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ABSTRACT

The history of mine backfill shows that in the past, considerable improvements in backfill-reliant
mining technology were made when new fill systems were introduced. The present trend in mine
backfill technology is towards the use of high-density fill systems. Tight filling and void reduction
have also become essential requirements in engineering design of mines to ensure global stability.
High-density fills have a low moisture content and are more competent products requiring less
binder and time for stabilization, compared to conventional hydraulic backfill. Cemented rockfill
and tailings/sand paste fills are two familiar high-density backfill systems in current use. In future
there could be a high demand for low porosity high-density fills, as mines go deeper and ground

stresses increase.

This study was an original attempt to investigate the characteristics and property of high-density
composite fill systems. Composite fills are made up of derivatives of waste rock, tailings, sand and
metallurgical by-products. Composite fills represent the future direction of backfill technology. As
mines go deeper, the ore could be processed underground and the waste rock and tailings
combined together to form a low-porosity competent fill product. The application of composite
fill systems will also increase the material available for backfilling, provide more flexibility in backfill
mix design and produce competent fill systems for ground support. It will also benefit the

underground mine environment through effective utilization of mine wastes.

The fundamental basis of the work required the study and understanding of the characteristics and
properties of cemented rockfill and paste backfill. The effects of sand addition to fine tailings as
ameans of reducing porosity and improving the mechanical properties of the fill product were also
investigated. Additionally, anew conceptofbackfill, namely, Composite-Aggregate Paste (CAP)
that consists of a mixture of fine tailings and graded coarse aggregates was introduced and the

material properties were investigated.



RESUME

L’histoire montre que 1’adoption de nouveaux systémes de remblayage nous a permis d’améliorer
considérablement la technologie mini¢re qui dépendait de ces systemes. Actuellement, latendance
dans ce domaine penche vers I’utilisation de systémes de remblayage de haute densité. Le
remblayage étanche et la réduction des espaces vides sont ainsi devenus des exigences de premier
plan pour les ingénieurs qui font la conception des mines avec un souci de stabilité globale. Les
produits de remblayage de haute densité ont un faible contenu d’humidité et sont plus efficaces; ils
requi¢rent moins de liant et moins de temps pour se stabiliser que le remblai hydraulique
conventionnel. Les remblais cimentés en pate constitués de résidus avec ou sans sable sont ces
systémes de remblayage de haute densité les plus communément utilisés maintenant. A I’avenir,
lademande de remblais de haute densité et faible porosité pourrait étre considérable, a cause de
la profondeur de plus en plus grande des mines et de I’augmentation des pressions qui s’exercent

sur les terrains.

Cette etude présente un nouvel effort pour étudier les caractéristiques et les propriétés des
remblais composé de haute densité. Le remblayais composé est constitué de dérivés de débris 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 étre
traité en souterrain et les débris de roche et résidus miniers combinés pour former un produit de
remblayage efficace a faible porosité. L application des remblais composés augmente aussi la
quantité de matériel de remblayage, permet une plus grande liberté dans la conception du mélange
de matériaux de remblayage, et produit des systémes de remblayage plus efficaces pour le
souténement. Elle améliore aussi I’environnement souterrain dans les mines par I’ utilisation efficace

des résidus miniers.

-1i-



Essentiellement, ce travail a nécessité I’étude et la compréhension des caractéristiques et des
propriétés des produits de remblayage de roche cimenté et de remblayage en pate. Les effetsde
I’ajout de sable aux résidus fins pour réduire la porosité et améliorer les propriétés mécaniques du
produit de remblayage a aussi été étudié. En outre un nouveau produit de remblayage, qui consiste
en un mélange de résidus fins et d’agrégats classifiés de taille uniforme - le remblais en pate

composite - a été congu et les propriétés du matériau ont ensuite été étudiées.
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CHAPTER 1
1. INTRODUCTION
1.1 General

New cost-effective methods of improving operational efficiency are being sought by the
mining industry worldwide. With regard to mining methods employing backfill, improvements
have been made to various aspects of backfilling systems. These have included: different
types of backfill systems; availability and supply of fill materials; fill preparation procedures
including desired consistencies for transportation and placement; the use of alternative
cementing agents; methods of backfill transportation, placement, consolidation/stabilization
and stability analysis through modelling. The information has been presented in various
conference proceedings on Mine Backfill and related subjects (Backfill Conference
Proceedings, 1973-1998). These advancements have presently resulted in a growing demand
toward the use of high-density cemented rockfill and paste backfill systems. Mining at greater
depths will demand further innovations in high-density backfill 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 of high-
density composite fill systems. The work was motivated by the general interest in the mine
backfill literature toward the application of low 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.



1.1.1 Definition of Mine Backfill

Mine backfill refers to any material that is used to fill mine openings for stability,
environmental and other economic reasons. Backfilling serves several useful functions in the
mining cycle. For example, backfill 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 adequate working floor for workers and mine equipment and increases
productivity by controlling ore dilution (Aitchison et al., 1973; Dickhout, 1973). In a mining
operation, backfilling provides a means of disposing large quantities of waste products
underground away from the surface environment (Amaratunga and Annor, 1989). Itis also
used to improve mine ventilation. In a more unique role, backfill is used to establish new

mining methods (Annor and Clarke, 1988).

1.2 RESEARCH JUSTIFICATION

In the past, the development of more efficient mining methods had often depended on the
availability of better types of backfill and other improved support systems. For example,
current improvements to conventional cut and fill stoping have benefited from the use of
competent consolidated fills (Dickhout, 1973). These have resulted in increased stope sizes,

mechanisation, safe and economical recovery of pillars and shortened stope cycle time.

Tight filling (Hedley, 1987, 1995; Grice, 1989; Yu, 1990; Hassani, 1993; Giirtunca 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 fill strength (Thomas et al., 1979), stope convergence (Hedley, 1987), fill
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 backfill reliant mines to investigate alternative types of backfill systems. The
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new fill systems should rely on having abundant sources of fill 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 product (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; McKinstry and Laukkanen, 1989;
Hassani, 1993; Reschke, 1993; Petrolito et al., 1998; Bloss and Greenwood, 1998) as high-
density composite fill products. It will also reduce the critical shortages of fill materials

(Barrett et al., 1983) which are sometimes encountered at some mine sites.

A review of the literature shows that various opinions exist regarding the characteristics and
behaviour of high-density backfill systems including total tailings and classified tailings paste
fills. Paste fillis increasingly being recognised by industry as an effective high-density backfill
system. This is because paste fill provides several advantages over the conventional hydraulic
backfill systems (Arioglu, 1983; Blight and Clarke, 1983; Clarke, 1988; Aref et al., 1989,
Landriault, 1992, 1995; Brackebusch, 1994; Chen and Annor, 1995; Quellet et al., 1998,
Pierce et al., 1998).

1.2.1 Concerns About Cemented Rockfill Applications

Cemented rockfill is a familiar and widely used backfill 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; Reschke, 1993; Hedley, 1995; Farsangi, 1996; Farsangi et al, 1996). Cemented
rockfill is usually porous and contains average void ratio of approximately 0.51 (Yu, 1990)
which can be a disadvantage in terms of achieving a denser fill mass and also, utilizing more

waste rock material for fill preparation.



