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ABSTRACT

Hydraulically placed cemented backfill is increasingly being used as a means of stope
support in South African hard-rock mines. The addition of binder provides backfill
with a primary compressive strength, the property for which the material has tradi-
tionally been utilised. Binder-induced cohesion, however, is not the only factor deter-
mining the IQua!ity of cemented backfill and the material’s utility can be enhanced
significantly by applying ali of its attributes to the task of stope support. The main
purpose of this thesis is, therefore, to examine thosp factors which inflilence the per-
formance of cemented backfill, and to provide relevant and useful information for the
design of improved cemented backfill mine support for tabular mining excavations. |

In an extensive laboratory investigatiéi::‘. a mumber of relevant factors were tested for
their influence on the loading behaviour of cemenied backfill. Twenty two cemented
backfills, grouped according to aggregate type, water cortent, binder content and
binder type, were analySed to determine the influence of composition on their
material properties. This study was angmented by several tzst series on the effects of
curing conditions on cemented backfill quality. In a second major investigation, the
effects of geometricat parameters, including sample volume and sample width to
height ratios were analysed. A further stody dealt with the effect of spatially separat-
ing sample backfili ribs under normal compression, as well as at high closure rates.

It is concluded, that by co-ordinating the composition design of cemented backfills
with the spatial configuration of backfill support elements, it is possible to modify ali
phases of the cemented backfill loading response. This implies the congmi of the bin-
der-induced compressive strength at low strains, the large-scale yielding behaviour of
backfill sﬁpport, as well as the stiffness of the backlill body at high stresses. In the
light of stope support requifenzents, particularly under rockburst conditions, the
capacity of backfill support to yield and absorb rapid stope closure and then to
decelerate the hangingwall by the rapid strain-hardehing of the, now, large width to
height ratio backfill mass, has the potential of substantially increasing mine safety in
tabular stopes,/
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1 INTRODUCTION

Deep South Affican hard-rock mines are characterised by narrow, laterally extensive,
inclined orebodies ( reefs ), in many cases extending to depths below three kilo-
metres. Stresses atound _prining excavations at such depth are extremely high, with
stopes and service cxcavfatinns surrounded by extensive envelopes of fractured rock.
The mining of such deep deposits would be impossible without the provision of com-
petent stope support.

'The primary purpose of support in stopes is to provide a safe environment for people
working in them: secandly, support must ensure that the excavation can serve its
nitended purpose ( Budavari, 1984 ). Technically, the support must, in the first
instance, prevent the build-up of high stresses and the associated severe fracturing at
the stope-face ( regional support } and secondly, prevent fractured rock from collaps-
ing into the workings ( local support ). Support must, furthermore, protect the exca-
vations, as far as possible, from the effects of dynamic loadiig, such as rockbursts and
seismic tremors. o

A wide variety of support elements and systems have been developed to provide the
necessary local and regional support, some of which have become indispensable in
deep level mining: hydraulic props and backfills are am yng the most ii_-ortant.
Hydraulicaily placed bulk backfill is particularly well suited to deep level mine sup-
port, as it can combine many of the properties required of both iocal and regional

support.

This thesis deals with hydraulically placed backfill stope support, with particular
emphasis on cemented backfills. It will be shown, that cemented backfill can be a
fully engineered support medium, that its performance and behaviour can be
designed in detail, and that it can be as sophisticated a support medium, as any other

support type.



1.1 Backfill Mine Support

For decades. many traditional support types and systems have been employed success-
fully in protecting deep stopes in South African hard-rock mines. As mining devel-
oped beyond three kilometres in depth, however, the number of rockfalls and
rockbursts increased dramatically as conventional mine support proved increasingly
inadequate to cope with the immense rock stresses. These problems eventually led to
fundamentai changes in mining strategy and mine layouts and resulted in the develop-
ment of a new gencration of deep level stope support, including rapid-yielding
hydraulic props and competent backfill.

Backfill has periodically been used as stope support in Witwatersrand mines since the
turn of the century, but only from about 1970 onwards, has it been introduced on a
large scale, in the realisation that this materia} offered unique properties for the sup-
port of deep level mining excavations. Since then, backfills have essentially devel-
oped along two separate paths: uncemented backfills for their regional support
characteristics. and cemented backfills, mainly used for their support qualities at low
strains and for their self-standing ability in high stoping widths. Both types of bulk
backfill are invariably utitised for their material properties, and are placed in bodies as
large as practically possible.

The leading behaviour of backfill is. however, not exclusively determined by its
material composition, but also by the shape of the backfill body. Up to now, the con-
cern in this respect has been to exceed the 11:1 width to height ratio of backiill bodies
in order to provide effectively infinite confinement and thereby guarantee the stiffest
possible compression response. It will be shown lates in this thasis that by modifying
this shape, the backfill compression respeinse can be significantly influenced, which, in
conjunction with material compaosition, aflows accurate control of the overali defor-
mation response of backfill support systems.

There is a tendency in South African deep level mines to use either uncemented or
cemented backfill exclusively, according to perceived overall support needs and com-
pany policy. Through such a categorical commitiicnt, a company might inadvertently
deprive itself of the benefits of a whole range of possible backfill support properties
olfered by adding or omitting binders, as the case may be. If backfill mine support is
to be uiilised to its full potential, a holistic approach will have to be followed in future



backfill support design which is purely merit based and in which the distinction
between cemented and uncemented backfills ber.omes entirely site-specific. In addi-
tion to the backfill properties dictated by the material composition, such a design -
approach will ther also need to consider the effect of backfill support element shape,
~_adomain largely overlooked today.

1.2 Review of Cemented Backfill Research

Publications on cemented backfill began to appear regularly from the end of the
1960’s onwards and. by the nature of the subject, were mainly published in countries
with large mi~"ng industries. Each region, naturally, developed in the direction, most
relevant for the prevailing mining methods practiced there. Australian and Canadian
papers are mainly concentrated on filling very large vertical stopes in base-metal
mines, Sauth African papers tend to deal with filling deep, tabular stopes in hard-rock
mines, while German papers concentrate almost exclusively on filling coal mines. The
great majority of publications are concerned with site-specific investigations, only a
few individuals or institutes seem to be studying general principles of cemented back-
fill properties. This is not surprising, considering the inter-disciplinary, very specia-
lised nature of the work and the world-wide recession irt mining.

The first major work published on cemented backfill, and still often quoted, is the
thesis of E.G. Thomas ( 1969 ). In this work, Thomas laid the foundation to many
techniques for ihe investigation of cemented backfills, and touched on most issues,
still considered important today. Thomas worked on Australian materials, mainly
Mount Isa residues, utilising poriland cement and cement/fly ash binders with rela-
tively smail fly ash contents. Thomas saw the connection between cemented backfiil
sirength, sample porosity, and moisture content. Ile reported the effect of tailings
classification on the strength of cemented backfili, but did not quantify the effect. He
pointed out the importance of fill permeability and how this was effected by uitra-
fines in the backfiil.

In 1975, Gonano published a paper on the size effect behaviour of cemented back-
fills. He concluded, that the effect of sample size on the strength of cemented backfill
is not very pronounced. { His work will be discussed in more detail in Section 4.2.1 in



the thesis ) In 1976, Avalle wrote a dissertation on cemented South At'rilcan gold
mine backfill slurries, Avalle used classified tailings and full plant tailings, as well as
portland cement with pozzolans. He realised the importance of drainage on the
liquefaction potential of these backfills. In his evaluation of the compressive
strengths of backfills, however, he did not consider the porosity of the materials, a -
serious shortcoming in his work, which generatlly lacked a systernatic approach to the
backfill compositions tested. ' '

From 1977 on, G.E. Blight began to publish in the field, systematically applying soil
science and civil engineering principles to the design of backfills ( Blight, et al, 1977,
Blight, 1979, Blight and Clarke, 1983, Blight, 1938 ). Bligh't is an authority on the
liquefaction of backfills and has long advocated the mechanical r=inforcement of
cemented backiis.

During the 1977 wumber of papers appeared, dealing with massive mine backfills
and specifically W the replacement of portland cement with pozzolans, such as fly
ash, blastfarnace slags or reverberatory furnace slags. Most of these publications
were site-specific, not concerned with general principles ( Corson, 1970, Weaver and
Luca, 1970, McGuire, 1978, Sallest, 1978, Schwartz, 1978 , Miichell and Smaith, 1978 ).

In 1978, Thomas dealt with backfill permeability, he recommended a minimum perco-
lation rate of 100 mm/h for acceptance of backfill and stated, that the addition of
portiand cement eliminated the licuefaction problem. He also stated that
permesbility is not of great concern with the addition of binders and the associated
hydration reactions. In this respect, it must be remembered that portland cement
actually uses very fittle water in its hydration reaction, 28 % of the mass of cement, far
less than what is usually present in hydraulic backfills. In the same year, 1978, Tho-
mas and Cowling reported on the use of Mount Isa reverberatory slag as a pozzolan
and note a decrease of backfill porosity with an increase in binder content.

1981 saw the first of a number of publications by W. Helms and W. Knissel on Ger-
man cemented backfills { Helms, 1982, 1984, 1988 a,b, Helms and

Knissel, 1981, 1982, 1985, Knissel, 1987 ). Their work is concerned with the filling of
German coal mines for the prevention of surface subsidence. The fill material is inva-
riably coal washery refuse of a wide particle size spread and the cemented backfill is
placed at very low water contents by prneumatic or mechanical stowing. Helms’s



thesis and habilitation ( 1982 and 1988, respectively ) are excellent sumisaries of
cemented backfill properties, they deal with 21l relevant strength factors, including the
effects of backfill on supported rock strata, but are, naturally, tailored to German coal
refuse backfills. : ' /

In 1985, Swan published a much quoted paper on cemented backfiil design. He
introruced a cemented backfill binder number, a function of mea particle distance -
related, of course, to porosity. This binder number produces a correlation between
back{ill strength and cement content, but the errors are too large for practical vse. In
this publication, Swan did not utilise the well known cement/water ratio, even though
that would have explained many findings satisfactorily. A single quantity was
introduced, describing an entire particle size disteibution. His paper offers a good,
unconventional approach to cemented backfill design.

From 1986 on, a large amount of work has begun to emanate from the Chamber of
Mines of South Africa Research Organisation ( COMRO ). Much of the work was
nublished for the use of the South African mining industry but, unless confidential,
has always been freely available to international researchers. Pablications at
contferences included: Clark, 1988 a,b, Lamos and Clark, 1989, Hinde, et al, 1990,
Hinde and Kramers, 1989, Kramers, et al, 1989. Most of the work was concerned
with deep level mine backfill for South African hard-rock mines. The work presented
in these publications and in this thes’s formed part of that research effort and the
publications are referred to repeatedly. Many internal reports by Bradley and Lamos
dealt with basic issues, including strain rate effects on strength ( Bradley, 1986 ),
binder content determinaticas in backfill ( Lamos and Scalla, 1986 ), specimen shape
effects ( Bradley, 1987 ), curing of backfili under stress ( L.amos and Bradley, 1987 )
curing temperature effects ( Lamos and Bradley, 1987 ).

In 1989, Aref, et al published a paper on the liquefaction potential of cemented paste
backfills. The paper gave a good general summary of the subject, but did not add

- substantially to the knowledge at the time. In the 1980’ site-specific work on backfill
binders continued, but were mainly of local interest: Atkinson, et al, 1989,

Chan, et al, 1989, Douglas and Malhotra, 1989, Hopkins and Beaudry,. 1989,

Viles, et al, 1989,



In corrdusion, the study of the relevant literature shows thai:

®

: intelnationi;lly. at least two thirds of the publications deal with site-specific or mat-

erial-specific backfiil problems, the remaining third being dedicated to geriéra_!,
basic backfill behaviour: '

the unique support challenges faced in deep South African mines have necessi-
tated and stimulated a large amount of research work, both generat and site-spe-
cific, and have made South Africa a leader in the field of mine backfi} research;

SR
i

a éomprehensive study on South Afvican cemented backfills is iackingu"ii;’) 1o now;

there is no detailed account of cementation reactions, as they apply to cemented
backfill sturries; -
w .

there is very little information on the "post-failure’ region of cemented tailings
materials, and

the design concept of a fully controlied joading response for cemented backfill
mine support has not yet been described. |

~ 1.3 Purpose and Scope of this Study

A survey of the published literature shows that until now a comprehensive study on
South African cemented backfills, dealing with, both, materia] and structural aspects
of cemented backfill support design, has not been undertaken. After appropriate
motivajon, therefore, the South African mining industry, throogh the Chamber of
Mines, agreed that thers was a need to undertake a detailed study of cemented back-
fills with the objective of providing relevant information for the design of improved,

cost-effective cemented backfill mine support; that was the main purpose of this
study. The objectives were to be achieved by acquiring a basic understanding of the
materials and parameters controlling the support behaviour of cemented backfill,

including:



ii.

iii.

V.

vi,

vik

“The properties of the most important aggregate and binder materials used in

Sounth African backfills.

The effects of aggregate and binder characteristics on the primary strehgth of
cemented backfills.

The effects of material composition , curing eavironment, sample gednetsy and
tcsting methods on the primary strength of cemented backfills.

The eﬁccts of tailings classification, vitra-fines content and associated water on
the primary strength of cemented backfills.

The precise tunctioning of binders in cemented backfills, including the effects of
cement crystal growth in backfills.

The relative influences of the various sirength conirolling factors,

The behaviour of cemented backfill under rapid compression.

The investigation should further provide:

viid,

A holistic approach to the design of cemented backfili stope and gully support,
taking into account, both, material and structural design factors in order to be
able to fully control the loading response of cemented backfill stope support.

Practical design data for cemented backfill stope and gully support.

Empirical equations fur the estimation of cemented backfill strength, baszd on
material composition and curing time.

Clarification of ambiguous backfiil terminology.



1.4 Stmeture of the Thesis -

Aside from the peripheral sections, thc introductory and concluding chapters, the
core of this thesis consists of four main chapters: '

Chapter 2: Backfill Stope Support Requirements deals with the problems of support-
ing deep tabular stopes in South African hard-rock mip-5. It presents an overview of
mining conditions at great depth, with special empha‘éi‘s_'t;n local and regional stope
support requirements under, both, static and dynamic loading conditions, In the
chapter, various suppaort elemenis and systems ars compared with the specific support
capabilities of cemenied and uncemented backfills. The information in this chapter
outlines the requirements which need to be considered in the design of competent
backfil stope support.

Chapter 3: Backfill Constituent Matericls describes in detail all common South Afri-
can backfill materials, including aggregates, cements and cement extenders

( pozzolans ). Their physical, chemical and mineralogical properties are evaluated in
the light of backfill requirements. The chapter provides an overview of cement and
pozzolan chemistry and their hydration reactions. It also deals with the engineering
properties of backfill constituents and backfill sturries, including backfill preparation
and the hydraulic transportation of slurries. The information contained i this
chapter forms the basis of the work presented on the load-bearing behaviour of cem-
ented backfills in Chapter 4.

Chapter 4: Load-bearing Characteristics of Cemented Backfills is the largest chapter
of the thesis and is concerned with the effects of compositional, environmental and
structural factors on the strength of cemented backfills. It contains most of the
experimental results and gives a comprehensive summary of the behaviour of cured
cemented backfills under load. The factors investigated include, among others: aggre-



gate and binder types. por()suy‘ watcr content, cunng co;;d-txons lnadmg rate and
sample geomctry. This chapter provides most of tise background for the following
chapter on backfill support design.

"

Chapter 5: I esign of Controlled Loading Response Cemented Backfill zntegrates the
resulis of- Chapters 3 and 4 to describe how all aspects of the load/disptacement curve
of cemented backfill can be controiled separately. It is shown that by combining
material design and the configuration of cemented backfill support elements, the
behaviour of a backfill support system under load can be predetermined.

ft

£



2 BACKFILL STOPE SUFPORT REQUIREMENTS

The working of deep, tabular gold and platinum deposits in South Alrican hard-rock
mines presents some of the most formidable mining challenges on earth today and the
pravision of safe working conditions is vital for their continued viability. This chapter
outlines the stope support problem in deep tabular mining excavations, provides
information on the requirements placed on competent support, and compares various
support systems which have developed in response to specific mining conditions.
Backfill will be shown to be an important support medium with characteristics offered
by no other support type; characteristics which, in fact. make it indispensable for the
-‘i'ié:ixppon of mine excavations at great depths.

Tn comparirig different support mediums, it must be borne in mind, however, that the
use of backfill for regional suppart involves 2 fundamentally different concept to
traditiqzi%l support duties: whereas conventional stope support is essentially used to
keep the fractured hangingwall intact, prevent falis of ground and absorb seismic rock
movement, backfill regional support is capable of restraining elastic closure, therchy
substantially rcdlicing stress buiid-up at the mining face. This characteristic is com-
mon to, both, cemented and uncemnted backfiils and is undoubtedly their most
important support quality.

2.1 Miring Conditions

Deep South African gold and platinum mines in the Witwatersrand system and the
Bushveld Igneous Complex are characterised by narrow, laterally extersive, inclined
orebedies. In some lease areas of Witwatersrand gold mines, these orebodies, or
reefs, extend below 4008 m in depth and if mined, present considerable challenges in
the provision of competent mine support.

Stresses around tabular excavations at such depth are extremely high, with a large
proportion of these stresses concentrating at the siope faces. Unless some of these
stresses can be routed through stiff support at the centre of the excavation, stress con-

19



centrations at the stope face will reach destructive magnitudes. At great mining
depihs, even well supported stopes are surrounded by an extensive enveiope of -
tractured rock, as is fllustrated in Figure ?«i It is the purpose of stope support, in the
first instance, to prevent the build-up of fich high stresses and the associated severe
fracturing at the stope face { regional support } and secondly, to preven’ ‘ractured
rock to coliapse into the workings ( local sup;ﬁort ). Furthermore, support must, as
far as possible. protect the evr=7atjons from the effects of dynamic load'ag. such as

rockbursts and seismic trey. s,

2.2 Local Support Problem

The purpose of locul support is to prevent rockfalls in stopes and gullies, caused by

~ the deterioration and cellapse of fractured rock strata immediately overlying or
adjoining the mining excavation. The fracturin around deep stopes is-.nainly due to
intensive stress fields surrounding the excavations and is exacerbated by structural
factors such as geological discontinuities. faults and dykes, rock type, and by blasting
shocks { Brummer, 1987, Ryder, 1988 (1) ). In addition to these semi-static mining
problems, jocal stope and gully support is required to ameliorate the effects of
dynamic Ioads imposed by rockbursts and seismic tremors.

2.2.1 Stope Closure

if mining progresses in a stope at a constant stoping width, the height of the excava-
tion at a given point will decrease, s mining advances away from it. This is due to a
combination of elastic convergence of the hanging and the footwalls, and to inelastic
closure, which, at depth, is the larger component of the iwo. The closure profile of a
stope is a graph describing the extent of closure in relation to the distance from the

1)  The excellent book An industry guide to methods of ameliorating the hazards of
rockfalls and rockbursts, 1988 Edition, edited by John A. Ryder and published at the
Chamber of Mines of South Africa in 1988, has been used extensively in the prepara-
tion of this chapter.
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face / Figure 2.2 ). i miming advances at a reasonably uniform rate, the distance is
sometimes expressed in terms of time. Figure 2.3 shows stope closure as a time-de-
pendent phenomenon: whereas elastic closure is effectively instantaneous, inclastic
closure takes place over an exiended period of time. Closure rates range from as
little as 1-2 mm per metre of face advance in shallow mining, to over 30 mm/m in deep

stopes.

2.2.2 Static Loading Conditions

The exposad rock around mining excavations is subject to elastic and irclastic defor-
mation. At shallow mining depths, the unsupposted hangingwall is basizally under
tensile stress as a result of gravitational forces: at small spans, the hangingwall may be
intact and perfectly capabie of supporting itself. If the safe span is exceeded, how-
ever, the tensile stresses in the nangingwall will exceed the tensile strength of the rock
and the hangingwall beam (1) will fail.

In deep-level mining operations, the high resuitant stresses around excavations cause
increasingly severe fracturing of the surrounding rock, and stope closure becomes an
acute problem. In deep stopes, this closure is much greater than the expected elastic
convergerice and even with very stiff support, this inelastic closure can only be
reduced by about 50 % ( Ryder, 1988 ). |

Figure 2.1 illustrates the stress-induced fracture pattern around a hypotheticel deep
stope. The severity and extent of the fracturing increases with the higher stress levels
at greater depth. Several types of fractures are distinguished { Ryder, 1988 ):

1}  The term hangingwall beam has come into common usage, describing, in a struc-
tural sense, the rock strata directly above a2 mining excavation; it is underst..od that
plate may be a more appropriate term,
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*  Extension fractures. forming a short distance ai <ad of the face andparallel 10 it,
ntainly as a result of high contpressive stresses and the dilation of rock; flut exten-
sion fractures form where stresses curve around stope corners or at small spans,
such as at ledges, in lags and leads.

* Shear  orlongwall-parallel ) fractures form weil ahiead of the face, us a result of the
shear stress fields projecting ahead into the hanging and the footwall from the
" edges of the face; in unsiable conditions these shear planes can facilitate slip dis-
placements of large blocks of rock.

* Blasting-induced fractures ( not shown in the iilustration ) which tend to aggravate

hangingwall problems in critical areas.

The piincipal role of temporary and permanent local support is to keep the hanging-
wall intact, This is done by reducing the unsupported span 1o appropriate, safe limits
and by preventing the falling of keyblocks. The task of supporting the hangingwall at
great depth is aided somewhat by the dilation of the severely fractured rockmass
ahead of the face, which results in compressive stresses being set up in the hangirxg-
wall at right angles to the face, These stresses help to clamp the steeply dipping rock
slabs and can make a highly fractured hangingwall essentially self-supporting.

223 Static Load Bearing Requirements

The function of support elements within a support system is to prevent falls of
ground, particularly of keyblocks from the hangingwall, and to attenuate the damag-
ing effects of seismic tremors. The level of support required for the task is assessed
according to the extent of fracturing around the excavation and the presence of

- geological weaknesses. These factors determine the mass of potentially unstable rock
which needs to be supported. Under static conditions, the required support resm
tance, R, is essentially determined by the deadweight of unstable keyblocks:

13



Rzpgh . (Egqn 2.1)

It has been observed that most falls of ground in intermediate to deep mines involved
hangingwall rocks of up to about on¢ metre thickness, a deadweight equivalent of
about 25 kN/m2. Since support not only holds up loose rocks, but also serves o fric-
tionally stabilise the fractured rock strata overlying the excavations, a support resis-
tance of about twice the carried deadweight' is considered appropriaie. In practice, a
minimum support resistance of 50 kN/m2, applied as soon as possible, is regarded as
necessary under static, or slowly changing stress conditions. Local conditions can,
however, vary considerably and significantly higher values could be indicated.

2.2.4 Dynamic Loading Conditions

It deep South African mines, dynamic conditions are defined as being caused by
seismic events. Seismic events are sudden relalive displacements of unstable, stressed
rock masses that set free potential energy. Seismic energy is transmitted through rock
by compressional and shear stress waves, travefling ai different velocities. In undam-
aged quartzite, oompressfbnal waves travel at about 5,4 km/s, whereas shear waves
travel at about 3,7 km/s. Particle velocities in riocks around underground excavatiots,
however, rarely exceed a few metres per second, the actual value being dependent on
the magnitude of the seismic event and the distance from the source ( Wagner, 1984,
Roberis and Brummer, 1988 ).

In the Scuth African mining context, rackbursts are defined as seismic events which
cause damage to mining excavations. Various types of rockbursts are distinguished,
either based on the severity and extent of damage { Wagner, 1984 ), or by their origin,
as "shear’ or ‘burst’ type events { Ryder, 1988 ), Shear events account for most of the
large seismic events ( M > 2), causing severe damage to excavations. They tend to
occur on large, steeply dipping geological planes of weakness, either natural faults or
dykes, or mining-induced fracture planes, up to 50 m above or below the reef plane.
Burst events are cansed by the crushing of volumes of oversiressed rock, either at the
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mining face&islg_gil_lar sidewalls, or removed [rom the excavations at the foundations
of pillars. If these events occur near mining excavation, rock might dilate into work-

ings.

When a seismic shock wave travels through rock, particles are accelerated forwards
and backwards, reaching maximum velocities dependent on the frequency and ampli-
tude of the wave. As a wave emerges at an excavation, the surface rock mass is accel-
erated into the cavity, and unless it is part of a solid rock mass with adeqiiate tensile
strength, or firmly supported, it will be thrown into the excavation at approximatcly
the peak ground velocity. It has been observed that very little damage results to min-
ing excavations at peak ground velocities below 1 m/s; nearly all rockbursts causing
severe damage indicate peak ground velocities above 2,5 m/s ( “Vagner, 1984 ).

2.2.5 Dynamic Load Bearing Requirements -

Dynamic loading conditions are much more complex than siatic onigs, as in addition to
gravity, the variables of ground velocity, seismic event magnitude and distance need
to be considered. As the seismic wave arrives at an excavation surface, loose rock is
accelerated into the cavity and the purpose of support now becomes to absorb the
energy of the rockmass and restrain the resulting stope closure to acceptable limits.

The amount of work required from the support to decelerate the rockmass is propor-
tional to the mass of rock to be supported, Mg, and the square of the ground velocity,
v*( Wagner, 1984 ). For the estimation of rockburst support requirements, a further
important parameter is the ratio of the support yield load, Fy, to the rock mass to be
supported, MR. Figure 2.4 shows the relationship between the stape closure, c, the
average ground velocity, v, and the ratio Fy/MR, the support density per uait rock
mass, expressed in terms of gravitational acceleration {g]. If, at 4 ground velocity of

3 m/s, the ratio Fy/MR falls below 3 g, the stope closure rapidly rises beyond the toler-
able 0,3 m. This ratio therefore indicates the yield force required to carry a given
mass of “ractured rock in the hangingwall under dynamic conditions.
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Figure 2.5 shows the support resistarice required to restrain a given thickness of han-
gingwall strata to a maximum stope closure of 0,3 m at ground velocities from 1 to 3
metres per second. From the graph it is evident that if a stope, supported for static
conditions at 50 kN/m2,is shaken by a seismic wave with ground velocities of 3 m/s,
less than one metre of fractpred hangingwall could adequately be constrained. To
support about 3 m of hangiitlgwall under these conditions requires at least 200 kN/m2

support resisiance.

Figure 2.6 shows the distance from the source of a seismic event up to which stope
‘closure of over 0,3 m is expected, as a function of the event magnitude and the avail-
able support resistance: three metres of fractured hangingwall is assumed. It can be
sern that the areal extent of damage increases sharply beiow a support resistance of
200 kN/m2. Conversely, there is little benefit o be gained by increasing the support

resistance to over 40 kN/m2.

For a quick estimation of the required average rockbuhst support resistance, R,

assuming a fracture zone of 3 m and a ground velocity of 3 my/s, the following equation
can be used:

- 1v2 .
) Rz 1+§g—d pgh (Eqn 2.2)

where v is the maximum controllable ground velocity ( at current hydraulic prop
technology: 3 m/s ),

h is the thickness of the damaged hangingwall beam which needs to be sup-
ported, and

d is the maximum tolerable stope closure, in narrow stopes considered to be
0,3 . ( Wagner, 1934, Ryder, 1988).
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Accepting the above values for v and d, support systems in rockburst conditions
should carry up to about three times the static deadweight load. In practice, support
resistances of 200 kN/m2 are presently being suggested for rockburst conditions.

2.3 Regional Support Problem

The high virgin and induced stresses, and the exceptionally large lateral extent of the
narrow mining excavations in deep South African mines, have necessitated the provi-
sion of regional support. Stiff, voluminous support is required to provide, as soon as
possible, passageways for the transmission of field stresses, away from the working
faces, and to constrain the movement { convergence and ride ) of large rock masses
which would otherwise exacerbate the build-up of high stresses around the stope
faces and associated service excavations. At great depih, these stresses can far exceed
the shear strength of the rock and would cause excessive seismicity and catastrophic
failures of the excavations. |

2.3.1 Regional Support Requirements

Regional support specifications are closely linked to the concepts of energy release
-and the energy release rate. It is known that virgin rock stresses mcrease by 27 MPa
for every 1000 m of mining depth, but near the edges of mining excavations these
stresses ate considerably higher. A substantial amount of strain energy is, therefore,
present in the rock around the mining excavation, most of which { > 97 %,

Ryder, 1988 } is released in the form of fracturing, crushing, and slow relative move-
ment of blocks of rock in the fracture zone ahead of the mining face. The amount of
energy released through fracturing and by mining is an indication of the severity of
mining conditions in a stope and it was found that high average levels significantly
increase the probability of the occurrence of rockbursts.

In mining practice, a spatial rate of energy release is utilised, which relates the
released energy in a specific mining section to the volumetric convergence associaterd
with mining advance in that section. That energy release rate, ERR, expressed in
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MI/m3 (1) is governed by mining depth, the shape and layout of the excavation, and
the amount of volumetric convergence into the excavation. The average enecrgy
release rate is not a good measure for the prediction of falls of ground, but is a very
useful indicator of prevailing. mining conditions and can be used for the Speciﬁcation
of regional support requiré'mems. Past experience in deep mining suggests accept-
able values of ERR between 20 MJ/m? and 40 MI/m2, depending on geological
conditions and rock mass characteristics ( Budavari, 1983, Piper, 1991 ).

2.3.2 Stabilising Pillars

Traditionally, stabilising pillars were left unmined to provide regional support; at
moderate depths, their positions can to some extent he selected to coincide with low
value ground ( as in scattered mining ). With increasing depth and stress levels, how-
ever, they can no fonger be positioned according to ore grade, as mining layouts are
dictated more and more by rock engineering requirements, with ever larper stabilising
pillars Iockin!g up valuable orc reserves.

