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Journal Comment

F

rom time to time the SAIMM dedicates an
edition of its Journal to a special event. The
two volumes of which the November 2016
Edition is Volume I, are dedicated to the Wits
School of Mining Engineering (Wits Mining) in
celebrating its 120 years of existence, and to
providing a platform for the School to showcase
its research efforts. The papers could not fit into a
single volume, hence the double edition – ample
testimony to the amount of research work that
Wits Mining undertakes! A perusal of the papers
shows the relevance of the research to both the
local and international mining industries.
The papers discuss issues in and present new
perspectives on mining. A fresh look at the
technicalities of mining enables a better
understanding of how we can undertake our
mining activities more safely, more economically,
and more productively. This is particularly
important in current times, when the mining
industry is still experiencing depressed
commodity prices THAT it has suffered from since
the global financial crisis of mid-2008.
The papers can be categorized into the broad
areas of rock engineering and mineral economics,
for which Wits Mining is world-renowned;
mineral resource management (MRM), in which
Wits Mining has a specialization in the Masters
degree programme; and lastly, mine planning and
optimization, an area of specialization introduced
into the Masters degree programme in 2014.
Most of the papers are by multiple authors,
reflecting the School’s collaborative approach to
research.
The rock engineering papers address topics
such as slope stability, pillar design, and
rockburst challenges. Some useful proposals are
made. For example, relating a pillar life index
(PLI) to the time-dependent factor of safety of
pillars and probability of failure; a strain-based
criterion for evaluating stope stability; and the
use of sacrificial support as a potential additional
method to prevent rockburst damage. The
optimization and MRM-related papers present
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approaches to cut-off grade optimization, multicriteria decision-making (MCDM), a mineral asset
management (MAM) framework for maximum
value extraction for mineral resources, and reefwaste characterization in sampling for improved
separation of ore from waste during evaluation
and extraction. Ultimately, application of these
approaches should assist the mining industry in
realizing more value from mineral resources.
I believe that readers will find the papers in
these two volumes insightful as they contribute
towards the innovative ideas that are required to
take our mining industry forward. The papers are
a foretaste of what one can expect by engaging
Wits Mining to address respective research needs.
It is my hope that we will see similar issues of the
Journal in future, with contributions from other
mining and metallurgy schools in the country so
that we can showcase our research capabilities to
our international and local readership.

C. Musingwini
Head of School of Mining Engineering,
University of the Witwatersrand
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his two-volume issue of the Journal celebrates 120 years of existence of the Wits School of Mining
Engineering (Wits Mining). Are the two volumes two sides of the same coin? There are a myriad of
quotes that refer to two sides of the same coin, albeit in a negative sense. I have previously come
across the quote by Ida Pauline Rolf, an American Scientist who lived from 1896-1979, which says ‘form
and function are a unity, two sides of one coin. In order to enhance function, appropriate form must
exist or be created’. This quote takes a positive look at two sides of the same coin that are
complementary. I can easily relate this concept to the symbiotic relationship between Wits Mining and
the Southern African Institute of Mining and Metallurgy (SAIMM), which can be gleaned from our
parallel histories that have fostered inextricably strong links. The ‘coin’ can be seen as the mining
industry, which we both serve in our distinct capacities, as an educational institution and a professional
body. We both serve the mining industry with a common sense of unity and purpose – to contribute our
best efforts to ensure that the industry can grow from strength to strength, because we can survive and
thrive only if the mining industry is doing well. I will now turn my attention to the brief histories of Wits
Mining and the SAIMM, sketch out some parallels, and indicate why these two institutions are so
important for our mining industry, dating back to the 1800s with the advent of commercial mining in
South Africa.
Wits Mining started out in 1896 as the South African School of Mines in Kimberley, with an initial
enrolment of four white male students. It subsequently underwent a series of name changes and
relocations, firstly transferring to Johannesburg as the Transvaal Technical Institute (TTI) in 1904. The
TTI originally comprised the Departments of Mining, Metallurgy, and Geology, which were responsible
for the training of graduates for the Witwatersrand gold mining industry, and was the first tertiary
educational institution in what was then the Transvaal Republic. The TTI became the Transvaal
University College (TUC) in 1906 and in 1910 was renamed the South African School of Mines and
Technology. In 1920 the School became the University College, Johannesburg, and in 1922 the College
received university status and was incorporated as the University of the Witwatersrand. Since then, Wits
Mining has undergone significant growth and transformation, and earned the status of the largest
mining school in the English-speaking world. In 2016 Wits Mining boasts a total enrolment of 825,
including both male and female students and a cohort of international students. This total enrolment
comprises 663 students at the undergraduate level and 162 postgraduates. So, what should be the form
and function of Wits Mining in the next 120 years post-2016?
In 2014 the Southern African Institute of Mining and Metallurgy (SAIMM) celebrated 120 years of
existence. The SAIMM was founded in 1894 at a meeting held at the North-Western Hotel, 21 Pritchard
Street, Johannesburg as the Chemical and Metallurgical Society of South Africa, following the discovery
of gold in Johannesburg in 1886. The initial membership comprised 14 chemists and metallurgists, all
white males. Coincidental with its initial number of members, the SAIMM Council currently comprises 14
elected members. In the same way as with Wits Mining, the SAIMM underwent a series of name
changes, although less frequently. In 1903 it was renamed the Chemical, Metallurgical and Mining
Society of South Africa, which in 1956 became the South African Institute of Mining and Metallurgy.
Following the formation of branches in some of the neighbouring countries, in 2006 it became
imperative for the SAIMM to rebrand itself as the Southern African Institute of Mining and Metallurgy to
reflect its regional character. The Institute boasts a membership predominantly South African domiciled
but international in character, with a total membership close to 5000, drawn from 51 countries. So, what
should be the form and function of the SAIMM in the next 120 years post-2014?

Wits Mining and the SAIMM —
120 years of parallel histories (continued)
The parallel histories of these two organizations are seen in their growth, transformation,
internationalization drives, and maintaining relevance to the mining industry that they serve. So, what
will the mining industry look like in the next 120 years and how must Wits Mining and the SAIMM
adapt in order to remain relevant? The ability to adapt lies in the ‘DNAs’ (form and function) of the two
organizations.
Both the SAIMM and Wits Mining recognize that the future of mining will rely heavily on digital
technologies, given the current developments in ‘big data’ management. The SAIMM has started a
project to go digital and already our SAIMM Journal is available to the broader membership in digital
form. Similarly, Wits Mining has started a Digital Mine project, led by Professor Frederick Cawood.
Study material in Wits Mining is also gradually being made available on an e-platform. The SAIMM
collaborates locally with other voluntary organizations through reciprocal representations on respective
Councils. Similarly, Wits Mining collaborates with the other mining schools in the country through the
Mining Engineering Education South Africa (MEESA) forum. Internationally, the SAIMM collaborates
with sister organizations such as the Canadian Institute of Mining, Metallurgy and Petroleum (CIM), the
Australasian Institute of Mining and Metallurgy (AusIMM), and the Society for Mining, Metallurgy and
Exploration Inc. (SME) through the Global Minerals Professional Alliance (GMPA). Wits Mining
collaborates internationally with other mining schools through the Society of Mining Professors (SOMP).
The SAIMM and Wits Mining have maintained strong collaborative links throughout their histories, as
shown by the many Wits alumni and academics who have gone on to become presidents of the SAIMM.
In addition through the Scholarship Trust Fund, the SAIMM enables mining schools to cater for needy,
but deserving students, and Wits Mining is a beneficiary of this initiative. Collaboration enables the
exchange of ideas, support of each other’s activities, and can only lead to the thriving of the two
organizations, keeping them relevant. The growth and transformation of both the SAIMM and Wits
Mining means that ‘business as usual’ will not be an option going into the future. Both organizations
are fully aware of this and are constantly improving their efficiencies in order to continue to deliver on
their respective mandates. In order to secure their futures, both the SAIMM and Wits Mining recognize
that new blood must be injected. The SAIMM set up the Young Professionals Council (YPC) to secure its
long-term future by bringing into the fold younger professionals who will eventually become the
custodians of the Institute. Wits Mining has a long history of a vibrant Student Mining Engineers
Society (SMES), whose members upon graduation are welcomed into the Wits Mining Engineers
Association (WUMEA), a key supporter of the School’s activities. In order to remain relevant, Wits
Mining undertakes meaningful research that contributes to the long-term survival of our industry. The
SAIMM publishes such research in conference proceedings and the much-respected SAIMM Journal. The
two volumes of this issue of the Journal are testimony of the degree to which both organizations
seriously embrace research. Research can only ensure one thing – that we remain relevant to the future
needs of the industry and keep ourselves ahead of the pack!
As Wits Mining celebrates 120 years of existence, the symbiotic relationship with the SAIMM has
ensured that both form and function in unity of purpose create the hope that the future of our mining
industry is secure. These are the two sides of the same coin that will enhance functionality through
appropriate adaption to their respective DNAs or forms – strength in collaboration!

C. Musingwini
President, SAIMM
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Book Review
Ground Engineering - Principles and
Practices in
Underground Coal Mining
by J.M. Galvin

  

      
The book by Emeritus Professor Jim Galvin on Ground Engineering - Principles and Practices for Underground
Coal Mining is not just another rock mechanics text but fills a serious gap in the mining and rock mechanics
literature as it establishes a link between ground engineering, mine management, and risk management. To
understand and appreciate the book it is necessary to take a closer look at the professional background and career
of the author.
As a young graduate with a double degree in mining engineering and applied mathematics from the University
of Sydney, Jim Galvin joined the South African Chamber of Mines Research Organization in the 1970s as a
research officer to work on strata control problems in the coal industry. This work provided him with the
opportunity to visit most coal mines in South Africa and to gain a deep insight into the rapidly expanding and
changing coal industry. As part of his research work, Jim joined others involved in the longwall trials at Coalbrook
Collieries, Matla Colliery, and New Denmark Colliery, pillar extraction mining at Vierfontein Colliery, and thick
seam mining at Springfield Colliery. In 1981 he gained his PhD in rock mechanics at the University of the
Witwatersrand for his work on thick seam coal mining. During his stay in South Africa, Jim successfully completed
the South African Colliery Managers programme.
In 1982 Jim Galvin returned to Australia to gain practical, operational, and management experience in the coal
industry. After a short period with Newcom Collieries he advanced from underground mineworker to mine
manager of Angus Place Colliery. In the early 1990s Jim left the coal industry to join the University of New South
Wales (UNSW) as Professor of Mining Engineering. From 1995 to 2002 he was Head of the School of Mines at
UNSW. The theoretical, practical, and management background of Professor Galvin was soon recognized by
government authorities both in Australia and internationally, and he became more and more involved as an
advisor to the mining authorities and as expert in high-level investigations and inquiries. In 2002 he left UNSW to
set up an international consulting practice.
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This comprehensive text has evolved over many years and is based on the unique experiences that the author
has gained as a researcher, mine planner, mine operator and mine manager, and top-level advisor to mining
authorities. In the book, ground engineering principles are covered as far as these are of relevance and importance
to underground coal mining. The particular strength of the book is the way in which good underground coal
mining practice is identified and discussed within an understandable, logical, and often qualitative applied
mechanics framework. It is written and presented in a manner that can be understood and followed by coal mine
operators. Numerous examples of good and poor mining practice illustrate and support the basic ground
engineering principles presented and discussed in the text.

Book Review (continued)

A particular and unique aspect of the book is the link established between ground engineering and risk
management. Given the great number of variables and the difficulties of quantifying these, risk management is an
essential element of good and sound ground engineering practice. The basic principles of risk management are
presented and numerous examples of applying these principles to ground engineering in coal mines are given. The
text does not confine itself to ground control but also highlights how ground control and rock behaviour can
influence other coal mining hazards, such as those related to coal mine explosions and spontaneous combustion.
All essential aspects of ground control in underground coal mines are covered in 684 pages. The following topics
are addressed in twelve chapters: scope of ground engineering, fundamental principles of ground engineering,
excavation mechanics, pillar systems, interaction between workings, support and reinforcement systems, ground
support design, total extraction mining (i.e. pillar extraction), longwall mining, overburden subsidence,
operational hazards, and managing risk in ground engineering. A comprehensive list of references provides
additional sources of information.
To the knowledge of the reviewer there is no comparable text that covers ground engineering principles and
underground coal mining practice in such a comprehensive way. This book fills a serious gap in the mining and
rock mechanics literature. Although it concentrates on underground coal mining practices in Australia, South
Africa, and the USA, many of the issues raised and discussed are of relevance and considerable value to
underground mining operations in other parts of the world. This book is not only of value to ground engineering
specialists on coal mines, but will be of equal value to coal mine planning personnel, coal mine managers, and
mining authorities.
Published February 2016
ISBN 978-3-319-25003-8 (print), 978-3-319-25005-2 (electronic)
Further details concerning this publication can be found under
http://www.springer.com/gp/book/9783319250038
The price of the book in South Africa is:
E-book: 79.72 €
Hard cover: 94.99 €

H. Wagner
Past President of the
SAIMM 1986–1987
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The influence of test specimen
geometry on the laboratory-determined
Class II characteristics of rocks
by U.W.O.L Vogler* and T.R. Stacey*

The behaviour of rocks depends on their material properties, and therefore
it is important that these properties are determined by relevant and
reliable laboratory testing methods. The ISRM Suggested Methods are very
important documents in this regard, and a draft suggested method exists
for the determination of the ’complete stress-strain curve for intact rock in
uniaxial compression’. The method specifies the required geometry of
specimens and the required testing procedures. The research described in
this paper involved the determination of complete stress-strain curves for
two materials, one exhibiting the Class I characteristic, and the other the
Class II characteristic. To obtain a better understanding of the deformation
behaviours in the post-peak region, tests were carried out on specimens of
both material types with different length-to-diameter ratios. The results
showed that the geometries of the test specimens influence the stressstrain curves in the post-peak region. The implication is, therefore, that
the numerical values obtained for the slopes of the post-peak graphs are
not material constants, but are geometry-dependent. Explanations for this
behaviour are given. These findings have important implications regarding
the use of post-peak data, for example for blast fragmentation considerations, and for evaluation of rockbursting potential. The research findings
are based on a limited amount of laboratory testing, and should be
confirmed by further testing.
A?!<;29
rock characteristics, Class I behaviour Class II behaviour, servo-controlled
test, post-peak characteristics, specimen geometry, brittleness.