1.2.2 Concerns About the Application of Paste Backfill

Compared to conventional hydraulic backfill, paste backfill provides better support properties
and early stabilisation which often results in high strength and stiffness (Annor and Clarke,
1988; Hassani and Aref, 1988; Arefet al., 1989; Amaratunga and Annor, 1989; Bissonnette,
1995; Millette et al., 1995). For example, Hassani and Aref (1998) and Aref et al. (1989)
have stated that paste fill has a shorter 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 fill strength. Hedley
(1995) has suggested that paste fill can be very 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 the present
time, a large volume placement of paste fill 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 fill material underground (White and
Robertson, 1998) as in the case of deep mining. Another major concern is that paste fill has
become a generic term which is commonly used to represent a wide range of low-moisture
content hydraulically 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 wel! as mine and metallurgical by-products.

1.2.3 The Need for Composite Fill Systems

The new blended, composite or “aggregate” fills (Arioglu, 1983, 1984; Barrett et al., 1983;
Grice, 1989; McKinstry and Laukkanen, 1989; Wingrove, 1993; Swan et al., 1993; Moss and
Greenwood, 1998; Raffield 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;
Wingrove, 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 also
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consisted of classified hydraulic tailings to permit drainage after placement. The reported
“aggregate” fills were mostly uncemented or weakly cemented (Swan et al., 1993; Wingrove,

1993).

The characteristics and behaviour of these new fills when placed as composite-aggregate
paste (“CAP”) fill merits further research, especially when aggregate sizes larger than 20mm
and cemented full plant tailings paste mixtures are used. The understanding of composite fill
behaviour is essential because the application of composite fill systems could become the

future direction of high-density backfill technology when mining at greater depths.

It is proposed that the properties of composite aggregate paste (CAP) fill be considered
fundamentally as consisting of the combined properties of two backfill systems: tailings paste
fill and cemented rockfill. In this regard, a study on composite fill systems must also include
the basic understanding of the characteristics and properties of tailings or sand paste backfills,

as well as cemented rockfill.

1.2.4 Other Considerations
Consistency is defined in this study as the degree of firmness of a paste fill 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 backfill transportation. Generally, paste
backfill is transported underground at approximately 178mm to 229mm (7" to 9") slump
(Lerche and Renetzeder, 1984; Hassani and Aref, 1988; Aref et al., 1989; Landriault, 1992,
1995; Lidkea and Landriault,1993; Brackebusch, 1994). Therelationship 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 of material properties on paste fill pulp
density, although low binder content paste backfill may not behave like concrete. This
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information is essential for understanding and establishing optimum mix design limits
(Wingrove, 1993) for high-density composite backfill systems which essentially, involve the
blending of sand, or tailings paste and rockfill aggregates.

Ideally, the behaviour of fill material in situ is best determined from field placement tests.
Laboratory scale effect tests (Reschke, 1993; Yu, 1990; Yu and Counter,1983), can however
provide some indication of the potential underground behaviour of the material in the absence

of a field test.
1.3 OBJECTIVES AND SCOPE OF STUDY

The main objective of the study is to extend the state of knowledge on backfill as a support
system in underground mines. Specifically, an original attempt has been made in this study
to investigate the characteristics and properties of high-density composite backfill as a new

fill system.

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

1. Examination of factors that affect the consistency of tailings and sand paste backfill
in terms of mix design considerations for composite fill. The evaluation of paste fill
consistency will be made as a function of the physical properties of the fill materials
(tailings and sand).

2. Examination of factors that affect high-density composite backfill properties including
the range of strength development as a function of particle size gradation, binder and
moisture contents, curing environment and time.

3. Investigation of scale effects on the strength and deformation properties of the high-
density composite fill systems relative to the cemented rockfill and paste backfill.
This information will be used as a means of establishing the potential in situ behaviour
of the high-density composite backfills relative to those of the cemented rockfill and

the paste backfill.




4. 1.4 METHODOLOGY

The investigation consisted of the following major components:
1. Literature review

2 Laboratory studies

3. Analysis of the results
4

Discussions and conclusions
A flowchart of the research methodology is provided in Figure 1.1

1.4.1 Literature Review

The first element of research deals with the identification of potential properties of high-
density (stiff) backfill systems from the literature. A comprehensive review of backfill
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 from the literature survey. The material has provided the relevant background
information for the study.

1.4.2 Laboratory Studies
This element of research has consisted of physical and mechanical properties determinations

on backfill 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 of backfill materials found in practice. 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 examination of paste backfill consistency in terms of method of measurement
for mill tailings and/or sand fills have been made with the selection of a suitable range of mix
design limits for the composite aggregate paste (CAP) fill systems. Variable quantities of
sand were used for mix design of the tailings/sand composite pastefill, depending on the size
gradation of the tailings. A three step approach was followed in this regard.

i) Initially, the characteristics and properties of tailings and sand paste fills as well as
cemented rockfill were established independently.

ii) Secondly, sand was added to the tailings in various proportions depending on the
particle size distribution, in an attempt to improve the size gradation of the combined
material. The characteristics and properties of the composite paste product with and
without the binder were then evaluated.

iii) Next, fine tailings were added to graded rockfill aggregates in a fixed ratio and the
characteristics 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 well as
stabilized paste fill samples. These were done to provide information on the strength and

deformation properties as well as the failure characteristics of the fill samples.

1.4.3 Backfill Materials and Cementing Agents

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

this study.

i) The conventional backfill materials have included:
classified mill tailings;
alluvial sand,

waste rock aggregates; and

a combination of mill tailings and coarse aggregates including sand.
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Full plant tailings or “ total tailings” have also been studied under the category of a
non-conventional fill material.

Backfill preparation has also included the evaluation of binder composition, sample
curing environment and time. Both singular and combined effectiveness of the most
commonly used cementitious materials such as Ordinary Portland Cement (OPC),
slag, fly ash, anhydrite, silica fume and other metallurgical by-products have been
investigated as part of the evaluation in meeting the study objectives.

The laboratory mechanical property test data has been developed using both small size
and large size cylinders. Test specimen sizes have ranged between SOmm by 100mm
cylinders and 457mm by 914mm cylinders. Cube samples with sizes ranging between
50mm and 150mm were also tested. This was done in order to evaluate the potential
scale effects on the in situ properties of the composite backfills relative to those of the
paste backfill and cemented rockfill.

OUTLINE OF THESIS

The investigation is as outlined in the following chapters:

1)

()

The functions of backfill in the mining cycle are introduced and a new original
definition of mine backfill is provided in Chapter 1. The advantages of using high-
density composite backfill systems and the justification for undertaking the research,
as well as the study objectives and the outline of the thesis research program are also
presented in this chapter.

Chapter 2 contains a review of the literature on high-density backfill systems. These
include mill tailings and sand paste fills, cemented rockfill and derivative fills including
blended paste fills and composite-aggregate (CAP) fill. The chapter also contains a
summary of optimization methods for improving backfill material properties, as well
as relevant failure models for analyzing backfill stability and designing backfill



3)

4)

5)

©6)

)

systems. The review contains information on the scale effects of mechanical
properties of geotechnical materials such as rocks and soils.

Chapter 3 outlines the physical property experiments and results on mill tailings and
sand paste fills, cemented rockfill and composite backfills, including blended
tailings/sand paste and rockfill/tailings composites. The chapter also contains a
description of the sample preparation procedures as well as test methods used to
determine the slump and pulp density of paste backfill.

The mechanical property tests and results are presented in Chapters 4 and 5. The
mechanical properties of the fill materials are determined as a function of binder type
and content, and curing environment and time. The effects of specimen size on the
mechanical properties were also determined for the three high-density backfill systems
in order to provide a basis for comparing their potential fill behaviour in situ.
Comparisons of the three high-density backfill materials properties as well as possible
applications of the results of this study are provided in Chapter 6.

