitchell and Wong, 1982)

for fill materials in this study and therefore, they cao also be used to identify the materials

response to applied load.

5.4.2 Load Response Charaeteristies of the Paste Fiii Samples

Typical stress-strain curves from the unconfined compressive strength tests (Chapter 4) are

presented in Figures 5.5 to 5.8 for comparison with the triaxial compressive strength test

results.

5.4.2.1 Characteristics of the Uneonfined Compression-Stress -Strain Curves

Figure 5.S shows typical stress-strain curves from unconfined compressive strength tests on

stabilized tailings pastefill samples, at 7, 14 and 28 days curing periods. The curves show

both linearly elastic and stain softening segments, with clearly defined yield points. The

characteristics of the stress-strain curves suggest brittle and ductile behaviour onder

increased load.

Figure 5.6 represents typical stress-strain curves for the cemented rocldill samples. The

5-12



•

•

curves show characteristics of a brittle material at ail the curing periods. The curves also

show initial strain hardening segments which are attributed to initial settling ofthe capping

material and closure ofvoids in the bulk sample under load. This behaviour is similar to crack

ciosure in rocks at low stress levels (Annor and Katsube, 1983; Annor, 1985).

Figure 5.7 represents the stress-strain curves for the composite blended tailingslsand pasteti11

samples. The 28 days cured sample displayed both brittle and ductile behaviour similar to

the straight tailings samples (Figure 5.5). The 7 and 14 days curves show strain hardening

and ductile behaviour which suggest that the composite samples were resilient during the

early stages ofcuring, but became brittle with longer curing periode

Figure 5.10 shows typical stress-strain curves for the composite-aggregate pastefill (CAP)

samples. The curves suggest predominantly resilient behaviour. This is evidenced by the

prevalent strain-hardening curves at aIl the curing periods oftesting. The stress-strain curves

of the CAP fill samples aIso have linearly elastic segments which suggest that the material

stiffens with increased load.

The characteristics ofthe unconfined compressive strengthcurves suggest that the composite

materials (Blended tailings/sand pastefill samples and CAP ti1I samples) in this study displayed

more resilient behaviour than either the straight tailings pastefill or the cemented rockfill

samples. The resiliency of the composite materiaIs suggest that they could be the most

suitable material for tight filling purposes in mine stopes than eitber the straight tailings

pasteti1l or the cemented rocidili.
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5.4.2.2 Cb.r.cteristics 01 the Devi.tors Stress vs. Str.in Carves

In general terms, the cbaracteristics ofthe stress-strain curves from the triaxial compression

measurements were sunilar to those of the unconfined compressive strength tests. The

deviator-stress versus strain curves were cbaraeterized byboth brittle and ductile bebaviour

for the uncemented base metal pastefill samples (Figure 5.9) and the cemented samples

(Figure 5.10). There were also some indications ofstrain-bardening behaviour with regard

to the uncemented precious Metal tailings fill samples (Figure 5.11).

In general, the uncemented precious Metal tailings samples displayed strain-bardening

behaviour at most ofthe confining pressure levels ofthe investigations. On the other band,

the uncemented base metal tailings samples sbowed a combination of hrittle and ductile

bebaviour over the confining pressure range oftesting. The strain hardening behaviour for

the uncemented specimens was generally Most pronounced at the confining pressure of828

kPa (Figure 5.12).

The cemented total tailings samples displayed a combination ofbrittle and ductile behaviour

under confinement. Strain-hardening behaviour was also observed at higher confining

pressures (Figure 5.10) for some ofthe test samples. These observations were independent

ofcuring period. The sand paste fin samples displayed a combination of brittle and ductile

behaviour under confinement (Figure 5.13). There were however, marked strain-hardening

behaviour at all confining pressure levels for this test material.

5.4.2.3 Sammary - Cbaracteristics 01 the Stress - Strain Curves

In general terms, there was non-uniform response of the paste till test samples to applied

load. The response seemed to be material specific. Both the uncemented and cemented total

tailings and sand pastefill samples displayed a varietyofbehaviours underconfinement. The

predominant characteristics ofthe stress-strain curves were initially, linearly elastic which

suggest a brittle behaviour. The materials became ductile under increasing load and were

cbaracterized bystrain softening curves. The cemented sand composite and the uncemented

5-18



•

•

precious Metal tailings samples displayed strain-hardening behaviour under confinement.

This suggests a resilient behaviour. The test samples were characterized by increasing

defonnation modulus and internal friction angle, and decreasing cohesive strength values

with increasingconfining pressure Table 5.2. Tests conducted at a confining pressure of828

kPa showed strain hardening behaviour for some of the uncemented as weil as cemented

material.

The characteristics of the deviator stress versus strain curves were sunilar for both the

uncemented (Figure 5.9) and the cemented (Figure 5.10) base Metal tailings samples. The

curves ofthe uncemented and cemented base Metal tailings samples differ in terms oftheir

respective yield points. The yield points for the uncemented material varied between

deviator-stress values of approximately 0.4 MPa to 1.5 MPa. These should be compared

with about 0.6 MPa to 1.5 MPa for the stabilized samples containing 5 percent cement.

The yield zone for the uncemented base metal tailings samples seems to be more affected by

confining pressure than the cemented material. For example, the transition zones for the

uncemented sample ranged between approximately 0.7 MPa and 1.5 MPa for the material

tested at a confining pressure of828 kPa (Figure 5.12). Mitchell and Wong (1982) have

suggested that the yield point represent the onset of cement bond breakdown under high

confining pressures. The results of this study show that the strengili of the uncemented

material was rather enhanced beyond the yield point under increased confining pressure

probably due to increased density. Head (1980) has indicated that the bulk density of fill

materials tend to increase at the optimum moisture contents. Additionally, Head (1980) has

suggested that there can be no pore pressure build up at the optimum moisture level ofthe

material. Il is also suggested that pore pressure begins to build up after the optimum

moisture level has been reached. When this occurs, the bulk density of the fill beings to

decrease and the material becomes saturated.
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• Table 5.2 Mohr's Circle Parameters for Uncemented Paste Fill

•

Sample Curing Confining Deviator Avg. Friction Cohesion
I.D. Period Stress Stœss Modulus Angle (C)

(a) (al - a)r of «po
Deformation

(E)

(kPa) (kPa) (MPa) (kPa)

207 951
Base Metal 7 414 1359 26 207

Total 828 1933
Tailings

@ 207 991
optimum 14 414 1324 16.5 27 193
moisture 828 2037 29.6
content 22.2

14%
207 930

28 414 1366 28 172
828 2058

207 978
7 414 1453 30 165

Precious 828 2259
Metal
Total 207 862 16.5

Tailings 14 414 1292 22.4 30 138
@ 828 2072 50.8

optimum
moisture

207 984content
17% 28 414 1536 35 117

828 2613

Considering that the uncemented triaxial compression test samples were prepared and tested

at the optimum moisture contents ofthe tailings materials, it is conceivable that the observed

increases in the yield point strengths were due to the combined effects ofthe optimumamount

ofmoisture and apparent changes in density ofthe material with confining pressure (Singh,

1976; Head, 1980).
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5.4.2.4 Sbear Stren&th ParalDelers

The shear streogth parameters have been determined in terms ofthe Mohr-Coulomb failure

envelope as weil as 00 the basis ofa stress path (q-p) (Bishop and Henkel, 1962, Terzaghi

and Peck, 1967) space. The Mohr's circles and the (q-p) plots are presented in Appendix

C-2. The shear strength parameters for the uncemented test samples have been established

in terms ofcuring periods. Typical stress path (q-p) plots have been presented in Figures

5.14 to 5.17. The results show that, the uncemented samples that were prepared and tested

at the optimum moisture contents of the materials, displayed sunilar shear strength

parameters as the cemented samples containing 5% binder (Table 5.3).

The results show that both the uncemented base metal and precious Metal tailings samples

developed similar apparent coh~sionand friction angle values. As expected, the coarserbase

metal tailings samples were characterized by higher apparent cohesive strengths than the

finely milled precious Metal tailings. This is due to the fact that, the base Metal tailings had

bettergradation than thepreciousmetal tailings. Nicholson and Wayment(l967) found that,

maximum density is achieved with a weil graded material. The results ofthis studyalso

indicate that the development ofapparent cohesion was independent ofbindercontent. This

finding is contrary to conclusions reached by Ouellet et al., (1998) regarding paste bacldill

properties and behaviour. The differences between the two observations could be due to

differences in the loading conditions.

The composite blendedltailings and sand samples developed comparable cohesion and

frictional properties as the base Metal tailings in spite ofthe high ultra fine (- 20llm) material

composition (53%). The test results (Table 5.2), suggest however that the composite

samples were the weakest of the investigated materials in the short terro; this is also

demonstrated by the (q-p) failure envelopes in Figure 5.16.

The stress path plots of the test results also indicate the relative stability of the paste fill

materials in this study (Ouellet et al., 1998). In relative tenns, the base Metal tailings
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• pastefill samples were the strongest.

5.4.2.5 Eff'ects ofSand Addition on the Moisture-Density

The effects ofblending tailings and sand mixtures on the density-moisture relationship ofthe

composite products are best illustrated by Table 5.4 and Figure 5.18. The test data for the

density-moisture tests is presented in Appendix C-3. The addition ofsand to both the base

Metal tailings and precious Metal tailings resulted in reductions in the respective moisture

contents ofthe composite products.

The composite tailingslsand samples bad the lowest optimum moisture contents compared

to the straight base Metal and precious Metal tailings samples in this study.

The uncemented composite mixtures also produced lowervoid ratio and porosityvalues than

the straight tailings materials (Table 5.4). The lower porosities were however, offset by

reductions in the optimum moisture levels ofthe composite products. Pore pressure build

up, and the saturation ofsoil-like materials genera1ly occur beyond the optimum moisture

content and after a reduction in the bulk densityofthe material bas taken place (Head, 1980).

The degree of saturation bas been adversely identified as an element which affects the

liquefaction potential ofpaste fili masses (Hassani and Aref, 1988; Udd and Annor, 1993;

Ouellet et al., 1998). In the simplest case, the degree of saturation for soil (Terzaghi and

Peck, 1967) and backtill (Thomas et al; 1979) is a fonction of the moisture content and the

volume ofvoids in the materia!. This May be expressed as shown in equation 5.2

•
Where

Vw
S= -xl00%

Vv

S = degree ofsaturation

Vw = volume ofwater

V v = volume ofvoids
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It is evident from equation 5.2 that any reduction in the volume ofvoids for a fill mass would

result in an increased degree of saturation of the material unIess, there is a corresponding

decrease inmoisture content due to drainage. Figure 5.18 and Table 5.4 seem to support this

facto

The potential implication ofthe above observations is that, the blending oftailings and sand

materials could result in the alteringofthe water content at which the uncemented composite

fill product could become saturated in situ. For example, OueUet et al. (1998) have reported

that, the in situ moisture contents of the investigated paste iills were found to be closer to

saturation levels, six months after the fill had been placed. Based on the results ofthis study,

it is conceivable that sorne of the investigated fills by Ouellet et al. (1998), probably

consisted ofcomposite mixtures oftailings and sand. The observed high moisture contents

could probably he due to changes in the void ratio and density of the fill masses due to the

addition ofsand. The reported high moisture levels could also have been due to othercauses

including, changes in void ratio and ground water infiltration.

Duellet et al. (1998) have further reported that, uncemented samples were found to display

purely frictional behaviour without cohesion. The uncemented samples that were tested at

the optimum moisture contents ofthe respective materials in this studywere found to display

bath cohesion and fiictional behaviour (Table 5.3). It is conceivable that the difference in

the two observations could be due to differences in test procedures and aIso, the moisture

contents ofthe fill materials. Both loading history, (Bishop and Henkel, 1962; Terzaghi and

Peck, 1967) and moisture content (Singh, 1976), have been shown to play important roles

in the properties ofgeotechnical materials. The observed differences between the results of

this study and other reported studies in the literature could be due to these differences.
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•
Table 5.3 Summary ofShear Strength Parameters

•
Gradation Apparent Cohesion Internai Friction
Parameters Optimum Binder Curing

Moisture Content Period
Mohr's (q-p) AngleContent

Pastefill Circle ~o

Material (%) (%) (Days) Mohr's (q-p)
%- (kPa) (kPa) Circle

Cu Cc 20Jlm

Precious Metal 7 250 240 17 22
Tailings 5.3 0.26 42.3 5 14 302 313 16 18
(Cemented) 28 297 282 19 23

Uncemented 7 165 145 30 34
Precious Metal 5.3 0.26 42.3 16.8 0 14 138 125 30 35
Tailings 28 117 100 35 38

Cemented Base 7 193 150 27 23
Metal Total 5.9 1.80 43.5 - 5 14 310 350 31 22.5
Tailings 28 324 330 28 22

Uncemented Base 7 207 190 26 32
Metal Total 5.9 1.80 43.5 14.5 0 14 193 165 27 34
Tailings 28 172 155 28 32

Alluvial Sand 7 337 340 14 12
4.2 1.15 26.5 5 14 317 300 20 17

28 229 180 27 25

Composite 7 166 150 21 18
Blended Tailings 5.5 NIA 53.0 9.0 5 14 159 165 28 24
Sand Paste 28 150 165 32 26
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• Table 5.4 (a) Composite Precious Metal Tailings and Sand

•

TaiIiDp SaDd Opi. Maûmum Void Porosity S.G.
(%) (%) M.C. DeDSity Ratio (%)

(%) (kg/Dll)

100 0 10.3 2332 0.468 31.9 3.43

75 25 9.4- 2276 0.504 33.5 -
65 35 9 22.86 0.5 33.3 -
25 75 8.5 21.63 0.585 36.9 -
5 95 7.84 2182 0.569 36.3 -

100 7 - 2.6

Table 5.4 (b) Composite Blended Base Metal Tailinu and Sand

Tailings Sand Opte MaDmum Void Porosity S.G.
(.") (0A.) MeC. Density Ratio (%)

(%) (kg/Dll)

100 0 22 1547 0.91 47.6 2.96

80 20 16.7 1737 0.626 38.5 -
60 40 14.5 1843 0.484 32.6 -
50 50 11.4 1931 0.447 30.9 -
40 60 10.3 1955 0.424 29.8 -
25 75 10.4 1977 0.388 28 -
0 100 9.8 1710 0.541 35.1 2.64

* Opt M.C. = Optimum Moisture Content

The results of this part of the study suggest tha~ in order to produce a high strength

composite-blended tailings/sand pastefill product, the constituent materials must possess

similar optimum moisture levels. This could prevent the potentiallowering ofthe moisture

content at which the uncemented composite product could become saturated, and tbus,

improve the overall stability ofthe material against liquefaction
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• 5.5 SUMMARY

1. Direct shear strength tests were carried out on uncemented fine and coarse tailings

samples as a function of moisture content to investigate the potential effects of

moisture content on shear strength parameters. The test results indicate that the

shear strength of the uncemented fill samples increased at the optimum moisture

content due to the apparent increase in density of the fill material.