The reintroduction of backfill into deep South African mines since the late 1960,
now also as a regional support medium, has made it possible to substitute at least part
of the support pillars with residue materials ( Piper, 199i ). In principle, it shouid be
possible to replace stabilising and shaft pillars entirely with backfill. At even gieater
mining depth, this may become vital, &s intact rock pillars become too stiff, threaten-
ing foundation failure in the hanging and footwalls through cxcessive shear siresses
around the pillar edges. Af that stage, backfills with accurately controlled
compression behaviour, containing coarse aggregates and possibly binders, may
become indispensable. '

1)  The nearly constant stoping width of tabular stopes in South African hard rock
mines makes it convenient to express the ERR in terms of MlI/m2,
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2.4 Support Elements and Systems

Since no single support type is able to meet all of the specialised requirements, a var-
iety of support elements and systems have heen developed for any practical mining
sitnation, Provided that the selected support type is available and cost-cffective, the
choick of any one combination depends on the capacity of that sifsﬁ:m to carry the
imposed loads and to absorb, as far as possible, the energy of seismic tremors. The
design of effective support is largely determined by the characieristics of the rock, the
deformation of the excavation o be supported. i ¢ the stope closure profile, and the
force generaied within the support in reaction to its deformation ( Ryder, 1988).

Each support element and system exhibits characteristic behaviour in response to
loading, and the choice of support will be based on the relative merits of these char-
acteristics. In comparing the perfermance of individual support elements, the defor-
mation of the element under lvad is related to the reaction force generated within the
support. If several elements of a support system are being considered simultaneously,
the support force is expressed as support resistance, force per unit area [kN/m2}; this is
a useful measure of the total load bearing capacity of the installed support system.

2.4.”- Support Characteristics

. Table 2.1 lists stope support characteristics and ranks them from poor to excellent.
Table 2.2 compares different stope support systems according tc the rating in
Tabie 2.1 ( both tables are adapted from Ryder { 1938 ) ).

The comparisons of support types in Figures 2.7 and 2.8, as well as in Table 2.2 are
based an the average generated reaction force per unit area. In such comparisons,
backfill, especially cemented backfill, appear as very attractive alternatives. The
physical bulk of backfill support and its hydraulic placement meihod, however, effec-
tively prevents this type of support to be placed closer than about § m from the work-
ing face. This must be taken into account when comparing the merits of backfill as a
face area support. As a result of this limitation, and the fact that these first, five
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Table 2.1  Stope support system characieristics

e e

Rating
1 2 3 _ 4 5
Parameter _ Poor Fair Good Very zood | Excellent
Early stiffness <075 | 0.75-1.5 1.5-2,5 2.5-5 >3

[kN{mzlmm]

Yicldability [mm] <25 25-75 75-250 | 256-500 > 500

Rockburstsupport | <75 75-150 150-250 250-500 > 500
resistance [kN/m?]

f T
Areal coverage [%] <3 3-10 10-30 30-50 > 50
Rockburst cast > 20 10-20 510 2-5 <2
effectiveness
{(1987/kIN]

metres of the stope are particularly vuinerable to falls of ground and rockburst dam-
age, it is unavoidable that backfill support be complemented by other means of sup-
port, preferably hydraulic props.

Figure 2.7 compareé typical system characteristics of standard hydraulic props. com-
posite packs, uncemented backfill, and cemented backfill at 1 m stoping width (1},
Figure 2.8 shows the same relationship between hydraulic props and the two types of
backiill on a larger scale, Two important bench-mark values are used for comparison
( Ryder, 1988 ):

kg the Pnitial stiffness of the system, i e the average slope of the characteristic
curve up to 50 kN, expressed in [kN/m%/mm], and

1)  Byits nature, backfill is evaluated in terms of generated reaction force per unit
area, i e as & support system, and it is therefore appropriate to compare it with other
support systems, rather than individual elements.
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Table22 Stope support system compariscnt. Ranking from 1 ( poor ) to 5

" ( excellent ). according to Table 2.1.

Early Yield- (Rockburst] Areal Cost
stiffness ability | resistance| coverage | per kN i
T ' - e ——
Mat pack 1 5 3 3 2-3
Endgrain pack 1 4 4 3 3
Sandwich pack 2 4 4 3 3
Skeleion pack i 5 2 3 2
¥ Composite pack 1 4 2 3 2
Elongate pack 2 5 2 2
Grout pack 2 3 2 23
Mine pole 4 23 1 1 2
Flongate/pipestick | 4 3 2 1 2.3
Mech. yieMing propf 5 23 1 1 2 |
Hydraulic prop 5 4 4 1 5
Barrier chock 5 4 5 1 4
Unecemented 23 5 b} ] 4
kackfiil
Cemented bacidill 4-5 5 5 5 3-4
Support Densities:
Packs, 1.1x1,1x 1,4 m: 9 m2 spacing
Poles, elongates, barrier chocks: 3 m? spacing
Mechanical and hydraulic props: 1,5 m2 spacing
Backfill: 80 % coverage

Dmax

{or rockburst conditions in a stope typically 300 mm.

Wl
N

the maximum working deformation in [mm), also referred to as yieldability;
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A further distinguishing attribute of stope support systems is immediately apparent:
whereas ordinary composite packs exert no support resistance without being
deformed ( they are 'passive’ ). hydraulic props are presvessed and show an initial
support resistance, Rg, commensvrate with their hydranllc setting pressure, typicaily
200 kN per unit: such prestressed support is called ‘achive”, Baukhils provide passive
support and the initial stiffness of uncemented fills is very low; its ml.ra..t cemented
backfills, even though passive, are comparatively very stiff.

Under rockburst conditions, the capacity of a support system to absorb energyisa
very important one. In Figure 2.7, this energy is represented by the area under the 4]
chiarasteristic curve, up to the deformation limit { 300 mm ). A more practical indica-
tor of this capacity is the rockburst support resistance, R, in [kN/m?2}, taken as the
average support resistance up to the deformation limit. ‘

A fur“t.ﬁer important support property is areal coverage. that is the percentage of han-
gingwall arca actually supported. If that proportion is small, there are the dangers of - |
rockfalls occurring between the support units, and of the support uaits ‘punching’

into the hanging and/or footwall if shear stresses in the rock above or below the units
exceed the shear strength of the rock. In this comparison, backfill scores very high, as
it is normally placed in adjcining ribs over a contiguous area; total area coverage,
however, rarely exceeds 80 %.

2.4.2 Regional Support with Backfilt

The purpose of regional support is to preveni, as far as possible, the movement of
large rock masses over the mined-out area giving rise to the build up of siress at the
periphery of the excavaticn, In practice, rock or tailings backfills are the only artifi-
sial support mediums capable of restraining elastic closure. If backfili is to be used to
provide the required very stiff support, its quality becomes of primary importance.
For regional support duties the quality of backfill is best 4 .crribed by the figure of
merit, Mg, a measure of its stiffness, as defined further below; backfill stiffniess is
¢irectly correlated to the material’s porosity, n.



Backfill, like soil, is a strain hardening material, i e as it undergos volumetric strain its
porosity reduces and it secomes stiffer. That reiationshii), or ‘cenfined compression
curve' is a reproducible characteristic of any given backfill. Figure 2.9 shows the com- -
pression curves of two backfill materials of identical tailings composition. Curve (1}is
the trace of the cemented tailings backfill, whereas curve (2) is that of the

uncemented tailings.

The curves in Figure 2.9 show the two measures in use to describe a backfill’s regional
support quality: its ultimate strain value, b, along with the related parameter, 2 {1)
and Mg, a ﬁgure of merit, defined as the mean strain undergone by a fill ir feachmg its
design load { Ryder, 1988 ) (2}, The graphs in Figure 2.9 also demonstrate the
potential effect of cement addition on the regicnal support capacity of a backfill,
Both backiills were placed at similar porosities, but as a result of the growth of

( virtually ) incompressible cement crystals inside the pores of backfill {1), its effective
porosity decreased with time, making it significantiy stiffer than iis uncemented

counterpart.

1

Figure 2.10 shows the regional backfill support requirernents, in terms of the backfill
figure of merit, for a specific mining situation. The parameter o denotes the fraction
of the stoping width which is filled. Incompiete filling to the hangingwall or prema-
ture stope closure result in low values and penaities in potential ERR reductions.
The parameter B denotes the areal fill fraction; above 20 ¢ fill, the ERR value is not
very sensitive to this parameter but modern practice aims at a minimum of 80 %7 areal
coverage, mainly for local support benefits.

1) The parameters a and h are used as input parameters for mining simulation pro-
grams, such as MINSIM-D.

2) Inanunpublished Chamber of Mines research report of 1978 ( Ryder and
Waggner, 1978 ), a different definition was proposed for a figure of merit:

M = ERR(no fillyERR(with fill) - 2 ratio of the energy reiease rates in otherwise
identical, filled and unfilled stopes, providing a direct measure of the suppett mexit of
a particular backfill .



The graph shows that high quality backEills can definitely provide high qualityregional "
support. [f can also be seen, however, that at a mining depth of 3000 m. standard
quality £ill at a Mpof 0.5 becomes marginal at « fractions below 1 and that it can cer-
tainly not redsuce the ERR i an average of 30 M¥/m?2

2.4.3 Support Evaluation

In the evaluation and design of suf)part systems the ivpe of graph shown in

Figure 2.11 has come into use. The support resistance of a support system is relatqﬁ

tn theoretxcal qtmure profiles at one or more closure rates. In the support resnstance_ _

gra;.n, the desltjn target ( here: the 200 kamz rockburst design recommendatum

intersects the characteristic curve of the proposcd system { here: back{ill ). That At

intersection point is projected into the closure profile graph, indicating in this case, _

that backfill by itself is an inadequate face area support, since even at the highest clo-

. sure rate, the required 200 kN/m2 support resistance can only be achieved about

eight metres behind the face. At lower closure rates, this distance becomes even

- greater: This again demonstrates that backfill support, even when piaced only 5
mietres from the face, must be oomplemented by effect'w face area support, prefer:-

| bly hvdraulic projs. -

2.5 Sammary and Conclusions

Narrow, laterally extensive mining excavations at great depth present acute probiems
with regard to the provision of satisfactory stope support. The concentration of
stresses around the excavations result in a buil¢-up of strain energy in the rock sur-
rounding the excavation and in the release of a 'ﬁ;‘;}tion of the tetal gravitational
energy primarily through the formation of a fracture zone around the excavation.
High average levels of energy release are indicative of severe mining conditions and
increase the probability of the occurrence of rockbursts.



Three types of stope suiiport are differentiated in decp, high stress mining environ-
ments: local face area and gully support under static loading conditions.;local face
area and gully support under dynamic loading, i & rockburst conditions, and regional
support. A number of support elements and systems are available for these duties,
some temporary, such as hydraulic props and sticks, and some permanent by nature,
such as timber packs, composite packs and backiill. '

The purpose of local support in face areas and gullies is to prevent the fall of rocks
from the fractured hangingwall and to provide frictional stability to the fractured han-
gingwall beam by supporting keyblocl:s and preventing the separation of rock strata
along geological parting planes zbove the stope. At great mining depth, the task of
Incal support is assisted to some degree by compressive stresses set up in the hanging-
- wall by the dilation of fractured rock into the excavation, and the resultant clamping
of the steeply inclined face-parallel rock stabs. Since local support not only holds up
loase rocks, but also serves to frictionally stabilise the fractured rock strata overlying
the excavations, a support resistance of about twice the carried deadweight is con-
sidered appropriate: under static, or slowly changing stress conditions, therefore, a
minimumn support resistance of 50 kN/m?, applied as soon as possible, is typically
recommended. Specific mining conditions may, however, demand significantly higher
support resistance.

In deep South African mines, dynamic [oading conditions are defined as those caused
by seismic ¢vents; rockbursts are loosely defined as seismic events resulting in damage
to mining excavations. The purposc of rockburst suppoc: is to absarh, without loss of
integrity, the energy of the rockmass violently accelerated into the workings and to
contain stope closure 1o tolerable levels. The maximum acceptable stope closure
under rockburst conditions is considered to be 0,3 m in narrow stopes.

Seismic energy is transmitied through rock by compressional and shear waves and
when such waves terminate at mining excavations, rock at the surface of the excava-
tion is accelerated into the opening at a velocity dependent on the frequency and
amplitude of the wave. Seismic events resulting in ground velocities of under 1 m/s do
not normally cause serious damage, almost all cases of severé damage to mining exca-
-vations are caused at peak ground velecities of over 2,5 mfs. For a 3 m thick hanging-



wall beam to be decelerated within 0,3 m, at a ground velocity of 3 m/s, a support
resistance of at least 200 kN/m? has to be provided. Little benefit is, however, gained
by increasing the support resistance to over 400 kN/m2.

Regional support specifications are closely linked to the energy release rate, ERR, a
measure of the amount of excess gravitational energy released through rock fractur-
ing around excavations, and seismic events, inchiling rockbursts, Ndmallye itis
aimed to reduce the ERR to a value below 30 M¥/m2, by restraining volumetriz
convergence through suitable stoping layouts, the pravision of regional stabilising pil-
lars, and with high quality backfills. Backfills with a low figure of merit, i ¢ low poros-
ity, placed carly in the mining cycle to avoid excessive stope closure, can provide very

‘effective regional support.

F - -+ the review of stope support requirements it is concluded that;

*  a minimu: system support resistance of 50 kN/m? is recommended for static load-

ing conditions;

*  asysiem support resistance of between 200 and 400 kN/m? is recommended for
dynamic loading conditions; little benefit i§ gained by exceeding 400 kN/m2;

* support with a pre-loading capability is indicated for face area support, which
should alse be able to yield at up to 3 m/s;

* the stiffest possible support system is required for regional support duties;

* backfill is the only cost-effective support medium capable of restraining elastic clo-

Sure;

* uncemented backfill is able to provide the 200 kN/m?2 required under dynamic
Joading conditions at a stope closure of about 150 mm; at closure rates of
50 mm/m, with the fiil piaced 5 m behind the face, this occurs about 3 m inside the
backfill, i € 8 m behind the face;
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* the addition of a binder can stiffe_n the backfill to the extent where the 200 kN/m?2
can be pro ided at a closure of only a few millimetres;

* standard quality backfills restrict the total closure to 2 maximum of about 25 %,
very stiff tailings/coarse aggregate backfills can transmit full field stresses at clo-
sures S low as 15 %, and

* in practical mining situations, backfills cannot be pre-stressed, nor can they pro-

vide face area support.
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3 BACKFILL CONSTITUENT MATERIALS

In the previous chapier, the objectives and requirements of stope support were intro-
duced and it is evident that no single type of support is capable of performing all the
required support functions in a mining cnvironment as complex as that encountered
in deep South African hard-rock mines. To provide the best possible support, appro-
priate for specilic areas of stoping or service excavations. a variety of support types
have evalved, each designed to have specific mechanical characteristics. in terms of
both structure and material.

As would be expected of efficient designs, most support types have been giJen equiv-
alent consideration regarding their structural and material properties. Until now,
hydraulically placed bulk backfill stope support has been different in this regard:
placed as 3 {luid, its strucyure is for the most part determined by the shape of the con-
tainment and of the mining excavation itself. Consequently, backfill support design
.1a5 primarily been concerned with its material properties, Since one of the aims of
this thesis is to promote a holistic approach to backfill support Cesign, both, matrial
and structural aspects of backfill design witl be considered in detail. Chapter 3 and
the first part of Chapter 4 of this thesis are concerned with the material properties of
mine backfills. o

H
J

The properties of cemented and uncemented backfill support materials are to a large
degree governed by the properties of their constituent materials. The study of back-
fill constituents is, the: efore, a very important part of the design of effective backfiil
suppott. Most of the work presented in this chapter was undertaken as an
indispensable part of the experimental process and the results were essential to the
understanding and conirol of final backtill properties.

For reasons of economy, mine back{ills co- yist for the most part of site-specific waste
materials and the a priori specification of bulk constituents is only practical, insofar as
these can be met by local materials. The purpose of this chapter is, therefore, not so
much to set bench-marks and material specifications, as it is to describe, in detail, the
specific materials used in the experiments and thereby to highlight the crucial prop-
erties which determined the properties of the produced backfills. Unlike bulk aggreé
gates, cementitious backfill eonstituents are commonly imported to the mines and
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their selection and specification are important design decisions. These materials will
be discussed separately, along with their chemical properties which provide cemented
backfill support materials with their specific qualities. :

-
e

Once constituted, some of the components of cemented back(ilis enter chemical reac-
tions which continuously transform the properties of the raw materials and the bulk
of the fill. Provided that sufficient water is available in the fill, these changes can
continue for several years, often long after the backfill has outlived its original pur-
pose. Tt follows, that any description of backfill materials will have to be time-specific:
an appropriate cut-off is provided by the final placement of the fill. Up to that
moment. the current and eventual properties of the backfill material can be
influenced by design, from then onwards, the placed backfill must be regarded as the
support medium, even if its properties continue to change with time. This chapter,
therefore, in addition to the physical and chemical properties of cemented backfill
constituent materials, also deals with back{ill slurries prior to placement underground.

Cemented backfill support, by its nature, involves the placement of large masses of
material and for it to be cost-effective, waste materials are utilised as far as possible.
This is equally applicable for the bulk of the fill, i ¢ the aggregate, and the binder pro-
portion. In the following sections, therefore, all materials discussed in detail, with the
single exception of portland cement, are industrial waste or by-products, mainly from
the mining industry itself.

3.1 Definitions of Terms

With the gradual introduction of backfill in, South African mines over the last dec-
ades, a number of terms have been used, ﬁhd continue (o be used, describing backtil
constituent materials. Most words were adopted from other disciplines, including soil
science, metalturgy, sedimentology and concrete technology. Backfill technologists
too, have adopted some common terminology, but many conflicting expressions per-
sist. To prevent any misunderstanding, the following terms are being defined for this
thesis: '
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Aggregatd  is tae bulk material in a backfill, usually chemicaily inert, frequently a
metallurgical or mining waste product. Backlill aggregates may also consist of other
comminuted materials, such as natural sands or quarried rocks. The term aggregate

does not imply any grain size specification.

Fines or fine aggregate - backfill bulk material of prain size smaller rhan 4.75 mm,
synonymons with the usage of the term fine aggregate or sand in concrete tethnology.

Ultra-Fines  or ultra-fine aggregate - the backfill bulk material fraction smaller than
0,010 mm (1),

Rock ot stone, or coarse aggregate - backfi ll bulk material with at least 50 % of the
mass having a grain size larger than 4.75 mm.

Binder is the cementitious material added to backfill to provide it with real cohesion,
- A backfill binder often consists of more than one component, typically an active
cement and a pozzolan. A binder is the combined mass of all materials added to the -
\\ backfill to provide cohesion.

\
\
Cement Is the active scomponent in a backlill binder - it has cementitious properties

of its own. Ordinary portland cement is a typical, often used cement.

Pozzolan  is a binder component with no cementitious properties of its own, but
which becomes cementitious by utilising excess reaction products from the cement

1)  After Thomas and Holtham ( 1989 ).
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hydration; pozzolans can be seen as cement extenders, In South Africa, the most
commonly used pozzolans are fly ash and ground granulated blastfurnace slag ( trade -
name: slagment ).

The main components of backfills are therefore: aggregate, water and, if applicable,
binder. Tailings would be classified as fine { backfill ) aggregate, and the material at or
‘below the chosen bench-mark particle size fraction ( e g 0,010 mm ), as witra-fine

{ backfill ) aggregate,

Over the last two decades, the bench-mark size, separating ultra-fines from fines has
progressively drifted from 0,075 mm. over 6.045 mm, 0,038 mm, to the present

0,010 mm. Beside the gradual fining of mill products, this shift indicates an increased
awareness of specitic backfilling requirements, rather than extraction metallurgical
considerations where the previous control sizes have originated. The 0,010 mm
bench-mark now es in the region of high specific surface areas ( Figure 3.1 ) and has
therefore become an appropriate indicator of many important, water related backfill
properties. |

3.2 Backfill Aggregates

Most backfill aggregates consist of tailings prouucts after the metallurgical extraction
of the ore minerals, or of comminuted mining development waste, They are normally
grouped acémdx'ng to their metallurgical origin or preparation method, e g full plant
tailings, cyclone-classified tailings, or rod-mill product, In the following subsections,
the various aggregate types ave described generally; fater on, their detailed material
properties are presented and compared. | '

3.2.1 Full Plant Tailings

Full plant tailings are single- or multi-stage mill products which have undergone
extraction-metailurgical processes: these might invlude gravity concentration, leach
treatment, filtration, flotation, and thickening, Most of these processes modify the
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‘product particle size distribution to some extent, usually removing portions of certain
size fractions. Normally, those changes are insignificatit to the overall »ize distribu-
tion, but they can have a marked influence on the amount of ultra-fine particles
remaining in the tailings. Figure 3.2 shows the size distributions of several South
African gold and platinum ful plant tailings backfills, iliustrating the wide range of
product fineness. '

Even though uncemented full plant tailiné.s were successiully backfitled underground
( Clark, 1988 ¢ ), they bave a number of disadvantages which render them unattract.
ive as hydraulically placed bulk backfills: some of these are mentioned below. Beside
forming the source material for classified tailings backfills. their use today is largely

restricted 10 cemented backfills.

3.2.2 C(lassified Tailings

One widely adopted method for improving the hydranlic tronsportation, placement
and drainage behaviour of metallurgical plant tailings is to reduce their ultra-fines
content. Figure 3.1 demonstrates that the largest surface areas are contributed by
particles of the small size fractions, below about 0,010 mm (1), As most of the detri-
mental properties of full plant tailings, such as water retention and high pumping
pressure losses can be attributed to the presence of very fine particles, it is of
advantage to remove these fines from the matcrial by classification.

Fuli plant tai]iﬁ'gs materials can be classitied in a number of ways, including centrifug-
ing and hydraulic settling; today the most common procedure is, however, to use
hydrocyclones. The operation and performance of hydrocyclones for backfil

clagsification, as well as the influence of different classification parametersonthe

behaviour of backfill is summarised by Hinde and Kramers ( 1989 ).

b

i

1)  The surface areas in Figure 3.1 are calculated for a sub-angular particle shape.
It is likely, however, that the fine size fractions contain more phylio-silicates than the
coarse particles and their specific surface area may therefore be underestimated in
the graph. This is 2 common difficulty in the measurement and interpretation of spe-
cific s «rface areas.
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The classification of tailings, however, can also have significant disadvantages:

* Reduced fill tonnage. The low recovery of an inefficiently operated cyclnnw -
classification plant might lead to a shortage of fill material. '

* Disposal of overflow product. The ultra-fine overflow product of the cycione
 classification has to be disposed of. The extremely s!. w settling rate and the high
water retention of the material may pose special problers with the design and
operation of tailings dams ( McPhail and Wagner, 1987 ).

In spite of these drawbacks, the ~ b improved transportation, placement and
drainage properties have made Ci. .ied tailings the most extensively used backfill
materials in deep South African mines. '

- 323 Comminuted Wastie Rock

Comminuted waste rockcanbea~ . - or multi-stage crusher or rod-mill product.
Typically, it is characterised byav - aded size-distribution { Figure 3.6 ), allowing
placement at very low porosities. As this material does not normally undergo
metallurgical processing, its size-distribution can be optimised for the task of
backfilling. If the size-grading is suitable, comminuted waste backfill can be pumped
as a hydraulic slurry, otherwise it must be moved mechanically. '

Waste for backfiiling can be produced and comminuted underground; this reduces
tramming costs and relieves the shaft of unproductive waste hoisting (1)'."in modern
deep mines, shaft time is very tightly controlled and any reduction in waste hoisting
can improve mine productivity.

By far the lai gest proportion of waste rock is development waste. With more efficient
mining methods, however, and development within ore bodies, the production of
waste is minimised, as far as possible; its availability is declining steadily

( Hmde, et al, 1990 ) With increasing mining depth and the resulting more stringent

1) A complete backfill crushing and milling plant was in underground operation at
the Western Desp 1.gvels Told Mipe ( South Africa ) in the late 1980%,



regional support requirements, stiffer backfills will, nevertheless, be required in
I}uture deep mines and resue mining may have to be re-introduced to provide an
adequate supply of waste backfill material. Underground ore-sorting may also then
prove to be a feasible source of waste rock ( Hinde, et al, 1990).

There are some practical problems associated with the use of waste rock as backfifl:

* Waste grades. Sometimes waste rock shows significant ore grades and there is a
reluctance to backfill potential mineral resources.

* Lossof ore. In extensive underground mining operations, which are difficult to
oversee and control, the accidental or unknowing loss of ore into the backfilled
waste is of great concern to many operators. The same concern holds true for
underground ore-sorting, which by its nature operates with cut-off grades.

The philosophy in the past has been, rather to get all the waste to surface, and, if
vigble, hold it as a low-grade ore reserve. In very deep mines, the transportation of
waste becomes so expensive, however, that its projected future value on surface mtght
not balance its transport costs. '

3.2.4 Mixtures of Tailings with Comminuted Waste Rock

A very effective way to reduce the porosity of backfills - a propesty stror;g[y related to
the ulumate comprcsswe stiffness of a backfill - is to replace some of the tallmgs with
sohc] ‘tock, normally comminuted waste rock. The fines portion of such fills can
consist of either full plant tailings or classified tailings; in terms of material stiffness
there is little difference between the two types of backfill. Classified tailings are

 usually chosen, however, for their better hydraulic transportation and drainage
properties.

Tailings/waste-rock mixtures can be produced on surface and hydraulically
transported underground, but there are often strong economie incentives to produce
and add the coarse aggregate portion to the tailings underground. This in ylves the
provision of a crusher plani underground, where run-of-mine waste is comminuted to



the required sizes, The materials are crushed and or milled to a specified top size

{ e g < 25 mm ) and then mechanically mixed into the tailings slurry which is '
gravitated to the plant from surface {1). The coarse aggregate contains only little
water and this provides an opportunity to increase the placement density of the
backfill; binders or binder additives might also be mixed in at that point. The final
transportation to the stopes usually has to be done by positive displacement pumps at
high pressures. ' '

The problems associated with mixtures of tailings and comminuted waste rock, arising
from the shortage of run-of-mine waste, are very similar to those described in

Section 3.2.3. Tailings/waste-rock mixtures are less problematic in this respect,
however, as the backfill properties are not very sensitive to the relative proportions of
the backfill components, i € a lack of coarse aggregate can be compensaied with fine
aggregate ( tailings } at only a slight penalty in backfill quality.

3,25 Mineralogy of Backfill Aggregates

The deep South African hard-rock mines, considered in this study, are located within
two major geological systems: the Witwatersrand éupergroup ( gold mines ) and the
Bushveld Igneous Complex ( platinum mines ). The ores and host rocks associated
with these systems produce two different types of backfill mineralogy, as exemplificd
by two typical XRD analyses listed in Table 3,1 below.

The gold tailings are of fluvial sedimentary origin and consist mainly of quartz,
whereas the platinum tailings originate from magmatic differentiatior: and consist
mainly of mafic minerals, such as pyroxenes and amphiboles, as well as Feldspars.
Both tailings types are largely inert and yield stable backfilis, provided that the
amounts of phy]lo-silicatﬁ;. such as mica, talc and chlorite do not significantly exceed
10 %.

Phylio-silicates, and especially clay minerals, such as kaolinite, montmorillonite and
smectite, have high specific surface areas and thus high water demands. This can lead
* to long-term water retention and unfavourable cement/fwater ratios in cemented

1) Atthe tiine of writing of this thesis, an underground backfill waste crushing
plant is being commissioned at the South Deep Project ( South Africa ).



Table 3.1 X-ray diffraction semi-quantitative mineralogical analyses of typical South
Alfyivan gold and platinum mine tailings, [%].

Mineral J[ AuTails | Pt Tails
Quartz - I 80 | 2
Chiorite ' 8 ' -
Pyrophyilite 5 -
Hypersthene §j - 69
Plagicelase . 12
Talc - 8
IrMica 7 7
_ " Amphibole - 2

backfill materials. The layered structures of these minerais. furthermore, present
weak points in the fill mass, where shear slip originates readily. Most test work for
the present study was conducted with quarizitic tailings from Witwatersrand mines.

3.2.,6 Particle Size Distributions

The particle size distribution is one of the most important characteristics of any back-
fill material. It has a direct and primary influence on backfill properties such as place-
meft porosity and hence ultimate backfill stiffness, water drainage or retention, and
hydraulic transportability. ‘

Tailings backfill materials, consisting mainly of a single mineral species, such as is
quartzite in most Witwatersrand ores, and which are derived from comminutive
metallurgical processes. tend to show unimodal size distributions, i ¢ distributions with
statistically only one maximum size class. If substantial amounts of a softer, more eas-
ily crushed mineral are associated with the ore, for instance chlorite (acommon
phyllo-silicate ), bimodal distributions can result, in principle similar to the one shown
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in Figure 3.3 (¢). The blending of different materials, as in tailings/coarse aggregate
mixes can also produce multimodal distributions. Figure 3.3 shows the major types of

size distributions of backfill aggregate materials,

Most tailings backfills considered in this study are of the unimodal type and can for
the most be described by two parameters. derived from sail science:

* the mean particle diameter, dsg.

describing a size distribution in terms of fine or coarse grained (1) and

i

s
* l!le gradation index, ;d‘sofdzo.

describing the gradation of a distribution in terms of uniform or well graded 2.

:_:[

'l'hq‘,l?;distinction between fine and coarse is self-explanatory; uniform distributions are

chdracterised by the predominance of one single size class, whereas in well graded dis-
tributions particle sizes are spread over a wide range of size classes. Table 3.5 later in
the section will provide details of these indices for the backiill aggregates.