The results of the research study are discussed and overall conclusions from the
various segments of the investigations are summarized 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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CHAPTER 2
2. PREVIOUS WORK

2.1 GENERAL

Many articles document the properties and behaviour of conventional hydraulic sand and tailings
backfill systems. Recent advancements in conventional hydraulic backfill technology have
resulted in the development of low moisture content, or high-density fill systems. Cemented
rock fill and "paste fill" are the two most common high-density backfill systems which are in
present use. While cemented rockfill can be considered as a form of weak concrete (Gonano et
al., 1978; Blight and Clarke, 1983; Weaver and Luka,1970; Yu and Counter, 1983, 1986), paste
fill (Lerche and Renetzeder, 1984; Hassani and Aref, 1988; Arefetal., 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 car: be prepared from any types of
materials. Presently mixtures and derivatives of various materials including mill tailings, sand,
gravel, silts, clays, and other aggregate materials as well as, mine and metallurgical by-products
can generally be classified as paste backfill. The characteristics of these 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 of the 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 can sometimes have different and
variable mechanical properties and behaviourial characteristics. Such products can also differ

in terms of their transportation and placement behaviour.
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The characteristics and behaviour of high-density fills are complex, the subject matter covers a
wide range of topics in mining engineering, concrete technology, soil mechanics, rock mechanics,
fine particle physics and fluid mechanics. The objectives and scope of the review have been
limited to areas of mining engineering, soil mechanics, concrete technology and backfill
technology with special emphasis on materials that relate to the preparation of composite fill

systems.

2.1.1 Objectives and Scope of the Literature Review
The objectives of this literature review are to identify previously published works on high-density

fill systems, to evaluate the properties and behaviour of these fill products and
to determine the requirements for further work needed to meet the objectives of the proposed

research study.

The scope and principal elements of the review include the following:
J High-density backfill identification criteria;

. Properties and behaviour of mill tailings paste backfill;

. Liquefaction potential of mill tailings paste backfill;

. Properties and behaviour of cemented rockfill;

. Properties and behaviour of “aggregate” fills;

. Relative comparisons of high-density backfill material properties;
. Optimization methods for backfill materials;

. Scale effects on mechanical properties of fill materials;

. Fill design rationale and predictive models

2.1.2 Definition of a High-Density Fill System
Paste fill, cemented rockfill and “aggregate” or "blended paste fill* for short, are the three types

of high-density backfill systems being considered in this review.



Blight and Clarke (1983) describe high-density backfill or a "stiff fill" as it is commonly known,
as consisting of a relatively rigid skeleton of waste rock having the interstices filled with cement
or cemented tailings. On the other hand, Blight and Clarke (1983) consider a “soft fill” as
normally composed of cemented tailings or sand. The preceding definition does not accurately
describe most stiff fill systems since, it excludes cemented tailings, high density slurry and paste
backfills as types of high-density fill systems. A high-density fill for this study is considered as
a low water content product with high compressive strength and high deformation modulus,
compared to values obtained with conventional cemented hydraulic fill. This new description
of a stiff fill system, is based on the mechanical properties and behaviour of the fill mass, instead

of the physical appearance of the fill product.

2.2 PROPERTIES AND BEHAVIOUR OF MILL TAILINGS PASTE BACKFILL

2.2.1 Definition of Mill Tailings Backfill Systems
Hydraulically placed mill tailings fills can exist in three consistencies (Millette et al., 1995,

1998) depending on the amounts of solids and water that are present in the fill. The
consistencies are generally identified in terms of pulp density or settled density. The pulp density
refers to the weight proportions of solids and water present in a given mass of fill. It is also
considered in terms of water-to-solids (w/s) ratio (Clark, 1988). The settled density is the density
at which the tailings material settles over a specified time period, generally, one-hour. The
specific 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 material. The pulp density of a conventional hydraulic fill often ranges
between 65% and 70 % (Millette et al., 1995, 1998)of dry solids by weight. For high-density
slurry backfills, the pulp density is just below the settled density and it generally ranges between
71% and 76% solids by weight. Paste backfill on the other hand, 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 of minus 20um 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 of the settling density of the fill materials. These reports tend
to suggest that any composite mixture of aggregates qualifies as paste backfill provided the
product contains more than 15% of the minus 20um material particles. Paste fill has also been

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

23 PLACEMENT BEHAVIOUR OF MILL TAILINGS BACKFILLS

2.3.1 The Effects of Material Properties on Backfill Behaviour
The placement behaviour of mill tailings backfills is generally influenced by the properties of

the constituent materials. Fill porosity and moisture content represented by water-to-solids (w/s)
ratio have been suggested by Clark (1988), as sufficient parameters for describing the phase
relationships of any backfill. 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 backfill consistency in a stope. Solids sedimentation, consolidation and drying are
among the important processes that affect the placement behaviour of mill tailings backfills.

All the above three processes are significantly influenced by the specific gravity of the solids and
the porosity, or voids content of the fill. These processes transform 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 can also affect the stability of the pastefill in situ (Ouellet et al., 1998) if the

fill mass becomes saturated.



2.3.2 Placement Behaviour of Gold Mill Tailings Backfill:
Lidkea and Landriault (1993) have suggested that the density of pastefill can vary between 78

and 87 per cent solids by weight, depending on the particle size distribution of the material used.
Lidkea and Landriault (1993) contend that, finer materials have greater surface area to be wetted,
therefore they produce higher density than a coarser material at the same consistency. Theyhave
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 of using
these materials. The following three pulp density ranges have been identified (Landriault, 1995;
Landriault and Tenbergen, 1995) for total tailings paste backfill based on a 178mm (7-inch)

slump:

Tailings Type wt% solids content
Coarse 79 wt%
Medium 75 wt%
Fine 70 wt%

Brackebusch and Shillabeer (1998) have suggested however that both particle size distribution
and the specific gravity of the minerals, affect the pulp density of paste mixtures. Brackebusch
(1994) has suggested that the consistency of paste mixtures as measured in terms of slump cone
may range from zero or slightly greater to nearly 300mm. Espley et al., (1970), concluded that
the placement behaviour of mill tailings hydraulic fill is influenced by the specific gravity of the

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

24 MECHANICAL PROPERTIES AND BEHAVIOUR OF TOTAL TAILINGS
PASTE BACKFILL

Various studies including those by Wayment, 1978; Hassani and Aref, 1988; Aref et al., 1989;
Hunt 1989; Vickery and Boldt, 1989; Ross-Watt 1989; Landriault, 1992; Lidkea and 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 of tailings paste backfill systems.

There are also conflicting reports in the available literature regarding the behaviour of backfills
containing high amounts of fine material. Thomas (1981) and Boldt et al. (1993) determined
that the compressive strength increased when fine material was added to conventional hydraulic
fill (Figure 2.1). Ross-Watt (1989) also reported that compressive strength increased for paste
backfill with increased content of fine materials. On the other hand, Clark (1988), showed that
the presence of fine particles decreased the compressive strengths of total tailings paste backfill.
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)
also investigated the engineering properties of dewatered total tailings including compressive and

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 of Portland cement addition level (after Thomas,1981).
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2.4.1. Engineering Properties of Dewatered Total Tailings Fill
Vickery and Boldt (1989) studied total tailings backfill in which the pulp density of the pastefill

slurry was limited to 70 per cent solids by weight. The gradation of the total tailings ranged
between 0.001 to 0.6 mm in diameter. Commercially available Class F fly ash super plasticizer,
pit-run and ground smelter slag, kiln dust, and oil shale retorted waste were incorporated in the
test mixes to determine their influences on the physical properties of the backfills. The material

properties were determined after 28, 120, and 180 days of curing.