2. The uncemented tailings samples developed apparent cohesion and internai friction

angles that were simiIar to those ofcemented pastefill samples. The strength gain of

the uncemented pastefill samples were attributed to the apparent increases in the

densities of the test samples. The strength gain occurred at the optimum moisture

contents of the respective materials due to increased bulk density.

3. The results ofthis study suggest that the shear strength of uncemented pastefill, or

low cement content masses could be enhanced, if the in situ moisture content ofthe

fill mass could be maintained at or, near the optimum moisture level ofthe material.

4. The response ofthe high-density fill materials to applied load was examined as part

of this study. The composite fill samples demonstrated a resilient behaviour. This

was characterized by strain-hardening curves. The behaviour of the composite

materials in this study suggests that they could be used as special products for tight

filling and void reduction in mines.

•

5. The blending offine tailings with medium grain sand, produced composite mixtures

with reduced porosities and also, optimum moisture levels. This suggests that the

saturation ofthe composite product could occur al relatively low moisture contents,

if the bulk density of the filI material begins to decrease due to pore pressure build

up. The liquefaction resistance ofthe fill would diminish ifthat were to happen.

5-36



•

•

6. The results of this part of the study suggest that the shear strength and saturation

levels of uncemented composite (blended tailings and sand mixtures) could be

enhanced through adequate drainage to reduce any pore pressure build up in the

materials. Additionally, the shear strength of the composite (blended tailingslsand

mixtures) May he improved through the careful selection of the blending (sand)

material. The choice ofthe blending material or sand, should he such that it enhances

the properties ofthe tailings in terms ofvoid ratio and specifie gravity. This would

increase the density of the matena! and aIso, the liquefaction resistance of the

composite product, in the event ofthe loss ofcement bond strength in a stabilized fill

mass.
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6.

CRAPTER6

RELATIVE COMPARISON OF THE mGR DENSITY BACKFILL

PROPERTIES

•

6.1 General

The strength and deformation properties ofgeotechnical materials such as rocks, soils and

bacldills are known to be controlled among other things by void ratio, POrosity and cement

content{Adamsaod Williamson, 1923; Drace, 1965; Walsh, 1965; Lama and Vitukuri, 1978;

Terzaghi and Peck, 1969; Thomas et al., 1979; Berry, 1980; Hedley, 1995). It has also been

suggested by severa! investigators in the field ofgeotechnical research, that there is a direct

relationship between the defonnation modulus and compressive strength for earth materiaIs

inciuding bacldill (Swan, 1985; Hedley, 1995). In this regard, the relationship between

compressive strength and defonnation modulus cao be used as a basis for comparison.

6.1.1 Relative Comp.risons Based on the Mechanic.1 Propertv Test Results

In this section the high-density filis in this study have been compared in terms of their

relative changes in both compressive strength (aJ and defonnation modulus (E), with void

ratio (e), porosity (TI) and binder or cement content (b). The properties ofthe studied high

density fills are summarized in Table 6.1. The mechanicaI property values for pastefill and

cemented rockfill samples reported by Hedley (1995) have aIso been inciuded in Table 6.1

for the purpose ofcomparison.

The test results are in general agreement with the published results in the Iiterature. The

propertiesofthe straight tailings paste fill samples and the composite (blended tailingslsand)

pastefill samples (Table 6.1), are in agreement with the reported results in the literature.

There is also agreement particularly with backfill material properties data reported by the

following: Vickery and Boldt (1989), Ross-Watt (1989) and Boidt et al., (1993).
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•

The cemented rocldill properties compare favorably with those reported by Yu and Counter

(1983, 1996, 1998), Yu (1989), Reschke (1993), Stone (1993), Hedley, (1995) and Farsangi

(1996). Stone (1993), has rePQrted on unconfined compressive strength values worldwide

for 500mm diameter cemented rocldill samples. The data has been presented in Figure 6.1

and compared with the result ofthis study. There is a very good agreement between the two

sets of data as sbown in Figure 6.1. The unconfined compressive strength values for the

CAP fill samples also compare favourablywith the strength of5:1 cemented "aggregate" fill

samples rePQrted by Arioglu (1983).

6.1.2 ScaliDI of Test Resulu to ID Situ CODditions

With regard to the scaling ofthe test results to in situ conditions, Hedley (1995) bas reported

on the in situ deformation modulus for different types ofbacldill. The information bas been

summarized in Table 6.2 for the purpose ofcomparison with the test data on the large size

samples (457mm by 914mm cylinders) from this study. For example, the established

deformation modulus for the 457mm by 914mm. rocldill cylinders ranged between 0.48 to

6.25 GPa. The Mean deformation modulus value was 1.02 GPa. These values compare

favourablywith the in situ values that are reported by Hedley(1995) in Table 6.2 for various

types ofrocldill.

The defonnation modulus values for the CAP fill samples in this study ranged between 140

and 1,180 MPa. The mean value was 613 MPa. This value compares favourably with the

upper range of the in situ stiffness value of 550 MPa for a "pneumatically placed coarse

gravel filI" containing 5 to 7% cement (Table 6.2).

The laboratory establisbed values for the large size paste fill samples containing 6% cement

ranged between 32 and 57 MPa with a Mean value of33 MPa. Hedley (1995) bas reported

on in situ stiffuess values that ranged between 330 and 380 MPa for pastefill containing 10

per cent cement. The large difference between the results of this study and those reported

byHedley May be due to differences in binder type, and composition (6% for the laboratory
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• tests in tbis study, compared to 1001'0 for the in situ test reported in Table 6.2), curing

conditions and lime. Mineralogical compositions and chemistry ofthe tailings, and also size

gradations ofthe tailings materials are the other factors which cao account for the observed

differences. McGuire (1978) bas determined that, the deformation modulus of bacldill

mixtures containing s1ag are higher than mixes without slag. The binder used to stabilize the

in situ placecl fiIl was not given in Hedley's (1995) report. A possible explanation for the

observed differences could be that it is difficult to simulate the in situ placement ofback:fill

in laboratory scale tests. Additionally, the curing conditions for cement hydration in a mine

stope could differ considerably from the conditions in the laboratory (Farsangi, 1996).
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Figure 6.1 Uncontined compression test on cylinders of SOOmm diameter for various

CRF mixes worldwide (after Stone, 1993), and also data from this study.
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Table 6.1 Comparison ofMechanicai Properties ofHigh-Density Fill Samples
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• Table 6.2 In-Situ Stiffuess ofDifferent Types ofBacldill (after Hedley, 1995)

•

Type offiIl Cement Reported No. Modulus Comments
Contents OfMines MPa

%

Smelter Slag 0 1 2

Tailings 0 3 8-48

Alluvial Sand 0 1 55

Tailings 3 2 13-227

Tailings 5 1 13-227

Tailings 6 1 60-530

Alluvial Sand 10 1 245

Tailings 15 1 90-570

Coarse Gravel 5-7 1 100-550 pneumatically placed

Rockfill 5 1 6-140 cement grout percolation

Rockfill 5 1 650-1200 mechanical mixing,
placement

Rockfill 5-7 1 100-400 poorly graded

Rockfill 5-7 1 400-1500 well graded

Rockfill 5-7 1 10-50 coarse aggregate, Iittle
cement

Rockfill 5-7 1 96-200 med. aggregate, sorne
cement

RockfiII 5-7 1 1500-4000 fine aggregate, high cement
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6.1.3 Relative Comp.risons of the Studied Hich-Density Fill Strenldh and

Deformation Modulas

Figure 6.2 shows the relative changes in the unconfined compressive strength and

defonnation modulus for the fill materials in this study. The comparison is based on the

152mm diameter by 300mm high size test sample. The results ofthis study indicate that the

cemented rockfill achieved the highest strength and defonnation modulus values when

compared with the pastefill and the composite fill samples. The straight tailings pastefiU and

the composite (blended tailings and sand pastefill) samples had similar strength and

deformation property values, based on the test conditions of this study. The composite

aggregate pastefill samples displayed strength and deformation properties that were

intermediate between those of the pastefill material and the cemented rocldill. This

behaviour was as expected because the composite fill is considered to be a derivative of

cemented rockfill and paste bacldill.

Caution must be exercised however, in using anyofthe data from this study for actual design

of bacldill systems. This is because of possible differences in quality control measures

(Farsangi, 1996) and operating conditions that May exist at individuaI mine sites, and the

laboratory conditions onder which the reported data in this study were obtained.
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• 6.1 RELATIONSHIPS BETWEEN COMPRESSIVE STRENGTH,

DEFORMATION MODULUS AND vom RATIO, POROSITY AND

BINDERlPOROSrrv RATIO

•

An alternative methodofcomparing the high-density fill properties involved the examination

of relative changes in the compressive strength (aJ and deformation modulus (E) with the

following parameters; void ratio (e), porosity (,,) and hinder/porosity (hl,,) ratio. The

established relationships between compressive strength and void ratio, and deformation

modulus and void ratio are provided in Figures 6.3 and 6.4, respectively. Similar

relationships between compressive strength and PQrosity, and deformation modulus and

porosity are aIso provided in Appendix D.

The results show that, in terms ofvoid ratio andlorPQrosity, the composite tills are better fill

systems than either the cemented rocktill or straight tailings paste fills. The results show that

both the unconfined compressive strength and deformation modulus values increased with

decreased void ratio, and porosity values for all the high-density fill systems in this study.

The composite tills developed the lowest porosity and void ratio values, than either the

straight tailings pastefill or the cemented rocldill samples.

The observed low porosity and void ratio values characteristics of the composite (blended

tailingslsand pastefill and CAP fills), suggest that their application for ground support would

permit a higher volume offill material to he used for hacldill preparation, compared to either

the paste fill or the cemented rocldill. In this regard, a larger percentage of mining and

milling wastes could he used for bacldilling, when a composite fill system is selected at a

mine site. This could also benefit the underground and the surface mine environments in

terms ofeffective utilization ofmining and minerai waste products for ground support.
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• 6.3 SOME PRACTICAL APPLICATIONS OF THE RESULTS OF THIS STUDY

Berry (1980) and Hed1ey (1995) bave proposed that the strength of a backfill material is

directIy proportional to cement or binder content, and inversely proportion to porosity.

Hedley bas determined that the following relationship exists between compressive strengtb

and cement/porosity ratio (b/ll) based on a selected cemented rockfill and paste backfill data.

6.1

Hedley (1995) bas suggested further that, the application of the above relationship would

allow the selection of the binder «"b") replaces "c" cement, in equation 6.1) or. porosity

(Tt} required for achieving a certain level ofstiffuess to be estimated for various fill materials.

The estimates cao be made if relationships can be established between the compressive

strength (ac). and the deformation modulus or the "stiffiless" (E) of the materials.

Swan (1985) has a1so determined that the foUowing relationship exists between the

defonnation modulus and the compressive strength ofcemented rockfill.

6.2

•

Similarly, Hedley (1995) bas shown that the established relationship by Swan (1985) cao be

applied to both cemented rockfill and paste back:fiJl properties. The above two relationships.

(Equation 6.1 and 6.2) were established based on a limited laboratory test data.

The suggested method by Hed1ey (1995) has been used to develop relationships between

compressive strength (aJ and binder/porosity (b/'1) ratio for the cemented rocktill, composite

filIs and the straight tailings pastefill in this study. Similar relationships have also been

developed between the compressive strength (aJ, and defonnation modulus (E) for each of

the three types ofthe high-density tilIs in this study. The relationships between compressive
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• compressive strength and binder porosity ratio were established by plotting the respective

parameters as indicated in Figures 6.5 to 6.7 using the laboratory test results from this study.

The established relationships betweencompressive strength and binder/porosity ratio for the

various fills are as follows:

Oc paste61l = 10.3 (b/l1)1.3O

OC rock6J1 = 13.2 (b/l1)o.90

0ccomposirc 6lIs = 7.2 (b/11)l.39

6.3

6.4

6.5

The information from Figures 6.5 to 6.7 has also been presented collectively in Figure 6.8

which shows that in relative terms, the composite fills were the most efficient bacldill

systems in this study in terms of binder utilization; this is because of the lower porosity

values. The relationship between (oJ and (h/TJ) for the combined high-density fill properties

in this study has been provided in Figure 6.9 in order to permit comparison with other

published data. The established relationship between (oJ and (hl,,) for the combined fills

is as follows:

0ccombincd 611s = 27.5 (b/TI)l.S3 6.6

Similarly, relationships have been found betweencompressive strength (oc) and defonnation

modulus (E) for the individual high-density fiiis in this study as shown in Figures 6.10 to

6.12 as follows:

E pasrc fill = 0.11 (oJO.99

E rock61l = 0.35 (OJI.16

E composirc 611s = 0.21 (oc)l.28

6.7

6.8

6.9

•
Figure 6.13 also shows that in relative tenns, the cemented rocldill was the strongest fill

system among the three high density fills in this study. It is interesting to note that most of
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• the composite (CAP) filI data in Figure 6.13 is closely identified with those ofthe cemented

rocldill. This suggests that the two materiaIs have similarproperties. The trend line ofthe

composite-aggregate filllies between those ofthe cemented rocldill and the straight tailings

paste fill. Figure (6.13) aIso supports the initiaI assertion ofthis study that fundamentally,

composite fiII properties cao be derived from those ofcemented rocidill and paste bacldill.