In metaliurgical process plants, product particle size distributions are normally
“described in terms of a mass fraction { percentage )., ‘smaller than a designated sieve
siz™, 'Thls provides a simple control measure in milling circnits and extraction pro-

cessey. Since the provision of backfill aggregate materials was traditionally the
responsibility of plant metaHurgists, the particle size bench-marks were naturally

1}  The mean particle diameter dsg of a granular material is defined as the sieve
size in {mm}, which would permit -t % of the mass of that material to pass. Other
indices, such as dgg, are defined in an analogous way; in this case, as the sieve size
which would permit 80 % of the mass of the material to pass.

2}  Various ratios are being used, e g dgp/dy (. depending on specific circumstance:.
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adopted for the description of back{ill fineness. In South African gold and platinum
mine backfill practice the befich-mark size has over the idsl decades progressively
shifted down from 0,075 mm over 0.045 mm. 0,038 mm, to‘t* - present 0.010 mi,

The comparison of bac[}fill aggregates in terms of their < 0,010 mm fraction is, in
part, a reflection of increasingly finer mill products, but also of an increased aware-
niess of the needs of backfill technologistss This 0,010 mm bench-mark size has at last
come t0 lie in the region of high specific surface areas ( Figure 3.1 ) and can therefore

appropriately gauge many important, water related backfill pmperties.

‘Fhomas and Holtham ( 1989 ), considering world-wide meta! ]urglral practice, cate-
gorises ore grinds between ‘very coarse’ and ‘extremely fine’, with the < 0,010 mm
fractions ranging from under 10 % , to over 50 % by mass, respectively. In this
classification, most important South Alfrican ores. are comminuted to between
medium and fine mill products, wirh tymcai Wliwatersrand gold plant tailings ranging
from 20 % to 40 % < 0,010 nus. Platmum < 'es al‘t J-emg ground to very similar fine-
nesses 20 % to 40 % < Owi0 mm’ ) but with' high talc contents can occasionally
show < 0,010 mm fractions of over 60 % { McPhail and W.igner, 1987 ),

Table 3.2 and Figure 3.4 show the particle size distributions of some South Alrican
ful plant tailings The ultra-fine particle fractions with their high specific surface
areas crucia"ly effect the materials’ physical, chemical and mechanical properties.
They have a negative influence on hydraulic transportation, ptacement propertlea and
permeability, and if associated with phyllo-sxhcatcs. are detrimentat to cemenied

' backnll strengths. If the ultra-fine fractions consist of tecto-silicate particles (e g

tjuartz ), small enough to be chemically reactive in highly atkaline environments, they
can become part of the cementitious binder and thus enhance cemented backfll

strength. g

Table 3.3 and Figure 3.5 show particle size distributions of cyclone~_c:las§i1’.t:ﬁ rtailings
products. It can be seen, that compared to full plant tailings, the size fractions below
0,010 mm have been reduced significantly, thus removing the detrimental fines por-
tions. For comparison, the line marked centr in Figure 3.5 shows the size distribution
of a backfill classified with a centnfuge: its product has a $..; i x'ﬂy more even size

distribution.

S
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Table 3.2 Particle size distcibutions of some metallrgical full plant tailings ( FPT)
used in this study. Cumulative [ % ] passing. k

4 Mass Passirg (%] ;
Size Class (mm]|| FPT1 | FPT2* | FPT3 | FPT4.
0,005 - | | 250
0,010 _ 15 173 218 1 “ 390
0,015 22.1 243 293 48,0 J
0,020 287 31 | 349 | - 547 |
0,025 364 | 367 391 | 625 | |
10,038 Of 423 437 | 492 70 . . i
0,053 ¥ 519 533 60,6 80,0 o l:
075 ¥ 619 635 | 659 | 815 | "
0.106 81.1 84,4 79,2 92.3 i
0,150 94,7 95.6 799 970 § = :
0.212 99.2 992 | 1000 | 1000 § -
0,300 99,8, 99.7 "
0.425 999 | 999
0.600 . I 1000 | 999
0,850 < | 180

* Material used in most of the cwicginal experiments for ihis study.

‘The particle size distributions of some commmuted wasie matenals are shown in
Table 3.4 and Flgne 3.6. IF the materials are to be transported hydraufically, the
largest aggregate size is veually kept io less tha~ one fifth of the dimension of the
transportation pipes, to prevent particle bridging and resulting pipe blockages. Tal-
lings/coarse aggregate backfills are prodiiced specifically for their potentiaily low
placement porosities and the resulting high co~ pressive strengths: their fines content *
allows hydraulic transportasion with positive displazement pur ps. Uncrushed run-of-
mine rock normally has a top size of 300 mm, larger rocks are removed to prevent

waste-pass and bunker blockages.
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Table 3.3 Poarticle size distributions of some cyclone ciassified tailings ( CCT ) used

in this study. Cumulative | 9 | passing.

. Mass Passing [%]

Size Class [mm]}] CCT1 | cCcT2* | CCT3 | CCT4
0,010 22 40 6.8 3,6
0.015 42 48 80 51
0,620 48 74 9.7 9,0
0,025 - 52 109 { 122 11.9
0,038 7,5 140 14,2 16,9
0.053 106 174 19,5 26,5
0,075 19.8 242 333 37,0
0,106 310 42,5 57.0 51.2
150 584 73,1 89,6 68,5
0.212 76,1 93,7 99,1 823
0,300 $7.1 99,5 99.9 921
0,425 99.9 99,9 100,0 96,4
0,600 100,0 100,0 98,4
0,850 . 100,0

* Material used in most of the ariginal experiments for this ;.study.

1
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Table 3.4 Particle size distributions of comminuted waste products and a tai-
lings/coarse aggregate 30/70 blend. Cumulative [ % | passing.

- e

Mass Passing [%! I

Size Class [mm]|j Cone | U/GRod| Op Ciie . 30/70
0,038 16 166 | 37 16,2
0,053 20 187 4,1 20,0
0.075 2.4 21,4 5,0 26.1
0106 3.0 253 6.0 32,3
0,150 3,7 29,8 74 39.5
0212 44 34,7 83 414
0,300 53 41,7 10.4 428
0,425 © 61 480 124 44,0
0,600 67 | 553 140 | 450
0850 - 7.6 62,5 16,0 461
1180 8.9 7.5 186 478
1706 10.2 79,1 218 49,5
2360 13,1 88,8 25,3 525
3,350 - 16,9 94,9 283 56,5
4,750 246 989 | 35% 62,6
6,700 36,9 98 46,7 725
9,500 63,6 100,0 64.1 91,5
13,200 995 | 86.5 100,0
19,000 0o | 94.2

26,500 | 96.5

7,500 98.6

53,600 100,0

* Material used in most of the original experiments of this study.



The {oliowing abbreviations are used in the table:

Cone Cone crusher product, _

U/GRod Rod-mil product produced underground.

Op Circ Opcn circuit jaw and cone crusher run and

30/70 A 30:70 blend of classified tailings and crushed waste,

Table 3.5 lists the properties of the backfill materials with which most work in this
study was undertaken. The respective size distribution curves are shown in
Figure 3.7. C -

i :
Table 3.5 Particle size distribution properties of backfill materials used in this study.

Backfill YEo Cu < 6,010
Aggregate [mm} |{dgo/dig){ dgo/d2e mm
Full Plant

Tailings 0,050 122 83 171
Cyclone-classified "

Tailings 0,120 6.8 2.8 4.0
Crushed and Milled

Waste Rock 0470 110,7 26,1 10,0

_ «olark ( 1988 c ) states that for well graded size disltributions. the dgp/dy( mass ratio is
a better indicator of uniformity, than is the conventional coefficient of uniformity, Cy,
defined as the dg/d ¢ ratio of masses.

The ag.lgiition of binders to backfill aggregates changes the combined size distribution
only slightly from that of the aggregate. The reasons are that normally less than about
10 % of binder is added and secondly, the binder size distribution is not very much
finer than the aggregate’s. Figure 3.8 shows the compoizent and combined particle
size distributions of a cemented full plant tailings backfill. The addition of 10 % of
the binder raised the < 0,038 mm size fractions by about 4 %.
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3.2.7 Porosities and Placement Properties

The load-bearing properties of both uncerhented and cemented backfills are to &
large extent dependent on the porosities of the placed materials. The placed pomsnty
is. therefore, one of the most important determinants of backtill aggregate qualny A
material with a uniform size distribution, such as a well classified cyclone product, has
a high porosity and a low stiffness at lov strains. The low porosity provided by a weil
graded particle size distributioﬁ. on the other hand, such as in comminuted waste,
lzads ¢ high compressive strength. The stiffness of these materials increases with

increasing strain - they are strain-hardening.

The phenomenon is explained by the micro-structure of 2 consolidated particulate
material: at high porosity all stress applied to the bulk of the material is conducted
through relatively few contact points between the aggregate particles, As compres-
sion commences, = & slippage occurs at these points until the densest possible pack-
ing is achieved; thc. 1the compressive strength of the mineral grains is exceeded at the
most highly stressed points, fracturing grains and thereby producing the fines
necessary o fill the voids between larger grains - i ¢ producing mare contact points to
share the load and thus a stiffer material with reduced porosity. |

The placement properties test relates the water content of a backfill material to its
vibrated minimum porcsity at that water content ( Clark, 1988 a ). As the porosity of
a fill is directly related to its compressive strength, the placement properties test can
be seen as a measure of the quality of backfill aggregates, applicable to both uncem-
ented and cemented backfills. Figure 3.9 shows the placement properties curves of
the three typical backfill materials used in the first suite of experiments. It can be
seen that classified tailings and full plant tailings have similar minimum porosities,
with the classified material marginally higher at about 41 %, compared to 40 % of the
FPT. The rod mill product is substantially lower at about 22 9%, which is reflected in
its high compressive stiffness. As part of another test series, blends of tailings and
coarse aggregate, approximately at the 30/7¢ ratio, have yielded minimum porosities
of about 18 %, the lowest achieved in our laboratory with binary mixtures of backfill
aggregates. The addition of cement up to about 10 % by dry mass to a [ine backfill
aggregate changes the minfmum porosities by only about 1 to 2 percentage poims.
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tIs important to remember that the minimum vibrated porosities determined in the
placement properties test merely serve as a basis to compare different materials, but
cannot economically be achieved on placement underground. Experience shows that:
good actual placement porosities are about 1,25 times higher than the minimum
values measured in the laboratory.

3.28 Drainage and Fermes.. ities

The permeability of a backfill material is principally determined by its content of
uitra-fine particles with large specific surface areas. Figure 3.10 shows the coefti-
cienis of permeability for a wide range of backfills, in terms of their < 0.010 mm par-
ticle size fraction. The relationship is a Iogarithmic one and suggests ai average
minimum perimeability of about 8 x 10~ cm/s for a perfectly classified Witwatersrand
tailings material. Most classified tailings lie around 3 x 16-4 cy/s ¢ approximately

26 cmn per day ). \

1
W

The permeability of a backfill material determines the rate of drainag;é: from that fill.
and thus the time after placement, when the fill has developed sufficient shear
strength to sustain static and dynamic compressive loads. The addition of cement to a
backfill reduces the initial permeability only slightly and these fills drain quite readily.
With the onset of the hydration reaction, however, the permeability gradually drops
ta very low values, effectively stopping drainage (13,

3.2.9 Backfill Prepa ation

Mill tailings for backfilling purposes are generally drawn from the pipeline or launder
leading from the metallurgical plant to the tailings dams as dilute slurries with relative

1}  This low penneability creates practical problems in the triaxial testing of cured
backfills, as the pore water pressure dissipates extremely slowly, often necessitating
consolidation peziods of several days.
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densities of approximately 1,33, Depending on the type of backiiil used, this slurry
nceds to be procassed further: its density, however, has to be increased for all types of”

fill to reduce the quantities of water in the material.

If £ tailings are 1o be used as backfill aggregate, with or without cement addition,
they are normally de-watered to sturry relative densities of between 1,65 tc 1,90. This
would typically include an initial de-watering stage in a thickener, using flocculants,
and subsequent fltering on a vacuum belt-filter or in a disk-filter. These are expens-
ive de-watering operations and are mainly used when high backtill tonnage is essential

.

The preparation of classified tailings is a cheaper procedure, involving the use of
hydrocyclones, dimensioned to provide a specific solids cut-size and recovery. A
single-stage cyclone typically produces an undertlow relative densiiy of between 1,65
“and 1,7¢; uncemented classified tailings in the gold-mining industry have traditionally
been placed i this da \sity range. Relative densities of up to 1.85 can be achieved
with hydrocyclones and are being advocated for gravitational hydraulic transportation
of uncemented fills { Kramers, et al, 198% ). Decantation from settling tanks is also
being used as a cost-eflective process of backfill slurry classification and densification.

Comminuted waste backfill is produced from ( - 300 ~am ) run-of-mine waste by
crushing and milling, the: latter only if the provision of fines is necessary for hydraulic
transportation. Various plant layouts are possible, a typical arrangement would
include a primary jaw-crusher, a cone-crusher or secondary jaw-crusher and a rod-
mill. If only coarse aggregate is to be produced for tailings/coarse aggregattg;mixtures.
a primaty and secondary crusher are used. Other, less conventional options include
single-stags wet cone-crushers and avtogenous milis; both can produce pumpable
products in & single operation. To produce tailings/coarse aggregate backfill mixes,

- the dry coarse aggregate fraction is blended into the tailings slurry, using proprietary
spiral or paddle mixers. The dense backfill is then pumped into suitable bags or pad-
docks, using positive displacement prmps.

1}  Anintermediary option between filtering and full cyclone-classification is
offerel by de-watering ( or *de-sliming’ ) cyclones, with underflow recoveries of about
85 %. '
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If a binder is to be used, this can be addedt io the backfill on surface or underground,
dry, or as a slurry. It is thoroughly blended into the backtill with suitable mixing
impellers or shearers. or with sta_tfé in-line mixers, which form part of the pipeline,
and contain an arrangement Of shear-blades, or sirriply alength of loose chain to dis-
seminate the binder in the backiili shurry. The provision of dry hinder underground
can be extremely costly, if pneumatic cement distributioﬂ@;sysrems are eraployed.
These require special. ptirpose-designed shaft columns, d;zdicated COMPressors, oper-
ating with dry, filtered air, and air-agitaied cement silos. The transportation of

* cement to underground mixing stations using bags or bulk cars are much cheaper

alternatives.

3.3 Binders

In: principle, mine backfills can be cemented with many different adhesives and
binders, both organic and inorganic. Considering, however, that relatively expensive
organic adhesives are not well suited for the use with hydraulic backfill slurries, and
that very high tonnages are noriually involved, only cheap inorganic binders are used
for bulk cementing. These are, therefore. the binders dealt with in this study.

Binders and adhesives essentially represent un-bonded chemical energy - they are
chemically unstable. If they are to be eifective, they must react chemically, and the
solid, stable reaction products must adhere to the substrate to be bonded. The
binders normally considered in backfiliiag are based on hydraulic calcareous cements,
consisting of mixed metal oxides, which react with water to form crystalline or cryp-
to-crystalline hydration products: these adhere to the backfill aggregate particles,
bonding them into a more or Jess rigid, porous structure. Most cements used i
backfilling technology are based on the portland cement clinker. '

Organic adhesives, by contrast, usually attain strength by the polymerisation of reac-
tive, monomeric compounds. Excess water, as is always present in backlills, is usually
detrimental to the curing of adhesives, or prevents it altogether. In addition,
polymerisation reactions ofien liberate toxic volatile compounds which, if released in
large quantities, would seriously threaten the underground environment. For these
and other reasons, therefore, and on account of their high cost, the use of organic



binders in mining is restricted to specialised applications sych as the fastening of .o
rock-anchors in hore-aoles; in bulk backfilt‘emeniaiion they have no practical appii-

cation today. : : N

The chemistry of cementitious calcareous binders can be understood as comprising -
WG cOonverse aspects: "

* The burning of the raw-materials to prodisse the cement clinker, and

* The hydration of the finely ground cement to bond the aggregate.

Essentially, in the first phase, the volatiles. i¢ water and carbon dioxide. are expelled
from the raw-materials by heat. In the second phase, when required. those compo-
nents are re-introduced to react with the cement, forming siable compounds, often .
sithilar to the raw-materials. The heat required to activate the raw-materials can be
natural, € g volcanic - the source of natural pozzeians, or more commonly artificial. in
fired kilns. |

33.1 Chemical Composition of Binder Components

Table 3.6 lists the chemicz] rompositions of a range of cements and pozzolans
¢ cement extenders ). '
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Table 3.6 X-ray t‘luox?'f o w® analyses of commonly used cements and pozzolans.
As [ % | oxit a5

: OPC/FA
Oxide orc PBFC HAC 1:2 FA GGES CSF

Ca0 63.80 48.80 36.70 28.20) 10.40 |- 3149 1.04

Si0y 2270 1 30.00 3.80 37.77 43.30 35.20 88.70

A0z || 470 | 960 | 3980 | 1970 | 27.20 | 1720 | 1.70

MgO 2.50 5.60 0.40 2.83 3.00 11.30 130

FepO3) 266 | 15 | 1530 | 398 | 464 | o066 | 193

MO | 014 | 075 0.01 003 | 08 | o017
Crs030 001 | oo1 | oo 001 | 001
V205 | o001 0.01 0.04 . 0.01 0.01
TiOz 0.37 0.46 L7 157 | 964 0.04
P205 012 | .08 0.06 " 1.54 | 0.01 0.11
NagO | 010 | 010 0.20 050 | 040 | 0.10
| K20 015 | 080 0.08 . 110 108 | 1.50
LOL || 073 | 005 1.04 162 | -1.26 3.48
- Cr 0.04 0.01 0.01 0.02 0.01 0.02
S03= | 216 | 160 | 004 070 | 139 | 020

%,
The foliowing abibreviations are used in the table:

OPC ordinary portland cement,
PBFC portland blastfurnace cement, _ o
HAC high alumina cement, |
FA fly ash,

GGBS ground granulated blastfurnace slag and

CSF condensed silica fume.

The compositional tolerances of commercial cements are invériably adhered to in

iheir manufacture, usually even exceeded with potentially detrimental elements such
as magnesium and the alkalis. Similariy. the fineness of grind { Blaine number ) nor- -
mally exceeds standard minimum values.

,} ’
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The chemical anslysis of 2 binda-, expoasied ag wyide ;.»-?rréniag@... i it suffizient for
the evalvation cCa binders auality, ‘?*"F.-Q'«i 4 e, il -dn-‘ = arpent min _
erafogical composition, the "opa tis. o rhvagis 2irf avids atcsthe ave TBgE jrai- )
ticle size must alsp ba considered  Tls orbie « wajymiv is, however, nsefil in the

determination of the amount of binder vsed i 2 cemanted backfill. gy evided standard

samples of 1l revr maierials are available for cmruratzol&.

Ir. the search fo: chaaper bindeas for stine backfiing, it has varisusly been sugpssted
to prodhice a sub-standard poiiland cament, siuce, Yor instance, s uh*haac resistance iz
of little practical value in backfills. Th= witinufacture. of cement i such « large, estab-
lished mdus:ry, howcvcr. that ihis would not be viable: the largest ccrmpoaems of the.
cost of cemcnt ar+ energy input and transportation; savings on raw materials would
only be marginal, In addition, any change in clinker composition would necessitate

. highervalcining temperatures, mors than negating any savings in raw material costs.

3.3.2 Hydration Reactions

At a cursory level, the chemistry of hydraulic cement réactions appears siraight-for-
ward; detailed reaction-kipetics and -phases are, however, by no means fully eader-
stood { Bensted, 1983 ). On account of the complex stoichiometry of the phases
invalved, it has become customary in the cemeut industry to describe the verious
compounds with abkteviations of the included oxides ( Table 3.7).

Table 3.7 Nomenclature used in the cement industry for oxidic components.

a0 = C
Si0p = S f
| Aoy = A | U
“ Fe203 = F
FeQ = f
MgO = M
s K0 = K
HpO H
8032- = §
T A




Calcium hydroxide, Ca(OH); is thus designated as CH. A bar overaletter. e gS.

denotes the chemical element symbol. here: sulphur.

Since practically ail active cements used in cemented backfills arg based on the port-
land cement clinker, the hvdrauon reactions of those mmpounds are the most rel-
evant ( Bensted. 1983, Kriiger. 1990 ), they are given below.

238 + 6H~+C359H3 +3CH
{ C38 + water > calcium silicate hydrate + calcium hydroxide ) |

2C5S + 4H - C382Hs + CH @
{ C3S + water — calcium silicate hydrate + calcium hydroxide )

i Ir

C3A + CH + 12H »C4AH3 .

{ £3A + lime + wate: - tetracalcium afuminate hydrate )

C3A + 3C3Hy + 2675 » C3A(CS)zH1p B
{ C3A + gypsum + water - ettringite )

C3A + CSHy + 10H -» C3A(CS)H12

( C3A + gypsum + water - talcitim monosulfo-aluminate hydrate )

C4AF +4CH + 22H -~ C4AH 13 + C4FH13
{ celcium aluminoferrite + lime + water - iron {(¥I) substituted compounds and
aluminium analogues )
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The most important compounds formed are CSH { calvium silicate hydrate ), the
main ‘cementing’ crystals, and CH, the excess calcium hydroxide, which can activate
pozzolans added to the cement ( Section 3.3.4 ). Most of the reaction components
and products form vary complex and often non-stoichiometric mixtures, the precis'é\

compasitions of which are still being researched.

B

Even though cementation is 4 chemical process and the reactions are largely deter-
mined by the material’s composition. two important physical factors critically influ-
ence the performance of cements; they control the rate of reaction of the cement

with water:

_ P ) . . Lo
* The finendss of grind of the ¢raent, i e its specilic surface area; this pro-
~ vides the necessary interfac’  'the reactions to occur at a satisfactory
rate; small particles also aliow di€ complete reaction of the material.

* The proportiozi of minerals in tiie vitreous or crypto-crystatline state,
which is primarily determined by the cooling rate of the clinker: the
water-soluble free lime present in cement forms a highly alkaline sol-
ution which is able to attack the klassy components chemically, if these
mincrals had crystalised, the much stronger ionic bonds in the crystais
would slow down dissolution and virtually prevent cementatior.

[
e i
- [
e

The finetess af grincﬁ_ifﬁf\gement and pozzolans is expressed in4erms of the material’s
specific surface area, i e"irx"[-.cImZ/g } In South Africa, this quanti%jr is usually deter-
mined by the modified Blaine air permeability method ( SABS 471: 1971 ). Table 3.8
fists the ranges of specific surface areas of South African cements and pozzolans.
Figure 3.11 shows the particle si__zé distributions of several Sou:t African cements and

pozzolans.
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Tahle 3.8 Spegfﬁc surface ‘areas ef Sbulh African cements and pozzolans, emé/g |,

o)

i
- . Serface -
! T Material ¢ Area E

OPC 2800-3200 °
PBFC 3100-3800 K SRS
RHC 4000-4500
FA T 4500
Slagrment 350-3800

-

* Average particle size: 1,020 - 0,02 mm

P
N

B

3.3.3 Hydraulic Cements

There are two groups of basic calt;.;_r eous binders ( Kriiger, 1990 ). both of which have
been used in backfills: ' "

fi

1"

*  Non-hydraulic Iimé-based cements, and

* Hydraulic cements, defined as those cements which can cure under water.

Int the latter materials Hme is combined with reactive silica to form calcium silicate
hydrates oa hydration. This section is concerned with the two most common
hydraulic cemants used in mine backfilling.
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7

Ordinary portland cement

The chemical cumpositibn of ordinary portland cement is given in Section 3.3.1, the
more important mneral composition is listed in Table 3.9 below. To distinguish the
act, ‘becurring minerals C3S and €38 in the cement from the pure synthetic com-
pounds, the industrial equivalents are also named Alite and Belite, respectively.

Table 3.9 Mineral composition range of South African ordinary portland cements
[ % | ( Addis, 1987, Fulton, 1977 ).

Mineral %]
C3§ | 3555
| GS | 2040
A | 512
C4AF | 5.t0
S a7
C 0525
M| 0340

The strength development and relative contributions of the above cement minerals to
the total strength of a concrete or cemented backfill differs drasticaily, By far the”
largest contribution is made by C38S; it has all the essential qualities of poriland h
cer ant, contﬁaﬁte&_.early strength and high ultimate strength. C2S develops strength
much slower. but eventually, after years, reaches similar ultimate strengths as does
C3S8. CaA deveiops negligible compressive strenpth but generates large amounts of
heat during the first few days of its hydration. CyAF develops little strength, it is.
however, valuable as a flux in the manufactizre of cement. Gypsum, CaSO4-2H,0

{ C8) is added to the portland cement clinker to control the rate of setting of the
cement pasté.



Poriland hlastfurnace cement

Portland blastfurnace cement, PBFC, is an irter-groand mixture of equal amounts of
ordinary partland cement and ground granulated blastfurnace slag. Since the slag
compong - 3s are physically harder than the cement minerals. inter-grinding results in a
material finer than OEC { Table 3.8 ) with a corresponding increase in reactivity.

Portland blastfurnace cement has very similar euring properties to OPC, but is said to
be more tolerant of high water contents - an advantage in hydraulically placed back-
fills. This similarity in properties is predictably also reflected in the cement’s price,
which is only marginally lower than that of ordinary portiand cement. The hydration
reactions of the slag component in PBFC are identical to those of siags in Mends with
portland cement. the binder is chemically no different to such blends, it is only ground

finer.

3.3.4 Pozzolans

Pozzolans are a group of siliceous inorganic compounds, which need the addition of
soluble calcium compounds ( usually calcium hydroxide ) to develop cementitious
properties of theirown (1}, They do possess potential chemical energy, but their
somposition i incomplete for the formation of strong hydration products. Since poz-
zolans are cheap and need only small amounts of cement to activate them, they are
very importani components of backfill binders ( Kriiger, 1990 ).

In most cemented backfill systems, pozzolans comprise asi@fﬁﬁcam praportion of the
finders used; indeed, in many materials the cost of the pozzolan [raction exceeds that
of the active cement. Low-cost pozza;ans are, therefore, essentizl to the design of
more cost-effective cemented backfils, irrespective of the required fill strength or
setting time. Listed below are some common artificial pozzolans:

1)  The name is derived from the town of Pozzuoli near Naples in ltaly. Civil
engineers in ancient Rome used the volcanic ash, pulvis puteolanus, excavated near
the town, with lime to produce a durable concrete.
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* Flyash{FA)

* Pulverised fucl ash (PFA)

* Gmund pranulated blastfurnace slag { GGBS )
*  Condensed silica fume { CSF)

* Granulatzd base-metal smelter slags

All of these materials are by-products from Buming coal or from pyro-metallurgical -
processes. Since high energy input is essential for the formation of pozzolans, the tist
of potential materials is limited. Natural pozzolans, such as volcanic ashes and tuffs

are not normally used in binders. as their occurrence is generally limited to regions of

active volcanism.

The preservation of the vitreous phases of mineral components is a further important
requirement for the formation of active pozzoluns: hot only is it essential to have a

high temperature environment, in which the right mineral compoﬁents melt and fuse.
but this moiten stag must be cooled .. pidly, to preserve the compounds in their glassy,

reactive state.

In coal fired power-stations, burning fine milled coal. the :  ash escapes from the
boilers with the flue gases and cools rapidly in the heat exchangers and the elec 0.
static precipitators, thereby preseri:ing most of the slag in the glassy state ( normaily
75 % 10 80 % ). Metallurgical slags are commonly poured onto dumps and left to
sool slowly - the slag minerals crystalise and lose their reactivity. For metallurgical
slags to remain reactive, the melt has to be granulated i ¢ chilled 1n water or with com-
pressed ajr, and subsequently ground fine to increase the surface available for fast
reaction,

When very finely divided. and thus chemically reactive, pozzolanic silica enters the
hydration reactions, compou- s similar to those produced in portland cements result:



3 Ca(OH)2 + 2 5109 =3 CaG-Si0»-3 HHO

{ building lime 4 pozzolan - calcium silicate hydrate )

In the above reaction, the role of buiiding lime is usually taken by the excess calcium
hydroxide liberated from portland cement in its hydration reaction. Because of the
complete composition of portland cement and the fast formation of CSH, the rela-
tively slow pozzolanic reaction can be tolerated. Pure lime does not provide that
early strength and the pozzolanic reactions proceed at their slow pace, providing

equivalent compressive strengths several weeks later.

Tly ash, pulverised fuel ash

The chemical composition of fly ash is given in Section 3.3.1. Mineralogicaily, fly ash
consists mainly of aluminosilicate glass ( 75 % to 80 % ) and mullite ( A3S2 ). Fine-
ness is the single most importaut determinant of the quality of fly ash, the finer the
ash, the higher is its pozzolanic activity (1) . As a standard of quality, a maximum of
20 % by mass larger than 0,045 mm has been prcposed: the major producer in South
Alfrica supplies at about 10 % < 0,045 mm. |

In South Africa, sufficient amounts of high quality fly ash are produced to obviate the
need for grinding bottom gsh ( Kriiger, 1990 ). In power stations, fly ash is normally
extracted in a series of electrostatic precipitators, with the finest product{éccumulat—
ing in the last field. The proportion of this, however, amounts to only a few per cent
of the total mass of fly ash produced. The combinest ash from all fields is, therefore,
air classified to produce a sufticient amount of high quality ash. -

Pulverised fuel ash, PFA, is the ground residue of coal-fired power stations. It con-
sists of fly ash, collected in the filters of the staticns, blended with bottom ash fr. .
the boilers. Since bottom ash is fused into coarse lumps, the material has to be
ground to increase the materials specific surface area and thereby its reactivity.