A 28-day compressive strength of 717 kPa was obtained for mill tailings paste fill containing oil
shale retorted waste without cement. It was found that the cementing properties of the retorted
wastes were greater for the finer grain size tailings. Also, the compressive strength of the total
tailings aggregate improved when fly ash was used as a binder. The influence of the fly ash
diminished however, after the amount of the minus 200 mesh (75 micron) size material
increased. It was also reported that the addition of fly ash improved the compressive strength of
total tailings backfill samples and resulted in increases of up to 98% over the strength gained by
the use of cement alone. The ratio of compressive strength to tensile strength ranged between

4.4 and 4.8 for the range of studied 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

2-7



74%. A 14-day target strength of 700 kPa was obtained for the mixture containing 50%
classified tailings and dune sand using a 1:13 cement ratio. It was noted that the backfill required
sufficient resiliency to withstand the effect of pillar stope blasts. The cement ratio required for
an unconfined compressive strength of 700 kPa was found to be too high to allow for resiliency
of the placed fill against blasting. The high strength also resulted in vertical shrinkage cracks.
The change to a compressive strength target of 400 kPa improved the properties of the fill in
terms of its resistance to vertical shrinkage cracking. These findings suggest that fill design is

sometimes influenced more by considerations other than strength and stiffness.

2.4.2.2 O'okiep Copper Company (OCC)

Ross-Watt (1989) reported further that at the O'okiep Copper Company, the mining practice
required the use of a strong backfill to withstand mining of adjacent stopes. A free standing
height of up to 150m was required. An unconfined compressive strength criterion of 850 kPa
after 90 days was selected, based on test work and experience previously gained with cemented
hydraulic backfill. A mixture of sand and tailings was used for backfilling. Test work showed
that a backfill consisting of a ratio of 3.5:1 tailings to dune sand by weight, a 1:15 cement ratio
and reticulated at a pulp density of 75% would provide the required strength. Copper reverbatory
slag produced at the OCC smelter was investigated as an altemative binder, a readily available
low cost substitute for Portland cement. The addition of 6% 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 of cemented backfill 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 backfill material at the mine. The average strength of the fill was reported as

follows:



Cement Ratio UCS, kPa @ 7 days

1:8 2900
1:12 830
1:15 650
1:20 500
1:25 240
1:30 240
1:35 120

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

below:
Percent UCS, kPa
Minus 45 micron at 7 days
Secondary underflow 3.8 765
Primary underflow 15 800
Unclassified 45 2900

The test work indicated that the strength also increased with increasing puip density, but it was

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

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

Cement UCS (kPa) UCS (kPa) Pulp Density
Ratio 24 hours 7 days %
1:12 84:3 830 75
1:25 35 240 75



The higher strength backfill provided a hard surface for mining purposes after 48 hours.

The above studies suggest that high early strength backfill can be produced with a careful choice

of conventional binder quantities.

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

Two recent studies on the properties and behaviour of paste backfill systems by Ouellet et al.,

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

Ouellet et al. (1998) studied the physical and mechanical characterization of paste backfill 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 of cement. 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.
Quellet 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 backfill. This finding is an
agreement with the results of a previous reported study by Mitchell and Wong (1982) which
concluded that the yield point on the stress-strain curves correspond to a transition from a linear
to non-linear behaviour for these materials . Ouellet et al. (1998) have proposed further that
during shearing, the cementation bonds are progressively broken until finally the backfill behaves

as an uncemented material with no apparent cohesion.

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

paste backfill was close to saturation.

The studies by Ouellet et al. (1998) have indicated that paste backfill displays a “contractant “
or (non-dilatant) behaviour. Also, in situ testing of the 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 of having 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 also, to improve
the liquefaction resistance of the fill mass and to ensure stability of an exposed backfill face in
situ. The damage of the cement bond could also be caused by chemical reaction (Mitchell, 1983)
within the fill, or rockmass convergence (Hedley, 1995). The exposure of a free face due to the
extraction of secondary pillar have also been suggested as source of loading on the fill (Giirtunca
and Gay 1993). The loading history of backfill 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 of 19cm (7.5in) and this corresponded
to a pulp density of 75 per cent by weight. Three different types of binder 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 triaxial tests samples consisted 50mm diameter by 120mm long. The
samples were tested at 28, 56 and 112 days. The fill material was classified as sandy silt, and

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

The coefficient of uniformity for the material was found to be 13. The weight per cent of material

passing 20pm was 27 per cent.

The average physical properties of the test material were as follows: 25 per cent moisture
content, 50 per cent porosity, bulk density of 2000kg/m* and 90 per cent degree of saturation.
Laboratory tests were conducted on the pastefill material to determine the paste backfill
behaviour under unconfined, confined and consolidated undrained triaxial compression loading.

Shear strength parameters were determined 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 some concern. It was concluded that
liquefaction potential of the Golden Giant pastefill with 3 per cent binder content would be low
after 28 days curing period.

25 LIQUEFACTION POTENTIAL OF TOTAL TAILINGS PASTE BACKFILL

The performance of most soil-like (Geotechnical) materials including soil-cement and mill
tailings backfills are controlled by their shear strength (Terzaghi and Peck, 1967). The build up
of pore water pressure reduces the shear strengths of these materials (Terzaghi and Peck, 1967;
Hassani and Aref, 1988; Ouellet et al., 1998). An evaluation of the liquefaction susceptibility
of total tailings paste backfill should therefore be made under, variable loading conditions as a
part of the engineering design requirements.

Hassani and Aref (1988) and Aref et al. (1989), evaluated and reported on the liquefaction
potential of total tailings pastefill. The test program involved both laboratory and field
investigations to define the physical and mechanical properties of the fill. Liquefaction potential
was evaluated based on the principle of "steady state of deformation" 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 Rockfill Systems
Rockfill has been described (Landriault, 1992) as any backfill material transported and placed

in an underground workplace in a non-saturated state. The preceding definition suggests that fill
systems that are used for underground civil construction such as sand and blended alluvial
materials can also be considered as forms of rockfill. Mill tailings backfill can also be

transported and placed in an underground workplace in a non-saturated state depending on the
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mining method and the mode of fill delivery or transportation.

For the purposes of this review and the study, a Rockfill system refers to the use of coarse waste
rock for backfilling rather than a tailings or sand hydraulic fill system. A cemented rockfill may
consist of sized or unsized cemented aggregates. It may also, be uncemented however, unless
cemented the loose rock has limited ground support and negligible free standing potential.
Quesnel et al., (1989) and Hedley, (1995) have both stated that cemented rockfill can provide

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

Yu (1990) reported on the various forms of rockfill systems in use at Kidd Creek Mines Limited.
These rockfill types and their preparation are summarized below. Some of the described rockfill
preparation methods are relevant to this research study because of their similarities to composite
aggregate paste CAP backfill systems. Other reported studies in the available literature on the
properties and behaviour of cemented rockfill for mining applications include the following:
Barrett (1973), Gonano et al. (1978), Berry (1980), Arioglu (1983), Yu and Counter (1983, 1986,
1988), Yu (1989), Quesnel et al., (1989), Stone (1993), F mmgi and Hara (1993), Reschke
(1993), Swanetal., (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
rockfill systems, their preparation and placement methods and the identification of requirements

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

2.6.2 Rockfill Type and Methods of Preparation and Placement

2.6.2.1 Cemented Rockfill

Cemented rockfill is composed of a mixture of aggregates containing various types and amounts
of binder. The mixture generally produces a stiffer and higher strength fill with lower amounts
of cementing agents, compared to conventional cemented hydraulic backfill (Reschke, 1993).
With equivalent binder contents, cemented rockfill can generally produce unconfined
compressive strengths that are higher than those of hydraulic fill. Compared to hydraulic fill
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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 rockfill product consisted of sized rockfill aggregates. The rock fill aggregates were
generally mixed with cement slurry, usually 5% to 6% by weight of aggregates at a pulp density
0f50-60%. The reported advantages of cemented 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 rockfill use, include problems
with control over the segregation of the fill product and requirements for an extensive
preparation plant and transportation system (Yu, 1990). Additionally, cemented rockfill
generally contains high void ratio or porosity and therefore, may not be conducive to tight filling.