%8>;<27/>=<8
The most common approach for studying the
behaviour of rock is by compression testing of
cylindrical specimens in the laboratory. Rocks
respond to forces by deforming and eventually
breaking. The strength and the deformation
characteristics are derived from the stressstrain curves produced. Standard shapes and
sizes for the test specimens and standard
loading rates are recommended in the
Suggested Methods of the International Society
for Rock Mechanics (ISRM) and the American
Society for Testing and Materials (ASTM)
standards. In spite of these standards, there
remain certain aspects of testing which require
further attention. The research described in
this paper deals with deformation and failure
behaviour of rock materials using stiff, servocontrolled testing equipment. The particular
objective was to test the premise that the
behaviour of cylindrical rock specimens in the
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Rocks have traditionally been regarded as
brittle materials because their maximum loadbearing capacity and the stress at the point of
rupture have been observed to be practically
the same. In addition, rupture generally occurs
in a violent, explosive mode. However, with
the advent of improved testing equipment and
the development of better testing procedures, it
has been observed that the stress at rupture
does not necessarily coincide with the stress at
strength failure. One such development was
the introduction of deformation or strain
control instead of load or stress control when
applying load to the test specimens. This led to
the realization that a uniaxial compression test
specimen does not necessarily have zero loadbearing capacity after its strength failure. Cook
(1965) concluded that the violent rupture
behaviour was due to excess energy stored in
the elastic components of the testing machine.
As a result of this finding, stiff testing
machines were developed, as described by
Cook and Hojem (1966), Bieniawski et al.
(1969), and Stavrogin and Tarasov (1995,
2001).
Although the use of stiff testing equipment
provided information on the stress-strain
behaviour of rocks in the post-peak region, it
was still not always possible to trace the
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South Africa.
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post-peak region of the stress-strain curves
does not reflect only a material characteristic,
but is influenced by the height-to-diameter
ratio (the geometry) of the rock specimen. An
additional objective was to investigate the
effect of the stiffness of the test equipment on
the outcomes of tests.

The influence of test specimen geometry
complete deformation behaviour. Using loading and rapid
unloading cycles, Wawersik (1968) succeeded in obtaining
complete stress-strain curves. He observed that for some rock
types the slope of the post-peak curves was negative (which
he designated as a Class I characteristic), and for other rock
types the slope was positive (designated as a Class II characteristic), as illustrated in Figure 1.
The practical implication of these observations is that,
even with an infinitely stiff testing machine, it would still not
be possible to trace the full stress-strain curves for rocks with
Class II behaviour due to the elastic energy stored in the rock
specimens themselves (Wawersik and Fairhurst, 1970).

Areas 1+2+3

Areas 1 + 2
Area 1

Area 2
Area 3
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Before dealing with the research results, it is appropriate to
set the scene by describing the Class I and Class II characteristic behaviours and associated energy requirements. Class
I and Class II behaviours differ fundamentally, the cause
being the quantities of elastic energy stored in the test
specimens. The graph in Figure 2 illustrates typical Class I
deformation behaviour.
In such tests, energy must be provided to the specimen
continuously. If testing equipment with insufficient stiffness
is used, it accumulates elastic strain energy, which at A may
exceed the energy ‘required’ by the rock specimen and cause
violent rupture of the specimen. However, with a sufficiently
stiff testing machine, the elastic strain energy stored will be
less than the energy required by the test specimen. The
system (test specimen plus machine) is then stable and
additional energy must be supplied to continue the test from
A to B. Testing machines with sufficient stiffness thus allow
the post-peak behaviour of rocks to be traced, exhibiting the
Class I characteristic successfully. The significance of the
shaded areas in Figure 2 is as follows:

During typical Class I behaviour, the axial strain increases
monotonically from O. Whether the behaviour is of Class I or
Class II mode, the lateral strains, not shown on the
explanatory diagrams, increase monotonically during the
whole deformation process.
In contrast with the above, typical Class II behaviour is
illustrated in Figure 3.
For rocks with a Class II characteristic, in a compression
test the axial strain increases from O to A, decreases from A
to B, and increases again between B and C. Energy must be
provided to the specimen up to point A. Thereafter, some of
the energy must be withdrawn, and subsequently energy
must be supplied again to continue the deformation process.
The energy distribution is explained by means of the shaded
areas in Figure 3 as follows:
Areas 1 + 2 + 4

Areas 1 + 2 + 3
Area 1

Areas 2 + 3
Areas 2 + 4
Area 3

-=57;?@*, 4:99@%@:82@ 4:99@%@/1:;:/>?;=9>=/9@<3@;</)9@':2:0>?2@3;<6
%@+##@00@++*++&

-=57;?@+, 4:99@%@/1:;:/>?;=9>=/@"?1:(=<7;



988







Total energy supplied by the testing
machine to take the test specimen from O
to B
Energy supplied to the test specimen at
the peak strength (point A)
Non-recoverable energy absorbed by the
test specimen during loading (energy
required for plastic deformation, crack
formation and extension, heat)
Elastic energy available in test specimen
at point A
Additional energy to be supplied by the
testing machine to continue the test from
A to B.

Energy to be supplied by the testing
machine to take the test specimen from
O to C
Energy supplied to the test specimen at
the peak strength (point A)
Non-recoverable energy absorbed by
the test specimen during loading
(again, energy required for plastic
deformation, crack formation and
extension, heat)
Elastic energy available in the test
specimen at point A
Energy required to continue the test
from A to C
Excess elastic energy stored in the test
specimen, which is the energy available
in the specimen, but not required for
further deformation. In order to achieve
controlled testing from A to C, and to
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The influence of test specimen geometry

When testing rock specimens with a Class II characteristic, it is essential that excess elastic energy can be rapidly
extracted from the test specimen and from the testing
equipment. The combination of test specimen and test
equipment is referred to as the test system. The elastic energy
stored in the test equipment can be minimized by designing
the equipment to be as stiff as possible. By using servocontrolled testing equipment, elastic energy can be rapidly
extracted. This is dealt with in the next section.
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Further development from Wawersik’s work required a new
approach to the testing of the post-peak behaviour of rock.
Hudson and Harrison (1997) commented: ‘Following the
pioneering work by Cook, Bieniawski, Fairhurst and
Wawersik in the late 1960s, it was realized that such stiff
testing machines are inherently cumbersome and functionally
inflexible. This led to the introduction of servo-controlled
testing machines for obtaining the complete stress-strain
curve for rock. It is important to note that the means by
which a servo-controlled testing machine is able to follow the
post-peak curve is different in principle and implementation
from the stiff testing machines’.
The development of stiff, servo-controlled testing
machines has greatly improved the chances of successfully
investigating Class II behaviour of brittle rock materials. The
required test procedure is programmed, and the data
acquisition and control are handled by computers with the
appropriate software. Feedback signals from transducers
monitoring the specimen behaviour are continuously
compared with the required testing programme and any
deviations are addressed by the signals sent to the rapidresponse servo valve system.

! "" " ! "!
Before the introduction of servo-controlled testing machines
it was customary to apply load to test specimens at either a
controlled loading rate or at a controlled deformation rate.
Since the introduction of computerized servo-controlled
equipment it has been possible to make use of additional
variables, such as quantities measured during the tests, as
feedback signals for programming further progress of the
tests. Most researchers have used circumferential strain for
control of testing machines. The reason for this is that the
circumferential strain increases monotonically regardless of
whether the specimen behaviour is Class I or Class II. This is
the recommended method in the ISRM Suggested Method
(ISRM, 2007, pp. 221-229). Alternative methods of control
have been suggested by Okubo and Nishimatsu (1985),
Okubo et al. (1990), and He et al. (1990).
It is to be noted that, as indicated in ISRM (2007, pp.
221-229), for extremely brittle rock, the available techniques
          

are not sufficient to ensure a successful outcome in uniaxial
testing. It is implied that confined state testing and low
length-to-diameter ratio specimens may be employed. In this
context, a successful test is one for which the full stressstrain curve can be traced. In effect, the implication is that the
post-peak behaviour and its determination are not fully
understood.
Although the use of servo-controlled test systems is
indispensable for tracking stress-strain behaviour in the
post-peak region, the role of the stiffness of the equipment
should not be underestimated, and this is discussed in the
next section.

 !"" !" ! "!!
The mechanical stiffness of the testing machine is a very
important factor because the excess elastic energy stored in
both equipment and specimen must be extracted. The
combination of stiff equipment and rapid-acting servohydraulic control systems will therefore maximize the
chances of successfully tracing the complete stress-strain
curve.
According to Hooke’s Law, the stiffness of an elastic body
(K) is defined as the force per unit displacement. A testing
machine may be regarded as a combination of elastic spring
elements. The machine thus reacts like a complex
arrangement of springs in series and parallel. Typical
components are not only the columns, crossbars, loading
platens, and spacers, but also the height of the column of
hydraulic oil, the hydraulic pipes, fittings, and even the
devices for measuring the hydraulic pressure.
Theoretically, it is possible to calculate the stiffness for a
given testing machine, and the combination of all the above
elements should result in a constant value for the stiffness.
However, personal observations by the first author have
revealed that as result of years of handling, the surfaces of,
for example, the test machine spacers have developed minute
ridges and dents. Such features, as well as mismatches, for
example surface flatness and non-parallelism, will influence
the effective stiffness of the system and can even result in a
non-constant value for the stiffness. Theoretical calculations
of the stiffness can therefore, at best, be only approximations. A practical, experimental method for the determination of the actual mechanical stiffness of a testing machine
is proposed in the following section.

!" "! "" !"! ! "
!" "!" !""" ! "!
The results of partially constrained swelling strain tests that
were performed previously have been reviewed specifically in
the context of the research dealt with in this paper. The
behaviour of a specimen in a swelling pressure test can be
described as follows.
 During the swelling process the length of the rock test
specimen gradually increases, but the increase is
restricted by the resistance of the test apparatus
 Due to the restriction offered by the equipment, a
swelling pressure develops
 The force resulting from the swelling pressure acts
against the equipment and causes it to deform , This
allows the test specimen to swell further until
equilibrium is reached
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avoid uncontrolled, violent failure, this
surplus elastic energy must be rapidly
removed by the testing machine. If the
rate at which energy can be extracted
is sufficiently rapid, failure of the
specimen will be controlled; if not,
violent failure will take place.

The influence of test specimen geometry
 The interaction between the force (resulting in stress)
and the equipment deformation (resulting in strain) is
proportional to the effective stiffness of the test
equipment. Thus the slope of this relationship is a
function of the stiffness of the equipment and is not the
property of the rock tested. On the other hand, the final
asymptotic values for the stress and the strain do
represent the properties of the rock
 By calculating the load increment (N) and the
increment in deformation (m) from the measured
stress and strain, the stiffness of the test apparatus can
be calculated as K = N/m.
It is now possible to consider, critically, creep tests and
relaxation tests. When performing creep tests, the load on a
test specimen is kept constant while the deformation is
monitored over time. A creep testing apparatus may thus be
regarded as infinitely soft. If a hypothetical, infinitely stiff
apparatus were used for creep tests then the load would fall
off to zero as soon as the test specimen deforms, and the
experiment would come to an immediate end. For relaxation
tests, loads (or stresses) are applied to a desired stress level
and thereafter no further (external) actions are taken by the
test equipment. The relaxation strain over time is then
monitored. An example of the observations made during such
a test (Bieniawski, 1971) is presented in Figure 4.
If it is possible to keep piston displacement constant, as is
the case with servo-controlled testing machines, then, as was
the case with the test reported by Bieniawski (1971) using
stiffening columns, the relaxation behaviour can be used to
calculate the actual mechanical stiffness of the testing
apparatus. The reasoning behind this statement is as follows:
 Unless failure takes place, the force exerted on the
specimen is always equal to the resistance force of the
specimen
 The deformation of the test specimen due to relaxation
allows equal deformation of the testing apparatus,
which causes elastic rebound according to its stiffness
and thus a reduction in the load applied to the
specimen
 The reduced applied load influences further relaxation,
which will continue until equilibrium is reached
 The measured relaxation path is linear because it is
dictated by the elastic behaviour of the apparatus. From
the slope of the load-deformation curve the actual

mechanical stiffness of the testing apparatus can be
calculated
 Also, from these observations it may be concluded that
the rate of relaxation is dependent on the effective
stiffness of the equipment used for the tests.
When scaling values from A to B in Figure 4, the changes
in load and deformation are 13.4 kN and 0.0243 mm respectively. The calculated, actual stiffness of the equipment, K, is
therefore N / m
= 13.4 × 106 / 0.0243
= 0.55 GN/m.
The proposed method for determining the stiffness of the
equipment will work for Class I type behaviour tested in a
relatively stiff testing machine. When testing material of
Class II type behaviour, or if the stiffness of the machine is
insufficient for controlling Class I type behaviour, then
instability of the test system will not allow the proposed
method. Relaxation tests for the purpose of stiffness
calculations may then be performed during the pre-peak
loading phase of the tests, regardless of Class I or Class II
behaviour. If the specimen is stressed to above the level of
the ‘onset of unstable fracture propagation’ (Bieniawski,
1971), then sufficient data should be generated to perform
the calculations.

 0?;=6?8>:4@=8(?9>=5:>=<89
In this section the experiments conducted for investigating
the premise stated in the Introduction are documented. From
the information provided in the previous section, it is clear
that:
 The post-peak strength and deformation behaviour of
rock are not fully understood
 The elastic energy stored in the unfailed portions of the
test specimen determines the slope of the post-peak
curve
 The post-peak behaviour is influenced by the test
specimen geometry.
The objective of the experimental programme was
therefore to confirm that Class I or Class II behaviour of rock
in laboratory testing is partially a test specimen phenomenon
and not solely a characteristic of the rock material.
This laboratory investigation was designed to test
specimens of the same rock material, with the same
diameters but with different height-to-diameter ratios. It was
expected that the contribution of the elastic response of the
unfailed portions of the test specimen relative to the overall
deformation response would result in significant differences
in the post-peak behaviour. The slopes of post-peak curves
were thus expected to be affected, with the implication that
apparently even the brittleness (Tarasov and Potvin, 2013)
will be different.