1)  Small slag droplets cool very rapidly to ash and preserve most of the vitreous
phase. Additionally, they have very high specific surface areas.
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Ground granulated blastfurnace slag

- &iround granulated blastfurnace slag { GGBS } is a matcrial produced by quenching
{ granylating ) blastfurnace slag with air or water to preserve its vitreous phase and
therehy its pozzalanic activity. It consists mainiy of calcinm-magnesium-aluminium-
silicate glass. Iis pozzolanic reactions differ from FA in that it does not react directly
with calcinm hydroxide, but that the iime acts like a catalyst: the main reaction
product is CSH, as with OPC. ,

GGBS is a much more reactive, but also more expensive. pozzolan than fly ash. It can
~ beblewded with portland cement at the binder mixing stage. or inter-ground with
OPC by the manufacturers { portland blastfurnace cement, see Section 3.3.3 ).
GGBS by itself often shows weakly cementitious properties, but this cannot be reiied

- .. #nd it is normally used in zonjunction with OPC. | '

" 335 Lime

Lime is a non-hydraulic cement, which under normal circumstances cannot cure
under water, as it peeds atmospheric carbon dioide to harden. This is a clear disad-
vantage in backfiils which are normally placed at very high water contents and drain
slowly. There have been several attempts to use lime as an activator for pozzolans,
but very slow curing rates, and a price nearly identical to OPC, have effectively ruled
out its use in cemented backfills. The reactions goverﬁing the activation and the

hardening of lime are given below.

Limestone is burned at 900 °C:

CaCO3 - CaO + CO

{ Limestone = Quicklime )

Quicklime ( or unsiaked lime ) is slaked to buikiing iime, which is weakly cementing:



CaQ + HaO - Ca{OH)»

{ Quicklime - Building lime )

In time, building lime is carbonised with atmospheric carbon dioxide and reverts ©0
the strongly cementing agent calcium carbonate:

Ca(OH)3 + CO2 -+ CaCO3 + HoO

( Building lime - Limestone }

When impure limestone, containing some clay, is burned at 990 °C, hydraulic lime is
formed, which produces pozzolanic hydration reactions.

e e
i .1_
., v

" 3.3.6 Other Binders and Additives

Recently. the use of fast curing binder systems has become popular in the South Afri-
can gold and platinum mining industries. These mainly 'silicated backfills’ are expens-
ive asternatives, with an accelerator based on sodium or potassium silicate solution.
Sodium ( or potassium ) silicate reacts instantanecusly with excess calcium hydroxide,
produced in the portland cement hydration reaction, to form calcium silicate, a hard,
stable cementing compeund. Calcium silicate tends to form cellular structures within

the backfill, physically trapping liquid water.

Where needed, such binders can be of great help, providing han gingwall support
within hours and stopping water run-off, a continuing annoyance to underground
mining personnel. The entrapment of water in the backfill has, however, serious dis-
advantages: | '

* The backfill retains a high porosity with the associated soft compression response.
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* The cellular silicate structure within the backfill sti'ongly reduces the permeability
of the material and if saturated, the dissipation of pore water pressure can be
inhibited. ' '

* When weakly cemented and placed at low porosities the backfilt could fail by
liquefaction ( Blight, et al, 1977 ),

* Upbn the formation of shear zones within a failing backfili body, the entrapped
water is liberated, lubricating the shear plane, thus faciiitating slip failure.

It has been shown in practice that in narrow stopes ( < 1,5 m ), equivalent local
support benefits can be provided with backfills using conventional binder blends of
* portland cement with pozzolans. In wide stopes ( > 1.5 m ), however, with |
comparatively low closure, silicated backfill with its sc.. standing ability and low
shrinkage can provide fast and effective Incal support.

3.4 Backfill Slurries

This section is mainly concerned with the engineering properties of prepared
cemented backfill slurries or pastes. Once a backfili composition has been decided
upon, it is a matter of metalturgical engineering practice to prepare the dbnstituents,
blend them in the right proportions, ¢:2d transport the storry in pipelines to its
destination underground,

In order to produce an optimal backfill material for any given specification, a number

of compromises have to be made, affecting all aspects of the backfill system. This
applies as much to the handling of hydratilic sturries, as it does elsewhere in the
process of backfill design. All properties of hydraulic backfills are determined to a
large extent by the amount of water in the fill at any one stage in the system and it is
really the addition and the management of water which is the crucial issue in the
successful production of high quality backfill.
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3.4.1 Water/Solids Ratio, Relative Sturry Density

The water/solids ratio is a measure for the amount of water in a backfil' and as such it

is one of the most crucial parameters in backfilling technology. As the term implies, it

is the ratio of the total mass of water in a backfill to the total mass of solids compo-
nents, both aggregate and binder, in the material. In practice, the ratio is often

' expressed in terms of the shurry relative density ( or slurry RD ). taking the solids

relative density into account (1) .

The practical range of sturry relative densities for quartzitic tailings is largely deter-
mined by hydraulic transportation requirements. Classified tad, ags slurries kave
traditionally been pravitated underground at relative densities of about 1,65, but
extensive work by Kramers. et al ( 1989 ) suggests safe operation at up to RD 1,75.
Cemented full plant tailings have been gravitated at up to KD 1,95, Where sufficient
gravitational head is not available. centrifugal or positive displacement pumps have to
be employed to move the backfill over large horizontal distances. Comminuted waste
backfills have been successfuily pumped and placed at refative densities of up to 2,15,

3.4.2 Cement/Water Ratio

The term cement/water ratio originated int concrete technology and refers to the ratio
of the total binder content in a concrete or cemented backfill 1o the total water con-
tent in the material. The ratio of the two constituents has the most profound influ-
ence on the strength of the cured product. Basicaliy. the higher the ratio, the
stronger the cuted concrete or cemented backfill. This is provided the minimum
amount of water necessary for the hydration reaction is present and evenly distributed
in the paste, for portland cement theoretically 28 %, i ¢ a cement/water ratio of 3,57

( Addis, 1987 }. In practice, this is very difficyit. as the mixture would be almost dry
and could not be handled by conventional means. let alone, be mixed homogeneously.

1)  Other related measures are: moisture content and volume- or mass concentra-
tion of solids in the slurry.
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‘The cemeat/water ratio is mainly of chemical significance and its influence on the
strength of cemented back(ill materials will be addressed in detail in Chapter 4. Its-
contribution to the physical properties of stusries is only indirect. in that the amount
of binder in a slurry has an important influence on its pumpfng pressure losses (next
Section )- :

3.43 Hydraulic Transport Behaviour

Most mine backfills are transperted and placed as hydraulic slurries. There are sev-
eral reasons for this:

* most backfill components are processed with water and its removal is expensive,
* slurry pumping provides a continuous means of transporting materials,
* hydraulic transport tei:hnology is well established, and

* hydraulic slurries can flow under gravity all the way into stopes.

The flow resistance of a backfill stuny in z pipe is determined by a number of vari-
ables, including: the particle size distrioution of the backfill, slurry density, flow veloc-
ity as well as pipe diameter and ééometry. The particle size distribution influences
hydraulic trangportation in two sometimes conflicting ways: -

* the finer a backfill material is, the higher is its internal friction and with that, its’
pressure loss; on the other hand.

* the slow-settling fines and ultra-fines effeqiively increase the relative density of a
backfill’s fluid component, enabling it to suspend larger backfill grains.
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These opposing effects suggest that for most backfills, 2 compromise wil! have to be
found in terms of the optimal particle size distribution for any given transportation

task. The rheology of backfill slurries and pastes (1} is not yet well understoodand
pressure losses of slurries in pipelines cannot be predicted reliably from laboratory .
measurements, let alone from the many published theories. The detailed design of

reticulation systems still kas to be based on practical, preﬁ.rably full-scale. measure-
ments { Kramers. et al, 1989),

»In general, pressure losses increase with sturry density, increase with flow velocity,
decrease with pipe diameter, and increasc with fines and ultra-fines contents. As an
indication of the relative differences of pipeline pressure losses, all other factors
being ¢.:nstant, it has been reported that typical Witwatersrand full plant tailings
show about ten times higher pressure losses than do classified tailings. with well
designed crushed waste products being even lower than classified tailings. _
Kramers, et al { 1989 ), however, point out {hat these comparisons do not reflect real-
istic conditions, since tailings/coarse aggregate slurries could not be pumped at den-
sities as jow as those used for classified tailings.

More realistic indications of relative slurry pressure losses are provided by

Kramers, et al { 1992 ). in comparing the slurry relative densities, at which the flow
regime of each respective shurry type changes from setﬂing to non-séttling.

Figure 3.12 shows slurry pressure foss graphs of four different aggregate types in the
transition region. All backfills were of quartzitic type (i e Witwatersrand materials ),
contained no cementitious additives, and were tested in a 100 mm diameter pipeline
at a constant flow velocity. The inflexion point in each curve indicates the optimal
transportation slurry relative density. In this presentation it can now be seen that
comminuted waste backfill may theoretically well show lower pressare losses than
classified tailings at some intermediate relative slurry density ( ¢ g RD 1,85 ). but it is
also clear that the two materials occupy quite different fields in the graph. Even
though the classified tailings shows a pressure loss of only about 1.5 kPa/m. as com-

1)  Rheologically, pasies are mixtures of solids and liquids, which exhibit Bing-
ham-plastic and pseudo-plastic flow behaviour. In the placement properties graph.
sturries and pastes can loosely be defined as two different phases of backfillivater
mixtures - mixtures at water/solids ratios near the minimum porosity region are
described as pastes. those of higher water content as slurries { Clark, 1988 a ).
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pared to the 5 kPa/m of the comminuted waste, the laiter is tested at a relative slarry
density of 2,0, transporting a much higher lr=d of solids than the CCT slurry at
RD 1.78. : "

It is a commonly held believe in the backfill community, that the addition of cement
to & backfill slurrjr will automatically reduce pressure losses of the material, owingtoa
Iubrication effect of the cement, similar to that of chemical pumping aids. It is known
that some cementitious binder components improve the pumpability of concretes and
it was therefore assumed that the same applied to backfill slurries. In a series of full-
scale measurements, quite the opposite was found: the addition of a cementitious
binder increased the backfill siurry viscosity, and with that, its pressure losses

( Ugner. 1991 ). Figure 3.13 shows normalised pressure loss curves of a suite of plati-
num tailings backfills, containing varying amounts of an OPC/GGBS binder blend.
The slurey relative densities of the backfills were kept at a constant RD of 2,00 and
the measurements were carried out in a 100 mm diatneter pipeline. It can be seen,
that the addition of increasing amounts of binder progressively increased the pressure
losses up to a shurry velocity of about 3 m/s. This is explained by the increased inter-
nal friction caused by the addition of ultra-{fine binder componenis. At a slurry veloc-
ity of 3 m/s, the flow regime changes from laminar to turbulent and the additional
ultra-fines no longer makes any difference to the relative pressure josses. This
velocity is, however, beyond the 2 to 2.5 mys preferred to minimise pipe wear.

In horizontal hydraulic transport. full plant tailings and comminuted waste products at
high relative slurry densities generally have to be moved with positive displacement
pumps; classified tailings at similar densities have lower pressure losses and can often

be moved with cheaper centrifugal pumps. If filf slurries can be gravitated down shaft .

columns or bore-holes, the resulting hydrauvlic head can transport slurries over long
distances. Figure 3.14 relates the relative horizontal distances. through which backfill
slurries of different densities and specific pressure losses can be transported, given a
particular hydraulic head.
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3.4.4 Slurry Densification

‘The final tailings slurries from metallurgical piants are normaily pumped away for dis-
posal at relative densities between 1,20 and 1,35. These very dilute slurries have to be
densified, both for tailings disposal and for backfilling, as the large amounts of water
run-off upon placement would create serious problems. If used as backfills wndes-
ground, the placement porosities and cemented streagths of materials dumped at
such low densities would, moreover, be very poor. |
A number of options are available for densification and, depending on the process,
the tailings size distributior can remain unaltered, or some degree of classification
can occur. This can have important implications for the materials’ properties. Most
commonly, slurries are treated witts floccalants and are allowed to settle in large
thick sners. In this way. slurry relative densities of about 1,73 can be achieved rou-
tinely. In normal operation, the decant water is clear, and filtered through asand .
filter, re-enters the metailurgical plant as process water.

Another method used to de-water tailings slurries is filtration. A wide variety of ’
filtering equipment is available, including vacuum belt-filters, drum-filters. and pres-
surised disk-fillers. With this equipment, slurries can be de-wazered to a nearly dry
consistency ( wpically to 14 % residual moisture ). The clarity of' the tilirate is
dependent on the filter cloth used. Focculants and thick=ners are often vsed in con-
junction with filters to improve their efficiency.

De-watering hydrocyclones are yet another method to densify sturries. This method
results in a particle size classification of the product, Underflow densities of over 1,80
can be achieved. This is a cost-effective method of de-watering, pasticularly since
most operators prefer some degree of product classification. The problematic dis-
posal of the ulitra-tine overflow product has to be considered, however.

One of the simplest methods is the densification of slurry by means of seitlement and
decantation in tall settling tanks. In principle, this method is similar to settling in
thickeners, but avoids the large capital outlay and space requirement of thickeners. If
properly designed, this batch process can achieve an adequate rate of densification,
coupled with controlled classification by the decantation of sﬂﬁér—natant fines. This
method, in conjunction with limited hydrocyclone classificatios, provides a very effi-
cient means of de-watering backfill slurries.
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3.45 Placement Properties and Permeability

On placement underground, full plant tzilings drain very slowly, often remaining
hydraulic for several days, even weeks (1) , presenting the dangerous possibility of
liquefaction under seismic Ioa(», ;g and mud-rushes, should the containing barricades
or gea-fabric bags fail. Classified tailings drain rapidly and usually attain suificient
shear strengths { > 5 kPa, { Copeland, 1990 } ) after only a fev- hours. Comminuted
waste products, and mixtures thereof, drain similarly fast, with rapid shear-strength
development.- - ¢ A

The geo-fabric bags normally used in the containment of backfills underground are an
mxportant factor in their drainage behaviour. A wide variety of fabrics with differen:
perieabilities are being used in the industry; a review of their influence on fil! ., -
placement is given by Copeland ( 1990 ). The use of focculants in backfills
underground has at times been shown to be ineffective, dosing is often irregular and
excessive. In those cases, solids loss from the backfill is barely improved, and the
backfill porosity is usually increased.

3.4.6 Post-placement Shrinkage

The shrinkage of backfill after placement is one of the practical problems of backfill
support. Volumetric shrinkage of backiill is due to the drainage of water, as well as
the Joss of fines and uitra-fines from the backfill with the drainage water afier the
termination of placement. The re’ ~gicn of the placed backfill vol- me resuits ina
gap between the backfi!i and the ﬁaﬁQingwal!: it is most pronounced in near
horizental stopes.

The problem is particularly acute in local support applications, where intimate _
contact with the hangingwall is rcq sired to prevent the deteriorarion of the fractured
hangingwall. The most 2ffective means to minimise sirinkage include the careful
matching of the backfill material properties and the retaining geo-fabric, the
placement of backfill at the highest practical sturry relative density and the addition of
binders.

1) Inanexperimental stope in a platinum mine, the author has seen very fine
grained fulf plant tailings which had been placed two years eatlier. The material was
still saturated and water seeped out upon slight vibration of the gectextile bag.
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3.5 Summary and Con-lusions

In Chapter 3, a detailed catalogue has been provided of the characteristics of the
material components which make up hydraulically placed backfills in deep South
African hard-rock mines. The results of the study on the backfill materials properties
and backfill slurries formed an integral part of the work on the strengths o: cmented
backfills, as it will be presented in the next chapter. But they also pravide a useful
catalogue of the properties of South African backfili materials and highlight some of
the: concerns regarding detrimental material properties.

The most commonly used backfill aggregates are: full plant tailings, containing on
average, about 20 % ulira-fines; ciassified tailiﬁgs. with about 5 % ultra-fines: and
crushed waste, characterised by a well graded size distribution and a large top grain
size. The various size distributions are the major determinar - of these aggregates’
physical characteristics: they determine their final placement porosities, their
drainage rates and water retention, as well as their hydraulic transportation
characteristics. The discussion also touched on the main preparation processes for
backfill aggregates, including hydrocyclone classification and waste rock
comminution.

Backfill binders typically consist of an active cement, such as ordinary portland
cement, and a cement extender (or pozzolan ), such as fly ash or ground, granulated
blastfurnace slag. The purpose of the binder is to provide backfill with cohesion and
this is possible by the cement hydration reactions, which produce two most important
compounds: calcium silicate hydrate ( or CSH ), the main cementation compound,
and calcium hydroxide, which makes possible the additional hydration of otherwise
inactive pozzolans, such as fly ash.

The section on backfill slurries included sorie detai on the hydraulic transportation
characteristics of various backfill types, It was shown that pipeline pressure losses of
classified tailings slurries are considerably lower than those of full plant tailings. This
fact, combined with the vastiy improved drainage rate and shear strenigth
development of classifieu tailings, compared to full plant tailings. explains why nearly
all mines practice backfill classification.

A number of factors determining backfill quality were discussed in the chapter, but
only a few can be classified as primary, causal agents, crucial in the design of
hydraulically placed backfill support; two of them stand out as particularly critical.



L.tra-fines Content This is probably the single most important material characteristic
of backfill aggregates, affecting almost ¢ w1y backfill property. Mineral particlés
smaller than about 0,010 mm have high specific surface areas and, iherefore, a high '
water demand which results in an unfavourable cemenifwater ratio and poor -
cemented backfill strength. The large surface aress of ultra-fine particles,
furthermore, require large amounts of cementitious additives - hond them
effectively. The high water retention of ultra-fines retards shear sirength
development in placed backfills, 2 problem exacerbated by the pamcles blucking
drainage paths, resulting in very low permeabilities and, if not compacted, high
porosities. All these factors combine to present the potential of backfill liquefaction
under cyclic loading such as seismic tremors or blast vibration. Finally, ultra-fine
particles significantly increase pipeline pressure losses of back{ill slurries and after
placement intensify the practical problem of fines losses through geo-textiles into
mine workings, Itisindicated that ultra-fines contents of more than 5 % by mass are
detrimental 10 the quality of all types of backfills.

Pigvﬂa;silicat:?s Among the common rock-fdt’ming minerals in the investigated
backfill aggregates, phyllo-silicates are the only detrimental mineral components.
This mineral class includes micas, talc and clay minerals, ail of which sharea |
crystallographic structure, characterised by weakly bonded laminae. Most of the
phyllo-silicates are soft minerals and are, therefore, readily comminuted in the milling
praeess and during backfill slurry agitation. Phyllo-silicates cause two kinds of
problems, those related to their high infrinsic suzface areas and those caused by their
low shear strength. The soft mineral laminae of clays and talc are easily separated
mechanically; therefore, they tend to concentrate in the ultra-fine particle size
fractions with all the implications of high surface areas described in the previous
paragraph. Some of the clay minerals, notably montmorillonite and smectite, show
the additional characteristic of expanding with the absorption of water ( "heaving
clays’ ). This weakens them further and enlarges iheir specific surface areas
many-fold. Within the shesr zones of stressed backfill bodies, phyllo-silicates present
weak points where slip is readily initiated; this is exacerbated by the re-orientation of
these minera! grains paraliel to the shear plane. Depending on the mineral species,
phyllo-silicate contents of over 10 % can be detrimental in backfills.
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4 LOAD-BEARING CI-IARAdI'I'ERISTICS OF CEMENTED BACKFILLS

In the previous chapter the conjtituent materials of cemented backlills were
described, along with a number of important material and engincering properties of
backfill siurries. This chapter d_i.:t:als with the properties of cured cemented backiill
materials and how compositioniﬁl envitonmental and geometrical variables relate to
their primary compressive 4trel1}gth after placement underground. The original, and
largest part of the mvesuganorﬂ, was carried out with Witwatersrand gold mine tailings
and formed the basis of the guu‘iclmes for the design of cemented backfills. Subse-
quently, the database was consh.lerably enlarges with the incorporation of addmonal

tesis, including several suites 01 platinum tailings.
It will be seen, that the typical “oading response of backfill with cems ntitious additives
consists of three phases which prne sequentially with increasiag ncformatmn nf the

backfill sample:

* The binder-induced cohesivéi strength, which will be called the primary compressive
strength. This is the traditionl'il_l domain of cemented backfill research snd develop-

ment. ' :

* The post-fuilure coflapse after the break-down of the cohesive structure in the

backfill.

* The cohesionless compression region, ot strain-hardening compression, when the
backfill __compresses as a cohesionless soil. This is the traditional domain of uncem-
ented backfill loading characteristics, mainly concerned with the stiffness of back-
fill materials at high stresses.

Practical backfill designs are invariably restricted in terms of available backfill con-
stituent materials and it is, therefore, of importance 1o be able to utilise local
materials to their full potential. This usually involves some modification of materiai
properties and a pumber of compromises t¢ accommodate a wide range of technical
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and economic requirements. In order to assess the relative influences of the numer-
ous factors which influerce backfill support performance. it is necessary to investigate
- these factors one by one and to provide & comprehensive listing of relevant
éompositional and environmental design elements, that is the purpose of this chapter.

4.1 Cemented Backfill Strength

After preparation on surface, the cemented backfill is hydraulically transported and
placed underground into geotextile bags or paddocks which allow excess water to
drain from the fill alter placement. In its hydraulic state, the cemented sturry behaves
much like its uncemented equivalent, i e it consolidates by de-watering and gradually
develops shear strength. Some time atter placement, however, the anticipated hydra-
tion reactions of the binders set in and the backfill begins to harden (1), From then
on the material properties of the cemented backfill change fundamentally from those
of the fresh blend of its constituents. Once the curing process has set in, the porosity.
permeability and cohesion of the backfill transform gradually towards thair mater-

"

jal-specific final values.

In principle, cement mortars and cemented tailings backf(ills are very similar; the
mechanisms of bonding are identical: the hydration reactions, as described in

Section 3.3.2 appiy equaily to these materials and differences in material sirength are
due largely to varying binder concentrations and macro porosities, resulting mainly

from different cementfwater ratios.

In Section 3.3.2 it was stated that the reactions were of a very complex nature and by
no means fully understood. In an analogous way, the same is true for the physical
structure of cement paste: even though the broad mineralogical reactions are known,
details of the stoichiometry and morphology of the numerous solid phases and the
hydrate gels are still under investigation. One of the major causes of this great com-
plexity is the non-stoichiometric nature of nearly ali the constituents of the cements
and aggregates, being derived from impure naturat rocks and minerals.

1)  The addition of sodium or potassium silicate additive to cemented backfill accel-
erates the gelling process considerably, thereby usually preveating the drainage of
water from the backfill. The gelling is, however, not due to normal cement hydration.
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For a basic understanding of the seuting behaviour and strength of cemented backfill,
however, it is not really necessary to consider detailed phase reactions, it is quite suffi-
cient to view the cementation process holistically. Powers ( 1958 ) described the _
structure of hardened cement paste as a gel, made up of hydrate particles of colloidal
size (1), probubly of platy morphology, in which are embedded larger crystals of cal-
cium hydroxide and remnants of unhydrated cement. Because of the very small con-
stituent particles. the gel has a vast internal surface area, estirhated at 2 200 000 cm2/g
( average portland cement: approximately 3000 cm2/g ), and a corresponding
minimum inherent ( micro- )porosity of about 28 %. Powers established that every

1 em3 of portland cement hydrates to 2,2 cm3 of gel, 1,2 cm3 of which form outside of
the original volume of cement. Figure 4.1 shows an electron micrograph of cured

“cemented backéill, as well as a schematic view of caleium silicate hydrate erystals. as

they cement backfill particles and form a rigid framework within the backtill.

The fact that the volume of the binder increases with the hydration reaction has an
important influence on the load-bearing properties of cemented backfilis: the resuli-
ing slight reduction in the cffective overall porosity of the il significantly improves
the stiffness of the materials at high stresses, i ¢ > 35 MPa, where the backfill
petforms regional support duties.

4.1.1 Strength Definitions

For the coinparison of different backfill compositions and contigurations, the techni-
cally most appropriate measure of strength hes to be selected. This measure should
allow comparisons with results of other investigators in the field, and should,

preferably, be uncomplicated.

In general terms, the strength of a material is described by all properties of that
material which oppose its mechanical deformation and destruction, An important dis-
tinction has to be made between the actual strength of a material, related to the force
required to completely disrupt molecular bonds within the material - fail it, and the

1) By definition: at least one dimension of a coiloidal particle is smaller than
104 mm.



strengths of these bonds themselves, which determine the effort required to deform
the material - its stiffness. Both quantities are expressed in terms of applied stress or
pressure, '

There are 2 number of ways to measure and to express various aspects of the strength
of cemented backfills, among them:

* Compressive strength
* Tensile strength

* Bending strength

* Shear strength

* Friction angle

* Cohesion

None of these measures can be applied universally in mining and every branch of the
industry uses the measures most appropriate to their tasks.

The unconfined uniaxial compressive sirengeh is the most widely used measure for the
cbmparisan of cemented backfill materials. It is measured on cylindrical or cube
samples, usuaﬂly in an hydraulic press, instrumented to record the applied force and
displacement,

The triaxial compressive strength, or shear strength is measured in a test cell whiéh
allows a controlled confinement pressure to be maintained around the sample during
exial compression. The main parameters determined are the friction angle and the
cohesion of a material under loading conditions closely resembling the actual stren.



environment underground, These values are essential for the soil-mechanical assess-
ment of backfills, and are important input parameters for numerical stress prediction
models.

The tensile strength is applied in the numerical modelling of mining layouts where the
direct undercutting of cemented backfill is considered. This quantity can be
measured indirectly by the Brazilian testing methaod, or is deduced from triaxial test-
ing results.

|
The work presentcdkin this thesis is mainly concerned with comparative material
strengths of various cemented backfills, and the parameters which controi it. The
unconfined, uniaxial compressive strength was, therefore, chosen as the most appro-
priate measure of strenpth. Where necessary, other parameters were, of course,
measured and will be presented.

i

4.1.2 General Loading Response

When a backfill is subjected to stress, it will, like any other material, respond by
deforming in proportion to the applied load. Two modes of deformation need to be
considered: elastic and plastic, the first recoverable upon the removai of the stress,
the second irrecoverable. In granular materials both deformation modes are
observed simultaneously to some degree, the relative proportions dependent, among
others, on the mineralogy of the material, the applied load, the packing density, and
the stress history of the material. |

"The addition of cement 1o a tailings backfill produces a material which provides rela-
tively high strength at low strain values. From Figuce 4.2 it is apparent that this char-
acleristic is markedly different from the stress-strain behaviour of a cohesionless
backfill, which remains inactive at strain valees at which its cemented counterpart
already carries a useful load, The curves shown schematically are typical of numercus
laboratory results and apply in principlé. to, both, unconfined and confined specimens.
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Counsidering the cemented backiill compression curve in Figure 4.2, the ramp (1) pre-
ceding the initial elastic incline is a result of minute imperfections and non-paratlelity
of the loaded specimen surface. Tt~ elastic response of the loading curve (2) is
caused by the rigid structure of the cement crystals which bind the mineral grains into
a coberent mass that deforms elastically, as a rigid body, under load. Provided the
yield strength (3) of this material is not exceeded, this deformation is fully recover-
able.. Once the material is loaded beyond the yield strength, however, cement crystal
bonds are broken ang the backfill suffers irrecoverable deformation. The maximum
primary compressive strength (4) of the cemented backfill indicates the highest load
the backfill can carry on account of the cohesive strength of the cement crystals
within the backfill. Beyond that peak, in the post-failure region (5), the cement struc-
ture breaks down and the backfill collapses to some extent. Thereafter, the compres-
sion behaviour of the ackeill approaches that of cohesionless filis, albeit with a
somewhat reduced porosity due to the residual fragments of the cement crystals (6).
Paint (8) indicates the highest strain level obtained, equivalent to the b-value of the
particular backfill material ( Ryder, 1988 ).

The cohesionless backfill undergos mainly plastic deformation for the initial portion
of the curve. As stress builds up and the porosity of the material decreases, the defor-
mation mode becomes increasingly stiffer and the elastic component begins to domi-
nate, a fact displaved by the modulus of the unloading loop of the material, as
indicated in (7).

Figure 4.3 shows two actual load-deformation curves of a typical cohesionless tailings
backfill (a) and a cemented tailings backfill (b). To illustrate the two backfill types in
one graph, both, stress and strain are plotted on logarithmic scales. It canbe seenin
the graph, that for the first 10 % of strain, no significant stress is measured inthe
uncemented tailings backfill, and that at 20 % strain the level of stress has reached
only about 1 MPa. Sucha backfill will provide little, if any, local hangingwall support
in the stope. The cemented tailings backfill shows a markedly different response: at
just over one per cent strain, this fill sustains a stress of 1 MPa, sufficient to carry a
substantial block of hangingwall; this backfill is capable of providing usefui local sup-
port in a stope. '



Cemented comminuted waste materials are very much stiffer from the outset than any
- of the backfills shown here and if the water content is kept to a minimum, such Fills
can approach the strength of méss concretes. A material of such sti“%aess can provide
significant regional support and the replacement of regional support pillars ip deep
gold mines using high strength cemented backtill or concrete has been proposed

( Smith, 1992 ;.

4.1.3 Experiment Design

The propertic: of cemented backfill are simultaneously affected by all compositional
and environmental variables to a greater or lesser degree. To determine the relative
influence of each separate variable, therefore, the traditional scientific approach was
adopted, whereby ali parameters in a series of tests are kept constant, except the one
under investigation. The parameter ranges were kept within practical operational
limits and the matrix of measurement results, therefore, constitutes a useful data-base
for the understanding and design of backfill support materiais (1),

" § 13
In the initial test matrix, four composilonal variables were, a priori, considered as
most influential and the measurements were, therefore, conducted in four groups:

* Aggregate type ( i e aggregate particle size distribution ),
* Water content ( water/solids ratio },

* Binder content and

*

Binder type.

1}  This creation of 2 matrix data-base is an advantage over experiment designs
which involve the change of several variables at a time, using statistical techniques to
analyse the results ( Zhang, et al, 1991).