A relationship for the combined high-density fill properties is aIso shown in Figure 6.14.

The established relationship for the combined high-density fills was as follows:

E high-density fills = 0.162 (aJL29 6.10

•

A plot of the data reported by Hedley (1995) and the data from this study have aIso been

provided in Figures 6.15 and 6.16 respectively in terms of(aJ vs. (b/TJ) and (E) vs. (aJ plots.

Both offigures 6.15 and 6.16 show that there is a very good agreement between the two sets

ofdata.
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•
(Je ROCKFILL = 13.2 (bftt> 0.90
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•

6.3.1 Potenfi.1 AggUe.fions of the Test Results

The established relationships between compressive strength (aJ, moisturelbinder (W/C)

ratio, binder/porosity (hl,,) ratio and defonnation modulus (E) for the straight tailings

pastefill, composite fills and the cemented rockfill samples, as well as the infonnation

provided in Table 6.1, may be used as a planning tool for fill selection toward the

engineering design ofbacldill systems.

Forexample, the established relationships represented byequations 6.1 to 6.10 May be used

in combination with the applicable graphs (Figures 6.S to 6.16), to estimate the requirements

for binder/porosityratio, compressive strength, and the defonnation modulus. The range and

Mean porosityvalues for the various fill types are available from Table 6.1. These values can

be llSed for estimating the potential range of binder/cement requirements for achieving a

specifie deformation modulus value, for any of the high density fills in this study.

A computer program May be written to estimate for each of the fill types in this study, the

potential changes in deformation modulus given the binder/porosity (hl,,) ratio and vise

versa.

An output ofone such computer program is provided below in Table 6.3 for the three high

density fill types in this study.
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• Table 6.3 An Example of Estimated Deformation Modulus values, for a given

BinderlPorosity (b/T) Ratio

Binder Porosity Estimated Defonnation Modulus (E) Values
(b/T'f) Ratio

Tailings Pastefill Composite Fill Cemented Rocldill
(MPa) (MPa) (MPa)

0.08 43 29 501

0.10 57 44 632
0.12 72 61 764

0.15 97 90 965

0.20 140 150 1,303

0.25 186 223 1,645

0.30 236 309 1,990

0.35 287 407 2,337
0.40 341 516 2,687

0.45 397 636 3,038

0.50 455 767 3,392

0.55 514 909 3,747

0.60 575 1,061 4,103

0.65 638 1,223 4,460

0.70 701 1,396 4,819

0.75 767 1,578 5,179

The mean porosity values for the various fiU types from Table 6.1 are:

•
Tailings pastefills:

Base Metal Tailings

Precious Metal Tailings

=44%

=32%
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CAP =20%



• Cemented Rockfill =27%

The binder requirements for developing a specifie defonnation modulus value May be

estimated by using the respective mean porosity values. For example, the designer has the

option of selecting a binder content using the mean porosity values as initial estimates.

Adjustments can be made in terms ofa ehoice ofbacktill systems and the binder/porosity (b/TI)

ratio.

It is suggested that care should be exereised in using the results ofthis study for purposes of

engineering design. The selectionofa any type ofbackfill for practical applications in mining

should be based on other site specifie requirements (Thomas et al., 1979; Stone, 1993) and

not necessarily on the properties of the backfill materials a1one.

•

6.4

1.

2.

3.

SUMMARY

The strength and defonnation properties of the investigated bacldill materials

compare favourably with data in the published literature.

The composite fiIl samples developed the lowest void ratios and porosity values

when compared to the straight tailings and the cemented rockfill samples. This

suggests that the application of composite fiIl systems will enable more mining and

minerai waste produets to be used for backfilling. This could benefit the underground

mine and surface environments through effective waste utilization.

The results ofthis studyalso supports the assertion that the properties ofcomposite

bacldill are essentially a combination of properties of the tailings pastefi[l and the

cemented rocldill properties.
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••

4.

The cemented rocldill was found to be the strongest fill system in this study. The

composite fill properties were intermediate between that ofthe tailing fUis and the

properties ofthe cement rocldill.

A series ofrelationships have been developed for the various high-density fill types

based on the large data base from this study. The established relationships may

permit the selection of binder requirements for achieving a specific backtill

stiffuess, given the binder porosity ratio and the type of bacldill. The infonnation

may he used as a preliminary engineering design tool for mine backfill mix design.

It is suggested that caution should be exercised in using the test data in this study for

design applications in the field. This is because the test data was developed under

carefully controlled laboratory conditions and therefore, the infonnation May not

apply to field conditions.
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•
7.1

CHAPTER7

SUMMARY AND CONCLUSIONS

•

Composite bacldill is a derivative oftailingslsand paste bacldill and cemented rockfill and it

is increasingly gaining recognition as an effective bacldill for use in highly stressed zones

(Raffield et al., 1998; McKinsly and Hakkanen, 1993; Wmgrove, 1993). There is limited

information on the properties and behaviour of this new bacldill system. In this regard, as

mines go deeper, and in situ stresses increase, this new fill system could become the future

direction ofmine backfill technology.

A review ofthe mine backfillliterature shows that most ofthe reported work on composite

fill was condueted on minus 20 mm coarse aggregate material and classified tailings. The

material was placed uncemented, and concrete placement methods were used. This study was

undertaken to determine the characteristics and properties ofcomposite till as a new high

density bacldill product. Two types ofcomposite fiIls were studied. These were: a mixture

oftailings and sand; and composite-aggregate paste or "CAP" fill which consisted ofa blend

ofminus 152 mm rockfill aggregates and full plant tailings. The properties of tailingslsand

paste backfill and cemented rocldill were also studied as a fundamental step towards the

understanding of composite fill behaviour. It was initially proposed that the properties of

composite fills could be derived from the combined properties of cemented rocldill and

tailings/sand paste bacldills.

A comprehensive literature survey was carried on the properties of high-density backfills.

Detailed laboratory investigations were conducted to determine the range oftailings and sand

paste fill pulp densities that would be conducive to composite backfill mix design. The

information of interest to composite fill mix design was the range ofpaste fill pulp densities
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•

•

that would rniojmjze product segregation, reduce void ratio and porosity ofthe composite

mixture, and thus enhance stiflhess and strength development.

The effects of physical properties of the various tailings and sand test materials on paste

formation were also determined as part of the investigation. This contributed towards

identifying the effective consistency range for mixing composite fill materials. The following

physical properties were determined: specific gravity (S.G.) and the particle size gradation

parameters includin& Coefficient ofCurvature (Cc), Coefficient ofUniformity (Cu), and the

ultra-fine materials composition which is expressed in terms ofthe (% -20J.lŒ) size particles

present in the fill material.

The effects of sand addition on strength development involving "blended" tailingslsand

composite fills were also investigated. Sand content ranged between 0 and 75%.

A concept ofComposite-AggregatePaste (CAP) fiIl was introduced and the properties ofthis

materia! were examined relative to those of the cemented tailings paste bacldill and rocktill

samples. An identified optimal mix proportions for coarse aggregates and classified tailings

ranged between 60 to 70 percent aggregates and 30 to 40 percent tailings material by weight.

The effect of the following variables on the strength and defonnation properties of the fiIl

materials in this studywere determined: i) bindertype and composition; ü) water/binder (w/c)

ratio; iü) binder/porosity (bIT]) ratio; iv) void ratio (e); v) curing environment and time.

Seven hundred and eighty nine (789) unconfined compressive strength tests were conducted

to detine the above mentioned parameters. One hundred (100) direct shear box tests and

triaxial compression measurements were conducted to define the shear strength parameters

for the test materials. The effects of optimum moisture content on the shear strength

parameters of the pastetill samples as well as composite-bJended tailinglsand pastefill mix

design and stability were also investigated. Additionally, the response ofthe fin rnaterials to

Joad was examined.



• The seale effects on the strength and defonnation properties ofail three types ofhigh-density

fill samples were detennined in orderto infer the potential behaviour ofthe composite backfill

in situ. Test sample sizes for the study ranged between 38mm and 457mm diameter cylinders

with length to diameter (Vd) ratio of2:1. A few cube samples were also tested.

ThefoUowing conclusions were reached based onthe comprehensive investigation conducted

as part ofthis study:

•

1.

2.

The results ofthe study show that paste tiIl formation depends on several factors and

therefore, particle size distribution alone, cannat be used as a criterionfor determining

tailings or sand paste fill pulp density. Other material properties such as specific

gravity, and the composition offine materials were found to influence water retention

and the onset ofpaste formation. Paste formation occurred over a wide range ofpulp

densities for the tiIl materials in this study. The pulp density range foc paste formation

was also intluenced by particle size gradation parameters ofthe fill materials. These

included: the coefficient ofcurvature (Cc), the coefficient ofuniformity (Cu) and the

ultra-fine particles content which is represented by (% - 20J,lm) material in the 00.

The pulp density limits for paste formation was found to be in general terms, a

"material specific" parameter which can only be determined through testing.

In terms ofsetting mix-design limits foc composite fills, the composite materials that

were prepared at high pulp densities (low slumps or high solids concentrations)

developed relatively higher compressive streogths compared to those prepared at

lower solids concentration. An effective mixing range for the composite tailingslsand

fills in this study was found to be between 178mm (7 in) and 228mm (9 in) slump.

Slump values ofless than 178 mm were found to be too stifffor mixing based 00 the

avaiJable laboratory equipmeot. On the other band, slump values ofhigher than 228

mm proved to be too "soupy" and resulted in the segregation ofthe materials in this

study during mixing.
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•

3.

4.

5.

6.

The addition ofsand to fine tailings as a means ofimproving the size gradation ofthe

composite product did not readily result in strength gain in the short term. Early

improvements in compressive strength occurred when the composite tailingslsand

mixtures had a wider range ofparticle size gradation. Both Cc and Cu values were

required in order to accurately define the size gradation of the fill materials in this

study. For example, Cc values greater than one (1), and (Cu) values greater than four

(4) bave been identified in the literature as indicative ofa weU distributed material.

These identified size gradation limits were appüed to the tin materials in this study.

In this regard, the precious Metal tailings failed the criterion for being weil distributed

materials.

Bulk density has been identified from this study as an effective indicator of early

strength gain in "blended" tailings/sand composite fill mixtures. Direct increases in

the bulk density ofacomposite tailings/sand mixture with increasing sand content was

found to be indicative ofan early strength gain for the fill samples in the study.

Moisture content had a negative effect on the development ofcompressive strength

and defonnation modulus for the studied materials. On the other band, the shear

strength parameters improved at the optimum moisture contents ofthe respective test

materials. Moisturelbinder (w/c) ratio was also found to be an effective parameter for

selecting composite fill mix design limits. Moisturelbinder (w/c) ratios ofless than

three (3) produced higher compressive strengths in composite tailings/sand paste fill

samples in this study. The shear strengtb parameters were also enhanced at the

optimum moisture contents of the studied fill materials. This observation suggests

that the stability ofan uncemented fill mass could be improved ifthe moisture content

could be kept within the optimum range of the specifie material.

The blending of tailings and sand materials repeatedly produced lower porosity

composite produets. The low porosities were however, offset by reductions in the
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•

7.

8.

9.

optimum moisture contents and consequently, the lowering ofthe moisture contents

at which the respective composite pastefill materials reach saturation. A high degree

ofsaturation implies an increased risk of the uncemented fill material stability due

to liquefaction. The potential risk of saturation may be reduced through a carefuI

selection ofthe blending(sand) material by prior testing. Fill stabilization with binder

bas a1so been reported to improve the Iiquefaction resistance ofpaste backfill.

Test samples consisting of composite "blended" tailingslsand pastefill developed

strength and defonnation properties that were similar to, or higher than those ofthe

straight base Metal tailings pastefill. When considered in terms of void ratio or

porosity, the composite material was found to be a better produet than the straight

tailings pastefill. The composite fill samples had lower void ratios and porosities,

when compared with the cemented rocktill or the straight tailings paste fill samples.

The composite material also showed more resiliency than the straight cemented

tailings pastetill which seemed to be brittle at higher binder contents and curing

periods ofmore than 14 days. The low void ratios ofthe composite fill materials in

this study suggest that, more mining and minerai wastes cao be used for fill

preparation at mine sties, if a composite till system is used. This couid benefit the

mine environment by effectively reducing the size ofwaste disposai areas.

The combined features of low void ratio and resiliency, which were the main

characteristics ofthe composite fill materials in this study, suggest that these materials

could be used effectively for void reduction and tight filling in mine stopes.

The response of the high-density straight tailingslsand pastefill and the composite

aggregate paste fill under load was found to be material specifie. Both uncemented

and eemented total tailings paste and sand composite fill samples displayed a variety

of behaviours under confinement. The predominant charaeteristies of the stress

strain curves were initially linear elastic, which suggest a brittle behaviouc. The
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•

10.

Il.

materlals became ductile under increasing load and were characterized by strain

softening curves. The cemented sand/composite and the uncemented precious meta1

total tailings pastefill samples displayed strain-hardening behaviour under

confinement. They were charaeterized by increasing defonnation modulus and

internal friction angles, and decreasing cohesive strength values with increasing

confining pressure. Tests condueted at higher confining pressures indicated strain

hardening behaviour for sorne of the cemented fill samples. Deformation modulus

increased withboth curingperlod and confining pressure for the sand paste/composite

00. This material a1so showed sorne strain-hardening behaviour with increasing

confining pressure which suggests the material stitfened onder increased Joad. This

behaviour suggests that confining pressures ofup to 800 kPa could enhance the in situ

strength and deformation properties of composite filI materials with similar

compositions as those in this study.

With regards to scale effeets, the properties of the straight tailings paste fill, the

composite blended paste fill and the cemented rocldill samples were found to be

strongly scale dependent when compared to that ofthe Composite-Aggregate Paste

(CAP) 00. The CAP fiIl properties did not indicate any scale dependancy based on

the specimen sizes tested in this study. The results suggest that the composite

aggregate fill May not be scale dependent in situ. Because ofthe ditTerences between

the laboratory conditions and the underground mine environment, the in situ

properties of the till could vary from those determined in the laboratory.