! "!
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For testing the premise, rock types showing Class I and Class
II behaviour were required. The testing programme adopted
consisted of three phases as follows:
 Testing a material with Class I type behaviour. A
stabilized soil material was found which could be tested
in an ordinary ‘soft’ testing machine
          

The influence of test specimen geometry
 Selecting a rock material of medium to high strength
that would behave in a Class II fashion. Anorthosite
was chosen and a preliminary uniaxial test was
conducted to confirm its suitability
 Conducting the main series of tests on anorthosite,
which involved triaxial tests at a relatively low
confining pressure.

stress-strain curves were determined as tangent values,
calculated at a stress of 0.25 MPa. The results obtained for all
the stabilized soil tests are summarized in Table I.

#"$!$"  #$! $$
In this discussion, the term ‘elastic modulus’ is used for the
slope of a curve during unloading. This is because during
unloading, the strain recovery as result of the decrease in
stress is elastic. Unloading should not be confused with the
post-peak reduction of load, the latter being due to the
decrease in load-bearing capacity of the, by then, partially
fractured specimen. The term ‘deformation modulus’ is used
for the rest of the evaluations because in both the pre-peak
and the post-peak regions of the curve, the non-elastic, (nonrecoverable) strains influence the slopes of the curves.
During the tests the formation of predominantly vertical
surface extension cracks was observed, as shown in Figure 6.
The fragments resulting from the formation of the
extension cracks caused a reduction in the effective crosssectional areas of the tested specimens, which affected the
stresses and strains and hence also affected the calculated
deformation moduli. However, this does not invalidate the
conclusions.

! ! "" ! "!""" !
" !
A cement-stabilized soil of granitic origin was used for the
tests (Mgangira, 2008). The soil/cement mixture was
stamped manually into cylindrical moulds. The length of the
moulds allowed for ‘standard’ size and shape specimens with
a diameter of approximately 102 mm and height-to-diameter
ratio of approximately 1.15. In addition to specimens with the
standard height-to-diameter ratio, a specimen with height-todiameter ratio of 2.3 was formed by using two standard
specimens, one on top of the other; and a further specimen
with height-to-diameter ratio of 3.4 was made up using three
standard specimens. Although the test specimens were
‘hand-made’, their densities were remarkably constant. All
the specimens were prepared on the same day.
To ensure that all specimens had the same curing age, all
tests were performed on the same day. The tests showed that
the stabilized soil exhibited Class I behaviour. Owing to the
very low strength of the material, it was possible to record
the full stress-strain behaviour even when using a very ‘soft’
type of testing machine with the applied loads controlled
manually. In addition, elastic recovery was observed on
unloading at the end of the tests.

 " !$$##"" !$!$#"
Stress-strain curves were plotted for the data obtained, and
an example is shown in Figure 5. Average deformation
moduli for the pre-peak region of the curves were calculated,
and average values for the post-peak deformation moduli
were determined by selecting a linear region of the
descending part of the curves. The ‘elastic’ moduli for the
unloading curves of the cycles in the post-peak region of the
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The influence of test specimen geometry
with larger height-to-diameter ratios are significantly
lower than those for the standard-sized specimens.
 There is thus a definite trend of decrease of post-peak
deformation modulus with increasing height-todiameter ratio.
These observations may be explained by means of the
schematic diagrams depicted in Figure 10. Note that straightline trends have been illustrated, although in reality the
trends are nonlinear. The effect of time (relaxation, creep)
has been ignored.
-=57;?@,>:"=4= ?2@9<=4@90?/=6?8@:3>?;@>?9>=85@:82@;?6<(:4@<3@4<<9?
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The strength is the maximum load-bearing capacity of the
test specimens and is thus the stress at the peak of the
stress-strain curve. Figure 7 shows strengths determined for
specimens with different height-to-diameter ratios.
The following may be observed from Figure 7.
 The strengths for the four ‘standard’ sized specimens,
i.e. the specimens with height-to-diameter = 1.1, vary
from 0.99 MPa to 1.23 MPa, the average strength being
1.10 MPa and the range 0.24 MPa (approx. 22%). The
variability is reasonable considering the type of soillike material and the fact that the specimens were
formed manually. The variation is unfortunate,
however, since only one specimen could be tested for
each of the other two height-to-diameter ratios
 The strength shows, as expected, a clear decrease with
increasing height-to-diameter ratio, which is in line
with findings for rock (John, 1972; Mogi, 1966). In
testing of rocks it is commonly accepted that the
strength is constant for height-to-diameter ratios of
 2.5. ASTM D7012 recommends an H/D ratio of
between 2.0 and 2.5, while the ISRM (2007,
pp. 153–156) recommends 2.5 to 3.0.

The diagrams in Figure 10 depict the following:
(a) Shows part (say the top part) of the specimen with
fractured portions in series with part
(b) (say the bottom part) of the specimen, which is
unfractured or less fractured
(c) The top part of the specimen will deform in the
standard manner, while on reduction of stress the
bottom part
(d) will react elastically in a much stiffer mode. The
elastic components of the deformations may be
likened to springs with different stiffnesses
(e) For the total (combined) specimen the actual slope of
the post-peak curve will be a combination of the
modes of deformation of the individual parts.

-=57;?@,$?:)@9>;?85>1@ 1?=51>.><.2=:6?>?;@;:>=<@3<;@9>:"=4= ?2@9<=4
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Figure 8 plots the ‘average’ deformation modulus against
height-to-diameter ratio, and shows that:
 The pre-peak deformation moduli for the four standard
size specimens vary between 66 MPa and 137 MPa.
The average value is 106 MPa and the range is 71 MPa
(approx. 67%). Again, this variation is large, but may
be expected considering the variation in strength
 The deformation modulus increases with increasing
height-to-diameter ratio. This trend is unexpected, but
may be a result of the reduction of cross-sectional area,
as mentioned above.

-=57;?@ ,$;?.0?:)@:(?;:5?@2?3<;6:>=<8@6<27479@ 1?=51>.><.
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In the post-peak regions of the stress-strain curves, the
deformation moduli have been evaluated as average slopes.
The post-peak deformation moduli plotted against height-todiameter ratio (Figure 9) show that:
 Post-peak deformation moduli for the four standardsized specimens vary between –40 MPa and –63 MPa,
the average being –54 MPa and the range 23 MPa
(approx. 43%)
 Post-peak deformation moduli for the two specimens
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The influence of test specimen geometry
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It may therefore be concluded that the longer the test
specimen, the more the angle of the post-peak curve will
rotate in a clockwise direction. In case of Class I behaviour,
this will result in steeper slopes and thus higher negative
values for the moduli calculated.

" $!$!$! 

#$!$#! "$ #$#
The following was observed from the test results:
 For the ‘standard’ specimens, the dominant failure
plane is diagonal. The angle between the plane and the
axis of the cylindrical specimen is approximately 45°,
as illustrated in Figure 6
 For the specimen with height-to-diameter ratio of 2.3,
the main failure plane is again diagonal. The angle
between the plane and the axis of the cylindrical
specimen is approximately 24°, as can be seen in
Figure 13
 In contrast with the above two observations, for the
specimen with a height-to-diameter ratio of 3.4, the
main failure plane is not diagonal, but approximately
21° (see Figure 14)
 It may thus be seen that for specimens with greater
height-to-diameter ratios, a relatively larger portion of
the total specimen is less fractured than the rest.
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The shape of the unloading curve of the second, post-peak
unloading cycle is continuously nonlinear and concaveshaped. The ‘tangent’ slopes of the unloading parts of the
stress-strain curves were thus all determined at a stress value
of 0.25 MPa. Only four such unloading curves were available
for evaluation. Figure 11 shows the tangent elastic moduli
plotted against height-to-diameter ratio.
This shows a significant direct relationship of increasing
E-modulus with increasing height-to-diameter ratio.
Increasing E-modulus means increasing stiffness, which in
turn means a smaller negative strain increment for the same
stress decrease. The schematic diagrams in Figure 12
illustrate this, with the same explanations as for Figure 10.
From the above it may be concluded that the longer the
test specimen, the more the angle of the tangent to the
unloading curve will rotate in an anticlockwise direction. This
rotation will result in steeper slopes and thus higher positive
values for the elastic moduli. Thus on final, post-peak
unloading, there is a significant direct relationship of
increasing E-modulus with increasing height-to-diameter
ratio.

The influence of test specimen geometry
A plot showing the angle of the predominant failure plane
against test specimen height-to-diameter ratio is given in
Figure 15. For the shorter specimens the angle of failure is
equal to the angle of the diagonal of the specimen. For the
longest specimen the angle is not equal to the angle of the
diagonal, but might have approached a constant value at the
height-to-diameter ratio of about 2.5 (as is the case for
anorthosite, reported later).

"" !" ! "" !"
From the abovementioned observations the following may be
concluded:
 The stabilized soil shows a very typical Class I characteristic
 It has been confirmed that the stress-strain behaviour
of the stabilized soil material in the post-peak region is
influenced significantly by the geometry of the test
specimens
 The behaviour is thus not only a material characteristic,
but also a specimen characteristic
 The findings emphasize the importance of standardized
test methods to allow assessment and comparison of
results of tests
 This type of artificial model material offers possibilities
of further studying the post-peak behaviour of Class I
type materials, using conventional ‘soft’ testing
machines and simple, inexpensive equipment.

! ! "" !" ! "!"" !
  !
For the purposes of testing the premises listed in the
Introduction, a rock material capable of delivering repeatable
test results was necessary. The requirements for such a rock
material may be summarized as follows:
 The rock material has to be reasonably homogeneous
so as to provide repeatable results
 The rock should preferably be ‘medium strength’ to
‘high strength’: between 50 MPa and 200 MPa,
according to the classification by Deere and Miller
(1966). It was hoped that a rock material with this
strength would exhibit Class II behaviour, but not be
too brittle, therefore allowing the available servocontrolled testing equipment to control and trace the
complete stress-strain curves
 The rock should have a Poisson’s ratio >0.2, to provide
sufficient radial expansion for the input signal to the
servo-controller of the testing machine.

-=57;?@*,854?@<3@0;?2<6=8:8>@3:=47;?@04:8?@ 1?=51>.><.2=:6?>?;
;:>=<



994







VOLUME 116

Anorthosite was chosen for this series of tests. It is
relatively easy to obtain since it is present in the Bushveld
Complex, and is abundant in the mines in the Rustenburg
area. It is a very relevant rock type with regard to platinum
mining in the Bushveld Complex. A preliminary test was
performed on an anorthosite specimen to ensure that this
rock type would be suitable for the main testing programme.
The observations made and the conclusions drawn were as
follows.
 The strength of the anorthosite specimen tested was 97
MPa, which falls in the upper region of a medium
strong rock (Deere and Miller, 1966)
 Load cycling did not significantly influence the
subsequent stress-strain behaviour
 The anorthosite showed high lateral strain, as required
for feedback control, and it could therefore be expected
that the stress-strain behaviour could be successfully
monitored in the post-failure region in a servocontrolled testing machine.
The anorthosite was thus accepted for the tests.
The aim of this series of tests was to determine the
influence of the geometry of test specimens on their
behaviour. The decision was taken to perform triaxial
compression tests rather than uniaxial tests, so as to improve
the chances of successfully monitoring the complete stressstrain curves for specimens with non-standard, large heightto-diameter ratios. A relatively low confining pressure of 10
MPa was therefore used for all tests. 10 MPa was considered
‘relatively low’ because it is only about 10% of the UCS of the
anorthosite. The tests were performed in an MTS servocontrolled testing machine. The maximum length of test
specimen plus loading platens (end caps) recommended by
MTS is 214 mm. Core diameters of 42 mm were chosen and
thus the maximum height-to-diameter ratio that could be
tested was 3.5, with the nominal range from 1.5 to 3.5.
Extra-long and extra-short loading platens had to be
manufactured so that the height of test specimen plus
applicable loading platens was suitable for the test cell.
Figure 16 shows three specimens with different height-todiameter ratios between loading platens with different
heights (photographs taken after testing).

! "!!
The test procedure adopted is described in detail in the
following paragraphs using the axial stress vs time graph for
a test specimen. The programme for each test consisted of
several phases as illustrated in Figure 17, showing the axial
stress vs time curve for the specimen.
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The influence of test specimen geometry
regions, the least steep parts of the curves, where the
influence of the elastic rebound is at its maximum, were
selected.

 "" !!"!!!
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The test phases were as follows.
 Phase 1—Initial phase. After a minor ‘zero’ load, the
confining hydraulic pressure was applied simultaneously with the axial stress. Ideally, as suggested in
ISRM (2007, pp. 159–164), the axial stress should be
applied in ‘hydrostatic’ mode, i.e. axial stress ax
should be equal to the confining stress (the hydraulic
pressure P). In practice it is advisable to ensure that ax
> P to prevent the loading piston from losing contact
with the specimen. This phase lasted until a hydraulic
pressure of 10 MPa was reached
 Phase 2—Application of axial load. The constant
confining pressure of 10 MPa was maintained while the
axial load was gradually increased. The rate of load
application was automatically controlled by the servocontroller in such a way that a circumferential strain
rate of approximately 0.36 millistrain per minute was
maintained
 Phase 3—First unloading cycle. This unloading cycle
commenced automatically at a stress level of 100 MPa.
Unloading took place at a rate of 25 kN/min,
corresponding with a stress rate of about 18 MPa/min.
Unloading from 100 MPa to 20 MPa took approximately 4.5 minutes
 Phase 4—Reloading at the same stress rate of 18 MPa
per minute to approximately 100 MPa
 Phase 5—At this stress level of approximately 100
MPa, further load increase was again automatically
regulated by the servo-controller at the circumferential
strain rate of approximately 0.36 millistrain per minute.
This was continued until and beyond the peak stress
(strength)
 Phase 6—Second unloading cycle, controlled as during
phase 3 unloading. The timing of the second unloading
cycle changed during the testing programme, as will be
discussed later
 Phase 7—Second reloading cycle, as during phase 4
 Phase 8—Final loading phase, again regulated at
approximately 0.36 circumferential millistrain per
minute. This phase was continued until the curves
were levelling off
 Phase 9—Eventual unloading.