The non-compositional variable of curing time was accounted for by testing speci-
mens of all composition. sfter the customary predetermined curing times. The other
major non-compositionat variable. curing temperature, was kept constant at 30 °C.
All these variables will be discussed in more detail further on.

The first test series consisted of 12 different compositions in a matrix of four groups.
From early on in the investigation, a number of exttensions were added to the matrix, |
with a view to suppiement data in emerging areas of interest. For that reason, the
main matrix, the basis for most of the graphs and the'empirical equation presented in
the next chapter, grew to 22 different compositions, as listed in Table 4.1.

Over and above the direct matrix tests, a number of peripheral investigations were
undertaken, looking at aspects such as:

* The influence of curing temperature on the strength of cemented backfill speci-
mens,

* The influence of uli¥a-fines contents on the strength of cemented backfill speci-
mens,

* The effectiveness of a wide varicty of cementitious binders. not included in the
matrix,

* The inﬁuenoe of sample cross-section on the strength of cemented backfill speci-
mens, '

4o
|

* The influence of the testing strain raic on the strength of cemented backiill speci-
mens.

Results of these complementary investigations are reported where appropriate in this
chapter. '

In accordance with accepted practice in the field, cylindrical samples of a width/height
ratio of 0,5 were used ( Thomas, 1969, Helms, 1988 a ). At this sample geometsy, the
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influence of the press platens on the sample strength is minimal and the materiat
exhibils a well defined peak at the maximurs primary compressive siress. The samples
were 84 man high and had a diameter of 42 mm, sufficient for the maximum expected
particle sizes in the materials, All tests wese done in duplicate or triplicat~. Details

of all experimental procedures are given in Appendix A.

Aggregate tvpe

To effectively cover the range of backfills used in deep South African mines, three
backfill aggregate types were investigated in the study: h '

*  Abeli-filter de-watered unclissified gold and uranium plant residue,
YA hydmcyciohe-classiﬁed gold and ‘wranium plant residue and

* A crushed and rod-milled development waste sample.

All were quartzitic materials, originating from Witwatersrand gold mines. Figure 3.7
shows the partice size distributions of the thre¢ materials. At the time of vhe investi-
gation, these materials were considered typical of the most important backfill types
then under consideration, even though uncemented classified tailings were, and still

 are, by far the most widely utilised. In retrospect, the choice of any one ‘classified’
tailings material for the compurison seems inadequate. Later stiidies have shown that
classified backfills at different levels of classification react in a much more complex
mainer than was suggested by ou:e_‘particular materiat { Section 4.1.5 ).

Water conterit

The water content of the samples was expressed in terms of the water : total solids
ratio, adopted from soil mechanics practice ( Vickers, 1983 ). The water/solids ratius
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of tne various backfiils ranged from 0.18 to 0.44; for cemented quartzitic tailings, this
is equivalent to slurry rwlaiwe densitics of about '2.16 to 1,78 , or water contents of
about 15 ¢ to 31 &~

The water demand'of a backeill, i ¢ the amount of water needed 10 wet the surfaces of
all its parlﬁ:les, changes with different particle size distzributions on account of their .
Spezu surface areas. It follows. that different backfili types can shoy wxdcly differ- -
ent consistencies with identical water/solids ratios. Convessely, two bdckf' lls with two
different water/solids ratios can display similar ‘workability’ or pumping |
characteristics. An imponan£ }:onsequence of this plienomenon is that the water/ce-
ment ratio, and therefore the strength of a backf' 11, is strongly influenced by its par-

ticle size distribution. |

Binder content

In the investigation, B}nder content referred to the total binder content, which in
addition to the active component { usually Iport}and cement ) may have included one
of severai pozzolans. The binder content was calculated as a percentage of the dry
total backfill mass ( total solids ). The binder content for the first test matrix ranged
from a minimum of 3 % up to 20 %; in some later tests up to 25 %.

Binder type -

Four different binders were comy \red, consisting essentially of ordinary portland
cement, fly ash, and ground granulated blast{urnace siag:

*

Ordinary portland cement ( SABS 471-1971 ),

*

Portland blastfurnace cement ( S:ABS 626-1971 ),

Lo

A blend of ordinary portland cement and fly ash in the proportions 1:1 and

*

A blend of ordinary portland cement and fly ash in the proportions 1:2.

102



The use of other active cements, such as rapid-hardening portland cement, sulpha-
te-resisting portland cement or high-alumina cement was declined since these are
manufactured for specific purposes and are more expensive than OPC. Lime was
tested as a binder, but was found almost completely ineffective within the curing
periods of the investigation. In South Africa, moreover, the use of lime, by itself, or
with pozzolans, is unattractive because of its high cost, approaching that of portland

cement,

Curing time

Within dilute cemented backfill slurries, cement crystals increase in numbers rela-
tively slowly and the strength of the fill material is strongly time dependent. The
strength of the curing backfill material was, thercfore, tested at set time intervals, For
this investigation the backfills were usually tested after 3, 7, 14, 28, and 90 days cuiing.
For exceptionally strong materials, the strengths were also measured after one day’s

* curing. Insome later experiments, vsing sodium silicate additive, the curing periods
au the time of testing were reduced to a few hours.

Curing conditions

The cement hydration reaction is a chemical reaction and is, therefore, both, time-
and temperature dependent. To emnilate, as far as possible, underground curing
conditions, all samples were cured at 30 °C; this was considered a reasonable average
underground temperature. In the investigation of the effect of curing temperature on
the strength of cemented backfill, this temperature was, of course, exceeded.

To prevent loss of reaction water from the samples during the curing period, all
samples were cured in double poly-ethylene bags. There was some slight loss of water
during curing, measured as a slight mass loss of the sai des immediately prior to test-
ing. The total mass foss, however, amounted only fo out {6 % after 28 days and
129 .ater 90 days curing, and may have included y; ticles of solids.
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During the planning phase of the investigation, the option of curing the backfill -
samples under water was discussed. This is commonplace for conerete specimens and
was practised on cemented hackfill samples by some investigators. The option was
rejecied, as in practicc backiills do niot normally cure under water, neither is this
desirable because of the danger of liquefaction of inundated backfill bodies. The
insides of cemented backfill bodies do, however, remain damp for long periods of
time, indicating an adequate supply of reaction water.

The saturation Ievels of ali samples at the time of testing were computed as-part of
the determination of sample porosities. All values plotted on the saturation lineon a
placement properties graph ( such as Figure 3.9 . an indication of thi full saturation
" of the cemented backfill specimens at the time of testing, ' "

4.14 Cemented Backfill Compositidiis Tested

For the' .ain part of the investigation, a total of sixteen different cemented backfi
com.posit“ions were prepared and tested in the laboratory to determine their relative
strengths and, if possible, identify a general mode of cdmpusitioré-relatgd behaviour,
In Table 4.1, all tested compositions are list :d ( some of them appear in more than
one group, when this is useful for compaﬂﬁson; these compositions are identified In
the table }. i

A cemented backfill, éonsisting of full plant tailings and containing 10 % OPC ( in dry
mass ), with a water/( total- )soilds ratio of 0,39 was selected as a relative standard,
against which all compositions were compared, As a result of this experimental
design, most tests were done with full plant tailings and/or ordinary portland cement,
All samples were cured in sealed poly-cthylene bags at 30 °C. The cement content of
a sample was defined as the total binder content in the solids, in mass per cent. In the
table, this figure is listed alongside the individual ce ent contents as a percentage of
the total sample mass, i e in shurry.
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Table 4.1 Compositions of backfills containing cementitious additives, grouped by
principal testing parameters.

Composition _ _H
. Slur
Ager|l Total || W/S _ PB|Wa| ry | OW.
i Typej Binder |} Ratio | Fill |OPC| FA | ¥C | ter || RD jRatio
Group {%] in
Sample Solids {%]} in Shurry
Aggregate
Type
“1rrl FPT] 10 039 16481721 - - 1280] 1,85 1 026
Ccrl CCTi{ 10 032 {681 76| - - 1243 1,94 | 031
cw2 cM! 10 | 018 1764185 - - 11511 219 ] 056
W
Water/
Solids
Ratio
0,28 FPT{ 10 {028 l703|78 | - - V219] 200} 036
0,33 FeT| 10 | 033 {675| 75| - - 1250 1,92 | 030
0291 HFPT{ 10 | 039 |648} 72§ - - 1280( 1851026
o414 |FrT! 45 | 0m1 le77l 32| - - 1291] 182011
0,44 FPT{ 10 | 044 |623| 69 - - {30,7] 1,80 | 022
cr83 |lccr! 10 027 {7067 79| - - 12155] 201 | 037
cw244 %f[ 3 024 |7821 241 - | - [194] 204 | 012
Bhader
Cuntent
3% FPT| 3 039 699 22| - - {280] 183 | 0,08
6% FPTI 6 039 {677} 431 - - 12801 1.84 | 0,15
10%! ||FPT] 10 | 039 [648]| 721 - - 12801 1,85 | 0,26
15%4 |FPT{ 15 030 1654{116]| - - 2311} 197 | 050
20% FPT| 20 | 039 |576)144] - - {2801 1,851 0,51
cw3d M| 3 018 [822{261 - - 1531216 | 0,17
cw202 gnva 20 | 018 [679)170] - - {151] 219 113
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Table 4.1 cont.

I'('\.

ﬂ Composition

[ e
Slur
Aggr{ Total | W/s P8 [wa ry | OW
_ Typej Binder || Ratio || Fill |OPC{ FA | FC | ter | RD {|Ratio
Gronp [%] in
Sample Solids {%} in Shuxry
Binder
Type .
opcl {FPTI 10 039 {648 72| - - |2801)185] 026
ori12 |FpT 10 039 leag| 24 148¢ - (280} 1831026
OP4,54iFPT{ 45 | 039 {688 111221 - 1280|1831 0,12
orp2s4 |FPT| 25 039 |540] 60-3120t - 1280!| 1,80 { 0,64
oP1:1 IFPT| 10 039 [648136 136 | - 12807 1,83 {026
PrC _FPT| 10 039 {6481 - | - | 722801185/ 026
CTOP2jCCr] 10 032 1681125151 - |243! 191|031
I CWOP?2 c&( 10 | 018 |764] 28|57 ] - |151] 215 056
{ ' |
Identical compositions

- N

The following abbreviations are used in the table :

OPC

FA

PBFC

W/S

C/wW

FT, FPT
CT, CCT
Cw, CMW
RD

ordinary portland cement,

fly ash,
portland blastfurnace cement,

water/solids ratio,

cement/water ratio,

fuil plant tailings,
cyclone classified tailings,

comminuted waste and

relative density.

Waterfsolids ratio equivalent to full tailing’s 0,39
Water/solids ratio equivalent to full tailing’s 0,28
Second test series

The water/solids ratio was specified for the full plant railing's size distribution and,
both, the classified tailings and the comminuted waste W/S ratios were adjusted to the
same relative values. The reason for that was that the three backfill types used have
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* different size distributions  Figure 3.7 ) and. therefore, different specific surface
ereas. Consequently, the fimer materials have a higher water demand to tully wet
their particle surfaces. The water/solids ratio of 0,39 for full tailings is, therefore,
equivalent to 0,32 for classified tailings and 0,18 for comminuted waste.

4.1.5 Unconfined Uniaxial Compression

The binder-induced primaty compressive strength, as measured in unconfined, uni-
axial compression ( point 4 in Figure 4.2 ), was selected to compare the cemented
backfill materials in this investigation. It is widely regarded as the single most useful
measure for comparing the relative strengths of cemented backfills { Thomas, 1969,
Thomas, et al. 1979, Helms, 1988 a ); this parameter, at the selected sperimen
width/height ratio of 0.5, produces a clearly defined peak value (1),

In Table 4.2, the maximum compressive strengths of the compositions are listed under
their respective curing times| Each sample was tested in duplicate or triplicate, but in
the table only the highest reading is given. This is justified, considering that there are
numerous factors which can weaken a test specimen, but none which increase it's
strength abo're it's potential maximum. The highest reading should, therefore, be
accepted as pe one, closest to the actual maximum strength. In practical fill design,
however, an t?verage value, or evern a low reading would be used, to maintain a realis-
tic safety margin. Figure 4.4 shows a typlcal range of sample strengths of a single
composition.

1}  Forcylindrical test specimens, a width to height ratio of 0,5 is commonly chosen
to eliminate the frictional restrainment cffects of the press platens.
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Table 4.2 Maximum primary compressive strengths of the tested cemented backfill

compasitions, highest readings { MPa .

Curing Time {d]
Group Sample 1 3 7 14 28 90
Aggregate Type e
FT1 . lose | oss | o8| 115 | 192
CT . 051 | 067 | 673 | 099 | 1.34
CW - 206 | 299 1 322 1 399 | 524
Water}Solids_
Ratio
0,28 - 11}- 1 1\42 1.81 2»7() 4103
0,33 - 092 | 1,12 | 1,26 | 1.72 | 283
0,391 - 056 | 065 | 081 | 1.16 | 1.92
0414 - - - - 037. 1 -
0,44 - 040 | 047 | 055 | 072 | 119
CT2s - 073 1 097 | 115 | 145 | -
cw24é . . - - 0.23 -
Binder Content
3% - 02 1 018 | 028 | 036 | 048
6% - 031 | 036 | 046 | 064 | 108
0% 1" . 056 | 665 | 081 { 116 | 192
15%4 . . - - 3,83 .
20% . 139 | 1,70 | 214 | 326 | 455
cwa4 - - . - 0.23 -
CW 20 364 | 845 | 999 | 13,17 115,17 -

.\\.!

-
W4
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Table 4.2 cont.

Curing Time [d]
Group Sample 1 3 7 14 28 90
Binder Type
orc! - 056 | 065 | 081 | Li6 | 192
OP 1:2 - 022 ] 033 { 058 | 070 | 124
OP454 | - - S 026 .
opzsd || - - - - 208 ;
OP 1:1 - 026 ' "40 | 055 | 094 | 1.68
PBFC - 038 | o | 115 | 201 | 368
CT QP - g21 { 034 | 055 | 083 -
cwop | - | o049 o092 | 178323 -

1 Identical samples

4 Second test series
All samples cured at 30 °C, tested at full saturation

For abbreviations see Table 4.1,

Curing time

As the growth of cement crystals proceeds at a certain rate, dependent on tempera-f |
ture and the supply of reaction products, the curing time is. of course, critical in the
estimation of fill strength, as can be seen in Table 4.2 and in the graphs of the
following sections. It is, therefore, customary to compare materials at predetermined
curing times, usually 28 days. To determine the rate of curing of the cemented back-
fill samples, specimens were also tested after 1. 3, 7, 14 and 90 days curing (1), For
practical purposes. the fill can be regarded as fully cured after about 90 days.

1) Most compositions were too weak to test after one day’s curing and this test
was, therefore, restricted to thz siroz; ~#tmatarials in the series,
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Aggregate type

Figure 45 ﬂlows the primary compressive strengths of the three backfill types
investigated, i e backfills with full plant tailings, cyclone classified tailings and
comminuted waste aggregates. The binder was oedinary portland cement, at a _
content of 10 % in dry mass. The water/solids ratio for the full plant tailings samples
was set at (,39, the ratios for the other materials were adjusted according to their
water demand to 0,32 for the classified tailings' and 0,18 for the comminuted waste
(see also Section 4.1.4 ). These water/solids ratios produced equivalent
‘workabilities’ of the mixes and ensured, as far as possible, equivalent cement/water
ratios in the cement pastes,

It is immediately apparent that the comminuted waste material is about four times
stronger than the two tailings materials and that of the two tailings backfills, the full
plant tailings blend is marginally stronger than the classified material, In general, the
findings indicate, that the inherent porosity of the backfill type has a most significant
influence on the strengths of the whole range of cemented materials. The relative
strengths, as shown in Figure 4.5 approximately follow minimum porosities of the
uncemented backfill materials { plécen;eut properties, Section 3.2.7, Figure 3.9 ): the
lower the inherent porosity, the higher the cemented backfill strength. This is simply
explained by the fact that a given number of cement crystals can fill a reduced pore
spacg} more effectively, and bond more grains simuitaneously.

For tailings materials, however, an additiona!l factor plays a very important role: the
amount of ultra-fines ( < 0,010 mm ) present in the fine backfill aggregate. An
-understanding of the influence of ultra-fines on the primary compressive strength of
cemented backfills is neceésary for the optimisation of cemented backfill particle size
distributions.

In cem tted ailings backfills the amount of uitra-fines ( < 0,010 mm ) present in the
aggregate plays a very complexrole. To demonstrate this, a suite of backfill tailings
samples were classified to simulate a range of by-pass fractions, representing the
efficiency of hydrocyclone-claszification. Figure 4.6 shows the particle size
distributions of the tailings, classified in the iaboratory, with their respective cyclone
by-pass fractions ( Hinde, 1989 ). Figure 4.7 shows the measured specific surface
areas of these classified tailings, as they relate to the cyclone by-pass fractions,

AT
A
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The difference between the full plant tailings and the perfectiv classified tailings
material corresponds to a sixfold reduction of the specific surface area, with the vari-
- ous classification efficiency levels proportionally arranged in between.

Figure 4.8 shows the 28 day primary compressive strengths of the different cycloﬁe
producis at constant binder additions of 10 % { in dry mass ) and a constant water/so-
lids ratio of 0,39. A complex pattern emerges, with the perfectly classified materiat
measuring about 1,6 MPa. As some ultra-fines are introduced, the strength rises to a
maxinium of about 1,75 MPa, only to fall éway rapidly with the addition of more uitra-
fines to about 0,8 MPa at its minimum, corresponding to a cyclone by-pass fraction of
about 20 % (1), From there on, additional ultra-fines improve the strength of the
backfill again to reach about 1.2 MPa with the full plant tailings. Any further addi-
tions of ultra-fines are expected to worsen the situation drastically., for reasons laid
out below.

Various factors contribute to the complexity of the function. First, it should be con-
sidered that in the present compositions 10 % of the mass of solids consists of fine
grained portland cement with an average particle size of hetween 0,020 mm and
0,025 mm. Because of its highar solids density, the cement fraltion only contributes
8.7 % of the volume of the backfill solids. The second consideration concerns the
water demand of the aggregate: this will increase directly with the surface area and
thus increase towards the right hand side of the graph. Third, the average particle
size of the aggreégate will decrease with increasing ultra-fines content. Finally, the
porasity of the backfill improves somewhat with increasing amounts of ultra-fines, as
was pointed out previously.

Since each sample was prepared with identical amounis of water and portland
cement, the difference in strength must be related to the backiill structure and chang-
ing water demand. This is a considered interpretation of the results:

1) Itis unfortunate that the primary strength of this particular cemented backfill
composition drops to its lowest at a cyclone hy-pass of about 20 ¢, in practice often
the region of poorly run cyclones.
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On the far left side of the curve, the asgregate is almost completely devoid of
ultra-fines and its watzr demand is therefore minimal. Almost all the added water
is thus available for the cement hydration reaction - producing the weakest poss-
ible gel under the circumstances in a relatively large pore space.

The peak of the graph is produced at an ultra-fines content of about 3 %, when all
the added cement, the fine grained aggregate and the ultra-fines produce just the
optimum pore space filler at the most favourable cement/( free ) water ratio.

Beyond this optirtum, the limited number of cement grains gradually become sep-
arated spatially; still in contact with most of . e free water though, resulting in a
poor cement/water ratio, but reducing the spatial density of the crystal network,
The lowest strength is reached at the worst possible combination of these factors.

The gradual rise of primary strength towards the full plant tailings side is presumed
to be caused mainly by the gradually reducing porosity and the reduction of the
average particle size of the aggregate - ultimately to about the same size as the
cement. This equalisation of particle sizes brings about the almost complete isola-
tion of single cement grains - they are surrounded by an increasing number of
aggregate grains ( in full plant tailings, on average, about 11 grains ). The
implication is, that an increasing amount of water is being tied up in wetting grain
surfaces remote from cement grains, with the paradoxical result of a favourable
cement/vater ratio where cement is actually svailable in the structure, This,
together with the marginally improved porosity can account for the rise of primary
strength on the right-hand side of the curve. A further, minor contributor to this
rise may be the increased availability of sub-micron quartz grains with the:
increased amount of ultra-fines. Such very small grains can be chemically active

and may enter the hydration reaction to some extent as pozzolans.

Regardless of the validity of thie given interpretation. it is clear that this very complex
behaviour of de different classification products cannot be explained by singular fac-
tors. Particularly, the effective cement/water ratio needs to be applied with discre-
tion, considering the possibility of free water and water bound to aggregate surfaces
unavailable to isolated cement grains.
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Porosity

In the previous section it was pointed out that the porositvof a cemented backfill is a
major determinant of the compressive strength of that material, Figure 4.9 shows the
relationship between porosity and the primary compressive strengths of the tested
cemented backfills. Despite the wide scatter of points, caused by the wide variety of
backfill aggregate and bind: - types, a general decline of strength with increasing
porosity is clearly noticeable. The general trend of the relationship remains
unchanged i time, except for the increase in strength.

W
In Figure 4.10, the $ame data is differentiated according to backfill aggregaie and

binder type and clear groups emerge, each showing the same basic trend to varying
degrees. It is interesting to note that the full plant tailings group with pozzolanic
binders { mainly flv asl} ) shows such a steep curve, confirming findings by cement
researchers that tly ash has a modilying effect on’the size of pores formed in cem-
ented materials { Kriiger. 1990 ). The steep curve of the comminuted waste group is,
however, due to the low inherent porosity of the aggregate material, leaving only little
latitude for the éement paste to strongly islnence porosities.

The inverse relationship between the primary compressive strengths of cemented
backfills and their porosities is to a large extent caused by excessive water in the back-
fill and the resultant formation of macro-pores. Figure 4.11 shows the clear, linear
relationship between the water content of a cemented bickfill and its porosity { here
after 28 days curing, different backfills ). The porosity - water relationship, however,
points to second major reason for the weakening of cemented backfills with increas-
ing porosiiy: the increasingly unfavourable cement/water ratio in the materials, At
this stage it {. anclear, which is the dominant effect.

The decrease of cemented backfill strength with increasing porosity is demornstrated
very clearly in backfills, where porosity 15 introduced deliberately by mixing stable
foam into the backfill sturry.. Figure 4.12 shows the decline of cemented backfil pri-
mary compressive strength with a reduction of backfili density. The purpose of add-
ing foam to cemented backfill in this test series was in an attempt to produce
lightweight support blocks from back{ill matc i als.
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“’q;er content

Figure 4.13 shows the primary compressive strengihs of cemented bag, | li";, prepared
to four different water/solids ratios, ranging from 0,28 to 0,44 (1), 'Ihé’“éiggregatc was
full plant tailings and the binder wis ordinary portland cement. at a content of 10 %
in dry mass. The range of waterfsolids ratios chosen for the investigation represents
the practical limits for this particular material combination: at (.28 W/S, the material
was too stiff for placement, it no longer flowed and had to be vibrated into the
moulds; at 0,44 W/S, the backfili was on the Himit of instant segregation, any more
water would only have decanted. teo

. -’il.l‘,
The graph clearly demonstrates the advantage of reducing the water contelns of cem-

ented backtills to a minimum ( i € operate backill systems at high slurry relative
densities ), as the strength increases more than threefold over the test range. This
substantial increase in strength can be ascrihq«_‘llt_.dfﬁ Hecrg_gsc of the placed { macro-)
porosity of the fill, and to the more favourable 'éément;’:_’_r;t-tef'l"_i; lo in the binder paste,
substantially reducing the micro-poroby in the cement gel. I'

. i .
The influence of the water/solids ratio on classified tailings is shown iz Figure 4.14.
The same trend as with full plant tailings is apparent: a decrease of the water content
brings about a substantial increase of the cemented backfill strength, even though the
overall strength levels asﬁi’ somewhat lower than those of their full plant tailings
counterparts for reasons explained in the previous section.

' In Figure 4.15 the detrimental influence of high water contents on all types of cem-

ented backiills is clearly demonstrated: within the test range the strength declines, on
average, by about haif with an increase of less than 10 % of water in the fill. All the
samples represented in this and the following graph coniained 10 % binder of various
types. It can be seen, however, that on (e whole, the type of cement has little i v-
ence on the trend of the graph. i’
If the same data is differentiated with regard to the aggregate type used
( Figure 4.16 ), it can be seen that the comminuted waste backiili is much more sensi-
tive to variations in the water content, than are the tailings backfills..™"g reason for
Wf

1)  For the corresponding water contens see Table 4.1.
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this is the low water demand of this type of backfill on account of ;ﬁeir relatively low
specific surface areas. Any additional water in the backfill is, therefore, immediately

translated into a detrimentally low t.emcnlfwater ratic.
i \

Binder content

Figure 4.17 shows the primary compressive strengths of cemented backlills. prepared
to four different binder cordents, ranging from 3 % to 20 % in dry mass. The tailings
material was full plant tailings and the binder was ordinary portiand cement; the ﬁ}at-
erfsolids ratio was set at 0.39. The addmorl of 3 % binder to a backfill was found in
practice 1o be about the lower practical i’ | particularly with blends of portland
cement and pozzolans Bélow 3 %, proper mixing of the binder into the backfill
becomes a problem and large pockets of uncemented fill were found in practice.
20 % binder is an unuswally high addition of binder and would only be considered in
exceptional circumstances, such as for instance the preparation of regmnal support

pillars with mferlor aggregate.

The graph shows that the full taﬂmgs samples i mcrease in streng;n approximately in
proportion to their cement content. This is due to & propomc-nafa} increased number
of cement crystals forming in the pores of the backfill material, resulting in increased
adhesion and reduced pomsuy Figure 4. 18 shows the effect of an increase in binder
content on comminuted waste backfill, a Mbs. fal of much lower inherent porosity.
The addition of 20 % OPC produced the stronges: backtill matena! of the test series
at an primary compressive siy3ngth of over 15 MPa.

Cementfwater ratio

The results of the previous two sections highlighted the important inﬂuenf'fé of, both,

the water and the binder contents on the strength of cementied backfill. Whereas the
backfill aggregate type represents a crucial variable in a general sense, it rarejy.

che ages, once a backf(ilt system has been implemented and thus can often bé"aéﬁa;de’d
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as a constant. The cement and water contents, on the other hand, are strategic vari~- -
ables in a very direct sense, particularly it they are considered in tandem, as the

cementiwater raiio,

‘Resulis indicate that for full plant tailings aggregate, the relative influences of the

water and the binder contents on the strength of cemented backfill are approximately
equivalent. Figure 4.19 shows that the slopes of the 28 day curves of hoth variables
are similar, but reversed: a 10 % increase in the binder content raises backfill ;Sl}ength
about as much as a 10 % decrease in the water content does. The compared backfills
consisted of full plant tailings and contained 10 % ( in dry mass } of cementitious
binder; the water/snlids ratio was constant at 0,39, The high scatier of values is due to
the vee of different binder cypes. The relative influences of cement and water con-
tents on primary compressive strength are different for comminunted waste backfills;
becavse of their low water demand. they are more sensitive to excess water.

Both, the water and the binder contents are such important variables for the cement
hydration reaction, that their ratio has long been an important indicator of the cpti-
mal use of cement in cemented materials (1) . Figure 4.20 shows the ( non-linear )
relationship between the primary compressive strengths of cemented backfills and
their cement/water ratio. It can be seen that the re!arionship remains unchanged with
progressive curing of the materials, except for the geadual inc=ase in streéngth. The
cement/water ratio is a convenient indicator of the effective wilisation of binders in
cemented backfills, but the scatter of values is, unfortunatcly, too large for the ratio’s
utilisation in the design of backfills, as will be expiained in the next chapter.

Binder type

Figure 4.21 shows the primary compressive strengths of cemented backlills, prepared
with four different binders: ordinary portland cemeat ( OPC ), portland biastfurnace

1)  Fulton ( 1977 ) recommends the use of the ratio of cement 1i1ass to water mass,
rather than water/cement, since the relationship between the ratio and the compres-
sive strength becomes a direct one and, at least in concretes, a linear one.
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cement { PBFC ), and two blends of OPC and fiy ash ( FA } in the proportions of 1:1
A

and 1:2. The tailings material was full plant taitings, the binder zddition was 10 % in

dry mass and the water/solids ratio was set at 039, B

Of thase cements tested in this series, the portland c¢ nent ‘Jziu_ki}.-i shows the fastest
initial curing rate: after three days the back{ill has reaches 0,7 MPa, substantially
more than the other backiills. All binders containing poimlans set out at a slower
rate and retained their relative strengths throughout the .curing period. After about
eignt days, the backfill prepared with portland blastfurnace cement exceeded the
portland cement backfill in strength and remained substantially stronger from then
on., This good performance is probabiy due to the fine grind of it’s ( 50 % } OPC frac-

tion, which increuses it’s reactivity (1),

The dilution of portland cement with fly ash reduces its effectiveness approximately
in proportion to the mix rat’a, i e the 1:7 blend is stronger than the 1.2 blend. Ina
Iater experiment (2}, it was, however, established that a OPC/FA 1:2 blend was more
cost-effective than a 2:1 blend in terms of cost per achieved unit primary compressive
strength { Cost/MPa/100 kg backfill ). This confirms previous findings |

{ Kruger, 1990 ) that blerds consisting of up to two thirds {ly ash and one third ordi-
nary portland cement can be optimal in terms of the utilisation of all available free
lime from the cement hydraui, reactjon, - "

Ditferent fly ashes huve differ 2nt pozzolanic activities, huwever, and the strengths of
cemented backfills can vary widely with the type of ash vsed. Figure 4.22 compares
the ( typical } primary compressive strengths of five equivalent back{ill compositions

( fuil plant tailings, 10 % CPC/FA 1:2 binder, W/S 0,39 ), sach prepared with a dilfer-
ent fly ash sample. Th« -*rve marked 'commercial’ represents a cemented backfill
sample { composition OP 1:2 in Table 4.1 ) containing commercially available

1)  Portland blastfurnace cement is an inter-ground blend of portland cement and
ground granulated blastfurnace slag. The slag is physically harder than the cement
clinker and, therefore, tends to comminute the OPC fraction during inter-grinding.
Investigators in the cement industry also maintain that PBFC has a higher tolerance
of excess water, than has OPC.