2.6.2.2 Consolidated Sand-Rockfill

This is reported (Yu, 1990) as a combination of consolidated rock fill with varying amounts of
sand added to it, usually 5-10% of the rockfill aggregates by weight. With the same cement
content as consolidated rock fill, a cement sand slurry is introduced simultaneously with the
rockfill to fill the voids within the aggregates. This enhances the stability of the fill for both
gravity loading as well as, resistence to blast vibration during excavation of adjacent stope or
pillars. The reported advantages of using a consolidated sand rockfill 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 rockfill. Additionally, consolidated sand-rockfill
has a lower angle of repose than conventional cemented rockfill. On the other hand, a relatively

good access to stope is required for fill placement. Slurry runoff and control can also be a

problem.

2.6.2.3 Consolidated Sand Waste Fill
This fill system (Yu, 1990) involves the use of mine wastes. Generally, waste rock is left in
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place and consolidated by adding a cement/sand slurry mixture which percolates through it. It
is reported that the proportion of cement by weight of sand 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 of a higher amount of binder in the mixture. Some reported advantages of this
fill system are that the slurry mixture is very mobile and a good stope access is not essential for
fill placement. Additionally, it is not necessary to remove waste from the stope. It also permits
consolidation to be targeted to specific areas of a stope, such as individual walls. Some 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 Fill

Consolidated sand fill (Yu, 1990) consists of a lean cement-sand slurry mixture with about 5 to
10 per cent cement content. The cement sand slurry is placed after the majority of the stope has
been filled with cemented rockfill. It is generally used to tightly fill the remaining void beneath
the stope back and the rockfill, thus providing effective roof support. The main advantage of this
rockfill product is that the slurry is very mobile and good stope access is not required. Also, the
placed product has a low angle of repose. The disadvantages include a requirement for bulkhead

control. There are also 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 ensure adequate
mixing and to minimize segregation of the rockfill product. This consists of a baffled slide or
chute, a spray header for the slurry which is pumped from a holding tank, and a conveyor
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carrying the aggregates. The conveyor discharges aggregates on to an inclined baffle. A spray
header mounted over the top of the baffle sprays the binder slurry onto the aggregates as they
enter the baffle.

Alternate methods for mixing cemented rockfill aggregates, when trucks are employed for
rockfill 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 fill 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 all the aggregates with binder
slurry during transportation, mixing and placement.

2.6.5 SEGREGATION

Product segregation often occurs when placing cemented rockfills. Differential 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
most 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 of the 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 has been attributed to the impact velocity
caused by the speed of the belt and the subsequent free fall of the 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 formed in a stope at
Mount Isa Mine. The formed structures varied radially from the centre of impact zone towards
the stope walls. The coarser rock fragments and the hydraulic fill were reported to have migrated
to the outer edges of the fill with an open textured zone alongside the pulverized impact area.

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

normal cemented fill.

2.6.6 AGGREGATE ATTRITION

Aggregate degradation (Barrett, 1973) or attrition (Yu, 1989) results from the breaking down
the rockfill material as they are transported to a stope. It 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 results in excessive generation of fine materials and therefore,
should be taken in to account in cemented rockfill mix design computations. It is reported that

the introduction of excess 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 rockfill mix preparation, and should therefore be included in

the engineering design of composite fill systems.

N
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2.6.7 PHYSICAL AND MECHANICAL PROPERTIES OF CONSOLIDATED
ROCKFILL

2.6.7.1 Laboratory Determined Rockfill Properties and Quality Control Methods

Farsangi (1996) has outlined some of the quality control measures used to achieve superior
rockfill engineering properties. Itis suggested that, quality control measures should be exercised
during fill preparation at the backfill plant, during fill transportation and over fill placement in
the stope. Some of the recommended procedures included the proper weighing and sizing of fill
aggregates, and the use of cementing agents, to ensure that consistent bulk densities are
maintained for the fill batches. Additionally, it is recommended that care must be taken to
ensure that there is sufficient binder slurries to adequately coat the rock aggregates. Careful

control of moisture within the mass of aggregates has also been recommended.

Farsangi (1996) reported that the use of mine water for mixing reduced compressive strength of
the cemented rockfill by as much as 60% compared to when potable water was used for mixing.
It is reported that in tests performed at the Kidd Creeck Mine, it was noted that rockfill
manufacturing using 60% fly ash and 40% normal Portland cement binder and recycled
underground process water, produced only half the rockfill strength when prepared using similar
cementing agent mixed with potable water. The use of recycled process water for mixing rockfill
mixtures was also shown to produce lower cohesive strengths, binder or cement hydration; it also
produced excessive water bleed-off from the placed rockfill. Regular physical sampling
monitoring to detect any significant deviations in the quantity and quality of fill materials used

in the fill batching was also recommended.

It has been suggested (Barrett, 1973; Yu and Counter, 1983; Yu, 1989) that the mechanical
properties of cemented rockfill are very different from those of cemented paste fill. Also, the
segregation(Stone, 1993; Reschke, 1993; Bloss and Greenwood, 1998) of cemented rockfill
products, can result in a large range of in-situ densities existing in the cemented rockfill 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. Rockfill can have a moisture content ranging from 2% to 5% with an average
porosity of 34%. The reported compressive strength of cemented rockfill in situ have been
shown to vary from 1.3 to 11 MPa (Yu, 1990).

2.6.7.2 In-Situ Investigation of Cemented Rockfill 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 of the measured physical
properties of core 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 later determined from chemical analysis that the cores contained
higher cement content, 7.3% when compared to the average of 5% in the laboratory cast samples.
This indicated that (Yu ad Counter, 1983) the distribution of cement in the fill piles was probably
not uniform.

It is interesting to note from Table 2.1 the differences between the field and laboratory
determined compressive strengths and modulus of elasticity 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 of the field test results

by the investigators.