The work done or the energy used is equal to the area under
the load-deformation curves, whereas the work done or the
energy used per unit volume is equal to area under the
stress-strain curves. The elastic energy released by the
specimen during Class II behaviour is illustrated by means of
Figure 18, which shows the elastic energy released per unit
volume of the test specimen in the post-failure region of the
stress-strain curve. The horizontally shaded area represents
the energy released. Part of this energy, the vertically shaded
area, is subsequently required for further deformation. The
total work done to deform the specimens from zero to a strain
of 0.7% (or 7 millistrain) was calculated. Testing proceeded
until the stress-strain curves were levelling off, which
occurred at values between 5.8 and >8 millistrain. In two
cases the tests were terminated prior to reaching the 0.7%
target. For purposes of evaluation, the latter curves were
extrapolated slightly, which was acceptable because the
curves had levelled off in any case.

! ! "" !"!""!
Localized failure planes resulted in all the successful tests. All
failure planes were single planes and were approximately flat,
particularly for the test specimens with height-to-diameter
ratios >2. Figure 19 shows examples of single failure planes.
Three methods for measuring the angles of the planes
relative to the axis of the test specimens were attempted.
 The specimens were photographed in front of a
graduated scale and the angles were estimated
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From the data-sets, graphs showing the curves were printed.
Best-fit tangent lines were drawn by eye to these curves and
used to determine the moduli. All the specimens exhibited
Class II behaviour. In the case of the slopes in the post-failure

The influence of test specimen geometry
 The angles were measured with a protractor
 The lengths between the points where the failure
planes intersected the surfaces of the specimens were
measured, and these lengths were used in a simple
trigonometric calculation to determine the angles.
The values obtained by the three methods were checked
and re-checked until they agreed to within 2°. The two
specimens with height-to-diameter ratios of 1.56 and 1.96
showed minor signs of development of cones. The diagonal
was, however, the best estimate for the angle of failure. For
the rest of the specimens the planes of failure were almost
flat.

!!  "" ! "! 
The results of the tests are summarized in Table II. For the
description of a typical result, the stress-strain curve for one
test specimen is used as the example. The axial stress-strain
curve for the specimen, together with the dimensions of the
specimen, is shown in Figure 20.
The Class II behaviour of the specimen with height-todiameter ratio of 2.46 is obvious in Figure 20. The minimum
slope of the post-peak curve (M) was found to be 129 GPa.
Approaching the peak strength, the stress was near constant,
while the axial strain increased and the circumferential strain
rate was regulated automatically at the programmed rate of
0.36 millistrain per minute. The failed specimen behaved
elastically during the post-peak unloading and reloading
cycle.
The curve in Figure 20 shows the individual data-points
which were sampled at a fixed, pre-programmed rate. Thus
the distance between successive points is an indication of the
rate of change in axial stress and axial strain. The number of
data-points and the distances between points clearly show
that the servo-controlled testing machine was in perfect
control of the specimen behaviour throughout the test.
Sudden, uncontrolled failure would have resulted in large
spacings between points.

"" !"! "" ! ""  !
#"$!$# ""! #"#$" !$!$"#"
As was expected (John, 1972), the compressive strength was
higher for the short specimens, but was practically constant
for specimens with height-to-diameter ratios 2.5. John
(1972) performed uniaxial tests, but the results of the current
series of triaxial tests show the identical trend. This is
illustrated in Figure 21 (the result marked with a circle is a
low estimate, since the specimen failed prematurely due to a
power failure, which caused loss of control). The five results
for the strength of specimens with the ‘standard’ height-todiameter ratio of 2.5 show only minor variability, illustrating
the uniformity of the anorthosite. The curve levels off at a
strength of 189 MPa.

#"$!$# ""! #"#$" !$!$"#$#$!$ #
A graph showing the angles of these failure planes is
presented in Figure 22, which also shows a line representing
the calculated angle of diagonal planes through the
specimens.
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Table II
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Notes: a. All data lost due to power failure
b. Strength of 188 MPa is low estimate. The value was obtained from notes made some time before event
c. Post-peak data lost due to loss of control on change over in control mode
d. Energy calculations not possible due to excessive influence of load cycling
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The influence of test specimen geometry
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The values for the post-peak moduli (M) have been included
in Figure 23. These moduli are all positive since all the
specimens behaved with a Class II characteristic. In contrast
with the pre-peak deformation behaviour, the post-peak
deformation behaviour is significantly influenced by the
height-to-diameter ratio of the test specimens and hence by
the geometry of the specimens. This result is regarded as the
most important finding of the research. The explanation for
this behaviour is the effect of the elastic properties of the
fragments in the failing specimen. The stresses in such
fragments are reduced progressively as the test specimen’s
resistance to load diminishes. The stored elastic strain energy
is then gradually released. The released elastic energy
depends on the size of the fragments relative to the size of
the whole specimen and thus on the geometry of the
specimen tested.

!$!#$!$##$# #$"!$#!$"#$"#"
# #

-=57;?@++,:;=:>=<8@<3@>1?@:854?@<3@3:=47;?@!=>1@>?9>@90?/=6?8@1?=51>.
><.2=:6?>?;@;:>=<

It can be seen that:
 A smooth curve can be drawn through the values for
the angles of failure, i.e. there are only very small
variations in the results
 The curve for angles of failure appears very similar to
the curve for the strength in Figure 21
 The curve levels off for specimens with height-todiameter ratios 2.5
 For test specimens with height-to-diameter ratios <2.0,
the angle of failure is equal to that of the diagonal
plane through the specimen
 The curve levels off at an average angle of 24.3°.

The total quantity of work done to deform the specimens to a
strain of 0.7% was calculated. As explained previously, the
value of 0.7% strain was arbitrarily selected in order to
compare energy calculations for the different specimens
(actual experimental values varied between approximately
0.58% and >0.8% strain). The results are listed in Table II,
together with all data collected during the evaluation of the
test results. Figure 24 shows the total work done to deform
the specimen. There is a distinct relationship between the
work done per specimen and the increasing height-todiameter ratio. The correlation coefficient (R²) is a
remarkable 0.72 when a straight line is fitted.

#"$!$# ""! #"#$" !$!$##
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The lower curve in Figure 23 shows the values for the
‘tangent 50% UCS’ deformation moduli (E) in the pre-peak
regions of the stress-strain curves. As was to be expected,
the deformation moduli in the pre-peak region of the stressstrain curves are almost constant, with an average value of
approximately 60 GPa. Only the two specimens with heightto-diameter ratios < 2.5 appear to show a slightly higher
value for the deformation modulus. An explanation for this is
that the relative influence of the constraints exerted by the
loading platens is much larger for short specimens than for
long specimens, and thus the stress distribution throughout
the test specimen is less uniform. The results confirm that the
values of the pre-peak deformation moduli are not affected
by the geometry of the tested specimens, i.e. their height-todiameter ratio, provided that test specimens with ‘standard’
height-to-diameter ratios 2.5 are tested.

The influence of test specimen geometry
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The observed trend is to be expected because with
increasing height-to-diameter ratio, the volume of rock to be
deformed to a strain of 0.7% increases. Figure 25 shows the
work done per unit volume in deforming the specimens to a
strain of 0.7%. Unfortunately, the results show significant
scatter, and a linear regression resulted in a correlation
coefficient (R²) of 0.52.
A definite trend of less energy per unit volume for
specimens with larger height-to-diameter ratios is obvious.
The results do not allow extrapolation, and thus it cannot be
stated with certainty whether the trend is linear or not.
However, it may be presumed that the curve will eventually
level off for specimens with large height-to-diameter ratios.

>2.5. The ultimate values were measured and these results
are included in Table II.
Although the ultimate resistance to shearing is sometimes
used to estimate the frictional behaviour of fractured rock,
this practice should be used with circumspection because it
has been shown above that the results are geometrydependent. This finding is of particular importance since
short specimens are often used for testing in order to improve
the chances of obtaining complete stress-strain curves.

<8/479=<89
The experimental work described in this paper has shown
that the post-peak behaviour of the tested materials is not
only a material characteristic but is also dependent on the
dimensions of the specimens tested. This conclusion was
reached after testing cylindrical specimens with different
height-to-diameter ratios of two materials, a low-strength
material with Class I characteristic, and a medium-strength
material with Class II characteristic. The explanation of the
observed behaviour is that in the post-peak phase of a test,

#$###$$"#$"#"$# #$ $"#$!" #
# !
In the case of materials exhibiting Class II behaviour there is,
by definition, always a region of the stress-strain curve
where the test specimen is effectively expanding while at the
same time losing strength. This phenomenon results in a
double-negative or, in effect, a positive post-peak slope of the
curve. The excess elastic energy in the test specimen has
been quantified by calculating the areas under the curves,
and the results are presented in Table II and graphically in
Figures 26 and 27.
In Figure 26 it is obvious that there is a direct
relationship between height-to-diameter ratio and the energy
released. This trend was to be expected since the Class II
behaviour is ascribed to the elastic energy stored by the
specimen. It is interesting to note that, for a specimen with a
height-to-diameter ratio of approximately 1, the graph
intersects the Y-axis at the zero point and thus there will be
no energy released. For this material, and for the testing
conditions applied, it appears that test specimens with
height-to-diameter ratios <1 will exhibit Class I behaviour.
Although Figure 27 illustrates that the energy released
per unit volume also exhibits a direct relationship with
height-to-diameter ratio, there is unfortunately a large scatter
in the data, R² being only 0.32.
All the results obtained during the study of work done
and of elastic energy released confirm once again that the
behaviour is geometry-dependent.

-=57;?@+,4:9>=/@?8?;5@;?4?:9?2@"@:8<;>1<9=>?@90?/=6?89@=8@>1?
0<9>.3:=47;?@;?5=<8
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Figure 28 shows the ultimate resistance to shearing as a
function of the height-to-diameter ratio. This value is the
stress required for further deformation to 0.7% after the
stress-strain curves have levelled off. Here too, as is the case
for strength and the angle of failure, the influence of
geometry effectively disappears for height-to-diameter ratios
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The influence of test specimen geometry
explanation for this phenomenon is that all the excess elastic
energy stored in the unfailed parts of the test specimen was
effectively removed, leaving only sufficient energy required to
continue deforming the specimens at the pre-programmed
rate. Such an explanation has not previously been reported
and is therefore an important conclusion. A notable
consequence of this finding is that the degree of fragmentation depends on the success or otherwise with which any
excess elastic energy is rapidly extracted from the test
specimen, in addition to extracting the elastic energy stored
in the equipment. The phenomenon should be further
researched for different types of rock. It is most likely that
even when rocks with Class I type behaviour are tested using
stiff servo-controlled equipment, the predominant single
plane mode of failure will result. This should be confirmed
experimentally.
It was shown that the angle of the failure planes is
dependent on the geometry of the test specimen for heightto-diameter ratios less than 2.5. For height-to-diameter ratios
of 2.5 and greater, the angle for anorthosite was found to be
approximately constant at 24°. This finding applies to
anorthosite rock material tested in triaxial compression with
a confining pressure of 10 MPa. It is expected that the angle
may differ for different types of rocks, and also for different
confining pressures. This should be further investigated.
Quantifying the total energy and the energy per cubic
metre from the areas under the load-deformation curves and
stress-strain curves respectively was found to be useful when
interpreting the results from post-peak testing. The total
energy used in deforming and crushing the rock specimens
was found to be dependent on the geometry of the test
specimen. While this was to be expected, the energy
expended per unit volume was found to be different. The
quantity of energy released by the test specimens during
Class II behaviour in the post-peak region of the stress-strain
curves was also found to be dependent on the height-todiameter ratio. The findings again confirm the dependence of
the specimen behaviour on the geometry, in addition to the
material properties.
The expression ‘Class II type rock’ should be avoided and
may be replaced with expressions such as ‘rock exhibiting
Class II behaviour’. When reporting results of tests, details of
the experimental conditions such as specimen shape and size
and confining pressure – if any – should always be reported.
The artificial stabilized soil model material offers
possibilities for further study of the post-peak properties of
materials exhibiting Class I behaviour. Test specimens of
such materials can be made to standardized specifications,
resulting in uniform, consistent properties which should help
to ensure repeatable test results. The model materials may be
tested using ‘soft’ testing machines available in most test
laboratories. Simple and inexpensive measuring equipment
will be suitable for the tests.
It is recommended that more attention should be given to
work and energy determinations. This is expected to provide
data allowing explanations for mode of failure and particularly the fragmentation intensity. Furthermore, when
inspecting results of cycling tests, the loss or apparent gain in
energy should be carefully considered. The loading and
unloading curves for perfectly elastic materials, whether
linear or nonlinear, are identical and there will be no gaps
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the elastic energy stored in the unfailed fragments of the test
specimen is released, while the load-bearing capacity
diminishes. Release of elastic energy caused by compressive
forces results in expansive strain which is in a direction
opposite to the compressive strain caused by progressive
failure. The relative proportions of the unfailed fragments to
the total volume of a test specimen differ for specimens with
different height-to-diameter ratios and hence the overall
deformation behaviour is affected.
An important consequence of this finding is that Class I
or Class II behaviour depends on the relative influence of the
‘elastic’ and the ‘inelastic’ portions of the test specimen. It is
thus possible that the same rock material can exhibit Class I
or Class II behaviour, depending on the geometry of the test
specimen. A further consequence is that, whether a test
specimen fails in a brittle, explosive manner or not, the
behaviour is also dependent on the test specimen geometry
and is thus equally not only a material characteristic.
The statement in ISRM (2007, pp. 221-229), that force
and load, and also displacement and deformation, are
synonymous (in the context of inspecting laboratory test
results) is fundamentally incorrect for the post-peak part of
such curves. In the post-peak region, the test specimens are
of a compound nature, consisting of unfailed fragments
between cracks and ultimate failure planes. Strains calculated
from measured deformations and the numerical values for
the deformation characteristics calculated from such strains
depend on the method of measurement. Deformation
transducers average the deformations over the effective
gauge length and thus the position of transducers relative to
the failure planes can affect the resulting measurements
significantly. In the extreme case, when testing specimens
with large height-to-diameter ratios, the measured axial
deformations may even represent the behaviour of ‘intact’
rock during unloading.
A further important consequence of the experimental
findings is that the practice of using values for the post-peak
stress-strain response as input data for computer modelling
without taking cognizance of the shape of the test specimens
from which the values were obtained is scientifically
incorrect. Therefore, although reporting the results of tests in
the post-peak region in the form of stress-strain curves is
practical, they should be interpreted with the necessary
circumspection. For comparing the post-peak deformation
behaviour of different types of rocks it is therefore important
that specimens with a standard geometry should be tested.
It was shown that the strength of the anorthosite, tested
in triaxial compression with a confining pressure of 10 MPa,
was not affected by the test specimen geometry except for
short specimens with height-to-diameter ratios <2.5. This
behaviour was to be expected and is perfectly in line with the
standard recommendation proposed by ISRM (2007, pp. 153156). This conclusion is expected to be valid for other rock
types, as well as for different confining pressures.
The deformation behaviour in the pre-peak region of the
stress-strain curves is affected by the test specimen geometry
for specimens with height-to-diameter ratios < 2.5. This
behaviour was also expected and is again in line with the
standard recommendation (ISRM, 2007, pp. 153-156).
For all the tests performed on the anorthosite rock, the
mode of ultimate failure was that of a single failure plane. An