2)  Unpublished confidential Chamber of Mines consultancy report No. 61/92,
Lamos, et al, December 1992
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classified power station fly ash, as widely used in the construction in;‘ilustry and also in
the present investigation ( SABS 0157 ); this composition reached a 2 day strength
of (.70 MPa. The other back{ills in this test suite were prepared with stear plant ash
from the coal-chemical industry and show suhstantfaliy higher strengths - up 1o

0,92 MPa. The strengths of these samples are, furthermore, differentiated according
to the particie size distribution of the ashes, the finer ashes from precipitator tield 3
showing the highest strength; conversely, relatively coarse ash from precipitator No 1
shows the lowest values of the group. A proportional production blend of ashes of
the various fields is still substantially stronger than the classified commercial fly ash.

During 1992, unclassified power station ash has become commerciglly available in
South Africa, which performs somewhat worse than the classitied material, but at
about one fifth of the cost of the classified ash. Careful evaluation of available pozzo-
lan sources, particularly in relation to geographical location, can clearly benefit the
cast-effective application of binder: in cemented backfills.

Figure 4.23 compares the relative strengths of the investigated aggregate types, using
OPC and OPC/FA 1:2 binder. The previously described trends are apparent: in all
cases, the OPC compositions are superior to the OPCFA blend after 28 days curing,
but both, the classified tailings as well as the comminuted waste backfills show the
rapidly closing gap in strengths, as the OPC/FA binders catch up with portland
cement,

Curing temperature

Figure 4.24 shows the effect of curing temperature on the strenpths of cemented
baekfills { Lamos and Bradiey, 1987 b ). The backfill material for this test series was
composed of fvll plant tailings and 10 % { in dry mass ) of an OPC/FA 1:2 binder, ata
water/solids ratio of 0.28. The samples were cured and tested as 700 mm cubes; this,
combined ivith their low water/solids ratio accounts for their relatively high strengths.

As expected, elevated curing temperatures accelerate the gain in strength (ie the
hydraifon reaction ) of cemented backfills; this is provided that full saturation is main-

* tained and the temperature does 10t exceed a level, at which cement crystal growth is

impaired, most likely by the excessive evaporation of reaction water: it can be seen
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that with this backfill. the 28 day strength dropped rapidly above a curing temperature
of 60 °C. It can be concluded that for this backtill composition 50 °C is the maxintum
safe curing temperature, If envimm_ﬁ\t\:ntal conditi‘cms were such, that this tempera-
ture was exceeded, the material may not reach it’s full strength and it's composition
wouid kave to be reconsicered. "

Yield strength

The yield strength of a cemented backfill is defined as the highest compressive
strength within the initial elastic region of 1i:e compression curve ( point 3 in

Figure 4.2 }. The yield strengths of the cetmented backfill materials amount, on aver-
age. to about 72 % of their maximum compressive strengths ( Figure 4.25 % this result
has important implications in the _de:.:i"@n of cemented fils, as it defines the limit of
elastic loadic, _'i'curing cemented béckfili can be loaded with no detriniental resalt,
provided that the yield stress of the material is not exceeded at any time

( Section 4.1.8, loading during curing ).

Strain

The strains at the primary compressive strengths lie mostly between 0,5 and 2 per cent
and there is a slight tendency for them to decrease with higher material strength

{ Figure 4.26 }. This tendency is a result of the increasing plasticity of cemented back-
fills of low strength. The lowest and highest recorded values, out of 165 measure-
ments, were 0,55 and 3.83 per cent, respectively. The trend holds with curing time
and the resultant increase in compressive strength. The large scatter of data points is
due to the wide range of backfill strengths included and the associated wide range of
sample plasticity.
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Young's modulos

Cured cemented backlills exhibit two separate domains of elasticity. shown schemati-
cally in Figure 4.2: the binder-induced primary elastic region { point 2 } and the elastic
component of the cohesionless compression curve atter the collapse of the binder

structure ( points 7 ).

The Young's modulus { or modulus of elasticity, E ) considered here i 114t of the bin-
~ der-induced primary compression peak. In a compression curve a8 cmup'lex av i2at of
cemented backfill, in which the binder stfucture collapses during compression, the
slope of the tangent to the curve changes at almost any point. It is. therelore, practi-
cal to determine the elastic modulus of the material in its intact clastic region, i e on
the linear rise of the binder-induced peak ( point 2 in Figure 4.2 ). The initial elastic
modulus of a cemented backiill is a measure of its ability to carry a load without per-
 manent deformation.

Figure 4.27 shows the relationship between e primary compressive strengths of
centented backfiils and their initial Young's moduli. It can be seen that, overall. the
tested backfills were somewhat less stiff for any given compressive strength, than the
materials investigated by Swan ( 1985 ) and Helms ( 1988 a ) this is not unexpected,
as the backfill materials investigated by Swan and Helms are very different from the

present suite.

A closer analysis of the data reveals that the cemented buckiills are relatively less stiff
when fully cured, than before. This can be ascribed to the material properties of the
cement crystals themselves, which, with time, grow in numbers, but do not become
any stiffer, i e the cohesion of the samples increases more than the elastic modulus.
There is no cleq - trend in the relationship, regarding the type of backiill; comminuted
waste backfills are no stiffer than tailings fills. Again this is ascribed to the properties
of the cement crystals: since they are the cause of the primary compressive strength, it
is their performance which determines the Young's modulus,

In conclusion it can be said that the initial elastic modulus of a cemented backfill is
principally determined by the stiffness of the calcium silicate hydrate crystals ( CSH
which form the rigid framework within the backfill. ‘The backfill aggregate itself is at
that stage not part of the elastic behaviour. The only other modifier of the stiffness of
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the cement gel is excessive micro-porosity. caused by an oversupply of reaction water.
To achieve high elastic modufi, therefore, the highest feasible cement/water ratio
( the minimum amount of water } must be used.

I

4.1.6 Confined Uniaxial Compression

The compression characteristic of ccmented backfiils change with the confinement
condition of backfill bodies: the volumetric shapes of such bodies are merely instru-
mental in effecting specific confinement conditions ( Section 4.2 ). As the uncon-
fined, uniaxial rompression of a 0,5 width/height ratio cylindrical specimen represents
one end of the characteristics spectrum, confined compression represents the other
extreme. All other forms, including triaxial compre:sion ( Section 4.1.7 ) are inter-

* mediate to the above extremes.

Confined compn ssion was measured on cylindrical specimens of width/height ratio of
approximately 2, 120 mm in diameter and about 60 mm high, depending on the poros-
ity of the constant mass sample. Confinement was previded by a floating steel jacket
and the sample was compressed by a pair of drained pistons ( Appendix A ). Since
the massive steel jacket pravided virtually infinite confinement, the slightly varying
width/height ratio had no influence on the results,

The strength of cemented backfill in confined compression is of specific importance

in the provision of regional support in deep mining and as a result of the fact that
backfill ribs are normally placed adjacent to each other, forming large, gSffectively infi-
nite, confined bodies. Because of the direct bearing on regional support require-
ments, the graphs illustrating confined compression behaviour of cemented backfilis

are included in Chapter 2,

Figure 2.9 compares the confined compression curves of equivalent uncemented and

cemented backfills. The graph shows that the backfills were compressed to approxi- '

mately 175 MPa, far above the primary binder-induced compressive strength of about
| MPa. At that scale, the effect of binder addition to the material cannot be seen in
the initiz] rise of strength within about 1 % strain, but very clearly by the significantly
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reduced ultimate strain ( b-value ). Fiyure 2.8 shows that the binder-induced primary
peak is there, albeit only barely visible, embedded within the genersl compression

Curve.

For the regional support ffort, that primary peak is insignificam in comparison to the |
potential benefits of the binder-induced reduction oﬁpnrosuy Figure 4.28 demon-
strates that by replacing 10 % of the taxlmgs mass in a'typical classified tailings hackfill
with portiand cement, this backfill's porosity after full hydration of the cement is
effectively reduced from 48 % to somewhere between 42,5 % and 45.3 %, depending
on the compressibility of micra-pores in the gel. The reduction of the b-value shown
in Figure 2.9 is, therefore, not unexpected and under ideal conditions can amount to
more than 25 %. N

417 Triaxial Compression ‘ .

To estimate the behaviour of backfill in a large mass under compression, the confine-
ment of an actual sample from the backfill body, or of a representative sample fo.n
that body is reproduced, as far as possible, in a triaxial test cell. A large amount of
work has been done on the triaxial compression behaviour of uncemented and cem-
ented tailings backfills and rockfills (1), and more research in this tield will undoubt-
edly be forthcoming. In this study, however, the purpose of measuring the basic
triaxial parameters of cohesion and friction angles was to determine general
relationships between those parameters and the cement/water ratios and curing times
of a wide range of differéht backfills.

Undrained triaxial tests were undertaken on 28 day old samples of the first test series
( Table 4.1 }, using a Hoek triaxial test cell; the results are listed in Table 4.3 and
- plotted in Figures 4.29 and 36.

Figure 4.29 shows the relationship between cemented backfill sokesion and the
cement/water ratio, Generally, the cohesion iricreases in direct proportion to the
cementfwater ratio. A more detailed examination shows that some sample groups are
more sensitive to the cement/water ratio than others: the water/solids ratio group

1} For instance: Blight, ( 1977, 1988 ), Clark, ( 1988 ¢ ), Helms, { 1988a).
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Table 4.3

Friction angles [deg] and cohesions [ MPa | of the tested cemented back-.

fill compositions. Triaxial tests usiig a [Hoek test cell, curing time: 28

All samples cured at 30 °C, tested at full saturation.

days. A
Friction Angle ¢/ LCohesion ¢’
Group Sample [deg] [MPa]
Agppregate Typej
¥T 33. G627
CT 43 0,22
cw A4 (1,93
Water/Solids
Ratis
0,28 36 0.57
0,33 38 0.42
0,44 30 0.26
Binder Content
3% 27 0,25
6% 27 0,34
0% 30 0.82
Binder Type
OP 1:2 27 030
OPr 1:1 34 023
PBFC 35 0.52

For abbreviations see Tabie 4.1.
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shows a very stegj, \.ﬂaﬂ in cohesion with reduced water content, whereas the

T

cement content group wr*ually follows the average trend. As expected from the
numbers of cementitious bonds and the deleterious etfect of macro-porosity. the
samples’ cohesions reflect their unconfined, uniaxial cempression performance.

Figure 4.30 shows the relationship between the backfills’ friction angles and the
cementfvater ratio. Again, there is a general increase of friction angles with higher

cement/water ratios, but the scatter is bigh and the relationship is not very satisfac- o

tory. The lowest frictic:* angles are measured with fine grained tailings backfills of .7 -
low cohesion; increasing cohesion taises the friction angle. Conversely, the highest \

friction anglesqre found with coarse grained backﬁils of high cobesion.

- Figure 4.31 shows the results of a separate | qulte of tests, in which the increase of the
friction angle with increasing compres.,wemength was demonstrated graphically.
The semples consisted of full plant tailings, containing 10 % portiand cemient in dry
mass, at a water/solids ratio of 0,39 { i e the control backfill composition ). Increased
cohesion was provided by the progressing formaticn of cement crystals in the samples.
curing for up to 28 days. The figure shows the gradial steepening of the shear angi&c
of the ( 200 kPa confinement pressure j specimens. The friction angles of the

‘ s‘amples were then calculated, using the relationship:

i

q=4s°+§ . (Eqn +.1) .

where a is the observed shear angle { Vickers, 1983 ). The friction angle increased
gradually from 24,6° in the 1 day old sample 1o 41,0° in the 28 day sampie. In the
absence of any other variable, the increased primary compressive strengt: ( increased
cohesion, reduced porosity ) of the samples with increasing curing time must be
responsible for this rise of the friction angle.




4.1.8 Loading During Curing

The hydrati ion of binder romponents 1”11 cemented backfill pr.*yally builds within the
dekﬁH a framework of calcium silicate hydrate crystals, which bond the mineral
grains into a rigid structure, If the backfill components are properly mixed. crystalii-
sation will commence more or less simultaneously trroughout the fill and within a day
provide a measure of rigidity to the material. 1f this cemented backfill is strained
during the curing process, the already existing framework of CSH crystals undergos
elastic defarmation and, provided the 51eld poiitt of the crystals is not exceeded, nor-
mal curing 9honid continue unabated, protected by the existing rigld structure,

- Inaset of"éxperiments { Lamos and Bradley, 1987 a ), six cemented backfill speci:
mens were loaded at a constant strain rate during the curing process. to determine
whether the straining of the material had any deleterious effect on their primary
comprcsswe strength. Compared o the unstressed control samples, a 20 % deterio-
ration of the compressive strength and the elastic modulus was measured, which was
directly attributable to the straining of the backfill. In a subsequent test series, the
constantly strained samples again showed much reduced strengths { 30 % lower ), but
a parallel suite of samples. which were stressed with a static, constant load during cur-
ing ( a creep test ). which never exceeded the yield point, showed no deterioration at
all. h '

From the strain rates and the normal strength development of the control samples, it
was concluded that cemented backfills can indeed be loaded during curing without
adverse consequences. pravided that the yield point of the material is at no time
exceeded. The elastic stressing of curing samples has no deleterious effect on final
strength, as cement bonds continue growing within the structure - no bonds ave lost.
Once the material is stressed beyond the yvield strength, however, cement bonds are |
physically broken and are irrevocably lost in terms of final cohesion.

Figure 4.32 shows a plot of the yield points ( }wld stress at yield strain ) of a suite of
cemented backfill samples of bench-mark composm{m { Section 4.1.4 ). With the cur-
ing time advancing from 3 to 90 days, the progression of the yield point can be fol-
lowed up the graph. The upper limit of the observed strengths represents the lowest
yield steains at any one time and therefore the safe limit strain for the backfill. Any
stope closure profile to the left of this limit strain can be tolerated withont deteriora-

i
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tion of compressive strength. For this backfill material, this strain amountis to about
0,004 % per day, a minuscule rate, and it must be concluued that a backfill under

normal closure rates will suffer some deterioration of sirength.

In the light of these findings, two Factors work in favour of in situ cemented backfil}
strength: backiill shrinkage. due to the drainage of water from the fill. effective'y
ameliorates the closure rate, and the fastest strength gain in cemented backfills occurs

in the [irst few days, allowing the backfifl a head-start in strength development.

Y

4,19 Closure Rate 0

The effect of the strair: rate on the strength of cemented backfill wasctermined in 2
series of experiments on standard 100 mm cube samples { Bradley, 1986 ). The back-
fill consisted of full plant tailings aggregate containing 10 % of a portland cement/fly
ash 1:2 binder, at a water/solids ratio of 0,28. The sampies were tested at strain rates
of 1 %, 10 % and 1000 % per hour, after 3, 7 and 28 days curing, respectively.

Table 4.4 lists the mean strength parameters of the tested baclkdill samples

Figure 4.33 summarises the test resulis,

Tabie 44 Unconfined, uniaxial compressive strengths of cemented backiill samples
at a range of strain rates and curing times. Mean stress [MPa], strain [5%].

” Curing Time [dr]-"
Strain Rate 3 7 28
[%/h] Stress | Strain | Stress | Strain | Stress | Strain
n o7 | 369 | 1| 28 | 184 197
10 066 | 307 [ 102 { 260 | 206 | 203
1000 071 | 347 | 115 | 269 | 188 | 1ar |

From the test results it was concluded that the compressive strengths of the cemented -
backfill cube samples were insensitive to the strain rate. The findings of this test
series led to the adoption of the 100 mm/h strain rate, used in most of the subsequent
testing of cemented backtills at COMRO.
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In Chapter 2 it was stated that under rockburst conditions deep mining siope support
is subjected to very high closure rates. Current stope support design recommenda-
tions provide for closure rates of up to 3 my/s, which would arcount for about three
quarters of all rockbursts in deep gold mines ( Ryder, 1988 ). At a closure rate of

3 més. a 1 m wide stope would clase completely in 0,33 seconds, a closure rate three
orders of magnitude higher thati what was measured in the above test series.

To test how cemented backfill behaves under these loading rates. 50 mm high rib
samples of classified tailings, containing 10 % OPC, at a water/solids ratio of 0.27,
were cured for one day and then loaded at a closure rate of 0.15 m/s. the velocity
equivalent to a closure rate of 3 1245 in a 1 m wide stope (1) . Figure 5.5 hows the
arrangement of the model backfilf #1is for testing. The purpose of this particular test
arrangemant will be explained in Chapter 5: for this aspeit of the experimcht. itis
only necessary to know, thy  identical control sample was tested at the standard
100 mm/h closure rate., B | o

I

Figilre 4.34 compares the traces of the three Joading test resalts. It can be seen that
despite a 5400 fold increase in the closure rate, the backfill specimens essentially
reatted identically: all three specimens show the primary, binder-induced elastic
ueformation, similar primary compressive strengths and similar post-failure behaviour
(2). Had the backfil samples been saturated with water, their compressiot: behav-
ipur may have been different: given identical permeabilities, the slowly loaded
samples may have been able to exude their pore water and compress in a controlied
feshion, whereas the rapidly loaded backiills may just not have had the time to expel
thé'izf_ pore water and explode under impact load. These aspects are ifnportant to the
behavioui'of baclkfill under rockburst 2onditions and merit further investigation.

1) Itis understood, that only the vertical closure velocity can be sealed in this way.
The horizontal velocity, attained by the dilating fiil, increases non-lipearly with clo-
sure, the function depending on the shape of the backfill body. In & real, full-scale
event, the inertia of dilating backfill could make it extremely dangerous.

2) The traces of the fast loading curves were cxtracted from stress-and displace-
ment curves recorded by the data logger of the TerraTek press. Since the trace
shown represents a time spar: of only 50 milliseconds, the original traces of the -
recorded variables are quite jagged. The resultant curve of combining two of these
originals is, therefore, even worse. There is no doubt about their validity, however,
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4.2 Effect of Backfiil Geoméity .-
b ; ’

In thé"prcceding section, nartii'ncd cemented backfills were viewed with an emphasis
on material pmqemes pacticulary their primary compressive strengths, as they
related to compasmnnai and environmental factors. Onee a backfill has been mixed
according to a specific composition, and cured at certain environmental conditions, it
will have developed reproducible material properties, but its load Bearing capacity
may still vary considerably, since this is strongly influenced by yet another variable:
the shape of the backiiil mass; that is the subject of this section, '

In Section 4.1.2, it was stailted hat the Ioading response of a cured cemented backfiil
comprises three distinct phaw% an initial elastic slage, u:l which the backfill is etfec-
tively déformed as a single, 1 i body, an :ntermedlaxy phase of binder crystal break-
down and backfili vollapse, and # strain-hardening stage  here the backfill

| compresses essentially as a eohe -ionless soil. Looking zgain at Figure 4.2, it has been

established, that the primary compressive strength, (4), is produced by the binder in
the backfill. The ultimate strairs value, (8). is a result of inherent backfill porosity, as
well as the contribution made by the tesidual cement erystal fragments, in reducing

oversall porosity. The domain controlled by the shape of the cemented backfill mass,

is the intermediary post-failuy: vegion, indicated by (5).

In deciding on the experimental parameters for this test series, several choices were
available off how 1o alter sample shapes for the tests, each of which would have Far-
nished slightly different results. If the volume rematited constant, to elimipate poten-
tial scaling errors, both, the width and the height of the sampies would have to
change, in practice producing some samples only a frw millimetres high, where the
particle size may begin to influence results. If the sample cross-section rexiained con-
stant, their height and volume would change with different width/height ratios.
Eventually, the third option was selected, whereby the sample height remained
constant, and the cross-section was altered. It was feit that this most closely modelled
real conditions of a more or less constant stoping width. Furthermore, it wiltbe
argued in the next section. that because of the constant sample height, the :ffect of
increased sample volume on the tested backfill specimens is not as critical, as it may

have been for othe: testing geometries.,
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similar finifigs to Bieniawski's, in that he sets the minimum volume of backfill

4.2.1 Sample Volume

A large body of literature exists on the behaviour of geometrically scaled materials

~d structures, becsuse of its fundamental importance to the design and modelling of
engnﬁccring and civil structures. Detailed studies were undertaken for the testing and
design of mine support pillars, of pariicular relevance being the studics in coal
( Bieniawski, 1968, Madden, 1988 ) and in cemented backfill ( Gonano, 1975 ). Bie-
niawski found that cube-shaped coal specimens of side length larger than 1.5 m
(3,375 m3 ), showed constant compressive strength. Below 1.5 m, down to about
6 ¢m side length, cube samples showed increasing strengths: whereas below 6 ci» side
length, cube strengths were again constant. In the cited reference, Bieniawski snows

‘the sumple volume to strength relationship, but does not offer an equation (o predict

strengths in this intermediate range below 3,375 m3,

Natural rock and coal samples are, however. substantially different from homogene-

ous cemented hackfill sample# and their behavicur under load can strictly not be

extrapolated. Besides a large difference in their compressive strengius ( primary !
compressive strength in the case of backfill ), rocks and coal contain natural fiaws and

discontinuities which were introduced either during their formation or during subsé-

(uent tectonic stressing. In comparison, cemented backfills, especially fine grained

materials, are very homogeneous with a striistical distribution of minor flaws such as

atr voids.

Cemented rockfills can by their nature be expected to contain more substantiat flaws
and Gonano, working with cemented tailings backfills and cemented rockfills presents

samples, ahove which streagths remain constant at between 2 m3 and 5 m3. But
Gopano also shows that cenented hydraulic backfill is not very sensitive to the
sample scale: for a million-fold increase in sample volume, the compressive strength
changes from abeut 1.9 MPa for a 2 cm cube, to about 0.9 MPa for 2 2 m cube.

If the results, presented in the following section ( Figure 4.37 ), were corrected,

applying Gonano's relationship, the effect would be to accentuate the findings some- |
what, in that the compression curve of the smaliest sample ( the unit cube ) would be |
lowered by about 15 % - at 8,2 % strain from 1,3 MPa to 1,1 MPa. All other curves '
would re-adjust somewhat between the new low curve and the present highest one.
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The increase of the volume of the constant height samples, us applied in this study, is
however not the same, as scaling a test cube. As the side length of a cube is increased
linearly, geometricaily more flaws are added into ihc. potential shear zone, triggering
failure at progressively lower stresses. until the statistically largest flaw size or discon-
tinuifiy"in the material determines the bulk streagth at, say, 5 m3 volume.

The lateral size im;'rease of the constant height sample, on the other hand, can be
interpreted as placing more unit cubes next to the original sample, thereby merely
increasing lateral confinement. Even though the failure mechanism of a plate
involves shearing, as does the failure of a cube, the flaws on the ‘inner’ shear planes of
a plate do not trigger (ailure in the same manner. The centre of the plate does not.
fail because of increasing numbers of material imperfections, it fails by being forced
out from between the platens, just the same way, as a perfectly fiawless sample would.
The shear planes appear at the edge of the plate in the same dimensions, as they

oceur in the single cube { Figure 435 ).

In practice, therefore, the increased volime of a tabular backfill body is only of minor
consequence to the strength of the backfill body. Onlyif the sample size weire
decreased below the statistical distance between the minor Haws, would a slight

increase in strength be expected.

4.2.2 Sample Cross-Section

In an attempt to determine the influence of the geometrical shape of the sample
cross-section on their compressive strength, a set of width/height ratio backfill
samples with square and circular cross-sections were tested ( Bradley, 1987 a ). From
the resulis, summarised in Figure 4.36, it was concluded that there is no significant
difference between square and circular samples of otherwise identical dimensions.
This finding allowed the confident comparison of the standard cylindrical test samples
{ W/H 0,5 ). cylindrical confined compression samples { W/H 2,0 ) and the square and
rectangular samples, described in Section 4.2.3 below.
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4.2.3 Width to Height Ratio

Most research work on the effects of specimen volume on their compressive strength,
was inevitably also concerned with the shape of specimens, commonly expressed in
the form of the width to height ratio of samples. Bicniawski ( 1968 ) found that for
coal specimens, of smaller than 1.5 m maximum dimension, the following relationship
holds between compressive strength and width/height ratio:

FO.1E

W -
a=0.3833?:-33_;; . . (Eqn  4.2)

For specimens larger than 1,5 m, with W/H > 1.0, the following relationship applies:
c=0.139:l-+0.0’76?% . (Eqn  +4.3)

where ois the specimen compressive stren~th in [MPa], a:. * wand h are the spevimen
width and height, respectively {1, Again it must be stressed that because of na..ral
discontinuities, coal samples are suhsténtially different from essentially homogeneous
cemented backfill samples and that Bieniawski's equations are nol, strictly, applicable
to cementud backfills. | '

Figure 4.37 summarises the results of the suite of cémented backfill samples tested to
determine the effect of the width to height ratio on sample compression behaviour.
The full plant tailings backfill contained 10 % portland cement, was prepared to &
water/solids ratio of 0,33 and was tested after 14 days curing. The samples were

1) The equations are modified after Bieniawski, who vsed imperial units.
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48,2 mm high and the "unit cube’ thus had a volume identical to thai of the standard
42 mm diameter test cylinders. Since the cross sectional areas of the samples
changed. all results were re-calculated and normalised to the unit cube area.

1t can be seen that, essentially, all constant height samples showed the same primary
compressive strength (1) . This result is in line with the discussion in Section 4.2.1,
where it is stated that a lateral increase of a constant height sample should not stricily
be interpreted as a direct increase of sample volume. Initial sarple failure ( yield ) is
dependent on the bulk cohesion level and is not significantly influenced by any intro-
duction of increasing numbers of randomly distributed, failure-triggering flaws into
potential shear zones. '

In the post-failure region, i e after the collapse of the cohesive cement structure, the
backfill samples effectively behaved as cohesionless granular imaterials. Specimens
with width/height ratio of 1 ( cubes ) are crushed until sufficient frictional and grawita-
tional confinement is provided for the centre of the sample to begin to take load by
the compression of its porosity, as described in Section 3.2.7. As the widths of the
specimens increase, progressively more effective confinement is provided and the
samples can build up stress at increasingly lower strain values. This is indicated in
Figure 4.27 by the level of compressive stresses generated in the samples at the arbit-
rary comparison strain of 8,2 % ( 4 mm closure ). The samples of width/height ratios
5 and 7 approach the behaviour of conftned compression, which, in effect, represents
an irifiﬁitely wide sample.

For the tested cemented backfill, a width/height ratio of 1,5 delineates the geometiy,
above which the backfill body no longer shows a dline in the load bearing capacity
with increasing strain - the load defornzation curve becomes morotonic. The tested
rib samples showed marginally stiffer behaviour than the unit cubes, an expected
result because of the slight confinement provided in one dimension.

1) The scatter in the elastic region can be ascribed to the difficulties of loading
large plate samples evenly.
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It was explained in Section 4.1.6. that the high stress compression behaviour of per-
mieable cohesionless backfills, specifically the maximum strain, or b-value (1), is
directly related to the poresity of the materiail. Since all test specimens were
compased of the same cemented back{iil material, their porosity, { € the mass of solids
per unit volume, is identical after any specific curing time. It stands to reason, there-
fore, that alf specimens will reach the sam 2 stress level at the material-specific maxi-
wum strain. The differences observed in the "post-failure’ region are thus only of
transient nature, eliminated as soon as a backfill specimen is compressed far enough
to al. 3in jts confined compression width to height ratio of approximately 11 {2},

%3 Summary and Conclusions

Chapter 4 was concerned with the load bearing properties of cured cemented backfill
materials and how they relate to compositional, environmental and geometrical vari-
ables. The original, and largest part of the investigation, was carried out with Witwat-
ersrand gold mine tuilings and formed the basis of the guidelines for the design of
cemented backfills, as it will be presented in the next chapter. Subsequently, the
database was considerably enfarged with the incorporation of additional tests, includ-
ing several suites of platinum tailings.

In the original investigation, twelve different cemented backfill compositions were
tested to determine the influence of their material composition on their compressive
strengths. This matrix was later exiended to 22 different mixes, arranged in four main
compositional groups, identified, a priori, s the most influential compositional vari-
ables on cemented backfill strength:

a)  Aggregate type, | e aggregate particle size distribution,

1) The definitions of the a- and b-values are given: in Figure 2.9, the fitting func-
tions for the uncemented backiill compression curves are give= in Section 5.4.

2) Iniaboratory tests on cohesionless backfilis it was established, that Witwaters-
rand backfills effectively reach confined compression conditions at a width to height
ratio of 11,2 ( Bradiey, 1987 b, Briggs, 1985 ).
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b) Water content, | e waterfsolids ratio,
¢) Binder content and

d) Binder type.

Several non-compositional variables have been investigated; some were procedural
elements of the investigations, others were studied in separate test series, they
included: |

'e) Cemented backfill curing time,
£} (fili-*"/w :‘ﬁmperature and environment,
g).. Backfill sampie porosity and

k) Loading parameters.

Most tesis in this first major investigation were concerned with the primary compres-
sive strength peak of cemented backfills, as reflected by the unconfined, uniaxial com-
pressive strength. This strength is indicative of a backfiil’s suitability for local stope
and guily support duiies.

From the results presented, it is evident ti1at all of these variables influence the com-
pressive strengths of cemented backfill materials. Under the various sub-headings in
Chapter 4, as well as in the following applicable graphs, a large amount of data is
presented, which has already proved useful in analyses and designs of practical mine
backfiit £ stems.

In a second major investigation, geometrical parameters were analysed for their influ-
ence on cemented backfill load bearing behaviour:
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i)  Backfill specimen volume,
i)  Specimen cross-section and

k)  Backfill sampie width to height ratio.