Based on the results ofthis study, it cao be concluded that the composite fills have

some unique features that merlt closer examjnation and comparison with straight

tailings or sand pastefills and cemented rocldill systems. In terms of engineering

anaIysis, the application of composite fills could introduce more flexibility ioto

bacldill mix design. The use ofcomposite fiIls would permit more competent fills to

be produced and targeted for special applications, including tight filling ofthe stope
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backand void reduction. In tenus ofengineering analysis, composite fills are stronger

materials and will permit bac1dill systems to be designed for higher free standing

heights when compared to using straight tailings pastetiJl. The composite fiIls in this

study displayed strain hardening charaeteristics which suggests that they do develop

higher stiftbess when compressed. Their application in stressed zones ofa mine could

have the potential for achieving global stability.

FUTURE WORK

This study bas concentrated on fundamental work required to develop concepts and

understanding regarding composite bacldill preparation and material properties. Future

work should take into consideration composite bacldill distribution systems, transportation

and in-situ placement. For example:

•

l.

2.

The state-of-the-art technique for transporting and placing 20mm "aggregate" fill

involves the application of Concrete Technology principles. The aggregates are

transported in pipelines at a pipe diameter-to-maximum aggregate size ratio of5:1

(W"mgrove, 1993). New methods are required for placing composite mixtures offull

plant tailings and coarser material ofup to minus 200mm diameter aggregates in mine

stopes. These need to be developed for the composite-aggregate paste (CAP) 00.

Various options should be investigated for placing CAP fill in situ. This should

include approaches similar to the placement of Consolidated Sand-Rocktill,

Consolidated Sand Waste Fill and Consolidated Sand fill (Yu, 1990). The method

involves the use ofconventional cemented rocldill placement methods with varying

amounts of added sand. The fine material composition ofbetween 5 - 10% ofthe

rocldill aggregates by weigh~must be adjusted to satisfy the 20 - 40% fine materials

composition ofthe CAP fill. Additionally, a review ofSpecial applications concrete
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3.

4.

concrete placement techniques and large aggregate concrete placement methods

should be investigated and the suitable methods adapted to the mining industry.

Alternative mix ratios of coarse and fine materials should be considered in

combination with sorne ofthe supplementary binders and binder addition ratios.

There is a need to investigate further the feasibility of advantageously applying the

optimal moisture contents of filI materials and a minimum amount of binder for

composite pastefill stabilization in situ. The results of this study suggests that

possibly, the potential OOsts for using effective moisture control and a minimum

amount ofbinder for fill stabilization.
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APPENDIX A-I

Eguipment Description and Test Procedures for Particle Size Analysis

Three pieces ofequipment were used for the particle size analysis ofthe materials in this study. This

was done in order to provide a full range ofsize data and therefore to produce a better representation

ofparticle sizes and gradation.

Two pieces of sieving equipment were used for analysing the coarse materials which consisted of

rockfill aggregates and coarser alluvial sand. The particIe size analysis of the coarse material was

performed in accordance with ASTM (C-136) standard procedure.

For the rocldill aggregates initial sieving was done using 457mm x 660mm (18 Il x 26" ) rectangular

screens in a hyclraulic clamping screen shaker. The screen sizes ranged from a maximum of about

102mm (4") openingto a rninimumof9.5mm(3/ 8) opening sizes. For the finerrock:fill materialleft

after sieving with the equipment described above as weil as for the coarse sands, a sieve shaker with

203mm (8") diameter sieves was used. These sieve openings range from a maximum of 4.76mm

(3/16 or the minimum size used in the larger machine) down to a minimum opening size of 53

micrometers.

Sizïng ofthe tailings and the finer sand samples were performed using a laser-based optical particIe

size analyzer (Leblanc and Annor, 1990). The sizing range of the analyzer is 0.5 to 1200 UID.

Typical results ofthe particle size analysis for the composite materials are presented in the following

figures:
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APPENDIX A-2

Sedimentation and Consolidation Tests

Sedimentation Tests

The settling oftai1ings and sand particles in a sluny suspension is influenced by number of

factors including, particle size, specific gravity, the viscosity and pulp density of the

suspension. The sedimentation tests were performed to assess the settling pulp densities of

the sand and tailings IJ!aterials in this study.

Tests Method

In general terms, tailings or sand samples of known dry mass (approximately 800g) was

prepared to an initial pulp density of300!o (by weight ofsolids) and was placed into a 200ml

graduated cylinder. The interface height of the solids suspension was measured

consecutively within time intervals. The settling pulp densities at each settling level was

then detennined.

The pulp density ofa settled suspension is calculated as follows:

Cw = {Gs / [G - (VO - (HI/Ho) x Vol x Yo]} x 100

Where Cw = pulp density % by weight

Gs = solid weight in the sample in the cylinder

G = initial weight ofthe suspension in the cylinder

Vo = initial volume ofthe suspension in the cylinder

HI = initial height ofthe interface

Ho = height of the interface measured



. Fill Ma erialsP . 1 S· D· ·b . Data fi Cartic e IZe lstri ution or OmpoSlte t
Particle size (mm) CAP Fill Materials Blended Tailings/Sand

0.008 0.414 7.5
0.012 0.606 18.5
0.016 0.886 29.6
0.020 2.49 37.6
0.024 3.14 42.6
0.032 4.35 48.8
0.040 5.0 52.7
0.060 5.8 61.7
0.080 6.3 65.9
0.100 6.7 72.2
0.200 7.2 86.3
0.300 7.6 88.2
0.400 8.0 88.2
0.500 8.5 95.7
0.600 9.2 95.7
1.18 15.7 98.0
2.36 22.6 99.2
4.76 38.1 99.7
9.50 63.5 100
12.7 72.5 100
19.1 85.6 100
25.4 90.0 100
38.1 98.5 100
50.8 100 100

.-

•
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Particle Size Distribution Graphs

for Composite Fiii Materials
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APPENDIX A-2

SedimentatioD and ConsolidatioD Tests

Sediment.doD Tests

The settling oftailings and sand particles in a slurry suspension is influenced by number of

factors ineluding, partiele size, specifie gravity, the viscosity and pulp density of the

suspension. The sedimentation tests were performed to assess the settling pulp densities of

the sand and tailings materials in this study.

Tests Method

In general terms, tailings or sand samples ofknown dry mass (approximately 800g) was

prepared to an initial pulp density of30% (by weight ofsolids) and was placed into a 200ml

graduated eylinder. The interface height of the solids suspension was measured

eonseeutively within time intervals. The settling pulp densities at each settling level was

then determined.

The pulp density ofa settled suspension is caleulated as foUows:

Where Cw = pulp density % by weight

Gs = solid weight in the sample in the eylinder

G =initial weight ofthe suspension in the eylinder

Vo = initial volume ofthe suspension in the cylinder

Hl = initial height of the interface

Ho = height ofthe interface measured
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Yo = specific gravity ofwater

Consolidation Tests

When backfill is placed underground, it becomes consolidated due to moisture 10ss and

successive mining and bacldilling activities. The consolidation tests May be used to assess

the extent of changes in fill density due to reduction in porosity under loading from

successive mining and bacldilling operations. The procedure mayalso be used to estimated

the maximum pulp density oftailings or sand fill in a silo (Millette et al., 1998).

Test Method

A standardized consolidation test procedure used in soil mechanics (ASTM 0-2435) was

followed. A sample ofdry materia! of250g was prepared to a settling pulp density ranging

between (70-75% by weight) and was placed into a 6.4mm diameter consolidation cell.

Pressure ranging in 70-210 kPa was applied to compress the sample. The pressure

corresponds to a silo height of 5 to lOm. The changes in volume ofa sample were measured

over a period of24 hours.

Data Presentation

The combined sedimentation and consolidation tests results and graphs for the studied

materia! are presented in the following pages:



SEDIMENTATION TEST
Preeious Metal Tailings 3

Wtoftare •
Wt of tare + sluny =
Wt of sluny •

Initial sluny pulp •
Vol. Of Initial sluny
Ht. Of initial sluny z
Wt of solid in sluny

0.927 kg
3.506 kg
2.579 kg

30 %
2000 ml

41 cm
773.7 g

•

Coresp.
Time Height Volume WtofH2O Wt of new sluny Pulp density

(Hour) (cm) (ml) (a) (g) (%)

0.000 41.00 2000.00 0.00 2579.00 30.00
0.008 40.60 1980.49 19.51 2559.49 30.23
0.017 40.50 1975.61 24.39 2554.81 30.29
0.025 39.70 1938.59 83.41 2515.59 30.76
0.033 39.10 1907.32 92.68 2486.32 31.12
0.050 38.60 1882.93 117.07 2461.93 31.43
0.067 38.00 1853.66 146.34 2432.68 31.80
0.083 37.30 1819.51 180.49 2398.51 32.26
0.100 36.70 1790.24 209.76 2389.24 32.66
0.117 36.10 1760.98 239.02 2339.98 33.06
0.133 35.60 1736.59 263.41 2315.59 33.41
0.150 35.00 1707.32 292.68 2286.32 33.84
0.167 32.10 1565.85 434.15 2144.85 36.07
0.250 29.00 1414.63 585.37 1993.63 38.81
0.333 26.10 1273.17 726.83 1852.17 41.77
0.417 23.50 1146.34 853.66 1725.34 44.84
0.500 14.10 687.80 1312.20 1266.80 61.07
1.000 12.40 604.88 1395.12 1183.88 65.35
2.000 11.90 580.49 1419.51 1159.49 66.73
3.000 11.70 570.73 1429.27 1149.73 67.29
4.000 11.50 560.98 1439.02 1139.98 67.87
5.000 11.40 556.10 1443.90 1135.10 68.16

24.000 11.40 556.10 1443.90 1135.10 68.16



• SEDIMENTATION TEST

Wtoftare =
Wt of tare + slurry =
Wt of slurry =

Initiai slurry pulp =
Vol. Of initial slurry =
Ht. Of initial slurry =
Wt of solid in slurry :

0.9413 kg
3.556 kg

2.6147 kg

30 %
2000 ml

41 cm
784.41 9

•

Coresp.
Time Height Volume WtofHzO Wt of new slurry Pulp density

(Hour) (cm) (ml) (g) (a) (".)

0.000 41.00 . 2000.00 0.00 2614.70 30.00
0.008 40.70 1985.37 14.63 2600.07 30.17
0.017 40.50 1975.61 24.39 2590.31 30.28
0.025 40.10 1956.10 43.90 2570.80 30.51
0.033 39.90 1946.34 53.66 2561.04 30.63
0.050 39.50 1926.83 73.17 2541.53 30.86
0.067 39.00 1902.44 97.56 2517.14 31.16
0.083 38.50 1878.05 121.95 2492.75 31.47
0.100 38.20 1863.42 136.58 2478.12 31.65
0.117 37.60 1834.15 165.85 2448.85 32.03
0.133 37.30 1819.51 180.49 2434.21 32.22
0.150 37.00 1804.88 195.12 2419.58 32.42
0.167 36.50 1780.49 219.51 2395.19 32.75
0.250 34.20 1668.29 331.71 2282.99 34.36
0.333 31.90 1556.10 443.90 2170.80 36.13
0.417 29.90 1458.54 541.46 2073.24 37.84
0.500 27.90 1360.98 639.02 1975.68 39.70
1.000 18.50 902.44 1097.56 1517.14 51.70
2.000 16.40 800.00 1200.00 1414.70 55.45
3.000 15.00 731.71 1268.29 1346.41 58.26
4.000 14.50 707.32 1292.68 1322.02 59.33
5.000 14.00 682.93 1317.07 1297.63 60.45

24.000 12.50 609.76 1390.24 1224.46 64.06
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SEDIMENTATION TEST

Sand 1

Wtoftare =
Wt of tare + sluRy =
Wt of sluRy =

Initial sluRy pulp •
Vol. Of initial sluny
Ht. Of initial slurry •
Wt of solid in sluRy

0.928 kg
3.572 kg
2.844 kg

30 %
2000 ml

41 cm
793.2 g

•

Coresp.
Time Height Volume WtofHzO Wt of new slurry Pulp density

(Hour) (cm) (ml) (al (g) (%)

0.000 41.00 2000.00 0.00 2644.00 30.00

0.008 40.75 1987.80 12.20 2631.80 30.14
0.017 40.45 1973.17 28.83 2817.17 30.31

0.025 38.25 1865.85 134.15 2509.85 31.60

0.033 37.25 1817.07 182.93 2461.07 32.23

0.050 38.15 1763.41 236.59 2407.41 32.95

0.067 34.75 1695.12 304.88 2339.12 33.91

0.083 32.85 1602.44 397.56 2246.44 35.31

0.100 31.35 1529.27 470.73 2173.27 36.50

0.117 29.95 1460.98 539.02 2104.98 37.68

0.133 28.25 1378.05 621.95 2022.05 39.23

0.150 26.75 1304.88 695.12 1948.88 40.70

0.187 25.25 1231.71 768.29 1875.71 42.29
0.250 17.75 865.85 1134.15 1509.85 52.53
0.333 14.75 719.51 1280.49 1363.51 58.17

0.417 14.15 690.24 1309.76 1334.24 59.45

0.500 14.00 682.93 1317.07 1326.93 59.78

1.000 13.65 665.85 1334.15 1309.85 60.56
2.000 13.55 660.98 1339.02 1304.98 60.78

3.000 13.45 656.10 1343.90 1300.10 61.01

4.000 13.45 658.10 1343.90 1300.10 81.01

5.000 13.45 656.10 1343.90 1300.10 61.01

24.000 13.45 658.10 1343.90 1300.10 61.01
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Siump- Tests

The slump tests were carried out ta detennine the relationships between slump and moisture

content for the tailings and sand pastefill mixtures in this study.

Test Metbod and Resalts

The standard slump test (ASTM C-143) procedure used in concrete technology was

followed.