The influence of test specimen geometry
and no areas between successive cycles indicating that the
energy spent and recovered remains constant. If the area of
any gaps above stress-strain or load-deformation curves
between successive loading cycles is larger than the area
enclosed by the cycles, this indicates that less energy is
required during cycling tests than during single loading tests.
Although the phenomenon of saving energy by cycling is
unlikely, it is often observed in actual testing practice.
Explanations should be sought in probable experimental
errors such as the effect of hysteresis during the
measurements.
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Review of gold reef sampling and its
impact on the mine call factor
by A. Fourie* and R.C.A. Minnitt†

Sampling error and bias, especially the Increment Preparation Error (IPE),
are introduced when the tool allocated to do the job fails to extract a
representative sample. This is the case with chip sampling; the tool can
only extract haphazard shapes of loose or fractured material and not
always from within the demarcated sample area. Increment Extraction
Error (IEE) and Increment Delimitation Error (IDE) could be severe, but
are found to be relatively unbiased. The uncontrolled action of the sampler
in discarding excess sample material after sample collection has a
significant impact on the error and bias introduced with each and every
extraction. A new type of bias, referred to as the ‘waste discard bias’,
arises when samplers select what portion of the excess sample material to
discard at the sample site. Material visually identified as waste is
discarded in preference to mineralized broken ore if there is an excess of
sample material. This results in a considerable error in the analytical
results. The bias is proportional to the reef-waste ratio in the demarcated
sample.
FD*)?B4>
sampling, error, bias, mine call factor.

=AB?4:7A@?=
Two types of ‘sampling’ are distinguished,
namely sampling of particulate materials
(broken ores) and sampling of solid, unbroken
in situ mineralized reef. This study considers
only chip- or face-sampling of in situ, goldbearing, carbon-rich conglomerates typical of
the Upper Witwatersrand Supergroup and
examines where components of sampling error
and bias, clearly specified in the Theory of
Sampling, may arise during the practice of
‘face sampling’. Many millions of face samples
have been extracted from Witwatersrand-type
mines using a hammer and chisel, and detailed
descriptions (standard operating procedures)
of how the samples should be taken have been
developed by many mining companies. There
is, however, no taxonomy or nomenclature for
managing or reporting the different types of
errors associated with chip sampling. The
Theory of Sampling compiled by Pierre Gy in
the early 1950s provides, comprehensive
nomenclature of sampling errors that is
applied to particulate sampling of ore in a lot, a
stockpile, or a moving stream on a conveyor
belt. The taxonomy and characteristics of
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sampling errors, grouped according to the
sources from which they arise, and identified
by Gy (1973, 1979, 1982, 1992, 1995, and
1998) are shown in Figure 1. This classification of errors is used extensively in regard to
the sampling of particulate materials in the
mining and minerals industry, but not in
regard to chip sampling. A relatively small
mass (hundreds of grams) of representative
particulate material for estimating the average
grade of a much larger mass (thousands of
tons – the ‘lot’ in the Theory of Sampling) is
extracted by the chipping or cutting of a
representative rock ‘sample’ from the stope
face.
While differences between the sampling of
particulate materials and chip sampling from
solid, in situ reef are emphasized, there are
aspects of the Theory of Sampling that can
also be applied to face sampling. For example,
face sampling is unaffected by the
Fundamental Sampling Error (FSE) or the
Grouping and Segregation Error (GSE),
making a consideration of these errors and
bias related to material characterization
(Errors 2 and 3, Figure 1) irrelevant in the
sampling process. In addition, the errors
associate with interpolation and periodicity
(Errors 4 and 5, Figure 1) are not relevant in
face sampling. In the Theory of Sampling, bias
due to errors in delimitation, extraction,
preparation, and weighting (referred to as an
error in most literature) of the samples arises
due to the interactions between the particulate
materials and the sampling equipment. This is
also true for the chipping of samples from solid
mineralized rock, and is therefore applicable to
face sampling.

Review of gold reef sampling and its impact on the mine call factor
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This study investigates the error and bias that manifest as a
consequence of poor sample extraction, by simulating and
testing the conditions in which actual underground sampling
takes place. In addition, the intuitive and responsive
behaviour among samplers that is thought to be responsible
for introducing bias during and after sample collection is
considered.
Early investigations into underground sampling
procedures on carboniferous reefs identified what Fourie
(2015) termed a ‘soft-reef’ bias. The contribution of soft-reef
bias to the generation of significant sampling error and bias
is the result of over-extraction of soft, carbon-rich material
compared to the harder adjacent host quartzite and
conglomerate within the demarcated sample area (see Figure
2). This form of bias always results in an overestimation the
grade of the in situ sample. (Cawood, 2003; Lerm, 1994;
Sichel, 1947).
In addition, the inclusion of waste in the demarcated
sample area was also identified as a source of error and bias
(Fourie, 2015). A review of work by early investigators of
sampling issues on Witwatersrand mines (Cawood, 2003)
indicated a preference for attributing overestimation of grade
to sampling bias, rather than a comprehensive understanding
of the source and causes of bias and error in general.
Cawood concluded that what Fourie (2015) terms the ‘softreef bias’ may result in overestimation of the overall grade by
as much as 26%, due to over-extraction of softer carbon-rich
material and poor estimation of the actual reef width. An
example of how the bias is introduced is graphically
illustrated in Table I.
Historically, the perception that chip sampling is
responsible for overestimation of the in situ grade is an
argument used by mining personnel as an easy and obvious
explanation as to why some shafts reported low mine call
factors (MCFs)1. The problem with attributing the low MCF to

over-sampling and soft-reef bias is that the search for other
contributors to the problem is neglected. As a result, the
actual sources of error responsible for the deterioration of the
MCF, such as dilution, sweepings, and incorrect tramming,
remain undetected.
There is no dispute that oversampling of the softer
portions of the reef introduces error and bias leading to low
MCF, but such sampling errors would have to be introduced
at every sampling site and during the extraction of every
sample. The possibility of this happening in practice is
unrealistic. The existence of the soft-reef bias was confirmed
during underground investigations of sampling performance,
but this type of bias was observed only once out of a total of
120 samples extracted. It is also likely that some of the in
situ carbon exposed in the reef face will be lost as blast
fragments impinge on the face. Further losses may occur
when the face is washed down and during barring of loose
rock from the face before sampling.
The thickness of the carbon seam in the stope face also
contributes to the incidence of soft-reef bias, but it is very
rarely reported in the records kept by samplers; even today it
is not recorded. The chisel blade used to extract the sample is
too wide to allow for extraction of thin carbon seams. Only if
the carbon seam is 1 cm or more thick could the carbon be
easily extracted. It is unlikely that the use of a chisel would
result in over-extraction of carbon material from seams less
than 3 mm thick. In areas where illegal mining takes place,
the zama zamas use 8-gauge wire to selectively (gouge)
burrow out the soft carbon.

/@6:BDE0$E=CBB?)E7CB,?= B@75E ?=DED(9?>D4E:>AE,D8?)EA5D
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Table I
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1The monthly difference between the gold ‘called for’ (estimated by the
surveyors to be in the ore mined) and the corresponding gold
‘accounted for’ (gold recovered plus residues, which is finally
weighed by the metallurgist in the plant) is referred to as the gold
‘unaccounted for’. Gold mining efficiency is measured by the Mine
Call Factor (MCF) a ratio, expressed as a percentage, of the gold
‘accounted for’ divided by the gold ‘called for’ by the mine's
measuring methods. The ‘unaccounted for’ gold or theoretical gold
loss and be separated into apparent gold loss and real gold loss
(de Jager, 1997).
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Review of gold reef sampling and its impact on the mine call factor
This observation suggests that the incidence of soft-reef
bias in reefs carrying thin carbon seams is far less frequent
than previously thought. Furthermore the frequency of this
type of bias is not sufficient to cause the deterioration of the
MCF. This observation was confirmed by AngloGold Ashanti
(Freeze et al., 2013) in research to investigate the soft-reef
bias and the role of chip sampling as agents responsible for
the declining MCF. Statistical comparisons between samples
extracted by chip sampling compared to ‘coffin sampling’,
thought to be the ‘perfect sample’, did not find any consistent
bias. In some areas chip sampling indicated undersampling
and in other areas oversampling, but within the variability of
the accumulation value of the reef (Table II).
Textbook examples of perfect coffin samples were
compared with chip sampling, for which the extraction was
not so perfect. It was anticipated that because of the existence
of the soft-reef bias the mean grade of the chip samples
should be higher than that of the coffin samples. In Table II
the average cm.g/t in column ‘Cut Coffin Paired A’ for the
430ED area is lower than that of the ‘Chip Paired’ data. The
‘Cut Coffin Paired B’ sample for the same area is higher than
the ‘Chip Paired’ samples. The ‘Cut Coffin Paired C’ mean is
lower than the corresponding ‘Chip Paired’ data. Area 440ED
shows a significantly higher grade for all ‘Cut Coffin Paired’
data compared to the corresponding ‘Chip Paired’ data. In the

area 460W ED, ‘Chip Paired’ data is significantly higher than
the corresponding ‘Cut Coffin Paired’ data. Flitton (2011)
concluded that the comparisons did not indicate any bias,
and the also confirmed that chip sampling actually compared
well with alternative methods capable of extracting better
samples.
It was argued that chip sampling carried out under careful
supervision produced samples of better quality than could
normally be expected. This implies that samplers under
supervision extract better quality samples or are doing
something other than they normally do during or after
sample extraction. The fact that samplers have a free hand in
adjusting both the sample mass and the sample content in
the period between taking the sample and it reaching the
surface is a completely new insight. The process of discarding
sample material after extraction because there was an excess
of sample material, was observed by the principal author
during the underground investigations.
As a result of these studies AngloGold Ashanti in 2012
introduced the so-called Quality Index, a means by which the
quality of the chip samples that were collected was improved.
The company found that the average mass of the samples
increased considerably ‘after’ the implementation of the
Quality Index (2012–2013) compared to the ‘before’ situation
(2011), as shown in Table III.

Table II
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Table III
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2011
2012
2013

360
595
611

0%
39%
3%

591
1137
1112

0%
48%
–2%

226
291
294

0%
22%
1%

127
775
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Review of gold reef sampling and its impact on the mine call factor
The change in sample mass before and after the
introduction of the Quality Index is shown graphically in
Figure 3. According to AngloGold Ashanti the increase in
sample mass is considered to be due to improved sample
extraction as a result of stricter control on sampling either by
a supervisor or by comparing photographs of the sample site
taken before and after sample extraction. However, the time
taken to extract a sample remained the same irrespective of
whether it was taken before or after the implementation of
the Quality Index. The question we now need to consider is,
did the sample mass increase due to better extraction or
simply because samplers were no longer at liberty to
discarded material at will? If extraction had been improved, a
significant increase in the time taken to extract a sample
would have been expected because the method and the tools
for extracting the sample remained unchanged. (Freeze et al.,
2013).
According to the Quality Index, the evaluator is required
to rate sample extraction as acceptable or unacceptable by
comparing photographs taken before and after sampling.
From an inspection of the ‘before’ and ‘after’ photographs
shown in Figure 4 it is difficult to tell firstly, how the
observable differences were used to make an ‘acceptable’ or
‘unacceptable’ decision, and secondly what the reasons for
the increase in the average sample mass (Figure 3) were. In
addition, the time difference between the ‘before’ (09:42) and
‘after’ (09:44) photographs (Figure 4a and 4b) indicates that
only two minutes was spent extracting the sample,
suggesting that the quality of the sampling procedure did
not meaningfully improve. We suggest that a possible reason
for the observed increase in the average sample mass after
implementation of the Quality Index (as indicated in
Figure 3) is that none of the sample material was discarded
after it was collected.
Careful reading of the standard operating procedures
indicates that the sampler’s habit of discarding excess sample
material in the stope immediately after taking the sample was
the only activity not controlled by the standard operating
procedures. In order to comply with the rules of the newly
introduced Quality Index, samplers were therefore not
discarding excess material. In addition, data from Tshepong
mine indicated that the average mass of the chip sample
extracted was inversely proportional to the number of
samples collected per sampler per shift. This led to the

intuitive, but important conclusion that the average sample
mass decreased as the number of samples extracted per
sampler per shift increased.
Prior to the introduction of the Quality Index, the amount
of material sent to the assay laboratory depended not only on
the amount material extracted, but also on the amount
discarded after sample extraction. Since discarding of
material, and as a result preferential selection of the betterlooking pieces of reef, occurred at every sample site this
action became the prime suspect as a source of both error and
bias. This is a possible reason why no bias was discernible
between the chip samples and the ‘coffin samples’ analysed
by Flitton and Freese (2013).
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4D=A@;@7CA@?=E?;EA5DE)C>AD 4@>7CB4E,@C>
The ‘waste-discard’ bias has inadvertently been responsible,
through human agency, for a bias towards higher grades for
many years. If the samplers were unbiased in their selection
of the excess sample material to be discarded this type of bias
would not have arisen. Once the nature of this bias was
identified, a five-question survey was conducted amongst
76 participants in order to determine if a bias existed because
samplers were selective in discarding what they considered
to be excess sample material. The questions are listed in
Table IV and were designed to be simple, but also so that
definitive answers in regard to the sampling procedures could
be obtained. A compilation of the survey results is shown in
Table V and Figure 6.
The answers obtained from samplers in regard to the
procedures they tend to follow are listed in Table VI.