If cemented backfills are loaded beyond the primary compressive strength peak, bin-
der-induced cohesion is lost and the maierial compresses as a cohesionless backfill,
albeit at reduced porosity. In this Joading range, porosity and sample geometry
become the dominant loading factors.

4.3.1 Material Composition and Environmental Factors

Aggregate type, aggregate particle size distribution. The findings indicate that the
inherent backfill particle size distribution, which controls the porosity of the backFll,
has a most significant influence on the strengths of the whole range of cementea |
materials. The relative strengths approximately follow minimum porosities of the
uncemented backiill materials: the lower the inherent porosity, the higher the cem-
ented backfill sirength. The amount of ultra-fines { < 0,010 mm ) present in the fine
backfill aggregate plays a very deleterious tole: an excess of these fractions introduces
very large surface areas to the backiill, with the associated high water demand and
unfavourable cement/water ratio. At the same time, the permeability of the backfill is
reduced by the ultra-fines, preventing efficient drainage.

Water content, waterfsolids ratio. Provided that 2 cemented backfill remains within
practical pumping and placement limiis, a reduction of its water content is compar-
able to an increase in binder content - it improves compressive strength significantly.
The increase in sirength can be ascribed to a decrease of the placed ( macro- )
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porosity of the fill, and to the more favourable cement/water ratio in the binder pase,
substantially reducing the micro-porosity in the cement gel. An excess of water has a
detrimental influence on all types.of cemented backlills, regardless of binder type.

Bir;der eontent. Cemented backfill samples increase in strength approximately in
proportion to their binder content. This is due to a proportionally increased number
of cement crystals forming in the pores of the backfill material, resulting in increased
adhesion and reduced porosity. The addition of 3 % binder to a back{ill was found in
practice to be about the lower practical limit, particularly with blen'_f-'_'-.jof portland
cement and pozzolans. Below 3 %, proper mixing of the binder into the backfill
becomes a problem and large pockets of uncemented fill were found in practice.

Binder type, Of those binders tested in this series, the portland cement backfilt
shows the fastest injtiai curing rate. All binders containing pozzolans set out at a
slower rate and retained their relative strengths throughout the'curing period. Back-
fill prepared with portland blastfurnace cement exceeded the portland cement back-
fill in strength after about a week and remained substantially stronger from then on.
This good performance is probably due to the fine grind of it’s 50 % OPC fraction,
which increases it’s reactivity. The dilution of portland cement with fly ash reduces its
effectiveness approximately in proportion to the mix ratio. Different fly ashes have
different pozzolanic activities, however, and the strengths of cernented backfills can
vary widely with the type of ash used.

Curing time. Cemented backfills attain strength through the growth of cohesive
cement crystals, this happens at rates dependent on curing temperature and binder
type. For practical purposes, the fill can be regarded as fully cured after about 90

days.
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Curing temperature. Elevated curing temperatures accelerate the gain in strength. i e
the hydration reaction of cemented backfills; this is provided that full saturation is
maintained and the temperature does not exceed a level, at which cement crystal
growth is impaired by excessive evaporation of reaction water. For conventional
South African cemented backfills, this limit is approached at about 50 °C,

L

Backfill porosity. The compressive strengths of cemented and uncemented backfills
are inversely proportional to backfill porosity. Various factors control porosity, the
most important being the particle size distribution of the backfill aggrepate, the back-
fill water content and mechanical vibration. The hydration reaction of binders in
-cemented backfills results in the growth of cement crystals, which build water into
their erystal structures, thus creating solids from a proportion of the water present.
These cement crystals grow in backfill pores, chemically reducing porosity, which
results in significant improvements of the regional support capabilities of cemented
backfiils.

- Cemented backfiil confined compression. The confined compression test reflects a

' cemented backfill’s regional support capability. This test involves compression to
very high. stress levels, ia this study about 170 MPa. At that scale, the effect of binder
addition io the material can barely be seen in the initial rise of strength, but is very
noticeable by the significantly reduced ultimate strain, or b-value, which, under ideal
conditions, can be reduced by more than 25 %. For the regional support effort, the
primary peak is insignificant in comparison to the potential benefits of the binder-in-
duced reduction of porosity. By replacing 10 % of the tailings mass in a typical classi-
fied tailings backfill with portland cement, the backfill’s porosity after full hydration is
effectively reducec from 48 % to somewhere between 42,5 % and 45,3 %, depending
on the compressibility of micro-pores ia the gel. :

Loading during curing. Cemented backfili specimens were loaded at a constant
strain rate during the curing process, to determine the effect on strength develop-
ment. Compared to the unstressed control samples, 20 % to 30 % deterioration of
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- the primary compressive strength and the elastic modulus was measﬁrcd. which was
directly attributable 1o the straining of the backfill. Samples, which were stressed with
a static, constant load during curing ( a creep test ), showed no deterioration at all,
provided the stress in the material never exceeded the yield stress. From the strain
rates and ihe normal strength__develoi)ment of the control samples, it was concluded
that cemented backfills can indeed be loaded during curing without adverse conse-
quences, provided that the yield point of the material is at no time exceeded.

Closure rare.  Test results indicated, that the compressive strengths of cemented
backfiil cubc samples are insensitive to strain rates between 1 % and 1000 %. The
findings of this test series led to the adoption of the 100 mm/h strain rate, used in
most of the subsequent testing of cemented backfills at COMRO. In a subsequent
test series it was shown that despite a 5400 fold increase in the closure rate, cured
cemented backfill behaved essentially identical to control samples, compressed ut
standard laboratory closure rates.

4.3.2 Influence of Backfill Geometry

Backfill specimen volume. There are significant differences between rock or coal
samples and samples of cemented backfill. Whereas rock or coal samples contain
natural discontinuities and planes of weakness, either from their formation or from
subsequent seismic stressing, fine-grained cemented backfill samples contain only
statistically distributed minor flaws and can, on the whole, be regarded as homogene-
ous. The lateral size increase of a constant height sampie, such as was used in this
study, caa be interpreted as placing more basic units next to the original sample,
thereby merely increasing lateral confinement; the centre of the plate fails in ordinary
shear and not because of increasing numbers of material imperfections. In practice,
therefore, the increased volume of a tabular backfill body is only of minor conse-
quence to the strength of the backfill body. Cemented rockfills are expected to con-
tain more substantial imperfections and their primary compressive strengihs may have
to be correct - according to Gonano ( 1975 ).
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Specimen cross-section. It was concluded that there is no significant difference
berween square and circular samples of otherwiw identical dimensions.

_ o e : . .
Buckfill sample width to height ratio. Compression tests performed on constant,

height samples of varying width show that, essentially, all samples show the same pri-
mary corpressive strength. Initial sample failure ( yield ) is dependent on the buik
cohesion level and is not significantly influenced by any introduction of increasing
numbers of randomly distributed, failure-triggering flaws into potential shear zones.
In the post-failure region, i e after the collapse of the cohesive cement structure, the
backfill samples effectively behaved as cohesionless granular materiais. As the widths
of the specimens increase, progressively more effective confinement is provided and
the samples can build up stress at increasingly lower strain values. The samples of
width/height ratios 5 and 7 approach the behaviour of confined compression. which,
in effect, represents an inﬁnitely wide sample.

For the tested cemented backfill, a width/height ratio of 1,5 delineates ihe geometry,

- above which the backfill body no longer shows a decline in the load bearing capacity

with increasing sirain. Single width rib samples showed marginally stiffer behaviour
than unit cubes, an expected result because of the slight confinement provided in one
dimension. The different compression behaviour observed in the post-failure region
are only of transient nature, eliminated as soon as a backfill specimen is compressed
far enough to attain its confined compression width to height ratio of approximately
11, when the ultimate strain: attained is porosity-, and not shape dependent.
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Figure 4.1  Schematic illustration and electron micrograph of backfill cementation.
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Figure 42  Schematic compression curves of cemiented and uncemented backfills.
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Figure 435  Shear failure at edges ol cemented backfill samples of different width to
height ratios.
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§ DGESIGN OF CONTROLLED LOADING RESPONSE CEMENTED BACkHLL

The previous two chapters described componenis which make up and identify cem-
_ented backfills in the widest sense. They deseribed material constiluents, engineering
| aspects, compressive strength parameters and loadin:g behaviour patterns.. In this

chapter, all these components will be integrated in the design of cemented backfilt

with a predetermined, clearly defined load-deformation response.

A large variety of elements are available for the support of underground excavations.
The suitabiiity of any one element or system for a specific support requirement is
determined b its load-deformation characteristic. In Chapter 2, it was chown that
because of the high stresses and closure rates involived, as well as the possibility of
violent stope closure due to rockbursts, deep level hard-rock mining places very strict
demands on mine support. On account of their high support resistances, cemented
and uneem.nted backfills have increasingly heen utilised and have indeed become
indispensable at great depth.

If the load-displacement characteristic of a hydraulic prop is considered, such as
shown in Figure 2.7 ( Chapter 2), it is realised, that the ioading response of the prop
is fully designed: the pre-load stress is set with an exiernal pump and a non-return,
valve in the prop. the elastic response is a' function of the stifl.ess of the relicve
spring, the elasticity of the vil and the prop barrel, and the yicld stress is set with the
spring tension in the relieve valve. Within mechanical and tlnid-dynamic Limits, any
one of those parameters can be changed at will. In many vears of development and
underground us~, the loading response has been optimised and the prop has reached
a high level of reliability. |

In a similar, if less complicated manner, the loading response of timber packs hos
bean improved and adjusted aver many years to finally conform to the requirements
of stope support. Eventually, with the incorporation of concrete blocks, the timber
pack had developed into the composite pack, the loading response of which allowed it
to take highei' loads, faster, in a well defined compression response. Likewise, grout
packs were modified with internal and external reinforcements to improve their
behaviour under load in a controlled manner.
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Until comparatively recently, the engineering and support behaviour of backfills was
not well understood, presumably because backlill technology fell between the separ-
ate disciplines of mining engineering, rock mechanics and scil science. Only after
about 1960 were soil science principles being applied systematically 16 inine backfiil
+ Today, backfifls are well understood by mining engincers and rock rache tics person-
'~ nel, even though the modification of support characteristics by ad;ust.yz backfill
material parameters and placement densities is stilt largely the d_o'main of researchers
and specialised consultants. Regreitably, the support functions of backfill are still
poorly understood underground. many mine overseers and workers in deep South

~ African mines do not yet perceive backfill as competent inine support, but rather as
some cheap replacement for support.

Thin thesis deals with cemented backfill mine support and in this cnapter, ii is
attempted to prove that cemented backlill can be an engineered material, that its per-
formance and behaviour can be designed in detail, and that cemented backfill can be
as sophisticated a support medium, as any other support type.

5.1 Principle of Controlled Loading Respons : Backiill Support

The loading response of typical cei- ~oted backfill was discussed in Section 4.1.2 and a
general load/displacement curve was presented in Figure 4.2. If that cemented back-
fill compression curve is considered unce more, three loading response phases. or
regions, can be distinguished:

* the primary. binder-inducc.. compression peak. consisting of the elastic rise, the
yield point and the crest of the binder-induced peak. indicating the maximum pri-
‘mary compressive strength,

* the post-failure region, initially indicating the declining residual compressive
strength imparted by the disintegrating remnants of the cement structure, a trough
at the maximum cohesionless porosity, and the onset of the cohesiomess stress

- rise, marking the beginning of iie collapse of the material porosity, as well as
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* the cohesioniess strain-hardening region. reflecting the progressive collaphe of the
maicrial porosity and the gradual crushing of solids at high stress,

Traditionally, backfills were composed and utilised either for the primary, binder-in-
duced strength, or for their cohesionless strani-hardening qualities. As a conse-
quence, the two types of backfill, i e cemented and uncemented, developed along
separate paths. Both of these two loading regions are material controlled and backfill
design, therefore, concentrated on the composition of materials. If backiill is viewed
holisllcally, however, as a fully designed stope supg)nrt medium, alt of iis loading char-
acteristics should be controlled and applied to the task of support. Furthermore, the
distinction between cemented and umemcnwd backfill should be limited to what it
really is: backfill with, or without a cementitious additive,

Each of the three regions in the cemented backfill loading curve has a specific com-
pstence in terms of stope support and, depending on the total design of the suppost,
can be varied in their relative magnitude. Moreover, the total response characteristic

of the back{ill can change with iime - and can b altered after placement. A con-

trolied loading response backfill is thus a hack{ill. which is designed (o control all of
its loading characteristics in accordance with stope or gully support revuirements.
This approach to backfill design will allow the optimisation of, both, the local and
regional support capabilities of backfill in deep level, tabular mining conditions.

5.2 Design of the Primary Compression Region

The primary compression peak is of value principally in local stope and gully support.
to prevunt the disintegration of the fractured hangingwall and resultant rockfalls. It is
also required in backfills, when stoping widih exceed about 1.5 m and cohesionless
fills would slump excessively under gravity, The primary compression peak is pro-
duced by the addition of a suitable cementitious binder o the backfill, Much of this
thesis is devoted to the effects of compaositional and environmental variables on this
primary compressive strength. This is, in a way, justified, since the cost-effective con-
trol of this plarameter is arguably the mo~i intricate compositional problem of backfill
design and, secondly, a comprehensive study on South African materials has not been
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conducted before. Since the relevant vamblcs and their effects on material strength
have been discussed in detail in the previous chapters, only the resultant design impli-
cations will be presenied here. W

52.1 Geseral Backfill Catapasition

The shaded area in Figure 5.1 shows the domain of cemented backfills in the
aggregate / cement / water ternary diagram. Aggregates form the major material comn
poncnts; of course, and usually the cement contents range up to about 10 %. The
upper parallelogram delineates crushed and milled waste aggregates, the lower one
shows the boundaries of tailings backfills. It can be secn, that the far right corner of
the crushed waste parallelogram, where this material contains the miost cement and _-
the least water, overlaps somewhat with the weak side of the conerete field - low
strength mass conere*=n. Uncemented backfills oceupy the left edge of the diagram,
at about the same al _/egate content, but no cement additicn. Further down that left
edge, at about &0 9% water content. onz would find typical Witwatersrand gold plant
tailings slurries as they are pumped to tailings disposal dams. At the bojtom edge of
the dlagram. pure ceme-lt paste is located, the adhesive which bmdﬁ concrete and
cement: * xckfill aggregates.

5.2.2 Primary Strength Design Graphs

In Figure 5.2, the upper part of the ternary diagram is enlarged to show the immedi-
ate enviranment of the cemented backfill domain. It can now be seen, that the two
parallelograms, delineating the two backfill compaositions with crushed waste and
tailings as aggregates, respectively, are effectively separated by their water contents.
The two ateas now also show compressive strength contours, as measured in the lab-
oratory, The appropriate UCS values are plotted on the graph, with the decimal
point indicating their actual positions in the diagram.

Two values are plotted outside of the contour areas, both of backfills containing 20 %
portland cement. The two values illustrate graphically, how the reduced water om-
tent, or conversely, the increased solids content improves backlili strength: whereas
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the full plant tailings maierial at 28 % water/52 % aggregate { lower point ) reaches
only 3,26 MPa primary compressive strength. the crushed and milled waste backfill at
15 % water/65 % aggregate ( upper point ) achieves 15,17 MPa, néarly five times the
strength. The much higher porosity and water demand of the Full plant tailings would
make it impossible in practice to mix a back(ill composition with such a high solids
content.

Another interesting fact is displayed in Figure 5.2: the slopes of the contour lip-s 22
ditferent for the two backfills. The full plant tailings backfill shows nearly vertic.
contour lines. suggesting an approximately equal influence of binder content and

water content on the primary compressive strength. The contour lines of the commi-

nuted waste backfill, on the other hand, are rotated anti-clockwise by about 20°, indi-

cating a higher sensitivity to water content, than to cement content. This is explained

by the low water demand of comminutad waste; aay excess water immediately reduces
the cemenifwaer ratio. The low strength of 0,23 MPa at the bottom of the CMW

~ field attests to that. Like concretes, comminuted waste backfilis are very unforgiving
of excess water; this is true of, both, primary comprassive strength and hydraulic
transportation behaviour.

Ternary dizgrams, like the one presented in Figure 5.1, are useful for the visualisation
of the general relationship of the three main back{ill constituents to each other, and
of the position of backfills relative to other materials, such as concrete. If such dia-
grams are generated in sufficient detail, they can be used as design graphs. Since the
praportion of any one of the three constituents can be predicied by the other two,
however, simpler cartesian diagrams can be used: for cemented backfills, the more
important water and cement contents are varied and the amount of aggregate is
omitted; Figure 5.3 shcly\\rvs such a design graph. All percentages are now calculated in
totai slurry mass. L .

For the full plant tailings aggregate, which was used for this study, and ordinary port-
land cement. Figure 5.3 shows the contour map of the 28 day primary compressive
strengths. Once again. the nearly perfect inverse relationship between watet_;wﬂtent
and cement content for this material combination is retlected hy the slope of the con-
tour lines at close to vnity. The curvature of the contour lines at low water and
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cement contents indicates that, as one would expect. a minimum of cement is ,
required to develop any primary compressive streng .1 and that below that minimum,
no reduction of water content can, of course, produce cohesior:.

Figure 5.4 shows a similar contour diagram, but the binder now consists of a blend of
one part ofl poriland cement and two parts fly ash. The primary compressive strengths
are c_;éarly lower than with neat portland cement, but the general trend is the same,
There is, however, a tost implication in the use of this binder bleud, compared o
portland cement; this will be discissed in Section 5.5 further on.

523 Empirical Primary Peak Strength Predictions s

There have been several attempts to predict the primary compressive strength from
the composition of a cemented backiill (1), but they were mainly done on non-South
African backfill materials. From the data gathered Jor the present thesis, empirical
relationships were derived for the influence of backfill material composition, as well
as curing time. '

Compositional factors

If the relationship between the primary compressive strengths and the cement/water
ratios of a wide range of cemented backfills is considered ( Figure 4.20,

Section 4.1.5 ), it is clear that this basic ratio is a primary element in the relationship.
Unfortunately, however, the scatter of values is too wide to utilise the ratio as 1 pre-
dictive tool, other compositional factors had to be incorpocated to reduce the scatter.
Using regression analyses on the data, the following empirical relationshipwas
established:

(M =P (NCSA W {v -y 1)

g=e¢ . (Eqn 5.1)

1)  Forinsiance: Corson. ( 1970 ), Swan, ( 1985 ). Helms, ( 1988 a).
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where
p [OPC . F 1
17’* Pav P

CCT . CMW
7=1*Psgzs™PeNgs -

o= the primary compressive strength {MPa|,

Py= -215,
Pp= 565,
P3=" 087,
Pa= 1,60 ,
Ps= -007,
Pg= -034.
P7= 021,

and the follewing material masses in grams:

OPC = ordinary portland cement,
FA = flyash,
PBFC = portland blastlurnace cement,
W =  waier,

CCT = cyclone classified tailings,
CMW = crushed, milled waste,
NCS~ = Non-cementitious solids.
The following limits apply:

Cemen*fv(ater ratios between (0,10 and 0,50,

Total water/solids ratios between 0,20 and 0,50,
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Within the given limits, the model allows the estimation of the 28 day primary com-
pressive strengths of similar cemented backfills, cured at 30°C and'-at 1061 % humidity.
The validity of the nxxdel has been tested by comparing the model strengih
predictibns against observed values: this shows that thes del predictions are statisti-
cally within + 25 % of the observed strengths.

The pcér predicti(m accuracy of + 25 % is explained by the fact that alj 28 dav
strengv‘;h results were included in the calculation, i  aggregate materials ranging from
full plant tuilings to coarse crushed waste, binders including portland cement, port-
land Ylastfurnace cement and OPClily ash blends, as weill as the full range of water/zo-
fids ratios and hinder c:cntents Tt is clear that the scatter of values is far toc high for
any accurate strength predictions encompassmg all typcs of cemeutt.d backfills. The
model was, nevertheless, incorporated into a computer program. whichk was made
avallable to the South African mining industry for the purpose narrowing the range of
more detailed laboratory investigations. '

The range of possible cemented backfill compositions is a very wide one, as could be
seen in the previ'ous chapter: there are numerous variables to consider and a single
equation encompassfng all these alternatives was bound to be inaccurate. Consider-
ing, furthermore. the site-specific choice of back{ill . aterials, it must be concluded
that a universal strength predicting equation is of little practical value. Design graphs
such as Jhose shown in Figures 5.3 and 5.4 are much narrower in scope, but are much
more aceurate indicators of cemented backfili strengths.

Curing time

It is well known that the primary compressive strengths of cemented backfills increase
with curing time. Using all available data, Churcher ( 1989 ) modelled the time-de-

pendent nature of the cemented backfilis’ primary strengths, The data suggested that .

either a square, or a power function could be used for the model. After detailed error
analyses, the power function was selzcted:

N

Y=AX* (Eqn S.2)
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where | e _
Y = the primary compresis, _ _}cngih and 5
X = is the curing time in days.

The A parameter for the curve will be determined hy:

A= explin(Y)-Bin(\}] .

where _

B = 0394, o for
Y = the 28 day primary compressive sirength and
X is the day number ¢ 28 ).

The primary compressive strength can be estimated for any curing time from 3 to 90
days. Puring the analysis of the data, i appeared, as if two different populations were
presen{it. t\m_reak and strong backfills, following sepaféte curve parameters, bu: on closer
analysis iuwas found that there was no statistically significant difference between
weak and strzmg cementedd i)ackﬁli compositions.

5.3 Design of the Post-Failure Region

The post-failure region in the cemented backfill compression turve describes the i
behaviour of the fill after the break-down of the cohesion structure, provided by the

binder. This parl of the compression curve can be modified by the shape of the back-

fill body, as described in Section 4.2.3, or by placing two or more backfill elements of a
relatively low width to height ratio at some distance from each other. If properly
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arranged, this layout ensures that under compression, the dilating backtill bodies
make contact with each other, rapidly consolidating themsclves into 4 single, stilf
body of large width to height ratio. i

5.5.1 Backfill Model Rib Compression Tests i

The control of the post-failure backfill behaviour was demonstrated in a series of

compression tests, whereby five adjacent ribs of cemented backfill were si:aced at

* increasing inter-rib distances. The sample ribs were 250 mm long and eash was
50 mm high and 50 mm wide. ﬁe aggregate used was a quartzitic classified tailing,
the binder consisted of 10 % portland cement, the water solids ratio was 0,28 and the
samples were compressed at a closure rate of 100 mm/h. The samples were prepared

 in a custom-made mould and wexe cured for 24 hours before tesing. Figure 5.5
shows the basic layout of the backfill rib arrangement. The traces of the test series
are compared in Figure 5.6,

Figure 5.6 {a) shows the compression curve of-the five ribs with no inter-rib spacing.
At that width to height ratio of 5,0, there is no indication of the binder-induced pri-
mary compré'ssive peak and the sample reached the maximum test strength of

3.2 MPa at 8 % deformation, For each subsequent test, the inter-rib spacing was.
increased by 2,5 mm and the traces are shown as cﬁrves {b}, {c). and (d), respectively.
It can be seen that the binder-induced peak gradually appeared, and that the defor-
mation required to reach the 3,2 MPa stress level gradually increased with every
increase of the inter-rib spacing frcan the original 8 % to the final 18.6 % for the

7,5 mma spacing. The slopes of ¢ach of the compression cutves at the 3.2 MPa level
¢an be seen to be nearly identical, indicating equivalent positions on the material-con-
trolied cohesionless strain-hardening curves of the backfills, except that the arrival at
this position is delayed by the collapse of the inserted inter-rib space.

Figure 5.7 shows a further modification of the backfill compression curve: here the
7.5 mm spacing, one day compression curve is ccmpi‘l,:bd to a geometrically identical
layout but with the same backfill cured for 14 days. The much increased primary -
strength is immediately apparent, along with a reduction of the deformation required
to reac?} the 3,2 MPa strength; tiis strength was reached at only 14.6 % strain, com-
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. o
pared to the one-day backfill’s 18,6 %. This reducticn can be ascribed to the cement
crystals, whizh have grown inside the backfill for 13 more days. they reduced the
porosity of the backfill sufficiently to account for the easlier “take-off” of the cohe-

\-, sionless material.

Identical samples to those tesied for this series were also tested at h:gl\r closure rates
R Section 4.1.9 ). It was concluded that at a closure rate of 0,15 m/s. 5400 times higher
.\fhan the present tests, the backfili ribs behaved essentizily in an identical fashion.
The closure rate of 0,15 mis is equivalent <0 a closure rate of 3 m/s in & one meter

wide stope.

o

532 Implications tor Stope Support

It can be appreciated that by uiilising this "inserted porosity” and by altering the width
to height ratio of the individual backfill support elements, the capacity of the backfilt
to yield a specific amount under load can be regulated. This behaviour can be seen as
analogous te the yﬁ:lding of a hydraulic prop under load by releasing hydraulic fluid.
Once the elements are firmly abutting, the large width to height ratio takes effect and
the material builds up stress very rapidly. Once mining has progressed for some dis-
tance and the backfill has cured sufficiently, the inter-rib spacing should be fifled with _
backfiil to improve its regional support capability. )

_I_n_‘;he light of stope - .pport requirements, as described in Chapter ©, particularly
under rockburst conditions, this capavity of backfill suppert to yielf‘s and absorb rapid
stope closure and then to decelerste the hangingwall by the rapid strain-hardening of
the now large width to height ratio backfill mass, has the potential of substantially
increasing mine safety in stopes and gullies at great Jdepth.

It was mentioned in the previous section, that the models were also tested at closure
rates of 0,15 m/s. Over a 50 mm sample.' height, this is the same closure rate. as 3 m/s
isina t mwide stope. It must, however, be borre in miid that at a closure rate of

3 my/s in a real stope. an unconsolidated backhii will dilate at a very much higher vel-

ocity than what is observed in a small-scale model; correspondingly, the inertia of the
full-scaie mass of material is much higher than what is attait:ed in the model. It the
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event of a rockburst occurring in a stope containing unconsolidated backEill, spacing L
between backfill rbs could absorb some of that destructive inertial energy. in effect _
partially collapsing on itselr.

5.4 Design of the Cohesionless Compression Regioa

The cohesionless compression region of a cemented backfill stress-strain curve
directly describes the stiffness of the material at high compressive stresses. ts signifi-
cance lies, therefore, primarily in the regional support capabiiity of the backfill. Since
cemented backfills, whick are often introduced to controtlocal support problems;
eventually become regional support, \Ois: ;\mnon of the total compression charr steris-
tic should also be considered in the initial dev-lgn of the backfi ll '

The compressmn behawour of er¥ B 'z*niess backfills has been ueecnbcd in detail by
several researchers. mmzdmg Bna‘;g.; ; 935 Yand Clark ( 1988 ¢ ). The consensus is
' tilat the h;havzour is material dependert and is, in fact. dire=tly correiated to the
porosity at closest packing of the cohesionless backfill. The relative compressive
strengths of cohesionless backiills are compared in confined compression, with the

materials srepared at their minimum porosities. To obtain input parameters for

numerical modeliing, cohesiontess backfill compression behaviour is described by
either ong of the foliqy:ng two fitting functions { Ryder. 1988 ). The first, a hyper-
bolic enquation: =

ﬁnE—l-)—a:E-E-—) ;. {(Eqn 5.3)

the second equation is hyperbolic-quadratic:

_a(e=¢g)? "
5T (Eqn Q‘-})__
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where ois stress, is strain, and a,bande cdrCCONStANts determined from the stress-

strain curve. ‘The toot mean 1quare (1 rms ' errors are considerably larger with the
hyperbolic p;edxctmn than they are with the quadratic fumction. which, therefore,
appears to be the better choice.

CT
i s

-

Figure 5.8 shows the stress-strain curves of 2 range of different, uncemented backfill
aggregate materials. The addition of a cementitious binder to the backfill material
results in the growth of cement crystals within the pores of the backfill. Unce the
rigid strucuire so produced is broken down, the remnant crystals reduce the ( now
cohesionless ) backfill porosity and effectively increase its stiffness. The quantitative
reduciion of the porosity can be.estimated from Figure 4.28 and under ideal condi-
tions can lead to a reduction of the b-value of up to 25 %. This effect was described
in Section 4.1.6 and results were shyuwn in Figure 2.9. VL

(LI

w

5.5 General Design Considerations apd Cost Implications

- The desigﬁ of backfill stope support is tc\ a large extent a site specific undertaking and
always requires the simultaneous consideration of several critical factors; it fequires
decisions and compromises and. perbaps most 'ihiportantiy. ani accurate assessment of
the real support requirements. A fis of relevant Questions can provide guidance in
selecting the most suitable and cost-effective backfill support. disregarding fashion-
able tzends and qfiﬁolcte customs. Such a list would comprise several tens of ques-
tions and their inter-connections, encompassing, émong others, the areas of stope
support requirements, material suitability and availability, possible cementitious
binders, hydraulic *ransportation, as well as backfill placement and permeability.
Most of the questions have, in fact, been addressed i this thesis and the list of con-
tents gives a reasonable perspective of the scope of the design task.

The one important factor which remains to be discussed Is the cost of backfill stope
support, including the cost of placed uncemented backfill and the cost-cffectiveness
of cementitious binders. 6;113! a few publications have been issued on the first costs of
backfill systems and the actual placed costs of the different backfil types; one of the '_
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best is by Kramers and Skirving { 1989 ) or: the capital and working costs of a classi-
fied tailings backfill system. From this and similar studies at COMRQ, the following
{ 1992) costs of placed uncemented backfill can be assumc{')\x“

13

Table 5.1 Placed costs of various uncemented back(ill types ( 1992 ) [RA].