. Table 2.1 Some physical properties of CRF from drop tests and underground fill specimens
(after Yu and Counter, 1983)

Ave. Comp. Elastic
Sample Density Curing Strength Modulus
_glec Period MPa MPa
Three cores
15cm dia. 2.0 28 days 6.9 2.0
Three cylinders
15cm dia. 2.5 28 days 6.1 -
Nine cores
8.4cm dia. 23 3 months 10.3 3.1
(from 838 stope)
1235 stope;
Dump Cone 24 4 yrs 11.0 3.8
Fines Layer - " 8.5 -
Mid. agg. Layer - Y 3.5 -
Coarse Agg. Estimated
Layer - " 1.3 -

2.7 PROPERTIES AND BEHAVIOUR OF COMPOSITE BACKFILL SYSTEMS

2.7.1 Fill Description and Preparation
A composite-aggregate paste (CAP) backfill may be described as a heterogeneous mixture of

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

particle dimensions can cover a wide range of sizes that are similar to glacial till soils (Terzaghi

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

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

application of composite backfill in the mining industry has probably resulted from attempts to

optimize particle size gradation of backfill materials to improve their strength and stiffness.
. Various types of composite fill systems are presently being used by the mining industry
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industry world wide. The composite fills are sometimes identified by other names including
“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
"alluvial/sand 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 following are seen in this study as some probable forms of composite-aggregate paste

backfill systems:

° Mill tailings paste containing agglomerates

o Mill tailings paste containing alluvial material (sand or gravel)
° Rockfill aggregates containing mill tailings paste

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

For the purposes of this review and study, a "conventional” paste fill refers to mill tailings paste
backfill containing up to 10% coarse (minus 20um) aggregates. Various descriptions of blended
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 of composite backfill systems. For example,
Corson et al. (1980) described a method of preparing a form of composite/aggregate fill in place
whereby cemented sand slurry was introduced into a pile of waste rock, and was consolidated

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

Grice (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 rockfill at Mount Isa Mines. Dry aggregate and
cemented hydraulic fill (in a ratio of 1:1) was introduced at the top of the stope in a similar
manner as cemented rockfill method. The method of placement was discontinued because of
inadequate penetration of the hydraulic fill. It is also reported that the cemented aggregate fill

segregated when it was placed in a stope.



Wingrove (1993) also describes a "tailings-aggregate backfilling project at South Deep Mine in
South Africa”. Two types of aggregates were considered. The selected backfill 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 of 20mm was selected
to permit transportation in a pipeline. Wingrove (1993) reported that the acceptable ratio of
pipeline diameter to maximum particle size of 5:1 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). Other material ratios consisting of development 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 of 30:70 were finally used. Placement relative densities were 2.15

and 2.18 respectively.

It was concluded from the simulated placement tests that both types of aggregate and composite
waste mixtures displayed relatively good drainage and they were also found to be stable.
However, when the geotextile bag was cut, it was reported that neither of the two backfill
materials was found to be completely stable one day after placement. Solids loss of about 1
percent of the total placed solids was noted. Also, approximately 2 per cent shrinkage of the
material was observed. An optimum blend for both types of backfill were similar and consisted
of 60 to 70% aggregates 30 to 40 percent classified tailings or cumulated waste. The stiffness
of the Tailings/Aggregate (T/A) was found 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 terms of
stiffness changes. The rate of strength gain after placement was found to be higher for the
CCT/AGG backfill than for the CMW/AGG. The in situ shear strength of the backfill was



measured using a shear vane. The shear strength of the placed backfill was estimated to be
22kPa after one day of placement.

Swan et al. (1993) studied the compressibility and stiffness of cemented and uncemented rockfill
aggregates containing some tailings. The ratio of tailings-to-rockfill aggregates ranged between
5/95 and 20/80 per weight percentage. It was reported that the stiffness of the fill can be
controlled by varying the porosity.

2.7.2 Agglomerated Fine Mill Tailings as Coarse Aggregates in “CAP” Backfills

The coarse fraction of a composite backfill system may consist of agglomerates or palletized fine
tailings material. Agglomeration can be used to reduce milling wastes and also, as a means of
converting wastes into a more useful backfill material. Various investigators including
Archibald and Nantel (1986), Amaratunga and Annor (1989), and Boldt et al. (1990) have
studied the use of agglomerated fine tailings to supplement underground backfilling materials.
Archibald and Nantel (1986) considered immediate freezing of water and tailings pellets as
potential backfill aggregates in cold climates. Amaratunga and Annor (1989), outlined a concept
of agglomeration of fine tailings and showed how it could be used to supplement backfill
materials. They also presented the results of preliminary experimental study of the concept. The
environmental and economic benefits to the mining industry in terms of savings on surface
tailings disposal requirements were also outlined in the study. They concluded that the proposed
concept of mill tailings agglomeration could benefit the mining industry in many ways. It would
supplement the aggregate material used for backfill, reduce the waste disposal requirements,
conserve land and protect the environment. It could also eliminate the constraints placed upon
fine grinding for the liberation of valuable minerals (Amaratunga and Annor, 1989), especially

for gold ore.

2.7.3 Mechanical Properties of Composite-Aggregate Paste (CAP) Fill Systems

Because of confusion in terminology, there are no distinctive listings of properties of composite

backfills in the published literature. The properties of this type of backfill are often considered
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to be similar to those of either mill tailings paste fill, depending on the composition of sand
(Lidkea and Landriault, 1993). On the other hand, composite fill or “aggregate
fill”(Arioglu,1983; Grice, 1989; McKinstry and Laukkanen, 1989; Raffield et al., 1998)
properties are assumed to be similar to that of cemented 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 of tailings and pellets.
The proportion of pellets 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 of solids.

A maximum 28 days unconfined compressive strength of 2.47 MPa was observed in samples
containing 50-50 agglomerates/tailings mixture and 10% cement. This value was to be
compared to a set target strength of 8 MPa. It was concluded that even though a target strength
of 8 MPa was not achieved, agglomeration could produce a more useful form 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 of Crushed 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 150m radius around two shafts to
permit extraction around the shaft. Porosity of the fill ranged between 28-30%. The mix ratio
for cw/cct backfill ranged between 70/30 to 50/50. The success of the stoping was attributed to
the high stiffness generated by the cw/cct backfill. It was reported that the fill 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 of cement to the hydraulic fill to
form cemented hydraulic fill. 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 rockfill (CRF). The report describes an in situ aggregate fill which is placed

in a similar manner to cemented rockfill.

2.7.4.1 Summary of “Aggregate” Fill Properties
Arioglu (1983) used a 60 per cent coarse aggregates to 40 per cent tailings ratio in the study on

“aggregate” fill. The optimum ratio of composite aggregate/tailings (A/T) fill mixtures has been
identified to range between 60-70 per cent coarse and 30-40 per cent fine materals
(Arioglu,1983; Grice, 1989; Wingrove, 1993; McKinstry and Laukkanen, 1993; Raffield et al.,
1998). Some of this 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 rockfill.

2.8 RELATIVE EVALUATION OF HIGH-DENSITY FILL PROPERTIES

Hedley (1995) conducted a literature review on the physical properties of cemented rockfill and
high density paste backfills from mines in North America. Berry (1980) , Wingrove (1993) and
Hedley (1995) have concluded that compressive strength and deformation modulus of high
density fills are mainly controlled by the cement or binder content, and to a less extent by
porosity. Hedley (1995) expressed the compressive strength of paste and cemented rockfill as
a function of cement/porosity (c/n) 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



good agreement was found between compressive strength and cement content-to-porosity ratio

by Hedley (1995), as follows:

158
c.=266 (5) 2.1
n
Where: o, = compressive strength (MPa)
c = cement or binder content (%)
n = porosity (%)

Hedley also found that there was less scatter in the data than just plotting compressive strength

against cement content.

The above findings in effect, suggest that binder composition controls porosity of cemented high-
density backfill systems. The findings also 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 rockfill and
cemented paste backfills from various sources. It was found that the rate of scatter in the data
in (Table 2.2) was much greater for the rockfill than the cemented pastefill. It was therefore,
suggested that paste backfill was the better backfill system of the two types of fill.