/@6:BDE$5?A?6BC95>E?;EA5DE>C<98DE;C7DE:>D4EA?EBCADEA5DE:C8@A*E?;EC
>C<98DE;B?<EA5DE7?=4@A@?=E?;EA5DE;C7DE1C2E,D;?BDEC=4E1,2EC;ADBE75@99@=6
1/BDD DE.E0-3"2

          

Review of gold reef sampling and its impact on the mine call factor
Table IV

#:D>A@?=>EC> D4E?;E>C<98DB>ECAE=@=DE4@;;DBD=AE>5C;A>E?9DBCAD4E,*ECB<?=*E?84E%@=@=6E ?<9C=*
1

How easy or difficult it is to chip a sample with the hammer and chisel?

2

Is it possible to extract a perfect sample with the current tools? (Perfect extraction refers to a sample that is extracted with square corners at a certain
depth exactly within the demarcated lines).

3

Do you occasionally extract sample material outside the demarcated lines?

4

Is enough material collected in the dish, and are there large fragments that need to be reduced in size before selecting which material to be discarded?
(The choice was to select waste, reef, or bigger pieces for discarding when reducing the sample mass).

5

Which material do you prefer to discard when you are reducing the size of the sample? (The choice was only between reef and waste)

Table V
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#:D>A@?=E3
!5C;A

C>*

@;;@7:8A

#:D>A@?=E0
DB*E

D>

?

#:D>A@?=E"

!?<DA@<D>

4@;;@7:8A
Target1
Target 3
Tshepong
Phakisa
Bambanani
Joël
Unisel
Masimong
Kusasahlethu
Totals

17%
0%
29%
40%
50%
0%
8%
17%
13%
19%

67%
33%
57%
50%
50%
92%
58%
58%
63%
59%

17%
67%
14%
10%
0%
8%
33%
25%
25%
22%
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D+DB

DD;

#:D>A@?=E

#:D>A@?=E'

C>AD

DD; C>AD

A5DEA@<D>
0%
33%
29%
20%
17%
17%
0%
17%
13%
16%

100%
0%
43%
50%
33%
33%
67%
50%
50%
47%

0%
67%
29%
30%
50%
50%
33%
33%
38%
37%

17%
33%
14%
0%
17%
0%
25%
8%
0%
13%

@66D>AE
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83%
0%
57%
20%
50%
67%
67%
75%
88%
56%

0%
67%
29%
80%
33%
33%
8%
17%
13%
31%

33%
0%
29%
0%
0%
8%
0%
0%
0%
8%

33%
100%
57%
80%
67%
75%
83%
67%
100%
74%

33%
0%
14%
20%
33%
17%
17%
33%
0%
19%

83%
100%
100%
100%
100%
92%
92%
83%
88%
93%

17%
0%
0%
0%
0%
8%
8%
17%
0%
6%
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Table VI

E7?<9@8CA@?=E?;EA5DEC=>)DB>E;B?<EA5DE9CBA@7@9C=A>E@=EA5DE:D>A@?==C@BDE>:B+D*
1

The majority of the respondents indicated that it was difficult to very difficult to chip a sample with the hammer and chisel.

2

Almost 50% of the respondents did not think that perfect extraction of a sample with the current tools is possible.

3

The majority of participants answered ‘No’ or ‘Sometimes’ when asked about occasionally extracting sample material outside the demarcated lines.
These answers provide a good indicator of the degree of difficulty involved extracting a representative sample.

4

The majority of participants answered ‘No’ or ‘Sometimes’ when asked if they managed to collect enough material in the dish and if there were large
fragments that needed to be reduced in size before selecting which material to be discarded. Answers to this question also provided a good indication
of the degree of difficulty involved extracting a representative sample.

5

Surprisingly, almost 93% of samplers said that they would keep the reef and discard the waste when asked which type of material they would retain if
they had to choose only between reef and waste. Although this question is very similar to Question 4, it isolated and emphasized the inherent bias
amongst samplers towards keeping the reef.
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The results of the survey shown in Tables V and VI
indicate that samplers not only found sample extraction with
the hammer and chisel difficult (question 1), but 93% of the
respondents indicated that they select waste rather than reef
when faced with the choice of what to discard (question 5).
The results for a simulated sample extraction model
designed by Fourie (2015) are shown in Figure 7, and the
average values are also represented by the red curve. The
data indicates that even though the levels of extraction vary
from 30% to 100%, and estimates of gold grade vary
positively and negatively around the average of 150 g/t, they
did not introduce any bias.
The graphs for different levels of extraction (30% to
100% in Figure 7) indicate that highly heterogeneous sample
compositions were on average unbiased, irrespective of the
quality of extraction. The same simulation was also used to
test the effect of selective waste discard after extraction. In
the case of the simulations the bias was kept constant at
around 18% of waste being discarded. In this case the bias is
constant and directly proportional to the waste. However, it is
clear from actual data collected from Tshepong mine that the
percentage of material being discarded varies and is proportional to the number of samples collected per day as shown in
Figure 5.
The results of the questionnaire survey (Table VI)
indicate that preferential discarding of waste portions from a
broken ore sample results in a significant bias responsible for
overestimating the grade of the extracted material. Even the
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most perfectly extracted sample will overestimate the true in
situ grade if this error is introduced by preferentially
discarding waste. In Table VI the total percentage error after
31 simulations was -1.42%, indicating a slight negative bias.
The same extraction error mass was discounted by 18%
waste to simulate selective sample reduction after collection.
The total percentage error now changed from slightly
negative to a positive 20.22% (Table VII).
Table VII is split into two portions; the first deals with the
extraction error simulated at different percentages of
extraction, and the second deals with the same simulations
except with an 18% reduction in the amount of waste
material. The figures in the first portion are the results of the
original simulations done at different percentages of
extraction of unbiased portions of a sample (column on the
left), while the right-hand side of the table shows the same
results, except that 18% waste was deducted from each
simulated example. As a result, the line with 100% extraction
also shows a bias even though it was extracted perfectly.
These results are depicted graphically in Figure 8.

@>7:>>@?=
This ‘waste-discard’ bias severely affects reefs with a high
waste-to-reef ratio such as the carboniferous Basal Reef and
the Carbon Leader Reef. Generally the carboniferous reef is
relatively thin, and hence most of the channel samples can
easily cover the entire reef in a single sample. In such cases
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Table VII

!D8D7A@+DE)C>ADEBD4:7A@?=E@=AB?4:7D>E,@C>E1/?:B@D.E0-3'.E9&E3"2E
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6BC4DE

9DB7D=AC6D

9DB7D=AC6D

9DB7D=AC6D

6BC4D

9DB7D=AC6D

9DB7D=AC6D

9DB7D=AC6D

16A2

DBB?B

DBB?B

DBB?B

16A2

DBB?B

DBB?B

DBB?B

150
154.72
150.44
149.97
146.78
–7.21
134.18
150.4
147.14

0
3.46
2.73
1.49
–4.08
51.28
–8.67
0.9
–1.42

0
11.11
25
36.03
58.7
–56.19
77.14
65.51
46.82

0
–17.99
–38.19
–43.71
–53.3
171.45
–63.1
–66.51
–48.43

182.93
188.68
183.46
182.9
179
13.16
11.37
183.42
179.43

21.95
26.17
25.28
23.77
16.97
84.48
116.03
23.05
20.22

21.95
32.5
52.44
65.89
93.53
–46.57
–54.99
105.5
71.92

21.95
0.01
–24.62
–31.36
–43.05

31
31
31
31
31
140.59
31
31
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the high waste-to-reef ratio tends to amplify the wastediscard bias, which now becomes severe. In fact, the bias
generated from this error now resembles the soft-reef bias,
but unlike soft-reef bias – which is introduced during
extraction – the waste-discard bias is due to a post-extraction
material selection procedure that introduces a bias.
It is evident from the simulated model that as the
composition of the sampled reef becomes more homogenous,
the effect of ‘selective discard’ diminishes. By changing the
reef-to-waste ratio in the simulation models of possible overand under-extraction, it was found that the percentage
extraction error changed accordingly. Further experimentation revealed that the percentage error in the gold grade
tends to decrease as the sample composition becomes more
homogenous, provided the extraction error remains constant.
‘Extraction error 1’, simulated in Figure 9, explains the
rationale behind this simulation. ‘Extraction error 1’ had a
reef-to-waste ratio of 14.29% based on a 1 cm reef and 6 cm
waste portion and incomplete extraction, resulting in an a
grade error of 40% (Table VII).
The reef thickness was incrementally increased and the
waste proportionally decreased, as shown in Figure 9. The
percentage extraction error was kept the same, the simulated
chip sample model was updated with changes in the
component parts of reef and waste, and a new expected grade
was calculated for each step change. The methodology was
applied in order to calculate the changes in gold grade error
          

–59.16
–29.72

as a result of changes in the homogeneity of the reef
components from zero to 100%, while maintaining exactly
the same amount of extraction error (Figure 9). Figure 9
illustrates the idea that the amount of error decreases as the
homogeneity of the material being sampled increases; this
usually happens with chip sampling.
If the exposed stope faces consist mainly of conglomerates with little internal waste, then the sample is
demarcated according to observed lithology, i.e. reef and
waste. In such a case the extracted material will consist of
either reef or waste. When sampling the conglomerates the
sampler and his team will select only bigger pieces of reef to
discard since there will be no waste present; therefore it is
unlikely that the discards will introduce a bias. The selection
process in such a case will be totally random and free from
bias. When extracting a sample demarcated in the waste
portion, the tendency of the samplers is to discard any reef
(rather than waste) and/or the bigger pieces of waste. This
may explain why shafts that mine lithologically homogenous
reefs experience a better MCF than those mining
carboniferous reefs, despite the extraction errors being fairly
similar.
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This ‘waste-discard bias’ error may also be the source of
higher grade in samples that include a larger proportion of
waste, rather than a decrease as might be expected because
of dilution. This is because extra waste from a correctly
demarcated and extracted sample will be selectively
discarded. This results in a grade similar to a sample
extracted with no waste included, giving the perception that
the error was as a result of inclusion of waste.
The percentage error introduced with the ‘waste-discard
bias’ error depends on the reef-to-waste ratio of the
demarcated sample, and on the percentage of waste discarded
after extraction. It is impossible to determine what the
percentage of discarded waste is, because extraction is never
constant and discarding is randomly determined by the
sampler and the number of samples collected during the shift.
The authors believe strongly that this error, as well as other
errors such as ‘soft-reef’ bias, are major contributors to the
bias that results in overestimating the grade. The only way to
prevent this error completely would be to develop a tool that
is able to extract a sample exactly to the shape and volume
demarcated on the face. Since no such tool exists, the only
way to mitigate this bias will be to discourage any form of
material discarding after the initial sample extraction.
However, this is easier said than done in practice because
occasionally samples may include material outside the
demarcated area that needs to be discarded. AngloGold
Ashanti has shown that improved focus on standards, one of
which included an increase in sample mass, resulted in
samplers being discouraged from discarding any material
after extraction. Since it is assumed that the increase in mass
was not necessarily as a result of improved extraction, it is
safe to conclude that the bias expected with ‘selective discard’
was kept to a minimum, leading to an improvement in the
MCF.
There is evidence in the literature (Beringer, 1938;
Cawood, 2003; de Jager, 1997; Harrison, 1952; Hallbauer and
Joughin, 1972; Lerm, 1994; Magri and Mckenna, 1986;
Muller, 1950; Sichel, 1961; Storrar, 1987) that our
predecessors acknowledged the existence and introduction of
bias during chip sampling, especially on the thinner
carboniferous reefs. Methods introduced to minimize the
error included selective capping and even the exclusion of
results during the estimation process, which helped to lower
the ‘gold called for’ and improving the MCF. This allowed the
responsible persons to reduce the MCF, but it failed to solve
the problem; it was purely a cosmetic exercise. The authors
are not suggesting that MRMs revert to the earlier outdated
practices of sample exclusion or capping. This mitigation of
the effect of extreme outliers is accommodated in the kriging
algorithms, but soft-reef and waste-discard bias can never be
eliminated; they are forever embedded in a bias of the sample
data. Only when the bias is fully understood and mitigated
will it be possible to identify other factors that may actually
be responsible for the deterioration of the MFC. Current
estimation methods make provision for capping of data
during variography and estimation, but this only eliminates
the extreme errors. The question is: ‘do the automatic biasadjusting algorithms in the kriging equations adjust
sufficiently for the bias present in the bulk of the sample
data?’ It should be accepted that the data on some mines is
more affected by error and bias. We should
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acknowledge that our current estimation methods may not
successfully ameliorate the problem of bias inherent in the
data. Even if the new sampling tools and equipment could
minimize the bias, the sampling error and bias inherent in
the historical data will still influence the estimation.
It is therefore important that implementation of sampling
improvement initiatives such as the ‘Quality Index’ should be
continued and adjusted if early results do not indicate an
improvement in the estimation of resources and reserves. The
impact on the MCF may take time to manifest, but it is likely
that it will improve in the longer run and that the amount of
improvement will be equivalent to the bias introduced by
sampling that was present before implementation. The focus
can then be shifted to other areas, such as the assay
methods, to improve the MCF even further. Unfortunately, it
is not uncommon for more than one initiative to be
introduced simultaneously to improve the MCF for a certain
shaft, especially if the shaft is under investigation. If the MCF
does improve, it is often difficult to determine which of the
many interventions contributed the most to improvement.
Chip sampling, owing to its in situ extraction deficiencies,
is probably one of the worst sample recovery methods, but in
the difficult, confined, hot and unwelcoming environment in
which samplers are expected to operate, it is probably the
only consistently reliable and cost-effective method for
underground face sampling. Despite its poor extraction
capabilities, if no bias is introduced, it is the best available
method. A comparative study with other methods has shown
that, under certain conditions, chip sampling is still
considered the best sampling method.