Placed Cost
Aggregate R/t
Cyclane Classified Tailings 30.00
Full Plant Tailings ' 32,00
Comminuted Waste 35,00 ]

The working costs include labour, power and consumables for preparation, overland
and underground hydraulic transportation, shaft storage, placement and drainage
water handling. The costs also include an amortised depreciation scheme, assuming a
system life of 13 years and an inflation rate of 15 %. Working costs are sensitive to
system utilisation; for the above estimates, 75 % utilisation has been assumed (1), Tt
tas been shown, that the highest working cost element is back{ill placement, at 73 %
of the total working costs. In an analysis of the mine ventilation savings incurred by
the use of backfill, Haase { 1992 ) has shown -1zt under Favourable circumstances, the
savings in mine cooling can, in fact, oatweigh the costs of backfill.

The relative ef"ciencies of cementitious binders can be compared when the cost per
unit strength *.1 MPa ) is considered. Two backfilis are Heing compared: one of

5 MPa pri:ﬁ}iiy eompressive strength and one of 1,5 MPa ( both strengths alter

28 days curing ). There is a choice of two binders: ardinary portland cement and a 1:2
blend of ordinary pdrtland cement and fly ash. The aggregate is full plant tailings, the
total solids content in the backfill slurry is set at 75 %. For the comparison, the

( 1992 ) cosis of the binder components were assumed as:

f) At 100 % utilisation, for instance, the cost for the classitied tailings backfill
would reduce from R 30,00 per ton placed to R 25,00 per ton placed.
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Table 5.2 Delivered costs of portland cement ( OPC), {ly ash ( FA) anyd 1:2 blend
of OPCand FA { 1992 ) [R/t] and [R/kg].

| Cost ™ Cost™*

v Binder or Binder Blend R/t Rikg
Ordinary%i’nrtland Cement 25000 0,250
Fly Ash o R7.00 0.087
OPC/FA 1:2 Blend 141.33 0.141

* Delivered cost at a Carletonville gold mine

‘From Figwes 5.3 and 5.4 the binder contents required to achieve 0,5 MPa and
1,50 MPFa primary compressive strength, respectively, after 28 days, at a slurry total
- solids content of 75 % can be read as:

- Table 53 Binder requirements ( OPC and OPC/FA 1:2 yfor backfills of 0.5 MPa
and 1,5 MPa 28 day primary compressive strength, respectively [%].

Binder Requiremeants, [%)]

OPC OPC/FA 1:2.
| 05 {L,5MPajj 05 |1,5MPa
Composition MPa | MFa
Full Plant 'i’ailings + OPC 2,10 6.40
Full Plant Tailings + OPC/FA 1.” 360 | 1080

In Table 5.3 it can be seen that when the :JPC/FA binder blend is used, substantially
more binder is required for the specified backfili strengths: this binder is, however,
cheaper than the straight portland cement. From the respective binder costs

( Tabie 5.2') v binder requirements { Table 5.3 ), the total binder costs in two

100 kg batches of backfill of 0.5 MPa and 1,5 MPa strength, respec,-n?ely. tan then be
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calculated. From these values, the binder cost per unit strength ( 1 MPa ) can be
determined for both backfills which allows a direct etfiviency comgparison of the two
binders ( Table 5.4 ).

Table 5.4 Cemented backfill comparison in terms of total and sirength specific

binder costs.

Backfill Binder Cost
[R/100kg backsill]

Composition OPC OPC/FA 1:2
Cemented FPT, 0.5 MPa 0,53 0.51
Cemented FPT, 1.5 MPa ' 1,60 154
Backiill Bindey Cost

per 1 MPa
[R/MPa/100kg backfill]

' orc OPC/FA 1:2
|| Cemented FPT, 0.5 MPa 105 o102
| Cemented FPT. 1.5 MPa 107 103

It can be seen, that the OPC/FA 1:2 binder bleid is more cos: -tfective than purc
portland cement in achieving, both, low and kigh primary compressive strengths at..
given shurry relative density. It can also be seen, that it is marginally less cost-effective
to produce higher primary compressive strengths, than lower ones.

5.6 Summary and Conclusions

In this chapter many of the findings of the reported investigations were integrated in
a holistic approach to cemented backiill stope support design. It was shown that each
of the three regions in the ceme¢ .ted backfill loading curve has a specific competence
in terms of stope support and can be varied according to stope support requirements.
‘The total response characteristic of the backfill changes with time in a predictable
manner and can to some extent be altered after placement.
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Ternary and cartesian type cemented backfill design grapbs and empirical equations
were described as aids for the design of the binder-induced primary compression
region. They were derived from datd established in an exiensive investigation, most
of which was presented in Chapters 3 and 4. The high stress compression: behaviour
of backfills, determining the strain-hardening region of the curve was reviewed and it
was reiterated that this behaviour was largely controlled by the minimum porosity of
the backfili aggregate. This porosity can, however, be significantly reduced by resid-
ual fragments of the broken down cement crysta! structure; this reduction can at times
tead to a lowering of the backfill’s b-value by up i0 25 %.

From the investigatimﬁ'presented in Chapter 5, it is concluded that cemented backfill
support capabilities can be enhanced significantly by modifying the previously

- neglectad post-failure region of the backfil load-deformation response. By spacing
cemented backfill support elements at pre-determined distances of each other, their
response to rapid. high stope closure can be controlled. Once the relatively soft dilat- .
ing clements are firmly abutting, the large width to height ratio takes effect and the
material builds up stress very rapidly. The collapse of the cemented backfili elements
into the ‘inserted porosicy’ nnder rapid stope closure can be seen as analogous to the
yielding of a hydraulic prop under load by releasing hydraulic fluid. When, after some
face advance, this safety configuration was not required, the inter-element spacing
should be filled with backfill to improve the back{ili’s regional support capability.

In the light of stope support requirements, as described in Chapter 2, particularly
under rockburst conditions, this capacity of backfill support to yield and absorb rapid
stope closure and then to dcoelf*rate the hangmgwall by the rapid strain-hardening of
the. now, large width to height ratfa backiill mass, has the potential of substantially
increusing mine safety in stopes and gullies at great depth.
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6 SUMMARY AND CONCLUSIONS

A survey of the published litctat{qge showed that, to date, a compr=hensive study on
South African cemented backfi i'r';*:tonsidering material and structural aspects of cem-
ented backfill support design, had not been undertaken, In the lxght of the increas-
ingly strmgcnt support requirements in deep South Afncan mmr:s there was a need,
therefore, to conduct a detailed study of cemented backfills with the objective of -
providing releve~ nrmauon for the design of improved, cost-effective cemented
backfill mine supfnort that was the main purpose of this study.

In total, close to 500 cemented backfill samples of about 33 significantly different
compositions were tested during the course of this investigation. The work gcner;tcd
a large number of results and findings, all of which contributed to the aim of providing
design information for narrow stope cemented backfill support. The most important
findings are summarised in the following sub-sections.

From the investigations undertaken tor this study, it is concluded, that by integrating *
the material design of cemented backfilis with the spatial configuration of backfill
support elements, it is possible to effectively controj.all phases of the cemented back-
fill loading curve. This imiplies the control of the large-scale yielding behaviour of
backfill support, in addition to the binder-induced stiffness at low strains, and the
impreved stiffncss at high loading stresses.

In practice, cemented bagkfill suppc;irt.' elements, usually ribs, would be spaced some
distance apart on placement. Under rapid closure, the ribs dilate and yield to a
predetermined height, unti} they abut to adjacent ribs. At that moment, the effective
width to height ratio of the support changes 1o a very much higher value and the sup-
port stiffens rapidly. In stable mining conditions, the gaps between ribs a few rows
back would be filled with backfill to ensure the stiffest possible regional support.

This principle allows the construction of a backfill support system, which provides
outstanding local and regional backfill support, under static and dynamic loading
conditions. It is understood, that the bulky nature of hydraulically placed backfili sup-
poit does not allow its deployment at the work face, neither is backfill support able 1o
put active load against the stope hangingwall. Rapid-yielding hydraulic props,
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therefore, have to form the first lines of support at the face. By matching the load
deformation characteristics of the adjoining backfill elements to those of the props,
however, cemented backfill can form an excellent complementary support system.

In the liight of stope support requirements, particularly under rockburst conditions,
this capacity of backfill support to yield and absorb rapid stope closure and then to
 decelerate the hangingwall by the rapid strain-hardening of the now large width to

- height ratio backtill mass. has the potential of substantially increasing mine safety in
stopes and gullies at great depth.

6.1 Backfill Stope Support Requirements

Three types of stope support are effectively differentiated in deep level, high siress
mining environments: local face area and gully support under static loading condi-
tions, local face area and gully support under dynamic loading conditions ( i e rock-
burst conditions ) and regional support. Backfills, both uncemented and cemented,
have support properties which make them particularly well suited for deep mine
support and are for that reason increasingly being used in South African mines, The
following are the requirements ot backfilt stoﬁé"siij?port: |

* Under static, or siowly changing stress conditions, a support resistance of about
twice the carried deadweight is required for local stope support. Therefore, a
minimum support resistance of 50 l;Nfinz. applied as soon as possible, is typically
recommended. Specific mining conditions may, however, demand significantly
higher support resistance.

* The maximum acceplable stope closure under rockburst conditions is considered
to be 0,3 m in narrow stopes. ¥or a 3 m thick hangingwall beam to be decelerateu
within 0,3 m, at a grosnd veloeity of 3 m/s, a support resistance of at leasi
200 kN/m? has to be provided. Little benefit is, however, gained by increasing the
support resistance to over 400 kN/m?,
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* For the provision of adequale regional support, it is aimed to reduce the ERR to a
value below 30 MI/m2, by rest. tining volumetric convergence through suitable
stoping layouts, the provision of regional stabilising pillars, and with high quality
backfills. Backfills with a low figure of merit, i e low porosity, placed early in the
mining cycle to avoid excessive stope closure, can provide very effective regical

support.

4.2 Backfill Constituent Materials

This chapter, by its nature, was mairﬂy descriptive; it provided the necessary back-
ground information on the material properties of cemented backfill constituents, for
the design of backfill support systems. The following paragraphs briefly summarise
the main results: :

*  Adetailed catalogue has been provided of the characteristics of the material com-
ponents which make up hydraulically placed backfills in deep South African hard-
rock mines. The materials include backfill aggregates, binders, and fresh backfill

slurries.

* The most commonly used backfill aggregates are: full plant tailings, containing on
average, about 20 % ultra-fines; classified tailings, with about 5 % ultra-fines; and
crushed waste, characterised by a well graded size distribution and a large top
grain size,

*  Backfill binders typically consist of an active cement, such as ordinary portiand
cement, and a cement extender ( or pozzolan ), such as fly ash or ground, granu-
lated blastfurnace slag. Two crucial compounds are produced in the cement
hydration reactions: calcium silicate hydrate ( or CSH ), the main cementation
compound, and calcium hydroxide, which makes possible the additional hydration
of otherwise inactive pozzolans, such as fly ash. "



* It was shown that pipeline pressure losses of classified tailings sturries are con-.
siderably lower than those of full plant tailings. This fact, combined with the vastly
improved drainage rate and shear strength development of classified tailings,
compared to full plant tailirigs, explains why nearly all mises practice backfit clas-
sification.

* ‘The addition »f binder to a backfill slurry increases its pumping pressure losses;f.
This is contrary to a commonly held believe in the industry.

* Inan attempt to clarify ambiguous backfill terminology, several backfill terms were
defined for this thesis, including; aggregate, to be used for all non-cementitious:
backfill bulk materials: fires, to be used for backfill aggregate of grain size smaller
than 4,75 mm: and ultra-Eines, to describe the backiill hulk material fraction .
smaller than 0,01 mm.

63 Load-bearing Characteristics of Cemented Backfills

Chapter 4 was concerned with the load »earing properties of cured cemented backfill
materials and how they relate to compositional, environmental and geometrical vari-
ables. Twenty two different cemented backfill compositions were tested to determine
the influence of material composition on their compressive strengths. They were
arranged in four main compasitional groups, identified, a priori, as the most influen-
tial compositional yariablcs on cemented backfill strength:

*  Aggregate type, i e aggregate particle size distribution.

* Water content, i ¢ water/solids ratio,

*

Binder content and

*

Binder type.
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Several non-compositional variables were investigated; some were procedurat
. elements of the investigations, others were studied in separate test series. they -
included:

»

Cemented backfill curing time,

* Curing temperature and environment,

*

Backfill sample porosity and

#*

Loading parameters.

From the results presented, it is evident that all of these variables, except the loading
parameters, influence the primary compressive stréngths of cemented backfilt
materials. In a second major investigation, geometrical parameters were sualysed for
their influence on cemented backfill fond bearing beha- jour:

* Backfill specimen volume,
* Specimen cross-section hnd

*  Backfill sample width tci: height ratio.

The following paragraphs summarise: the behaviour of cemented backfill support
materials;

*  Apgregnte type, aggregate particle size distribution. The inherent backfill particle
size distribution, which ¢ontrols the porosity of the backfill, has a most significant
influence on the strengths of the whole range of cemented materials, The relative
strengths approximately follow minimum porosities of the uncemented backEill
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materials: the lower the inherent porosity, the higher the cemented backfill
strength. The amount of ultra-fines ( < 0,010 mm ) present in the fine backfill
aggregate plays a very deleterious role: an excess of these fractions introduces very
large surface areas to the backfill, with the associated high water demand and
unfavourable cement/water ratio. At the same time, the permeability of the back-
fiill is recuced by the ultra-fines, preventing efficient drainage.

Water content, waterisolids ratio. Provided that a cemented backfili remains
within practical pumping and placement limits, a reduction of its water content is
comtparable to an increase in binder content - it improves compressive strength i
significantly. The increase in strength con be ascribed to a decrease of the placed

{ macro- ) porosity of the fiil, and to the more favourable cement/water ratio in the
binder paste, substantially reducing the micro-porosity in the cement gel. An.
excess of water has a detrimental influence on all types of cemented backfills,
regardless of binder type.

Binder content. Cemented tailings samples increase in strength approximately in
proportion to their cement content. This is due to a proportionally increased
number of cement crystals forming in the pores of the backfill material, resulting

- in increased adhesjon and reduced porosity. The addition of 3 % binder to a back-
fill was found in practice to be about the lower practical limit, particularly with
blends of portiand cement and pozzolans. Below 3 %, proper mixing of the binder
into the backfill becomes a problem and large pockets of unzemented fill were
found in practice.

Binder type. Of those cements tested in this series, the portland cement backfill
shows the fastest initial curing rate. All binders containing pozzolans set out at a
slower rate and retained their relative strengths throughout the curing period.
Backfill prepared with portland blastfurnace cement exceeded the portiand
cement backfil in strength after about a week and remained substantially stronger
from then on. This good performance is probably due to the fine grind of it’s 50 %
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OPC fraction, which increases it’s reactivity. The dilution of portiand cement with
fly ash reduces its effectiveness approximately in proportion to the mix ratio. Dif-

ferent fly ashes have different pozzolanic activities, however, and the strengths of

cemented backfills can vary widely with the type of ash used.

i

Curing time. Cemented backfills attain strength through the growth of cohesive
cement crystals, this happens al rates dependent on curing temperature and binder
type. For practical purposes, the fill can be regarded as fully cured after about 90
days.

Curing temperature.  Elevated curing temperatures accelerate the gain in
strength, i e the hydration reaction of cemented backfills; this is provided that ful)
saturation is maintained and the temperature does not exceed a level, at which
cement crystal growth is impaired. For conventional South African cemented
backfills, this limit is approached at about 56 °C,

Backfill porosity. 'The compressive strengths of cemented and uncemented back-
fills are inversely pmpértional to backfill porosity. Various factors control poros-
ity, the most important being the particle size distribution of the backfill aggregate,
the backfili water content and mechanical vibration, The hydration reaction of
binders in cemented backfills results in the growth of cement crystals, which build
water into thei crystal structures, thus creating solids from a proportion of the
water present. These cement crystals grow in backfill pores, chemically reducing
porosity, which results in significa'nt improvements of the regional support capabil-
ities of cemented backfills.

Cemented backfill confined compression. 'The confined compression test to stress
levels of about 170 MPa reflects a cemented backfill’s regional support capability.
At that scale, the effect of binder addition to the material can barely be seen in the
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initial rise of strength, but is very noticeable by the significantly reduced ultimate
strain, or b-value:, which, under ideal conditions, can be reduced by more than

25 %. For the regional support eftort, the primary peak is insignificant in com-
parison to the potential benefits of the binder-induced reduction of porosity. By
replacing 10 % of the tailings mass in a typical classified tailings backfill with
portiand cement, the backfill’s porosity after full hydration is effectively reduced
from 48 9&@ somewhere between 42,5 % and 45,3 %, depending on the com- .
pressibility of micro-pores in the gel.

Loading during curing. Cemented backfill specimens were loaded at a constant
strain rate during the curing process, to determine the effect on strength develop-
ment. Compared to the unstressed control samples, 20 % te 30 % deterioration of
the compressive strength and the elastic modulus was measured, which was directly
attributabie to the straining of the backfiil. Samples, which were stressed with a
static, constant load during curing ( a creep fest ), showed no deterioration at all,
provided the stress in the material never exceeded the yield stress. From the strain
rates and the riormal strength devejopment of the control samples, it was con- |
cluded that ceiﬁented backfills can indeed be loaded during cuzing without adverse
consequences, provided that the yield point of the material is at no time exceeded.

Closure rate.  Test results indicated, that the compressive strengths of cemented
backfill cube samples are insensitive to strain rates between 1 % and 1000 %. Ina
subsequent test series it was shown that despite a 5400 fold increase over the
previous highest tested closure rates, cured cemented backfill behaved essentially
identical to control samples, compressed at standard laboratory closure rates.

Backfill specimen volume.  There are significant differences beiween rock or coal
samples and samples of cemented backfill, Whereas rock or coal samples contain
natural discontinuities and planes of weakness, either from their formation or
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from subsequent seismic stressing, fine-grained cemented backfill samples contain
only statistically distributed minor flaws and can, on the whole, be regarded as
homogenecus. The lateral size increase of a constant height sample, such as was
used in this study, can be interpreted as placing more basic units next to the orig-
inal sample. thereby merely increasing lateral confinement; the centre of the plate
fails in ordinary shear and not because of increasing numbers of material
impetfections. In practice, therefore, the increased volume of a tabular backfill
body is only of minor consequence to the strength of the backfill body. Cemented
rockfills are expected 1o contain more substantial imperfections and their primary
compressive strengths may have to be corrected according to Gonano { 1975 ). \

Specimen cross-section. It was concluded that there is no significant difference
between square and circular samples of otherwise identical dimensions.

Backfill sample width to height ratio. Compression tests performed on constant
height samples of varying wicdth show that. essentially, all constant height samples
show the same initial elastic behaviour. Initial sample failure ( yield ) is dependent
on the bulk cohesion level and is not significantly influenced by any introduction
of increasing numbers of randomly distributed, failure-triggering flaws into poten-
tial shear zones. In the post-failure region, i e after the collapse of the cohesive
ceitient structure, the backfill samples effectively behaved as cohesionless granular
materials. As the widths of the specimens increase, progressively more effective
confinement is provided and the samples can build up stress at increasingly lower
strain values. The samples of width/height ratios 5 and 7 approach the behaviour
of confined compressicn, which, in effect, represents an infinitely wide sample.

For the tested cemented backfill, a width/height ratio of 1,5 delineates the
geometry, above which the backfill body no longer shows a decline in the load
bearing capacity with increasing strain. Single width rib samples showed mar-
ginally stiffer behaviour than unit cubes, an expected result because of the slight
confinement provided in one dimension. The different compression behaviour
observed in the "post-failure’ region are only of transient nature, eliminated as
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soon as a backfill specimen is compressed far enough to attain its confined com-
pression width o height ratio of approximately 11, when the ultimate strain
attained is porosity-, and not shape dependent.

6.4 Backfill Design for Defined Loading Response

In this chapter it was shown that each of the three regions in the cemented backfil{
loading curve has a specific competence in terms of stope support and can be varied
according to stope support requirements, by integrating the material design of cem-
ented backfills with the spatial configuration of backfill support elements. In this way,
the large-scale yielding behaviour of backfill support can be altered in addition to the
binder-induced stiffncss at low strains, and the improved stiffness at high loading
stresses. L

it :

* ‘Ternary and cartesian type cemented backfill design graphs and empirical equa-
tions were described as aids for the design of the binder-induced primary compres-
sion region. They were derived from data established in the extensive
investigation presented in Chapters 3 and 4,

* A very important addition to a cemented backfil’s support capabilities can be
obtained, by modifying the previously neglected post-failure region of the load-de-
formation curve. By spacing cemented backfill support elements at pre-deter-
mined distances of each other, their response to rapid, high stope closure can be
controlled. Once the refatively soft dilating elements are firmly abutting, the large
width to height ratio takes effect and the material builds up stress very rapidly.
The collapse of the cemented backfiil elements into the ’inserted poroéity' under
rapid stope closure can be seen as analogous to the yielding of & hydraulic prop
under load by releasing hydraulic fluid. When, after som: face advance, this safety
configuration is no longer required, the inter-element spacing should be filled with
backfili to improve the backSill's regioﬁai support capability. '
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* The high stress compression behaviour of backfills, determining the strain-harden- 7 -

ing region of the curve islargely controtled by the minimum porosity of the backfill
aggregate. This porosity can be significantly reduced by residual fragments of the
broken down cement crystal structure, this reduction can at times lead to a lower-
ing of the backfill's b-vatue by up to 25 %.

6.5 Further Research

The possibility of determining the deformation response of cemented backfili support
over the whole compression range through appropriate composition design and sup- "

port element geometry, calls for an evaluation of such a support system under mining
conditions. Such Qm evaluation would initially be carried'out through c:mputer
simulation, using jl_vanced mining simulation models. The objective of the wotk
would be to determine the interaction of such a temented backfill support system
with the converging rock mass in a simulated stope. One of the difficulties of this
study would be the suitable modelling of the complex loading curve.

In the laboratory, further research work is indicated to establish the detailed behav-
iour of separated cemented backfill ribs under rockburst conditions. One of the more
important aspects would be the study of the internal collapse behaviour of uncured
cemented backfill ribs, in an effort to minimise the ejection of backfill into workings
in the event of a rockburst. The more complex nature of the load-deformation
bebaviour of separatey cemented backfill ribs should also be incorporated into
numerical computer ﬁ;odels for theoretical evaluations on their effect on stope and

gully support.

216




APPENDIX A

LABORATORY PRGCEDURES

The main experimental methods emplayed in the study will briefly be outlined in this
appendix; it commences with a list of major labory 'y equipment utilised ana then
summarises the most important working procedares.

J

i

Major Equipment Used i

Besides a fully equipped laboratory, the following major equipment was used for the

investigations:

* A2 MN hydraulic press, custom-built at COMRO, with accessories, computerised
displacement control and data capture ( Figure A.1).

* A 25 MN hydraulic press, custom-built at COMRO, with écaessories, computer-
ised displacement cortroi and data capture,

* A TerraTek rapid loading hydraulic press, computerised, fully instrumented,
capabie of loading velocities of up to 3 m/s ( Figure A.2).

*  Wykeham-Farrance triaxial test equipment with accessories and computerised
data capture,

* A Fritsch Analysette 22 Laser particle size analyser.
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/Laboratory Precedures and Techniques

All solid materials, used in the experiments were dried, mixed, and then sampled to
determine their respective material properties. including size distributions, placement
properties, as well as mineralogical and chemical compositions, as appropriate.

Size distribution measurements. The size distributions of all solids used in the experi-
ments were measured using a set of SI standard wire-mesh: sieves of the - Zseries.
The standard sieves ranged from 0,038 mm to 75 mm in opening size. All aggregate
materials were wet-screened to obtain reliable 0,038 mm, 0,053 mm and 0,075 mm
size fraclions; subsequently, the coarse residues were dried and sieved in vibrating
sieve-stacks. The masses of all size fractions were measured to (1,1 g accuracy and
recorded. Particle size distributions below 0,038 mm were measured in a Laser dif-
fraction particle size analyser ( Fritsch ).

Specific surface area. The specific surface areas of backfills a~4 binder samples were
measured in the Fritsch Laser particle size analyser.

Permeability. The permeabilities of hackfill samples were measured in a constant-
head permeameter and the coefficients were determined according to the following
relationship:

LY
k-(mj . (Egqn A1)

where:



= the total volume of water which drained through the sample.
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Relative density measurements. The relative density of granular solids was measured

with the aid of a pyknometer. In the laboratory, slurry relative densities were deter-
mined either vy wg%gMng a measured volume of slurry. or by drying a measured mass
of slurry and determine the moisture ioss. In the field. slurry relative density was
measured either with a nuclear density gauge, of with a Marcy scale.

Ty

S .

Chemical and mineralogical composition. Most chemical and mineralﬁgi};al analyes
were done in commercial labJratories. using X-ray fluorescence { XRF } or X-ray dif-"- .
fraction ( XRD ) techniques, as appropriate,

Placement properties. The placement properties ( ~porosities } were measured accurd;
ing 1o Cfark ( 1985 ): a 250 g sample of loose, drf material is vibrater,at a set intensity.
and timl_‘;. in a measuring cylinder and the attained porosity is recorded ‘The material

is removed-itom the zyfinder ard thoroughly mixed with a measured amacunt of water,
returned to the ;Ileasurif;g cylinder, vibrated, and its porosity recorded. This pro-
cedure is repeated until the rninimu%n porosity is reached near the material’s satura-
tion point. - '

Cemented backfill sample preparation and cufing. Four different sample types were
produced for the various cor ression tests:



8) Cylindrical samples, 42 mm o, 84 mm high. for the comparative material testing
and the Hoek cell triaxial tests,

b} Cylindrical samples, 38 mm @, 76 mm high, for triaxial testing in the Wyke-
‘ham-Farrance cell.

¢) Rectangular samples of various lateral dimensions, all 50 mm high, for
width/height ratio tests and rapid foading experiments.

d) Cylindrical samples, 120 mm @, about 60 mm high, prepared in steci cylinders for -
the coafined compression tests at high pressures,

The dry components of tne backfill were screened through a 1,18 mm sereen to
remove any lumps. The materials were then weighed out to 1 g accuracy and thor-
oughly blended for .t least three minutes. The appropriate weighed amountof
{ tap- ) water was gradually added 1o the blend and mixed in for at least two minutes,
until a uniform consistency was achieved. Small samples were mixed by hand, larger
batches were processed in a laboratory batch mixer.

The fill sample was then placed into a split stainless steel mould ( Figure A3 )and
vibrated on a vibrating table to remove entrapped air from the slurry. The Full mould
was sealed into a heavy-gauge poly-ethylene bag and placed into a laboratory oven for
the material to cure at 30 °C for a minimum of 2+ hours. After that period, the back-
fill had usually hardened sufficiently, for the specimens to be trimmed to their correct
length and to bt;rcmoved from the mould. For i vest of their respective curing
periods, they were cured separately, re-sealed in double poly-ethylene bags. to pre-
vent moisture loss. This sealing method was cffective; no appreciable mass loss was
recorded by the end of the curing periods, The curing periods were selected
following standard practice; they were: 1, 3, 7, 14, 28 and 90 days; for most tests, the
curing temperature was 30 °C, |

Compression testing. Six different types of compression tests were done on cemented
backfill samples, each with their own specific methods and equipment layout:
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a) Unconfined, uniaxial tests on cylindrical samples for the materials’
compressive strengths comparisons. '

by Unconfined, uniaxial tests on the rectangular width/height ratio samples,

¢) Confined, uniaxial compression tests to determine the high pressure behaviour of
the backfills.

d) Triaxial tests to determine the materials’ friction angles and cohesions using the
Hoek cell.

e) Triaxial tests using the Wykeham-Farrance equipment.

f) Unconfined. uniaxial tesis of rib samples fo determine rapid loading characteris-
tics,

e

4\ The unconfined, uniaxial compression tests of cylindrical samples were doneina
2 MN hydraulic press. using a 43 kN high precision load cell { Revere CSP 1-10-A);
this ensured sufficient accuracy at low sample strengths { max # 0.05 % '
non-linearity ). The load cell was fitted with a spherical seat to facilitate uniform
sample loading.

b} For the small rectangular width/height ratio samples a set-up identical to the one
above was used; tha larger samples were loaded on a 210 mim # spherical seat, utilis-
ing the press's own 2 MN joad cell.

¢) The high pressure confined compression tests were done using iloating carbon
steel confining cylinders and drained pistons { Figure A4 ). The samyples were com-
pressed in the 2 MN press, loading the backfill up to 175 MPa; some samples were
loaded up to 440 MPa in the 25 MN press.
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d) The triaxial compression response of a series of cylindrical samples was measured
with a Hosk cell using the 45 kN load cell in the 2 MN press. The conlining pressure
was controlled wich a hand pump.

&) Most triaxial tests were done using conventional Wykeham-Farrance equipment,
operated according to standard soil testing procedures.

f} The rapid loading tests of backfill rib samples were conducted in the TerraTek
rapid loading press at a closure rate of 0,15 mf,

All unconfined, uniaxial and triaxial samples were loaded to beyond their primary
maximum compressive strength, uniaxial confined samples were loaded to machine
capacities,

Displacement rites. The displacement rate for the uncontined tests was kept constant
at 100 mm/h. Displacement rates in triaxial tests were as low as 3 mm/h to allow for
pore water pressure dissipation. The displacement rate in the TerraTek press was
0,15 m/s.

Measurement records and processing. The load/displacement curves of all tests using
the hydraulic presses were recorded on paper with an X-Y recorder and subsequently
converted to stress-strain curves by re-scaling the axes, The triaxial test measure-
ments on the Wykeham-Farrance rig were captured inio a personal computer.

From the stress-strain curves, the following values were extracted: the maximum com-
pressive stress, the yield stress, the strains at these stresses and the tangent modulus
of elastivity. The trigxial test results were processed according to standard soil testing
procedures, ’



Figure A1 COMRO 2 MN hydraulic testing press.
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Figure A.2 TerraTek rapid loading hydraulic te‘stiﬁg press.
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