Table 2.2 Comparison of mechanical properties of pastefill and cemented rockfill samples

(after Hedley, 1995)

Density Strength Modulus
Backfill Type (Kg/m’) (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)
Rockfill
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 of Composite-Aggregate Paste (CAP) backfiil
properties and behaviour in mining. The application of CAP fills could result in the bridging
of the wide gap between paste backfill and cemented rockfill properties which has been
identified by Hedley (1995).

Hedley (1995), also compared the in situ stiffness of the paste fill and cemented rockfill from
various mines in North America. It was found that the stiffness of the cemented paste fill was
at the lower end of the range of values as compared to well 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 rockfill samples varied between 5 and 7 per cent. The binder consisted of a
mixture of cement and flyash. The particle size distributions and the specific gravities of the fill

materials were also omitted from the comparisons.
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29 OPTIMIZATION METHODS FOR BACKFILL MATERIALS

2.9.1 A Concept of Backfill Material Properties of Optimization

In general terms, the optimization of mine backfill systems refers to the most cost-effective
means of improving the operational efficiency of backfill-reliant mines. Optimization is
also concemed with the engineering of structurally competent and cost-effective backfill
materials and systems including the use of alternative means of fill consolidation (Hassani,
1993). In terms of current practice (Stone, 1993; Reschke, 1993; Landriault, 1995; Farsangi
etal., 1996 ), optimization involves the processes of improving mine backfill performance
while reducing production costs. Backfill performance can be measured in terms of
improved support potential which is expressed through increases in strength and stiffness
of the fill.

Various suggestions have been proposed for improving backfill strength and stiffness.

These have included:

a) minimizing fill porosity through aggregates size gradation (Berry, 1980; Thomas,
1981; Arioglu, 1983; Swan, 1985; Hedley, 1995; Lidkea and Landriault, 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 backfill optimization
parameters because they affect strength development, and therefore influence stope cycle
time. The method and condition of fill placement can be considered as a method of backfill
optimization because placement can be used to improve backfill properties (Berry, 1980;
Corson et al., 1980). The condition of fill placement relates to whether the fill is exposed
or confined and it is greatly influenced by the mining method.
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2.9.2 Backfill as an Engineered Material
Atchison et al. (1973), Annor and Clarke (1988), Hassani (1993) and others have considered

the structural aspects of viewing and designing mine backfill 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-density backfill systems under study, this concept
is recognized as being the most relevant approach for designing and producing composite

backfill products from total tailings paste and waste rock aggregate.

Various investigators including Lamos,(1993), Clark (1988), Arefetal. (1989), Vickery and
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 of total tailings as
a structural product for backfilling has so far not been fully addressed in the available
literature. In general terms, the backfill must be designed to satisfy the structural
requirements of the applicable mining method. The design considerations (Chen etal., 1996)

should also 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 of optimization procedures used in the design of

conventional backfill systems based on a review of the available literature:
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2.9.3 Particle Size Gradation

The effectiveness of any type of backfill for underground support depends on the inherent
material properties, pulp density and conditions of placement. Particle sizes and gradation
play important role in the mechanical properties and behaviour of soil-like materials
including backfills (Espley et al., 1970). With regard to mine backfill, it has been suggested
that the primary objective for optimising particle size distribution is to achieve a well
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 backfill materials on the basis of soil
mechanics 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 backfill materials, or how it should be measured.
For example, indices such as “The Effective Grain Size (D,y)”, the “Coefficient of
Uniformity (C,)” and the “Coefficient of Curvature ( C_)” are generally used to characterise
and quantify particle size distribution of fill materials (Bowles, 1970). These indices are

derived as follows:

D
C === 2.2
DIO

and

= (D) 2 2.3

(D)D)

D, = grain size at 10% passing (also, the effective grain size)
D,, = grain size at 30% passing
Dy = grain size at 60% passing
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Well-graded materials usually contain equal representation of all size fractions. For
example, C, values of 4 to 6, and C_ values of 1 to 3 have been proposed (Terzaghi and
Peck,1967; Peck et al., 1974; Das,1983; Craig, 1978) as indications of a well graded fill and
soil material. Composite backfill and cemented rockfill systems generally contain a broad
distribution of fine and coarse aggregates ranging from a few micrometers to several
millimetres in size. The particle size gradation of these materials can be expected to be
similar to till-soils (Peck et al., 1974). A wide range of coefficient of uniformity (C,, values

can therefore be expected for these types of backfill materials.

2.9.3.1 Optimum Particle Size and Distribution for Concrete

In concrete technology, a well established relationship exists between compressive strength
and sizes of aggregate materials that are used for concrete mixes (Neville, 1987). The
correct choice of particle size distribution results in optimum design of concrete mixes by
reducing porosity and thus minimising cement requirements. This approach is widely used
as a means of optimizing all types of backfill mix designs. For example, Swan (1985) and
others have proposed that the performance of a backfill binder may also be optimized by the

correct choice of particle size distribution of the fill material.

It has been suggested by Thomas et al. (1979) that fine particles in a well graded backfill
tend to fill the voids between larger particles thus reducing the volume which the cement
gel must occupy 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 fill is fully

set, an uncemented tailings backfill has a lower porosity than when cemented.
Additionally, it has been shown (Thomas et al., 1979; Vickery and Boldt, 1989; Ross-Watt,

1989) that backfills containing high proportions of fine material, developed higher

compressive strengths than fill products containing medium or coarse materials.
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Binder
gel

Situation with good grading control
Situation with no grading control - small particles occupy the voids
- Binder gel must fill all voids reducing the amount of binder gel
required

Figure2.3 Model demonstrating benefits of fine particles in hydraulic fill (after Thomas
etal., 1979)

Ithas been found (Clark, 1988; Chen and Annor, 1995) that tailings fills with higher specific
gravities, tend to have higher porosities at the same water to solids ratios. The addition of
cement to tailings fills increases the ultra-fine materials content of the fill. 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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fill. The application of higher specific gravity aggregates for composite fill preparation

merits investigation.

2.9.3.2 Designing 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 binder performance and thus, to reduce
costs. To help determine the effects of aggregate grading on strength, Swan (1985) applied
concepts from concrete technology where the amount of binder consumption and strength
developmént have been related to the size and distribution of the materials. This relationship
is based on the Talbot curve. The Talbot curve is often used in the concrete industry to

estimate the cement requirements for achieving an acceptable level of strength for poorly

graded aggregates.

The Talbot curve is defined by:
B, =100(u/u,)" 24
Where: P, = percent passing by weight for sieve size u and for
particle size u,
n = experimental constant

Experiments by Talbot and Richart (1923) showed that a specific value for exponent “n”
would minimize porosity of a concrete mix, thereby maximising strength. Although this
might be true from a theoretical standpoint, it is not considered as a practical solution for
optimising a backfill mix. This is because in practice, minimising fill porosity generally
results in harsh hydraulic fill mixtures with attendant placement difficulties such as,

segregation and poor drainage characteristics (Swan, 1985).
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2.9.3.3 Optimization of Backfill Material Size Gradation Using “Binder Number”
Swan (1985) has proposed that a Talbot-based design procedure should be used for designing

backfill 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. It is assumed that all aggregate particles
are spherical also, that the aggregate sizes are randomly arranged, 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: "d,." which is the mean free distance between aggregate
particles in the mix, and "a,", the aggregate’s specific surface area for a constant water
cement ratio. Knowledge of the fill aggregate particle size distribution, its porosity and

volumetric cement content allows the calculation of a, and d,,, from a series of equations.