?=78:>@?=
This research has demonstrated that the true source of error
and bias introduced with a particular sampling method is
misunderstood and misidentified. This arises because
behavioural factors among the samplers, specifically the
opportunity to selectively discard material from the broken
ore, leads to the introduction of errors that are not properly
identified and understood. These factors may change considerably from shaft to shaft, reef to reef, and from one
sampling method to another. ‘Soft-reef bias’ has always
been considered to be the main contributor of error when
sampling the thin carboniferous reef types. It is believed to be
responsible for overestimation of the grade, and this led to
the conclusion that the only way to eliminate soft-reef bias
was to develop a tool that will ensure perfect extraction. After
many years of concerted effort and vast amounts of
expenditure, no workable solutions have been identified. It is
now evident that unless the person(s) responsible for
sampling understand the true source of sampling errors,
especially the bias that is associated with each and every
sampling method, little improvement can be expected. If this
awareness is not created then the direct result will be greater
uncertainty in the assay results, which will inevitably lead to
significantly unrealistic expectations, increased costs, and
time-consuming frustration.
This investigation identified the ‘waste-discard error’ as
the most likely reason for the introduction of bias and of
overestimation when sampling thin carboniferous reefs. A
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survey among samplers confirmed that selective discard of
waste after extraction introduced this error. Since it is not a
result of poor extraction it can be immediately minimized
with relatively little effort and cost through proper training,
education, and strict adherence to sampling protocols. A
further lesson learned is that any attempt to decrease costs
by changing the sampling protocols, especially the sample
mass reduction methodology, should be carefully considered.
Changes to sampling protocols that are not carefully
considered may introduce error and bias further down the
sampling procedural chain that are more costly and
detrimental than the saving envisioned (Minnitt, 2007). We
should also be aware of Goethe’s caveat: ‘It is easier to
perceive error than to find truth, for the former lies on the
surface and is easily seen, while the latter lies in the depth,
where few are willing to search for it.’ (Zubko, 2003,p. 487).
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A review of rock cutting for
underground mining: past, present, and
future
by D. Vogt*

Rock has been cut in the process of mining since before the invention of
explosives. Today, we seek to return to cutting to reap the benefits of
continuous operations for South African underground hard-rock mines, to
improve speed of access to the orebody, and to improve the efficiency of
mining operations.
Development of new technology fits within a framework of
engineering knowledge. By understanding the characteristics of the rock,
the tools we use to cut it with, and the history of mining and rock cutting,
we can see the genesis of the roadheader, the longwall, and the continuous
miner, all drag bit cutters. They have emerged as the solutions of choice
for underground mining of softer materials such as coal and potash.
In hard rock, the challenges are the forces required to break the rock,
and the wear of the tools caused by the rock’s abrasiveness. Only disc
cutters currently handle the challenges, and even then, often not economically. New materials like thermally stable diamond composite will help, as
will combinations of mechanical cutters and other methods such as highpressure water or high temperatures.
It is not clear what will emerge as the consensus technique for hardrock cutting. Experience teaches that development is expensive and the
market is small. Will mining companies partner with equipment developers
to make the technological leap? Or will the solution come from a systems
approach, not considered here?
E'BC:>
rock cutting, continuous operations, mechanization.
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Blasting is the dominant method of breaking
rock for the purposes of mining. When used
underground, blasting is part of a batch
process. If rock can be cut rather than blasted,
mining can become continuous, leading to
process and efficiency improvements.
Coal produced from underground mines is
now predominantly excavated using
mechanical means, but underground hard rock
is still broken primarily by explosives.
This paper traces the history of rock
cutting, reviews the main physical processes
that are or could be used, and comments on
the future. It is written from the perspective of
narrow-stope hard-rock mining typical of
South African gold and platinum mines.
This review is not definitive, but covers the
most important experiences in rock cutting
that are applicable to the South African hardrock environment, and discusses the future of
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Rock cutting offers a number of advantages
over drill-and-blast mining. Possibly the most
significant is that cutting offers the
opportunity for continuous operations.
Blasting introduces a cycle into mining, which
then forces a batch mode on the process: drill,
blast, clean, support. Particularly on larger
mines, where all blasting occurs at about the
same time, the mining process must fit into the
defined time between blasts. If the drilling,
cleaning, and supporting take less than the
allocated time, then time is wasted. If they take
longer, then the next blast is missed. In both
cases, the rigid timing leads to system inefficiency. The move to continuous processes is
now considered the key to improved productivity in industry, as part of the Lean
philosophy (Womack and Jones, 2003), and
offers the same benefits for mining.
Mechanical methods of tunnelling have the
potential to be significantly faster than drilland-blast methods. In the context of mining,
earlier access to the orebody considerably
increases the net present value of the mine.
Rock cutting has a number of other
advantages:
 In tunnelling and other applications that
might be close to human settlements,
cutting generates significantly lower
vibration and noise levels than the use
of explosives
 The cutting process affects the rock
surrounding the excavation less than
explosives, thus the rock stronger is and
safer (or easier to support)
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practical techniques, as well as briefly
examining some more speculative methods.
The issue of the mining system is not a
primary consideration – it is a topic for another
paper.

A review of rock cutting for underground mining: past, present, and future
 Particularly in tunnelling, cutting can produce
excavations very close to the desired shape and size, so
that the cost of extra lining due to overbreak is reduced
 The number of people exposed to dangerous
underground conditions is reduced; as is the need to
store and handle explosives
 If cutting can be applied with discrimination, particularly on narrow reefs, it offers the opportunity to
greatly reduce waste dilution in a process that has
similar advantages to ore sorting (Cook, 1969)
 If the mine can be created with smaller excavations
because it is cut, the seismicity and ventilation
requirements will both be reduced, reducing both risk
and cost.

%&%))!&%(%# ))
In the normal development process, new engineering
knowledge is generated mainly by variation and selection
(Vincenti, 1994). Against the background of a problem,
engineers develop a variety of solutions and through a
process of selection choose the best. In the case of rock
cutting, the selection has been made for coal and soft rock,
but the ‘best’ selection is by no means clear for hard-rock
cutting.
Outside of the normal development process, there is also
the revolutionary process, driven by a ‘presumptive anomaly’.
In this case, someone identifies a need that will arise in the
future, and proposes a revolutionary change to meet that
need. The jet engine is a classic example: it was proposed at a
time when aircraft could not yet handle more speed or power,
and at a time when it was not yet clear how to create better
engines. A number of far-sighted individuals presumed that
in the future there would be a need for jet engines, and
started the process of development (Constant, 1973).
At present, there are a number of methods proposed to
cut rock that rely on new technology. The need has been
seen, and individuals have visions as to how that need may
be met. None of the proposed methods have as yet progressed
far past laboratory testing or become accepted by consensus
as a practical solution.

#"(!#)!'&)
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A material is brittle if, when subjected to strain, it breaks
without first undergoing significant deformation. Brittle rock
is easier to break than more ductile rock. There is no
universal measure of brittleness, but a useful indicator is the
ratio of compressive strength measured as UCS to tensile
strength measured using the Brazilian test (Gong and Zhao,
2007). Going by that measure, data points in Figure 1 that lie
below the line indicate lower brittleness, and those above the
line higher brittleness.
Brittleness is also an important property of cutting tools.

 ! ""
While the strength and brittleness of a rock dictate how much
force is required to break it, its abrasiveness determines how
quickly the cutting tool will wear. Abrasiveness is not as easy
to measure as rock strength, because it is not an intrinsic
physical parameter but depends on the tool, method of
excavation, applied loads, and other factors (Plinninger and
Restner, 2008).
One practical estimate of abrasiveness is the observed
tool lifetime (Table II). In situ measurement has the
advantage of taking into account large-scale geotechnical
factors such as rock mass rating, or RMR. It cannot be used
on samples, and so is not helpful before mining starts.
The most common measurement of abrasiveness is the
Cerchar Abrasiveness Index (CAI). It is derived from a simple
laboratory test machine, and is reasonably well correlated
with other abrasiveness indicators (Plinninger and Restner,
2008). It has also been empirically correlated with tool wear
rates for a number of tools in combination with the UCS. CAI
varies from not abrasive (below 0.5) to extremely abrasive
(above 4.5). Some values for typical rock types are plotted in
Figure 2.

Table I

E>=CD0@DBAFB7FCB=+F>@CEA<@6F4&#)*F2(!53
#@CEA<@6F:E>=CD0@DBA

The relationship between rock properties and cutting is
complicated. The major properties are briefly described here.
The uniaxial compressive strength, or UCS, is the most widely
quoted parameter, but cutting performance depends on many
other parameters in quite complex ways. Some of the best
known measures of rock-cutting performance are the range
of indices developed by the Norwegian University of Science
and Technology (NTNU), for example those in Zare and
Bruland (2013). The parameters discussed here are those
most often quoted in the literature.

Extremely low strength
Very low strength
Low strength
Medium strength
High strength
Very high strength
Extremely high strength

%#F4*?3
<1
1–5
5–25
25–50
50–100
100–250
> 250

!"
Rock varies widely in strength. The International Society of
Rock Mechanics classifies rock strength based on the UCS of
a sample (Table I). Strong rock requires higher forces to be
applied before it will break.
Most rocks are stronger in compression than in tension
by a factor of about ten (Figure 1). Rock-breaking techniques
like blasting that can break rock in tension will have lower
specific energy of excavation.
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Table II

.C?>D$EAE>>F:E@EC;DAE:F.'F@BB8F8D7EF48DAADA<ECF?A:F)E>@AEC/F155!3
.C?>D$D@'

CD88F.D@>F4CE7 FF;;3
CD88F.D@F8D7E@D;EF4:CD88E:F;.D@3

BDA@F?@@?=+F0D=+>
#0E=D7D=F0D=+F=BA>9;0@DBAF40D=+>;3

"*F=9@@ECF:D>=>F4CE7 F23
%9@@ECF:D>=F8D7E@D;EF4+;:D>=3

>2000
1500–2000
1000–1500
500–1000
200–500
<200

<0.01
0.01–0.05
0.05–0.15
0.15–0.30
0.3–0.5
>0.5

>2000
1500–2000
1000–1500
500–1000
200–500
<200

Very low
Low
Moderate
High
Very high
Extremely high

of breaking, as illustrated in Figure 4. He found that the ratio
is largely accounted for by the increasing size of the chips
produced by each method, supporting the findings illustrated
in Figure 3 (Hughes, 1972).

D>@BC'
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The specific energy of excavation (SEE) is not a rock
property, but a property of a rock-cutting process. The SEE is
the energy required to break a specific quantity of rock and is
an important characteristic, because it dictates how much
power will be required in a mining machine to mine at a
given rate. SEE is theoretically determined by the energy
needed to create free faces, because breaking a volume of
rock into large chunks takes less energy than breaking it into
fine material. In practice, there are orders of magnitude of
difference between the theoretical energy required to create
free faces and the actual energy used in practical rockbreaking techniques, but there is still a good correlation
between lower specific energy and larger particle size.
Figure 3 shows results established for eight different
breaking methods in one rock type: quartzite. The curve fitted
to the data shows the effect of fragment size – smaller
fragments require more energy. Explosives, wedge impact
hammers, and diamond drills are more efficient than the
average shown by the curve; thermal fusion and hydrodemolition are worse, while other methods lie close to the
average.
The actual specific energy is also related to the rock
condition: fractured rock requires less specific energy to
excavate than solid, intact rock. The RMR is used to quantify
the quality of the rock. It can be defined in various ways, and
is used as a controlling factor in the design of support
systems (Bieniawski, 1989). In a reversal of usual practice,
Bieniawski et al. (2012) have used measurements of SEE to
determine the RMR ahead of a tunnel using tunnel boring
machines.
Hughes, described a consistent ratio of compressive
strength (fc) to specific energy (ES) related to the mechanism
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Since the development of iron tools, rock cutting has been
used in mining. Agricola describes the status quo in the mid16th century when rock was broken either by hammer and
chisel (Figure 5) or by fire:
‘Miners dig out crumbling ore with the pick alone. […]
They break a hard vein loose from the footwall by blows
with a hammer upon the first kind of iron tool, […]
When the rock of the footwall resists iron tools, the rock
of the hangingwall certainly cannot be broken unless it
is allowable to shatter it by fire. (Hoover and Hoover,
1950)’
Agricola comments that ‘fire shatters the hardest rocks,
but the method of its application is not simple’ and goes on
to explain the methods in detail for different situations.