The test results in the form ofslump-vs-moisture content graphs for the studied uncemented

and cemented pastefill samples are presented in the following pages:
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Siump • Moisture Content Relationship

Tailings and Sands • 00/. Binder
• Base Metal Talllngs 1a

y= 0.0004 x"2· 0.124 x+31.215
R"2 =0.866

Where: y =Moisture Content (%)
x =Siump (mm)

• Base Metal Talllngs 1b
y = 0.0004 x"2 - 0.047 x+ 13.989
R"2 =0.992

• Base Metal Talllngs 2
y=0.0002 x"2 • 0.035 x +21.967
R"2= 0.969

X Base Metal Talllngs 3
y=0.0002 x"2 - 0.035 x + 21.983
R"2 =0.946

Je Preclous Metal Talllngs 1
y =2*10"·6 x"3 - 0.0008 x"2 +0.118
x+ 14.824
R"2 =0.996

• Preclous Metal Talllngs 2
y =3*10"·6 x"3 • 0.001 x"2 +0.194 x
+ 13.22
R"2 =0.997

+Preclous Metal 1alllngs 3
y = 2*10"·6 x"3 - 0.0009 x"2 +0.153
x+9.788
R"2= 1

OSand 1
y=2*10"-6 x"3· 0.0009 x"2 +0.157
x + 14.894
R"2 =1

ASand2
y= 7*10"-7 x"3 - 0.0003 x"2 +0.049
x + 12.943
R"2 =0.996

CSand 3
y = 6*10"-7 x1\3· 0.0004 x"2 + 0.092
x+ 7.567
R1\2= 1
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Slump·Molsture Content Relatlonshlps for Uncemented Tallings and Sand Paste FlIIs
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Siump • Moisture Content Relationship

Tailings and Sands ·1 to 30/0 Binder
Includes Sand Additive Data
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APPENDIX B-l

Mecbanical Properties

Unconfined Compressive Strength Test Results

The unconfined compressive strength tests were conducted in accordance with ASTM (C

192 and C-39) specifications.

The results for the various test conditions are presented in the following pages:
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Bulk sample Total Curing COmpressive DeformatiOn

FiliSourœ Density Oiameler Binder Binder Period Strength Modulus Void Porosily

Name Ckalm3\ (nun) Contenl(%) - '. (Oavs) (MPa) IGPa) Ratio (%)

Precious Metal 1734 -1772 102 3 3% PC 14 0.295 0.028 0.60 37.3

Tailings 1755 3 3% PC 14 0.280 0.029 0.60 37.4

3 3% PC 14 0.330 0.029 0.60 37.3

3 3% PC 14 0.289 0.022

3 3% PC 14 0.256 0.019

3 3% PC 14 0.277 0.020

3 1.5% PC+1.5% FA 14 0.290 0.027 0.61 37.7

3 1.5% PC+1.5% FA 14 0.276 0.024 0.61 37.9

3 1.5% PC+1.5% FA 14 0.332 0.027 0.61 37.8

5 5% PC 14 0.411 0.045 0.60 37.3

5 5% PC 14 0.501 0.052 0.59 36.9

5 5% PC 14 0.530 0.059 0.59 36.9

5 5% PC 14 0.400 0.040

5 5% PC 14 0.387 0.043

5 5% PC 14 0.379 0.045

5 2.5% PC+2.5% FA 14 0.482 0.060 0.59 37.1

5 2.5% PC+2.5% FA 14 0.501 0.058 0.59 37.0

5 2.5% PC+2.5% FA 14 0.493 0.056 0.59 37.2

8 8% PC 14 0.598 0.083

8 8% PC 14 0.640 0.082

8 8% PC 14 0.619 0.086

2 2% ProduetA 14 0.490 0.026

2 2% ProduetA 14 0.199 0.025

2 2% ProduetA 14 0.196 0.017
4 4% ProduetA 14 0.614 0.071
4 4% ProduetA 14 0.578 0.070
4 4% ProduetA 14 0.623 0.071

6 6% ProduetA 14 1.030 0.143

6 6% ProductA 14 1.100 0.138

6 6% ProduetA 14 1.030 0.110

8 8% ProductA 14 1.406 0.306

8 8% ProductA 14 1.504 0.342

8 8% ProductA 14 1.319 0.412

3 3% PC 28 0.411 0.035 0.61 37.9

3 3% PC 28 0.422 0.039 0.62 38.1

3 3% PC 28 0.390 0.038 0.59 37.1

3 3% PC 28 0.309 0.024

3 3% PC 28 0.289 0.024

3 3% PC 28 0.296 0.026

3 1.5% PC+1.5% FA 28 0.432 0.034 0.60 37.4

3 1.5% PC+1.5% FA 28 0.428 0.032 0.61 37.8

3 1.5% PC+1.5% FA 28 0.400 0.029 0.60 37.6

5 5% PC 28 0.570 0.048 0.60 37.3

5 5% PC 28 0.530 0.059 0.59 37.1

5 5% PC 28 0.582 0.063 0.59 37.0

5 5% PC 28 0.404 0.044

5 5% PC 28 0.395 0.045

5 5% PC 28 0.432 0.046

5 2.5% PC+2.5% FA 28 0.564 0.071 0.58 36.8

5 2.5% PC+2.5% FA 28 0.587 0.073 0.59 37.1

5 2.5% PC+2.5% FA 28 0.650 0.081 0.59 37.2

8 8% PC 28 0.703 0.088

8 8% PC 28 0.644 0.081

8 8% PC 28 0.703 0.093

2 2%ProdudA 28 0.289 0.043

2 2%ProdudA 28 0.231 0.039

2 2%ProdudA 28 0.240 0.032

4 4%ProdudA 28 0.920 0.092

4 4%ProdudA 28 0.834 0.104

4 4% ProduetA 28 0.891 0.111

6 6% ProductA 28 1.340 0.223

6 6% ProductA 28 1.270 0.198

6 6% ProductA 28 1.110 0.308

8 8% ProductA 28 1.874 0.469

8 8% ProductA 28 1.899 0.475

8 8% ProdudA 28 1.763 0.519

Effect of Alternative Binders
Precious Metal Tailings
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Bulk Sample Total Curing Compressiw Deformation
Fill Source Density Diameler Binder Binder Period Strength Modulus Void Porosity

Name (kalm3) (mm\ Content 1%\ ComDOSition lDavs\ (MPa) lGPa) Ratio (%)

Predous Metal 1734-1n2 102 3 3% PC 56 0.476 0.042 0.61 37.8

Tailings 1755 3 3% PC 56 0.411 0.036 0.60 37.3
3 3% PC 56 0.400 0.036 0.60 37.3
3 3% PC 56 0.303 0.029
3 3% PC 56 0.298 0.032
3 3% PC 56 0.290 0.031
3 1.5% PC+1.5% FA 56 0.470 0.037 0.60 37.4
3 1.5% PC+1.5% FA 56 0.501 0.040 0.60 37.5
3 1.5% PC+1.5% FA 56 0.530 0.045 0.60 37.6
5 5% PC 56 0.6&2 0.074 0.58 36.8
5 5% PC 56 0.631 0.066 0.59 37.2
5 5% PC 56 0.649 0.074 0.59 37.1
5 5% PC 56 0.487 0.057
5 5% PC 56 0.491 0.061
5 5% PC 56 0.501 0.066
5 2.5% PC+2.5% FA 56 0.723 0.095 0.59 37.2
5 2.5% PC+2.5% FA 56 0.763 0.103 0.58 36.7
5 2.5% PC+2.5% FA 56 0.829 0.106 0.59 37.0
8 8% PC 56 0.783 0.100
8 8% PC 56 0.739 0.092
8 8% PC 56 0.730 0.091
2 2% ProduetA 56 0.355 0.036
2 2% ProduetA 56 0.337 0.094
2 2% ProduetA 56 0.291 0.052
4 4% ProduetA 56 1.070 0.107
4 4% ProduetA 56 0.920 0.115
4 4°k Produet A 56 0.840 0.127
8 8% ProduetA 56 2.515 0.629
8 8% ProduetA 56 2.145 0.766
8 8% ProduetA 56 2.232 0.797

Effect of Alternative Binders
Precious Metal Tailings
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Bulk SampIe Total Curing Compressive Deformation

AI' Source Oensity Diameter Binder Binder Period Strength Modulus Void Porosïty

Name Ckalm3) (mm) Content(%\ Co (Davs) (MPa) lGPa) Ratio (%)

Base Metat 1635 -2063 102 3 3% PC 14 0.406 0.078 0.89 47.1

Tailings 1'tu 3 3% PC 14 0.506 0.074 0.89 47.1

3 3% PC 14 0.323 0.044 0.90 47.2

3 1.5% PC+1.5% FA 14 0.258 0.031 0.95 48.6

3 1.5% PC+1.5% FA 14 0.198 0.017 0.95 48.6

3 1.5% PC+1.5% FA 14 0.195 0.013 0.95 48.8

3 2.7% PC+O.3% X 14 0.605 0.070 1.03 50.8

3 2.7% PC+O.3% X 14 0.554 0.054 1.17 53.8

3 2.7% PC+O.3% X 14 0.527 0.061 1.08 52.0

4 1.5% PC+1.5% FA+1% Anhydrite 14 0.340 0.047 0.95 48.6

4 1.5% PC+1.5% FA+1 % Anhydrite 14 0.309 0.041 0.94 48.5

4 1.5% PC+1.5% FA+1% Anhydrite 14 0.309 0.045 0.94 48.5

5 5% PC 14 0.614 0.140 0.81 44.7

5 5% PC 14 0.578 0.161 0.74 42.6

5 5% PC 14 0.623 0.115 0.79 44.2

5 2.5% PC+2.5% FA 14 1.030 0.258 0.78 43.7

5 2.5% PC+2.5% FA 14 1.099 0.229 0.80 44.4

5 2.5% PC+2.5% FA 14 0.961 0.141 0.80 44.4

5 4.5% PC+O.5% X 14 1.282 0.221 1.03 50.8

5 4.5% PC+O.5% X 14 1.295 0.208 1.04 51

5 4.5% PC+O.5% X 14 1.418 0.244 1.03 50.6

6 2.5% PC+2.5% FA+1% Anhydrite 14 1.030 0.117 0.72 42.0

6 2.5% PC+2.5% FA+1% Anhydrite 14 1.100 0.117 0.73 42.1

6 2.5% PC+2.5% FA+1 % Anhvdrite 14 0.961 0.117 0.72 42.0

3 3% PC 28 0.527 0.061 0.89 47.1

3 3% PC 28 0.582 0.050 0.89 47.1

3 3% PC 28 0.612 0.048 0.90 47.2

3 1.5% PC+1.5% FA 28 0.289 0.029 0.94 48.4

3 1.5% PC+1.5% FA 28 0.231 0.039 0.89 47.1

3 1.5% PC+1.5% FA 28 0.242 0.040 0.91 47.6

3 2.7% PC+O.3% X 28 0.684 0.095 1.09 52.1

3 2.7% PC+0.3% X 28 0.580 0.085 1.17 53.8

3 2.7% PC+O.3% X 28 0.605 0.086 1.11 52.7

4 1.5% PC+1.5% FA+1 % Anhydrite 28 0.570 0.086 0.94 48.5

4 1.5% PC+1.5% FA+1% Anhydrite 28 0.600 0.107 0.95 48.6

4 1.5% PC+1.5% FA+1 % Anhydrite 28 0.600 0.100 0.95 48.7

5 5% PC 28 0.920 0.148 0.80 44.4

5 5% PC 28 0.834 0.298 0.81 44.6

5 5% PC 28 0.890 0.297 0.81 44.7

5 2.50/0 PC+2.5% FA 28 1.340 0.186 0.78 43.7

5 2.5% PC+2.5% FA 28 1.264 0.192 0.82 45.2

5 2.5% PC+2.5% FA 28 1.110 0.154 0.84 45.5

5 4.5% PC+O.5% X 28 1.418 0.253 1.04 50.9

5 4.5% PC+O.5% X 28 1.554 0.235 1.04 50.9

5 4.5% PC+O.5% X 28 1.344 0.232 1.04 50.9

6 2.5% PC+2.5% FA+1% Anhydrite 28 1.340 0.176 0.76 43.2

6 2.5% PC+2.5% FA+1 % Anhydrite 28 1.270 0.167 0.77 43.6

6 2.5% PC+2.5% FA+1% Anhvdrite 28 1.110 0.168 0.72 41.7

Effect of Alternative Binders
Base Metal Tailings



•

•

~
2

Bulk Sample Total Curing Compressive Deformation
Fill Source Oensity Diameler Binder Binder Period Strength Modulus Void Porosity

Name (kg(rn3) (nvn) Conaent(%) Com-itiftn (Davs) CMPal (GPa) Ratio (%)
Base Metal 1635-2063 102 3 3% PC 58 0.513 0.095 0.89 47.1

Tailings 1'N 3 3% PC 56 0.522 0.113 0.89 47.0
3 3% PC 56 0.596 0.124 0.96 48.9
3 1.5% PC+1.5% FA 58 0.355 0.077 0.93 48.3
3 1.5% PC+1.5% FA 56 0.337 0.062 0.94 48.4
3 1.5% PC+1.5% FA 56 0.290 0.044 0.95 48.8
3 2.7% PC+O.3% X 56 0.737 0.102 1.12 52.8
3 2.7% PC+O.3% X 56 0.633 0.106 1.12 52.8
3 2.7% PC+O.3% X 56 0.784 0.131 1.11 52.7
4 1.5% PC+1.5% FA+1% Anhydrite 56 0.620 0.115 0.95 48.6
4 1.5% PC+1.5% FA+1 % Anhydrite 56 0.660 0.114 0.95 48.6
4 1.5% PC+1.5% FA+1% Anhydrite 56 0.830 0.119 0.95 48.6
5 5% PC 56 1.070 0.382 0.80 44.4
5 5% PC 56 0.920 0.354 0.79 44.2
5 5% PC 56 0.&40 0.420 0.79 44.3
5 2.5% PC+2.5% FA 56 1.380 0.197 0.79 44.2
5 2.5% PC+2.5% FA 56 2.000 0.233 0.78 43.7
5 2.5% PC+2.5% FA 56 1.400 0.206 0.72 42.0
5 4.5% PC+Q.5% X 56 1.529 0.364 1.02 50.6
5 4.5% PC+0.5% X 56 1.591 0.419 0.99 49.8
5 4.5% PC+O.5% X 56 1.714 0.857 0.99 49.8
6 2.5% PC+2.5% FA+1% Anhydrite 56 0.921 0.139 0.76 43.2
6 2.5% PC+2.5% FA+1% Anhydrite 56 1.38 0.186- o.n 43.5
6 2.5% PC+2.5% FA+1% Anhydrite 56 1.07 0.198 0.82 45.1