A “binder number” which is a dimensionless number equal to (C, / (d,,, a,)) is developed
from the series of equations. The “binder number” can be calculated and related to the
expected strength of the backfill mix by a relationship that shows that the unconfined
compressive strength (known from free-standing height requirements of the fill) is
proportional to (C, / d,,, a,) 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 between binder number and compressive strength. It was
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(C, /d,,, a,) 25

where Cv = = volume of cement in a unit dry volume of freshly placed backfill

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 of cement needed to achieve a given backfill strength.
It has also been suggested that (Swan, 1985) other findings exist in concrete research which
may be of interest in backfill mix design. These include the strong dependence of strength
on inter particle distance, on the inverse of the aggregate’s specific surface area, and on

“some power of cement content”.

Most of the strength data analyzed by Swan (1985) were developed using concrete samples
where the cement content was much higher than that normally used for backfills. Other
studies (Boldt et al., 1993) have however, shown that some of the concepts used in concrete
technology mix design, do not often apply to the design of backfill mixes. For example, in
total tailings pastefills, the porosity is probably largely dependent on moisture content than
inter-particle spacing. Also, unlike concrete technology where binder composition can be
as high as 35% of the volume of aggregates, in most backfill systems, the amount of binder
used per dry weight of fill material is relatively small and often less than 10%.

294 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 of cemented mill tailings fills. The effects of “Fineness Modulus™ on compressive
strengths of total tailings backfill samples containing 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 of aggregate gradation. It is defined as follows:

FM = (Commutative percentage of material retained on US sieve screens 4 to 100)/100

where the screen sizes are Nos 4, 8, 16, 30, 50 and 100.

It was also reported (Boldt et al., 1993) that other previous studies had shown that wide
variations in sand grading had no effect on the compressive strengths of mortar or concrete
samples. In an alternate reported study (Bureau of Reclamation (1981) in Boldt et al., 1993),
mortar is defined as a mixture of cement, 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 per cent 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 of fines content. It was suggested that the
increased amount of fine material 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 of the material became finer

and the FM decreased, when slump and water/cement ratio were kept constant.
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Boldt et al. (1993) also reported that in tests of structural concrete, when water/cement ratio
and slumps were held constant, changes in sand grading was found to have no effect on the
compressive strength of the mortar or concrete. 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 little effect on
compressive strength development at higher water/cement ratios (7 to 11). Additionally, it
was found that the unconfined compressive strength more than doubled when the

water/cement ratio was decreased to 4.42.

These findings (Boldt et al., 1993) also suggest that for fine tailings fills, binder content and
moisture control seem to have more effect on strength development than aggregate gradation.
This approach seems to support the fact that water requirements tend to increase for concrete
and similar products (Neville, 1987) including backfills, as the fines content is increased for

any given size of coarse aggregates.

2.9.5 EFFECTS OF COARSE AGGREGATES ON STRENGTH PROPERTIES ON
TAILINGS FILLS

Arioglu (1983) studied the effects of coarse aggregate addition on the strength properties of
cemented tailings fill. This investigation can be considered as a study on the optimization
of aggregate size gradation. The material consisted of crushed marble aggregates and
tailings. The specific gravities of the tailings and the marble aggregates were 3.01 and 2.65
respectively. The coefficient of uniformity values were 4.7 for the tailings, and 4.89 for the
marble aggregates. An ideal grading for the combined material which resulted in maximum
density and thus maximum strength was obtained and was expressed by the following

equation:
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Where: P = percentage of material smaller than size "d"
D... = maximum particle size

The combined material consisted of 40% tailings and 60% marble aggregates with particle
sizes ranging between 30mm and 0.15mm. Three mixes were prepared with the following
total aggregate/cement ratios: 5:1, 10:1 and 20:1. Water/cement ratios ranged between 0.72
and 2.21.

The test results showed that compared to the cemented tailings fill, the strength properties
of the cemented "composite” marble-aggregate and tailings fill increased substantially with
increased cement content and decreased water/cement ratio. The strength properties were
found to be dependent on cement content and water/cement ratio. It was concluded that the
addition of coarse aggregates to the tailings mix resulted in immense increases in the strength
properties of the cemented aggregate fill. The test results showing the strength parameters

are summarised in Table 2.3

Although the blending of coarse aggregates with the tailings material played some role in the
substantial increase in strength properties, 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 of the material was considered to be 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 of strength properties more than particle size gradation for backfill materials.
This suggests that unlike concrete technology where mix design depends on optimal
aggregate size distribution, there is no optimum size distribution for backfill materials.

2-39



Binder type and composition, moisture content and water/binder ratio seem to control the

development of strength properties in backfill mixes.

Table 2.3 Comparison of cemented fill parameters (after Arioglu, 1983)

Total aggregate/

cement ratio S/1 10/1 20/1

Fill type A B % A B % A B %
increase increase

Cement, kg/m’ 288 352 20 156.5 195 246 816 103 26

Water/cementbywt. 147 072 -50 272 1.22 -55 524 221 -57

Compressive

Strength, kg/cm? 43.56 131.77 200 798 5796 626 4.76 23.77 399
Tensile

strength, kg/cm’? 6.57 19.77 200 1.57 9.84 526 - 411 -
Cohesion, kg/cm®* 843 2552 202 1.77 1197 576 - 495 -
Static elasticity

modulus, kg/cm? 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 backfills 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 of references on the subject. For example, the main
reason for tailings classification by cycloning is to improve drainage of the fill mass and thus
reduce the water/cement ratio of the 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 determinants for strength gain in tailings fills than particle size gradation. Figure
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. 2.4 shows the effects of water/cement ratio on backfill strength (Lerche and Renetzeder,

1984).
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Figure 2.4 Effect of water/cement ratio on backfill strength, (after Lerche and
Renetzeder, 1984)

2.9.7 BINDER CONCENTRATION AND CONSOLIDATION TIME AS
METHODS OF OPTIMIZATION

Binder and curing time can also be considered as optimization parameters for backfill mix
design. The rate of strength development for most backfill 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 of grind (ASTM C-204, 1987) which is often expressed in

terms of Blaine 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

2-41



the use of alternative binders such as slags, flyash, anhydrite and other products for
consolidating backfills. It has been concluded that the application of binder improves the
cohesive properties and stiffness of backfills. Additionally, alternative binders to ordinary

Portland cement can provide cost-effective means of consolidating backfills.

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 also
been shown (Douglas and Malhotra, 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 of some of the alternative binders for improving backfills have also been
investigated and proven. It has been concluded that considerable savings can be achieved
by minimising the percentage of Portland cement used (Yu and Counter, 1988; Douglas and
Mathotra, 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%
of ordinary 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 have extensively evaluated the use of Anhydrite as a binder alternative for backfill

materials.

Petrolito et al. (1998) studied the strength of backfill stabilized with calcined gypsum.
Tailings were obtained from four different sites to simulate materials to widen the scope of
the study. It was suggested that calcined gypsum has cementing properties and is cheaper
to produce than cement. Unconfined compression strength (UCS) on SOmm diameter by 100
mm long cylinders were used to determined calcined gypsum stabilized backfill 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 of Water/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 difficult 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 backfill in the normal range of strength used in practice.

U.C.S. (MPa) = 2.084 (W/CG)*3%

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 also
been shown (Douglas and Malhotra, 1989; Hopkins and Beaudry, 1989) 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 stiffness of the fill. Only a
slight increase in stiffness often occur under stable ground conditions where there is little or
no convergence. Backfill stiffness generally increases under highly stressed conditions, as

convergence develops in a stope (Hedley, 1987, 1995).

The effects of confinement on the behaviour of cemented 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 of only 25 psi (0.17 