Effect of Allemative Binders
Base Metal Tailings
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Curing sample Bulk Total Binder Ail Compressive Defonnation
Period Diameter Density Content Composition Strength Modulus
(Days) (mm) (kalm3) ('KI) (MPa) (GPa)

7 76 2115 6 25% Tailings /75% sand 1.075 2.809
7 76 2130 6 25% Tailings / 75% sand 1.140 0.181
7 76 2124 6 25% Tailinas /75% sand 1.075 1.605
14 76 2108 6 25% Tailings /75% sand 1.447 0.221
14 76 2124 6 25% Tailings /75% Sand 0.811 0.155
14 76 2123 6 25% Tailinas /75% Sand 0.987 0.506
28 76 2094 6 25% Tailings / 75% Sand 1.557 0.115
28 76 2066 6 25% Tailings /75% sand 1.n6 2.565
28 76 2088 6 25% Tailinas /75% sand 1.623 1.235
7 102 2132 6 25% Tailings /75% sand 0.789 0.414
7 102 2128 6 25% Tailings / 75% Sand 0.764 0.993
14 102 2114 6 25% Tailings / 75% sand 1.356 3.119
14 102 2099 6 25% Tailings /75% Sand 1.295 0.120
14 102 2087 6 25% Tailinas / 75% sand 1.369 0.209
28 102 2119 6 25% Tailings /75% sand 1.640 0.390
28 102 2064 6 25% Tailings /75% Sand 1.874 0.129
28 102 2101 6 25% Tailinas /75% Sand 1.640 0.080
1 152 2213 6 25% Tailings f 75% sand 1.632 0.136
7 152 2198 6 25% Tailinas 1 75% sand 1.615 0.116
14 152 2184 6 25% Tailings 1 75% Sand 1.886 0.175
14 152 2200 6 25% Tailinas / 75% Sand 1.738 0.138
28 152 2151 6 25% Tailings / 75% sand 3.081 0.363
28 152 2157 6 25% Tailings f 75% sand 3.059 0.175
7 76 2239 6 50% Tailings /50% sand 0.702 0.270
7 76 2245 6 50% Tailings / 50% Sand 0.768 0.041
7 76 2248 6 50% Tailinas / 50% Sand 0.285 0.014
14 76 2196 6 50% Tailings /50% Sand 0.636 0.076
14 76 2130 6 50% Tailings / 50% Sand 0.482 0.066
14 76 2196 6 50% Tailinas /50% Sand 0.658 0.115
28 76 2155 6 50% Tailings / 50% Sand 0.482 0.055
28 76 2155 6 50% Tailings / 50% Sand 0.482 0.042
28 16 2142 6 50% Tailings / 50% sand 0.702 0.261
28 76 2148 6 50% Tailinas 150% Sand 0.598 0.055
7 102 2234 6 50% Tailings 150% Sand 0.727 0.064
7 102 2218 6 50% Tailings 150% Sand 0.641 0.064
7 102 2233 6 50% Tailinas / 50% Sand 0.851 0.051
14 102 2178 6 50% Tailings 150% Sand 1.665 0.213
14 102 2203 6 50% Tailings 1 50% Sand 1.763 0.358
14 102 2142 6 50% Tailinas 1 50% Sand 0.419 0.161
28 102 2154 6 50% Tailings 150% Sand 1.665 0.086
28 102 2148 6 50% Tailings / 50% Sand 2.306 0.169
28 102 2213 6 50% Tailings / 50% Sand 0.604 0.604
28 102 2220 6 50% Tailings 1 50% Sand 0.580 0.081
28 102 2191 6 50% Tailinas / 50% Sand 0.493 0.061
7 152 2218 6 50% Tailings / 50% sand 0.934 0.153
7 152 2249 6 50% Tailinas /50% sand 0.835 0.119

14 152 2270 6 50% Tailings /50% Sand 1.418 0.168
14 152 2244 6 50% Tailinas /50% sand 1.363 0.096
28 152 2181 6 50% Tailings / 50% sand 1.980 2.846
28 152 2221 6 50% Tailinas / 50% sand 1.740 2.030
7 279 3059 6 50% Tailinas / 50% sand 0.538 0.060
14 219 2452 6 50% Tailinas 150% sand 0.652 0.031
28 279 2685 6 50% Tailinas 150% Sand 1.109 0.091

Composite FiJI
Pr8c:ious Metal Tailings

111
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Curing Sample Total Binder Compressive Deformation
Period Diameter Content Strength Modulus
(Davs) (mm) (%) (MPa) (GPa)

14 150 5 4.880 0.968
14 150 5 7.610 1.122
14 150 5 6.490 1.405
14 150 7 4.820 1.990
14 150 7 4.570 0.807
14 150 7 10.880 1.102
14 150 7 5.410 1.082
14 150 7 8.920 24.610
14 150 7 5.120 16.780
14 150 7 5.370 7.482
28 150 5 3.610 4.592
28 150 5 5.270 13.013
28 150 5 4.480 13.755
28 150 5 4.500 17.806
28 150 5 4.000 14.021
28 150 7 7.560 1.229
28 150 7 8.880 0.765
28 150 7 4.290 13.756
28 150 7 7.270 17.529
28 150 7 5.900 22.497
28 150 7 3.630 20.647
56 150 5 7.080 1.311
56 150 5 7.080 1.436
56 150 5 2.490 11.203
56 150 5 3.770 13.605
56 150 5 4.640 6.351
56 150 5 7.560 9.309
56 150 7 8.730 22.030
56 150 7 4.120 14.280
56 150 7 7.050 17.418
14 457 5 3.020 0.509
14 457 5 2.320 0.918
14 457 5 0.820 0.539
14 457 5 2.430 0.267
14 457 5 2.110 1.082
14 457 5 2.290 0.464
14 457 5 4.710 1.892
14 457 5 3.770 1.614
14 457 5 2.370 0.438
14 457 5 2.260 0.107
14 457 5 2.160 0.092

Rockfill.xls
Cemented Rockfilf Data

1/3
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14 457 5 5.680 0.986
14 457 7 2.670 1.360
14 457 7 2.440 0.676
14 457 7 2.910 1.365
14 457 7 3.010 0.609
14 457 7 3.940 2.102
14 457 7 3.390 1.966
14 457 7 3.790 1.204
14 457 7 7.800 1.438
14 457 7 3.700 0.591
14 457 7 3.150 0.796
14 457 7 3.810 2.189
28 457 5 3.080 1.011
28 457 5 2.210 0.522
28 457 5 2.100 0.478
28 457 5 2.180 1.717
28 457 5 2.660 0.941
28 457 5 2.640 0.638
28 457 5 2.690 0.765
28 457 5 3.230 0.967
28 457 5 0.816 0.816
28 457 5 3.390 0.659
28 457 5 2.470 1.714
28 457 5 2.990 1.304
28 457 7 4.010 0.943
28 457 7 3.470 0.848
28 457 7 2.000 6.253
28 457 7 2.610 0.559
28 457 7 2.030 1.127
28 457 7 4.200 0.947
28 457 7 4.370 1.547
28 457 7 3.790 0.558
28 457 7 4.030 0.612
28 457 7 5.630 2.627
28 457 7 4.510 0.987
28 457 7 3.640 0.750
56 457 5 2.500 0.501
56 457 5 1.460 0.584
56 457 5 2.690 1.207
56 457 5 2.830 0.539
56 457 5 3.750 0.642
56 457 5 1.820 0.757
56 457 5 5.470 1.020
56 457 5 2.770 0.737

Rockfill.xls
Cemented Rockfill Data

213
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56 457 5 2.470 0.583
56 457 5 2.670 1.044
56 457 5 1.320 0.486
56 457 5 1.420 0.643
56 457 7 3.120 0.696
56 457 7 2.700 1.113
56 457 7 2.870 0.257
56 457 7 2.450 0.440
56 457 7 3.510 1.436
56 457 7 2.380 2.485
56 457 7 1.620 1.109
56 457 7 0.920 0.329
56 457 7 6.740 1.273
56 457 7 3.760 1.395
56 457 7 3.030 0.715
56 457 7 4.370 0.946

Rockfill.xls
Cemented Rockfill Data

3/3
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APPENDIX 8-2

Relationship between uDconfioed compressive strength and water cement (W/C) ratio

for the studied materials.

This appendix contains the graphs of unconfined compressive strength (aJversus

water/cement (w/c) ratio for the straight tailings, composite and sand pastefill samples.
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APPENDIX C-l

Trimai Compressive Streogtb Tests

Shear Strength Parameters

Mohr's Circles and Failure Envelope Parameters for the pastefill samples are summarized

in this section:
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Mohr's Circle Parameters for Uncemented Pute Fm Samples

Sample Curîng Confining Oeviator Avg. Friction Cohesion
1.0. Period Pressure Stress Modulus Angle

(03) (03 - °3) ofDeformation 4»0 (C)
(E)

(kPa) (kPa) (MPa) (kPa)

207 951
7 414 1359 26 207

Total 828 1933
Tailings Base

207Metal 991
14 414 1324 16.5 27 193

828 2037 29.6

207 930 22.2

28 414 1366 28 172
828 2058

207 978
7 414 1453 30 165

828 2259
Total

Tailings 207 862 16.5
Precious 14 414 1292 22.4 30 138

Metal 828 2072 50.8

207 984
28 414 1536 3S 117

828 2613



• Mohr-Coloumb FaDure Envelope
Precious Metal Tailings - Dncemented
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• Mohr-Coloumb Failure Envelope
Precious Metal Tailings - Uncemeoted
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• Mohr-Coloumb Failure Envelope
Precious Metal Tailings - Uncemented
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Mobr-Coloumb Failure Envelope
Base Metal Tailiogs - Uncemented
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• Mobr-Coloumb FaUure Envelope
Base Metal Taillags - Uncemented
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Mobr-Coloumb Failure Envelope
Base Metal TaWngs - Uncemented
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Mobr's Cirele Parameten for CemeDted Paste FiU Samgles

Precious Metal Tailings (Cu = 5.3, % - 20J1m = 42.3%)

Cement Curing Confining Deviator Stress Deformation Friction Cohesion
Content Period Pressure (01 .0) Modulus Angle Range

(%) (days) (a) E 4»0 C

(kPa) (kPa)
(MPa) (kPa)

207 828 12.6
414 1034 20.5
828 1329 17.5

7 17 250
207 862 12.8
414 1069 17.5
828 1414 19.5

207 897 19.7

5 414 1207 41.0
828 1329 12.8

14 16 302
207 966 14.9
414 1138 16.4
828 1448 12.1

207 1000 42.0
28 414 1241 65.0 19 297

828 1586 68.0



• Mohr-Coloumb FaUure Envelope
Precious Metal Taillags - S% PC

7 daycuring
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• Mohr-Coloumb Failure Envelope
Precious Metal Tailings - S% PC

14 day (uring
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• Mohr-Coloumb Failure Envelope
Precious Metal TailiDgs - 5% PC

28 day (uring
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Mohr's Cirele Par.meten for CemeDted Paste Fill Samgles

Sand (Cu = 4.2, % - 20Jllll =26.5%)

Cement Curing Confining Deviator Stress Deformation Friction Cohesion
Content Period Pressure (al - (3) Modulus Angle Range

(%) (days) (°3) E ~o C

(kPa) (kPa) (MPa) (kPa)

207 999 12.0
7 414 1122 17.0 14 337

828 1393 10.0

207 1073 25.6
14 414 1393 18.7 20 317

828 1714 35.0

5 207 1233 27.0
28 414 1763 19.1 27 299

828 2244 70.0
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Mohr's Cirele Parameten for CemeDted Paste Fm Samples

Base Metal Tailings (Cu = 5.9, % - 20J.UD = 43.5%)

Cement Curïng Confining Deviator Stress Defonnation Friction Cohesion
Content Period Pressure (al -03) Modulus Angle Range

(%) (days) (03) E <1»0 C

(kPa) (kPa)
(MPa) (kPa)

207 991 49.2
414 1324 41.0
828 2036 35.1

7 27 193
207 930 35.0
414 1366 42.5
828 2057 61.5

5
207 1637 117.1
414 1820 76.5
828 2850 41.0

14 31 310
207 1804 170.0
414 2137 102.5
828 2740 102.5

207 1408 102.8
414 1938 77.5

28 828 2541 41.0
28 324

207 1512 63.8
414 1938 42.5
828 2492 51.0



• Mohr-Coloumb Failure Envelope
Base Metal TaiUngs - S% PC

7 daycuring
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• Mobr-Coloumb FaUure Envelope
Base Metal Taillngs - S% PC

14 day curing
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• Mohr-Coloumb Failure Envelope
Base Metal Tallings - 5% PC

28 day curing
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• Mohr-Coloumb Failure Envelope
Sand #1, 7 day curing, 5% PC
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• Mohr..coloumb FaDure Eovelope
Sand #1, 14 day curing, 5% PC
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• Mobr-ColoUDlb Failure Envelope
Sand #1, 28 day curiag, 5% PC
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Mohr's Cirele Paramelen for Cemented Pasle FUI Samples

Composite Blended Precious Metal Tailings & Sand (Cu = 5.0, % - 20J,1m = 55%)

Cement Curing Confining Deviator Stress Deformation Friction Cohesion
Content Period Pressure (a l- 03) Modulus Angle Range

(%) (days) (a3) E 4»0 (kPa)
(MPa)

(kPa) (kPa)

207 690 7.1
7 414 965 8.2 21 166

828 1393 6.1

207 931 14.3
14 414 1241 4.3 28 159

828 2034 14.1

5 207 1023 24.7
28 414 1358 21.1 32 150

828 2367 11.0



• Mohr-Coloumb Failure EDvelope
Composte Blended Taillogs/Sand
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• Mobr-Coloumb Failure Envelope
Composte Blended Tailings/Sand

Normal Stress, a (kPa)

500 -r----------------------------------r 3450

300

200

100

Cohesion =23

2760

2070 r:n
::r
;:
~

r:na
Y'..
~
;:

1380 -

690

•

O+--....L.--.L.-.--+-.L....---..L...----+---&.----l--------f--L------+-O

o 100 200 300 400 500

Normal Stress, a (psi)

Typical Mohr's Circle Failure Envelope for Composite Blended Tailings/Sand
(14 days curing)



• Mobr-Coloumb Failure Envelope
Composte Blended Tailings/Sand

Normal Stress, cr (kPa)
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Trimai Compressive Strength Test Resalts

Failure envelopes based on (q-p) stress path plots for the pastefill samples are presented in

this section.
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q • P Plots for Paste Fills after 7 Days Curing
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q - P Plots for Precious Metal Tailings

(Cu =5.3, % - 20JJ,m =42.3%)
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q • P Plots for Blended Precious Metal Tailings

and Sand Composite Fill
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Dry DeDsity vs. Moisture RelatioDsbips (CompaetioD Tests)

The compaction tests were conducted to evaluate the variation in density and optimum

moisture for the composite (blended tailing and sand) materials in this study. The tests were

performed in accordance with ASTM (0-698) specifications

The tests results are presented in this section.



• Description of Soli:
Date ofTest:
Performed By:

Weight ofMold:
Volume ofAfold:
Specifie Gravity:

Moisture-Density RelatioDship Testing

100% Base Metal Tailings
June 30. 97
Stefan FurevJSoutsay Boualavong

4.293 kg
944 cm3

2.96

Dry Unit Weight Determination
Trial No. 1 2 3 4 5
Wt. Mold + Compacted
Sail (ka) 5.831 6.072 6.044 6.041 5.985

Wt. Mord (ka) 4.293 4.293 4.293 4.293 4.293
Wt. Compacted Soil
iCkal 1.538 1.779 1.751 1.748 1.692
Wet Unit Weight
(ka/m3

) 1629.2 1884.5 1854.9 1851.7 1792.4
Dry Unit Weight
ICka/m3

) 1456.3 1545.9 1493.9 1462.2 1366.9

Void Ratio 1.028 0.911 0.977 1.020 1.161
Porositv (%) 50.7 47.7 49.4 50.5 53.7

Moisture Content Determination
Trial No. 1 2 3 4 5
Wl. Tare (g) 1 21.36 21.96 21.84 22.24 22.08

2 22.46 21.94 21.09 21.92 21.07

Wt. Wet Sail + 1 50.75 53.91 59.95 87.78 81.45
Tare (a) 2 57.61 55.32 61.69 58.04 69.83

Wt. Dry Sail + 1 47.26 46.91 50.74 70.32 62.97
Tare (a) 2 53.56 48.17 51.79 48.15 54.52

Moisture Content 1 11.87 21.91 24.17 26.64 31.13
(%) 2 11.52 21.42 24.38 27.38 31.40
Ava. Moisture Content 11.70 21.66 24.28 27.01 31.26

•
Optimum Moisture Content:
Maximum Dry Density:

22.0 %
1547 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Sail:
Date of Test:
Performed By:

Weight ofAfold:
Volume ofAfold:
Specifie Gravity:

Moisture-DeDsity RelatioDship Testing

80% Base Metal Tailings/20% Sand
July 02.97
Stefan Furev/Soutsay Boualavong

4.292 kg
944 cm3

2.83

Dry Unit Weight Determination
Trial No. 1 2 3 4 5
Wt. Mold + Compacted
Sail (ka) 5.920 6.044 6.137 6.208 6.106
Wt. Mold (ka) 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Soil
(ka) 1.628 1.752 1.845 1.916 1.814
Wet Unit Weight
l(ka/m3

) 1724.6 1855.9 1954.4 2029.7 1921.6
Dry Unit Weight
iCkwm3

) 1590.2 1667.9 1703.1 1731.9 1567.0

Void Ratio 0.776 0.693 0.658 0.631 0.802
Porositv (%) 43.7 40.9 39.7 38.7 44.5

Moisture Content Determination

Trial No. 1 2 3 4 5
Wt. Tare (g) 1 22.18 22.35 21.86 21.42 22.54

2 21.27 21.91 21.08 22.01 21.96

Wt. Wet Sail + 1 47.60 49.05 49.99 57.06 75.48
Tare (a) 2 33.25 57.86 41.57 75.86 76.65

Wt. Dry Sail + 1 45.34 45.80 45.75 50.80 63.48
Tare (a) 2 32.29 54.13 38.61 66.80 64.29

Moisture Content 1 8.89 12.17 15.07 17.56 22.67
1(%) 2 8.01 10.38 14.45 16.82 22.60
Ava. Moisture Content 8.45 11.27 14.76 17.19 22.63

•
Optimum Moisture Content:
Maximum Dry Density:

16.7 %
1737 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Soil:
Date of Test:
Performed By:

Weight ofMold:
Volume ofMold:
Specifie Gravity:

Moisture-DeDsity ReladoDship TestiDg

60% Base Metal Tailings/40ok Sand
July 02.97
Stefan Furey/Soutsay Boualavong

4.291 kg
944 cm3

2.74

Dry Unit Weight Determination
Trial No. 1 2 3 4 5

Wt. Mold + Compacted
Soil (kQ) 5.984 6.121 6.283 6.212 6.124

Wt. Mold (ka) 4.291 4.291 4.291 4.291 4.291
Wt. Compacted Soil
'(ka) 1.693 1.83 1.992 1.921 1.833
Wet Unit Weight

1(kalm3
) 1793.4 1938.6 2110.2 2035.0 1941.7

Dry Unit Weight
i(ka/m3

) 1706.6 1164.9 1841.1 1739.3 1618.0

Void Ratio 0.602 0.549 0.485 0.572 0.690
Porositv (%) 37.6 35.5 32.6 36.4 40.8

Moisture Content Determination

Trial No. 1 2 3 4 5
Wt. Tare (g) 1 19.93 20.25 23.52 22.34 22.57

2 20.88 22.85 22.76 21.14 21.56

Wt. Wet Sail + 1 61.10 58.18 77.53 77.85 76.65
Tare (a) 2 60.48 58.29 81.44 11.60 85.61

Wt. Dry Soil + 1 59.18 55.01 69.72 68.33 65.91
Tare (a) 2 58.21 54.73 72.82 63.10 72.15

Moisture Content 1 4.60 9.63 14.46 17.15 19.86
1(%) 2 5.58 10.05 14.69 16.85 20.15
Ava. Moisture Content 5.09 9.84 14.58 17.00 20.01

•
Optimum Moisture Content:
Maximum Dry Density:

14.5 %
1843 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Sail:
Date of Test:
Performed By:

Weight ofMold:
Volume ofMold:
Specifie G,avity:

Moistore-DeDsity RelatioDship Testing

40% Base Metal Tailings/60ok Sand
July 07.97
Stefan Furey

4.293 kg
944 cm3

2.79

Dry Unit Weight Determination
Trial No. 1 2 3 4 5
Wl. Mold + Compacted
Soil (ka) 6.149 6.277 6.337 6.301 6.238
Wl. Mold (ka) 4.293 4.293 4.293 4.293 4.293
Wl. Compacted Sail
i(kg) 1.856 1.984 2.044 2.008 1.945
Wet Unit Weight
(kalm3

) 1966.1 2101.7 2165.3 2127.1 2060.4
Dry Unit Weight

1(kalm3
) 1866.6 1936.1 1949.9 1871.6 1759.3

Void Ratio 0.492 0.438 0.428 0.488 0.583

Porositv 33.0 30.5 30.0 32.8 36.8

Moisture Content Determination

Trial No. 1 2 3 4 5
Wl. Tare (g) 1 22.12 20.24 21.85 19.94 22.33

2 21.26 22.33 21.40 21.00 21.87

Wt. Wet Soil + 1 60.53 53.62 69.56 77.63 83.88
Tare (a) 2 56.73 55.84 58.81 73.29 84.90

Wl. Dry Sail + 1 58.47 50.78 64.34 69.71 73.30
Tare (a) 2 54.85 52.96 54.64 66.19 74.16

Moisture Content 1 5.36 8.51 10.94 13.73 17.19
i(%) 2 5.30 8.59 11.15 13.58 17.04
Ava. Moisture Content 5.33 8.55 11.04 13.65 17.11

•
Optimum Moisture Content:
Maximum Dry Density:

10.3 %
1955 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Sail:
Date of Test:
Performed By:

Weight of1II01d:
Volume ofMold:
Specifie Gravity:

Moistare-DeDsity RelatioDship TestiDg

50% Base Metal Tailings/50% Sand
June 30.97
Stefan Furey/Soutsay Boualavong

4.293 kg
944 cm3

2.8

Dry Unit Weight Determination
Trial No. 1 2 3 4 5

Wt. Mold + Compacted
Sail (ka) 6.083 6.185 6.324 6.286 6.244

Wt. Mold (ka) 4.293 4.293 4.293 4.293 4.293
Wt. Compacted Sail
(ka) 1.79 1.892 2.031 1.993 1.951
Wet Unit Weight
l(kalm3) 1896.2 2004.2 2151.5 2111.2 2066.7
Dry Unit Weight

1(ka/m3) 1800.7 1859.7 1930.8 1861.1 1775.8

Void Ratio 0.552 0.503 0.447 0.501 0.574

Porositv 35.6 33.4 30.9 33.4 36.5

Moisture Content Determination

Trial No. 1 2 3 4 5
Wt. Tare (g) 1 22.75 23.04 22.56 21.62 21.57

2 22.00 22.91 21.99 20.78 22.76

Wt. Wet Soil + 1 55.85 51.13 65.01 60.32 55.75
Tare (a) 2 54.69 49.61 61.56 61.37 62.29

Wt. Dry Sail + 1 54.14 48.92 60.24 55.18 50.23
Tare (a) 2 52.91 47.56 56.96 55.85 55.72

Moisture Content 1 5.17 7.87 11.24 13.28 16.15
1(%) 2 5.45 7.68 11.62 13.60 16.62
Ava. Moisture Content 5.31 7.77 11.43 13.44 16.39

•
Optimum Moisture Content:
Maximum Dry Density:

11.4 %
1931 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Soil:
Date of Test:
Perforrned By:

Weight ofMold:
Volume ofMold:
Specific Gravity:

Moisture-DeDsity RelatioDsbip TestiDg

25% Base Metal Tailingsl75% Sand
June 30.97
Stefan FureylSoutsay Boualavong

4.293 kg
944 cm3

2.75

Dry Unit Weight Determination
Trial No. 1 2 3 4 5

Wt. Mold + Compacted
Soil (ka) 6.097 6.206 6.348 6.326 6.304
Wt. Mold (ka) 4.293 4.293 4.293 4.293 4.293
Wt. Compacted Soil
ICka) 1.804 1.913 2.055 2.033 2.011
Wet Unit Weight
l(ka/m3

} 1911.0 2026.5 2176.9 2153.6 2130.3
Dry Unit Weight
!Ckalm3

) 1855.2 1879.1 1974.7 1936.2 1871.2

Void Ratio 0.479 0.461 0.390 0.417 0.467
Porositv (%) 32.4 31.5 28.0 29.5 31.8

Moisture Content Determination
Trial No. 1 2 3 4 5
Wt. Tare (g) 1 22.13 21.86 21.08 22.03 22.50

2 21.18 22.35 21.86 21.95 21.39

Wt. Wet Sail + 1 51.72 62.00 57.91 68.42 78.38
Tare (a) 2 43.60 58.04 67.43 60.12 92.19

Wt. Dry Soil + 1 50.81 58.83 54.19 63.12 70.63
Tare (a) 2 42.94 55.26 62.70 55.91 82.40

Moisture Content 1 3.08 7.90 10.10 11.42 13.87
1(%) 2 2.94 7.79 10.38 11.03 13.83
Ava. Moisture Content 3.01 7.84 10.24 11.23 13.85

•
Optimum Moisture Content:
Maximum Dry Density:

10.4 %
1977 kg/m3



• •
Dry Density vs. Moisture Content
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1. Description of Soil:
Date of Test:
Perforrned By:

Weight of IIIold:
Volume ofIIIold:
Specifie Gravity:

MoistureaDeDsity RelatioDship Testing

100% Sand
June 30.97
Stefan FureylSoutsay Boualavong

4.293 kg
944 cm3

2.64

Dry Unit Weight Determination
Trial No. 1 2 3 4 5
Wt. Mold + Compacted
Sail (ka) 5.885 5.915 5.944 6.072 6.014
Wt. Mold (ka) 4.293 4.293 4.293 4.293 4.293
Wt. Compacted Sail
[(ka) 1.592 1.622 1.651 1.779 1.721
Wet Unit Weight
iCkalm3

) 1686.4 1718.2 1748.9 1884.5 1823.1
Dry Unit Weight
1(ka/m3

) 1646.8 1642.3 1636.3 1709.1 1556.0
Void Ratio 0.600 0.604 0.610 0.542 0.693
Porositv (%) 37.5 37.7 37.9 35.1 40.9

Moisture Content Determination

Trial No. 1 2 3 4 5
Wt. Tare (g) 1 22.36 20.24 22.88 22.74 21.05

2 19.91 20.87 21.14 22.60 20.97

Wt. Wet Sail + 1 50.76 47.10 46.56 51.27 70.17
Tare (Q) 2 53.32 52.04 41.77 51.85 58.41

Wt. Dry Sail + 1 50.08 45.85 44.94 48.35 61.73
Tare (a) 2 52.51 50.61 40.34 48.84 51.99

Moisture Content 1 2.39 4.65 6.84 10.23 17.18
1(%) 2 2.42 4.59 6.93 10.29 17.15
Avg. Moisture Content 2.41 4.62 6.89 10.26 17.16

•
Optimum Moisture Content:
Maximum Dry Density:

9.8 %
1710 kg/m3



• •
Dry Density vs. Moisture Content
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Dry Density vs. Moisture Content
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•

•

ranici. ;:t1Z. raruc••
(JII11) 100T 10T/20S 6OT/40S SOT/SOS 4OT/60S 25T"SS Siz. (pm) 1008

3 5.11 5.50 5.51 4.95 3.99 2.36 12 4.08
4 9.38 9.76 9.79 8.70 7.27 4.25 16 5.n
5 14.27 14.40 13.95 12.68 10.77 624 20 6.56
6 21.70 20.13 20.34 19.00 16.55 8.99 24 7.18
7 28.84 26.82 27.34 25.06 21.23 11.88 32 7.56
8 34.75 31.91 32.09 30.04 25.43 14.21 40 7.77
9 40.49 36.07 38.41 34.07 28.55 16.47 60 8.56
10 44.59 41.20 40.10 36.00 31.08 18.11 80 9.06
20 77.19 62.16 56.55 55.05 48.76 27.71 100 12.40
30 85.83 68.52 63.57 59.76 52.45 31.29 200 47.11
40 90.54 70.n 63.57 67.04 54.66 32.19 300 67.83
50 94.13 74.38 65.33 67.05 54.66 33.78 400 85.31
60 96.27 79.37 67.71 71.64 54.66 34.81 500 93.86
70 96.27 82.30 67.71 74.38 54.66 36.32 600 100.00
80 100.00 86.35 67.71 81.05 54.66 39.87 700 100.00
90 100.00 86.35 76.41 81.05 58.00 41.n
100 100.00 91.41 76.41 81.05 61.79 43.92
150 100.00 91.41 90.55 85.71 65.71 59.11
200 100.00 100.00 100.00 85.71 80.79 91.56
300 100.00 100.00 100.00 100.00 100.00 100.00

SUllllllllry

IOOT 10T/ZOS 6OT/40S SOT/SOS 40T/60S Z5T/7SS 1008

-20 77.19 62.16 56.55 55.05 48.76 27.71 6.56
-75 98.14 84.33 67.71 77.72 54.66 38.10 8.94

Coefficient
uniformity 3 4.5 5.5 7.3 19.6 24.2 2.9

(Cil" dcsold1o)



•
Particle Size Distribution

Proctor Test Sizing Results
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• Description of Soil:
Date of Test:
Performed By:

Weight ofMold:
Volume ofMold:
Specifie Gravity:

Moisture-DeDsity Rel.doDship TestiDg

100% Precious Metal Tailings
1/1911998
Andrew Breckon

4.292 kg
937 cm3

3.43

Dry Unit Weight Determination
Trial No. 1 2 3 4 5 6

Wt. Mold + Compacted
Soil (ka) 6.473 6.524 6.595 6.691 6.673 6.673

Wt. Mold (ka) 4.292 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Soil
I(ka) 2.181 2.232 2.303 2.399 2.381 2.381
Wet Unit Weight
(kalm3) 2327.6 2382.1 2457.8 2560.3 2541.1 2541.1
Dry Unit Weight
l(kQlm3

) 2173.8 2182.9 2231.6 2331.2 2278.0 2189.3

Void Ratio 0.575 0.568 0.534 0.468 0.503 0.564
Porositv (%) 36.5 36.2 34.8 31.9 33.5 36.0

Moisture Content Determination

Trial No. 1 2 3 4 5 6

Wt. Tare (g) 1 21.29 20.34 20.30 19.81 20.80 21.92
2 21.06 20.87 22.18 20.97 21.13 20.40

Wt. Wet Soil + 1 35.84 37.55 35.69 29.68 53.18 45.94
Tare (a) 2 37.20 43.15 47.05 43.84 40.11 39.47

Wt. Dry Soil + 1 34.81 35.98 34.13 28.71 49.44 42.08
Tare (a) 2 36.06 41.30 44.57 41.41 38.00 36.41

Moisture Content 1 7.08 9.12 10.14 9.83 11.55 16.07
Il%) 2 7.06 8.30 9.97 10.63 11.12 16.05

AVQ. Moisture Content 7.07 8.71 10.05 10.23 11.33 16.06

•
Optimum Moisture Content:
Maximum Dry Density:

10.3 %
2332 kg/m3



• •
Dry Density vs. Moisture Content

2340 1 i i i , j , i , , i

1 1 -----�.- ---------I~---- -1-------------1-------1---------- ---1---- ·-----I--------f-------3-----'- ----~-3-5---=1----·-=J----==r---------1-----·---3------1----1
1 ------ -- --.-.---- -- - ------- - ----.-- -- -- - --- ------ --------- ----~ - ._--- - - - ------ ._- ~--_.... _~ ------~- _._-- -~-~

2320 ~ 1-------- ------I------~-I------------1------ ------I-----~-- 1

- -----------1------.-------

1---------------/---------·-----

ê----------------~~-~~J ~ ~~ 1 1 1
--=~ -= --===-~-- ==---=---~-------. - -- ---~~~~~ -- ---- ------- --------- ---~---

2300 __=--=- _~-~_-~~=__= =-----=--= ===-__ -=---==~_---I---- ----1--1 1
1 1-------1- ------f-

2180

---I-------.},.j:: --~~~~!~~=~~ ==~ ;:~_ --i>~::--=---- -- -I~~ ,
~ -100%PrecIoUs~~~~- =--- ---- -----------=--=-=~--~-=--=-=--- --- d==-==iii Tailln s - ------------- ----- -----
i 2240 - -- - -- - ---------- -~=~==------- ------
Q .==_=~~o __--=-_--- --~~==- ------
â 2220 ===-~--=-::--- ==--~~ :- _=====_ --==-~-==-- - 1----1

--------=-==---=-- ===--- -----=----=.- --
---- ---- ------------------ -------------...

2200 -t- =--==--==-~-----~---.-=-=-- -.-===--==

----------~---- --=::-/~~-. -~~ ;;;~~~~~-~~:~-~~==~::==:
l, - -----1-------.---1-.- ------ .. ---~·-I~-----··-I----------+--------~I----~--- - --1- _--·0-- ------l----~-----I-----
I------I--~-_o-·f--------~---I----~-----I--------I-------I----------0- ------1 ------ - -- ---1-----------1------

-----------01----

1716151411 12 13

Moisture Content (%)

1098

2160 1 1 1 1 1 1 1 1 1 1 1

7



• Description of Soli:
Date of Test:
Performed By:

Weight of Ifold:
Volume ofMold:
Specifie Grav/ty:

Moisture-DeDsity RelatioDship TestiDg

45% Precious Metal Tailings: 55%Sand
1/19/1998
Andrew Breckon

4.292 kg
937 cm3

3.43

Dry Unit Welght Determination
Trial No. 1 2 3 4 5 6 7

Wt. Mold + Compacted
Soil (ka) 6.367 6.426 6.521 6.537 6.544 6.551 6.548

Wt. Mold (kQ) 4.292 4.292 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Soil
lka) 2.075 2.134 2.229 2.245 2.252 2.259 2.256
Wet Unit Weight
Ilka/m3

} 2214.5 2277.5 2378.9 2395.9 2403.4 2410.9 2407.7
Dry Unit Weight
i<kglm3

) 2138.4 2158.4 2228.2 2219.1 2191.0 2175.2 2146.4

Void Ratio 0.601 0.586 0.536 0.543 0.562 0.574 0.595
Porositv (%) 37.5 36.9 34.9 35.2 36.0 36.5 37.3

Moisture Content Determination

Trial No. 1 2 3 4 5 6 7

Wt. Tare (g) 1 21.73 20.93 21.00 21.22 20.41 21.97 22.05
2 21.91 20.99 21.86 20.85 20.34 20.34 21.04

Wt. Wet Soil + 1 38.03 31.62 41.11 32.89 57.33 61.48 59.68
Tare (a) 2 32.99 36.77 41.07 41.71 39.83 48.50 47.98

Wt. Dry Soil + 1 37.45 31.03 39.75 31.96 53.75 57.20 55.10
Tare (a) 2 32.52 35.92 39.74 39.91 37.97 45.45 44.73

Moisture Content 1 3.56 5.52 6.76 7.97 9.70 10.83 12.17
(%) 2 4.24 5.39 6.92 8.63 9.54 10.83 12.06
Ava. Moisture Content 3.90 5.45 6.84 8.30 9.62 10.83 12.12

•
Optimum Molsture Content:
Maximum Dry Density:

7.20 %
2232 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Soli:
Date of Test:
Performed By:

Weight ofAfold:
Volume ofMold:
Specifie Gravity:

Moistare-DeDsity RelatioDship TestiDg

65% Precious Metal Tailings: 35% Sand
19 Jan 1998

Andrew Breckon

4.292 kg
937 cm3

3.43

Dry Unit Welght Determination
Trial No. 1 2 3 4 5
Wt. Mold + Compacted
Soil (ka) 6.429 6.475 6.483 6.616 6.608
Wt. Mold (ka) 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Sail
(ka) 2.137 2.183 2.191 2.324 2.316
Wet Unit Weight
(kalm3

) 2280.7 2329.8 2338.3 2480.3 2471.7
Dry Unit Weight
l(ka/m3

) 2182.7 2205.0 2178.0 2281.9 2220.7
Void Ratio 0.568 0.552 0.572 0.500 0.541
Porositv (%) 36.2 35.6 36.4 33.3 35.1

MoistuN Content Determination
Trial No. 1 2 3 4 5
Wt. Tare (g) 1 21.79 22.12 21.94 21.98 19.82

2 21.98 21.98 21.02 21.75 20.80

Wt. Wet Soil + 1 35.38 30.78 35.12 36.59 54.24
Tare (g) 2 28.19 32.31 36.57 42.94 51.38

Wt. Dry Soil + 1 34.77 30.29 34.15 35.32 50.35
Tare (a) 2 27.90 31.74 35.44 41.03 47.92

Moisture Content 1 4.49 5.66 7.36 8.69 11.30
(%) 2 4.67 5.52 7.27 9.01 11.31
Ava. Moisture Content 4.58 5.59 7.31 8.85 11.31

•
Optimum Moisture Content:
Maximum Dry Density:

9.0 %
2283 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Soil:
Date of Test:
Performed By:

Weight ofMold:
Volume ofMold:
Specifie Gravlty:

Moistare-DeDsity RelatioDship TestiDg

75% Precious Metal Tailings: 25°k Sand
19 Jan 1998

Andrew Breckon

4.292 kg
937 cm3

3.43

Dry Unit Weight Determination
Trial No. 1 2 3 4 5
Wt. Mold + Compacted
Sail (ka) 6.366 6.425 6.525 6.628 6.609
Wt. Mold (ka) 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Sail
!(ka) 2.074 2.133 2.233 2.336 2.317
Wet Unit Weight
i(ka/m3) 2213.4 2276.4 2383.1 2493.1 2472.8
Dry Unit Weight
(kalm3

) 2131.9 2152.8 2218.9 2275.9 2226.7

Void Ratio 0.606 0.590 0.543 0.504 0.537
Porositv (%) 37.7 37.1 35.2 33.5 35.0

Moisture Content Determination

Trial No. 1 2 3 4 5
Wt. Tare (g) 1 21.91 21.86 20.86 20.41 21.10

2 21.73 21.00 20.36 21.22 20.93

Wt. Wet Sail + 1 35.77 40.15 41.94 47.35 54.67
Tare (a) 2 36.21 37.44 39.49 45.61 40.95

Wt. Dry Sail + 1 35.24 39.10 40.38 44.78 50.96
Tare (a) 2 35.68 36.42 37.97 43.37 38.77

Moisture Content 1 3.82 5.74 7.40 9.54 11.05
1(%) 2 3.66 6.20 7.95 9.18 10.89
Ava. Moisture Content 3.74 5.97 7.67 9.36 10.97

•
Optimum Moisture Content:
Maximum Dry Density:

9.4 %
2276 kg/m3



• •
Dry Density vs. Moisture Content
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• Description of Soil:
Date of Test:
Performed By:

Weight ofMold:
Volume ofMold:
Specifie Gravity:

Moisture-Density Relationship TestiDg

25% Precious Metal Tailings: 75% Sand
19 Jan 1998

Andrew Breckon

4.292 kg
937 cm3

3.43

Dry Unit Weight Determination
Trial No. 1 2 3 4 5 6

Wt. Mold + Compacted
Soil (ka) 6.25 6.301 6.398 6.478 6.488 6.484

Wt. Mold (ka) 4.292 4.292 4.292 4.292 4.292 4.292
Wt. Compacted Soil
[(ka) 1.958 2.009 2.106 2.186 2.196 2.192
Wet Unit Weight
'(ka/m3

) 2089.6 2144.1 2247.6 2333.0 2343.6 2339.4
Dry Unit Weight
ICkalm3

) 2024.2 2037.5 2100.0 2160.0 2141.8 2090.5

Void Ratio 0.691 0.680 0.630 0.585 0.598 0.637
Porositv (%) 40.9 40.5 38.7 36.9 37.4 38.9

Moisture Content Determination

Trial No. 1 2 3 4 5 6
Wt. Tare (g) 1 20.97 21.77 21.82 21.09 22.06 20.43

2 21.93 21.03 21.28 21.20 20.50 22.18

Wt. Wet Soil + 1 28.39 31.14 29.79 36.45 56.13 46.97
Tare (a) 2 34.70 30.47 42.68 53.88 43.45 52.58

Wt. Dry Soil + 1 28.15 30.65 29.23 35.22 52.92 43.81
Tare (a) 2 34.32 30.01 41.30 51.32 41.35 49.03

Moisture Content 1 3.23 5.23 7.03 8.01 9.42 11.91
1(%) 2 2.98 4.87 6.45 7.83 9.15 11.68

Ava. Moisture Content 3.11 5.05 6.74 7.92 9.29 11.79

•
Optimum Moisture Content:
Maximum Dry Density:

8.15 %
2163 kg/m3



• •
Dry Density vs. Moisture Content
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Dry Denslty vs. Molsture Content
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APPENDIX D

Comp.risons of Meeh.nieal Properties of the Studied FiU Materials

The established relationships between Compressive Strength, Deformation Modulus and

Porosity for the studied materials are presented in this section.
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