A review of rock cutting for underground mining: past, present, and future
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It was not until the introduction of gunpowder that
miners had access to a simpler method of breaking hard rock.
Almost as soon as it was introduced nearly simultaneously in
several mines across Europe in the first half of the 17th
century, gunpowder was placed in holes drilled in rock
(Barnatt et al., 1997; Vergani, 2002 translated in Vergani,
2009). The holes themselves were drilled using tools
illustrated in Figure 6, principally borers that were
hammered. Initially, soft rock was still mined by hand using
picks, and very hard rock was still broken using heat.
Dynamite was patented in 1867 (Nobel, 1868) and the
pneumatic drill was developed in the last half of the 19th
century (Drinker, 1882). The combination of the two made
drilling and blasting the technique of choice for underground
hard-rock mining.
In coal, the situation was a little different. Coal in some
coalfields is soft enough to break by hand using a pick, and
in thin seams such as those near Durham in England, the low
mining height meant that cutting by hand continued until the
introduction of pneumatic picks (Trist et al., 1963).
Explosives were used to break hard coal and rock when
required, but were generally not favoured as they were
expensive and could only be set off by qualified people.
Cutting using handheld picks was still used in coal mines
in the UK until well into the 20th century. It remains true that
where it is possible, a person using a pick is the most energyefficient way of breaking rock due to the human ability to
identify weaknesses in the rock and exploit them with
flexibility (Roxborough et al., 1981).
The general situation in coal mining led to early
mechanization using a combination of various machines,
initially belt conveyors followed by the predecessors of
today’s longwalls and continuous miners.
The other major driver for rock cutting has been in
tunnelling, where cutting has distinct advantages due to its
low levels of vibration, reduced ventilation requirements, and
potential for continuous operations. The first full-face tunnel
boring machine (TBM) was developed by Charles Wilson in
the USA and patented in 1856 (Madi et al., 2008). The face
was excavated using disc cutters. Initial trials on the Hoosac
tunnel were abandoned after 3 m due to problems with the
disc cutters.
As with pneumatic drills, this was a period of rapid
development around the world, with many inventions being
patented. Frederick Beaumont built two machines to a patent
from Colonel T. English that used replaceable chisels on an
arm that was forced into the face using a hydraulic cylinder.
The two machines were used to drive the Channel Tunnel
from 1881 to 1883 and worked very successfully until the
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project was abandoned for political reasons. One machine
advanced 1840 m on the French side, while the other
advanced 1850 m on the English side, with a maximum daily
advance rate of 25 m, exceptional for the time (Madi et al.,
2008).
The next major development leading to modern tunnel
boring machines was the machine designed by Robbins in
1953 for water tunnel boring near Pierre, South Dakota in the
USA. It was successful, and proved that TBMs could be
economically viable. In retrospect, the rock at Pierre was
almost perfect for the method, which helped the cause of
TBMs. Robbins’ major success was in 1956, on a Toronto
sewer project, when he showed that discs could cut on their
own, without the need for picks (Hapgood, 2004). With time,
TBMs developed to be able to tunnel even the hardest rock
(Hansen, 1998). TBMs that were developed to handle soft
ground are not considered here.
Another trend in rock cutting is the use of impact. The
miners described by Agricola were breaking rock using
impact forces. In fact, most rock broken by hand today is
broken using an impact action from a hammer or pick, or a
powered hammer – the pneumatic rotary-percussive drill.
However, impact tools have had only limited use in
production underground.

#"("''&%(&%(#'(!&"$
As early as the 1960s, South African gold mines were
interested in implementing some form of continuous mining
system, for many of the reasons already raised:
 Continuous mining can deliver higher rates of face
advance
 The same tonnage can be delivered from fewer faces
 Cutting generates less fine material, which is associated
with gold losses
 Cutting can enable sorting of waste and reef at the face
 Potential to mine narrower cuts with less dilution.
Two schools of thought emerged. The Chamber of Mines
Research Organization ultimately pursued an approach based
on directly breaking the bulk rock, particularly using impact
tools. Anglo American pursued a different route; slot-based
mining. Slots were cut above and/or below the block of rock
to be mined, to provide two free faces, then the rock between
the slots was broken using a variety of mechanical methods
(Dunn, 1989).
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In the early 1960s, the Chamber of Mines established a
mining research laboratory, later known as COMRO (Leon et
al., 1995), and soon began to devote research effort to
alternative means of mining gold on the Witwatersrand.
Neville Cook, director of the research laboratory from 1964
(UCB, 1998) was an early advocate for the subject, arguing
for rock cutting and related in-stope sorting of waste (Cook,
1970).
Cook (1970) asserted that it is partly the clamping forces
of the high rock stress at depth that makes rock-breaking
difficult. A machine was therefore trialled that cut two slots
using drag bits, ‘10 feet long, 10 inches apart to a depth of
about a foot, in increments from 0.1 to 0.5 inch.’ The slots
marked the top and bottom boundaries of the economic
horizon in the reef, and the rock between the slots was
broken by the deflection of the vertical stress, in a similar
manner to the discing experienced when diamond drilling at
depth.
The machine cut 150 m2 in six months, at about three
times the cost of conventional mining. This was viewed as an
important first step in hard rock cutting, particularly as it
enabled separate mining of a narrow reef band and waste,
allowing for waste to be sorted and moved into the back area
instead of incurring the costs of being transported to surface.
A detailed technical description and brief history of the
various versions of the machine is in Hojem et al. (1971).
Similar drag-bit type cutting trials were also later undertaken
in the USA (Morrell et al., 1986).
By 1975, the understanding of the problem and its
solutions were considered to be good enough for a major
programme of machine development to be undertaken. Three
cutting methods were trialled: rock breaking, rock cutting,
and reef boring (Fenn and Marlowe, 1990).
The economic basis for mechanization is discussed by
Joughin (1976), who also presented a detailed set of
requirements for a mining machine, including performance,
machine configuration, power supply, manoeuverability,
maintenance, and rock-breaking, rock-handling, and support
considerations.
Boring out the reef using raiseboring technology was
trialled (Joughin, 1976) using pilot holes reamed out to 500
mm diameter. A geological analysis (Jager et al., 1975) found
that there was little benefit to using small-diameter boreholes
to reduce dilution because the reef was not straight on the
scale of 20 m to 30 m. If the hole diameter was increased, the
method became uneconomical in many circumstances. In the
early 1980s De Beers developed a hollow stope cutting tool,
the Stope Corer, but it was uneconomic (Mulgrew, 2015).
By 1978, a better understanding of rock fracturing due to
mining at depth was starting to inform new rock-breaking
techniques (Joughin, 1978). Interest in slot cutting at COMRO
declined due to its theoretical production limits, linked to its
specific energy. Slot-cutting efficiency could be enhanced by
the simultaneous application of high-pressure water (Hood,
1976).
Slot cutting requires very high cutting forces.
Experimental work started on machines designed to lower the
force experienced by the machine by using impact
mechanisms. The first was the swing-hammer (Joughin,
          

1978). It was very successful at breaking rock, but suffered
from poor angle of attack, which in turn led to problems
when breaking hard patches, and also poor tool life. It was a
complex mechanism, with a limit to its blow-energy potential.
The impact ripper was capable of much higher blow
energy, and higher blow rates. The hammer could be directed
to easily work with mining-induced fracturing, lowering the
specific energy. The initial trials at the Elsburg Gold Mining
Company were successful (Nicoll, 1976) and development
work continued. However, even the first trial revealed that
the performance was highly dependent on the condition of
fracturing of the face, ‘on solid unfractured rock, there was
virtually no impression’ (Nicoll, 1976). This turned out to be
an insurmountable problem in the long run.
By 1987, the impact ripper hammer had been reduced in
size to half the length and mass of commercially available
hydraulic hammers of similar blow energy, and had been
developed to run on clear water rather than hydraulic fluid.
Rock could be removed at an average rate of 9.5 m3 per
impacting hour, by a hammer running at 5 Hz with a blow
energy of 2.5 kJ (Haase and Pickering, 1987).
The final version of the impact ripper (Figure 7) consisted
of a hydraulically operated hammer with a blow energy of 4.5
kJ at a frequency of 5 Hz. It was supplied with 20 MPa water
(van der Merwe et al., 2001). The primary disadvantage
remained the need for alternative techniques of rockbreaking for use in rock that is not fractured. This problem
had been predicted by Jager and Turner (1986).

   "! !""!
As early as 1969, wire saw cutting was offered as an
alternative to the cutting methods being developed at COMRO
(Barnes, 1969). Anglo American took up the idea somewhat
later. Their Technical and Development Services (T&DS)
started developing systems to mine without explosives in
1985 (Fenn and Marlowe, 1990). Fenn and Marlowe
identified the fractured condition of the face as a major
influence on rock breaking and rock handling methods.
Initially two methods were envisaged: cutting only, and a
combination of cutting and breaking. In low-stress
environments, rocks would be removed by cutting slots
above, below, behind, and in front of a block, which would
then be removed as a discrete unit (Fenn and Marlowe,
1990). In high-stress environments, the face would fracture
sufficiently to be broken by mechanical rock-breaking
devices once it had been separated from the hangingwall and
footwall by a slot (Fenn and Marlowe, 1990).
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Early in the research programme, waterjet cutting and
diamond circular saws were trialled, with diamond wire
abrasives being tested later. The first slotting tests were
conducted using high-pressure dry abrasive waterjet cutting
technology. Water was pressurized up to 240 MPa and
expelled through a sapphire nozzle with an entrained
abrasive (Fenn and Marlowe, 1990).
Later, the programme moved to using a slurry abrasive
waterjet, which was confirmed to be at least twice as efficient
as dry abrasive cutting in terms of nozzle power and depth of
cut achieved (Dunn, 1989). In both cases, the cost of
abrasive was a key issue, with experimental work being
undertaken to optimize the cost/benefit ratio for different
types and quantities of abrasive and different depths of cut
(Fenn and Marlowe, 1990).
Dunn (1989) investigated the use of a diamond circular
saw as a slotting tool, and concluded that it was practically
and economically viable, as it was both cheaper and faster
than abrasive waterjets. Smith extended the work on
diamond sawing to diamond wire rope cutting (Smith, 1992).
Diamond wire cutting is common in other forms of mining
and quarrying, particularly for dimension stone (Ashmole
and Motloung, 2008). Smith found it to be viable, although
costly, but there were difficulties with trapping of the
diamond wire as the stope closed elastically due to the weight
of the rock above.
The main issue with slot cutting appears to have been
how to break the rock after slotting. Dunn (1989) and ScottRussell (1993) both mention a need for more development,
particularly of the rock-breaking method applied after cutting.
Carter (1997) describes a case study at Saaiplaas that showed
that diamond wire cutting could be viable because of the
reduction in waste generated from the narrow cut compared
to conventional stoping. The trial mining did not achieve its
goal of 400 m2/month, owing to the difficulty in cleaning the
broken rock. The project was discontinued in February 1996.
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There are three primary tools for mechanically breaking rock:
drag bits, also called picks, indenters (Figure 8), and impact
tools. The terms drag bit and pick are used interchangeably
here. The majority of rock-cutting tools are indenters,
including all cutters that roll, such as disc cutters, rolling
cones, or button bits.
Both types ultimately break rock in tension: drag bits
apply a shear force that initiates a tension crack; indenters
crush rock directly below the tool and the crushed material
dilates and causes tension in the surrounding rocks. In both
cases, tension cracks formed in the rock link up between
successive passes or tools running in parallel to create chips
(Figure 9). There is considerable subtlety hidden in these
simple explanations, which is detailed in Hood and
Roxborough (1992) and elsewhere.
Impact breaking is a form of indenting: the tool is in
compression, although the compression occurs in pulses
rather than as continuous pressure.
Drag bits are more efficient at breaking rock than
indenters, but are subject to considerable shear forces that
generate tensile stresses in the cutter material. The face of the
cutter is usually a very hard material, often tungsten carbide
(WC) which is also brittle. As all brittle materials are weak in
tension, tool failure is more likely in a drag bit. In an
indenter, the cutting forces can be arranged to be only
compressive in the tool material, greatly improving the
lifetime of the tool. Today, drag bits are largely used for
cutting coal and soft rock, although there are efforts to
extend their range to medium strength rocks, as discussed
later.
The cutting efficiency of drag bits increases with cut
depth (Grant et al., 1981), and there is no significant change
in efficiency with bit speed, so for a given power it is more
a)

Platinum mines started to think about rock cutting somewhat
later than the gold mines, but most of the more recent
research work in South Africa has taken place on the
platinum mines. For a comprehensive introduction to
platinum mine mechanization, see van den Berg (2014).
Croll (2004) lists three rock-cutting initiatives that were
operational in Anglo Platinum up to 2004:
 Oscillating disc cutting, being developed in conjunction
with the Centre for Mining Research, Australia
 Activated drum cutting, in cooperation with DBT, a
German-based supplier of equipment mostly for coal
mining
 Narrow-reef miner, designed by RCTS, a company that
evolved from the Robbins Raiseboring Company.
At the time of writing, only the last was still continuing.
The others were considered insufficiently mature at a time of
very low platinum prices.
At about the same time, Lonmin and Sandvik agreed to
work together on rock cutting, and ultimately brought the
ARM 1100 machine to trial at Lonmin (Pickering et al.,
2006). The ARM machine is based on the principle of
undercutting, and is discussed in more detail later.
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efficient to cut slow and deep. While chisel picks cut more
efficiently than pointed picks at the same depth of cut,
pointed picks require lower forces, and so can cut deeper for
the same force than a chisel pick. Pointed picks are therefore
more efficient in general use.
In general, the fragment size of broken rock increases
with increasing specific energy efficiency. This implies that
any change in the system that increases cutting efficiency
will also produce a coarser product. By inference, the
generation of harmful dust decreases as efficiency increases.
When using an array of picks, there is an optimum
distance between picks (Figure 10). The optimum spacing is
when each pick generates a tensile crack that joins up with
the crack from an adjacent pick to create a chip. If the picks
are too close, they do not generate significant chips between
one-another. If they are too far apart, the cracks cannot
join up.
In the corner of the excavation, a pick will not be able to
interact with adjacent picks. The cutting forces increase by
two to three times, leading to an increase in specific energy of
three to four times compared with face picks. Cutting should
be arranged so that the first pick to cut can exploit a free
surface. Each following pick can then use the relief created by
the first pick, until the final pick cuts in the corner. The
cutting sequence should always end in the corner, and never
start there (Hood and Roxborough, 1992).
Abrasion has also been used directly as a cutting method,
particularly in the form of diamond wire cutting or sawing, as
discussed above.
While mechanical cutting is the most common form of
rock cutting in practice, a number of other techniques have
been proposed for cutting rock.
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Fire was one of the original methods for breaking rock, and
was the primary method of breaking hard rock prior to the
development of explosives. Thermal methods can be used in
two ways: to melt the rock or to cause thermal spalling.
Melting requires high specific energy, so is likely to be
viable only for particular applications such as drilling shotholes for explosives, and only under conditions where speed
or access issues mean that other drilling techniques are not
possible.
Thermal spalling occurs when thermal stress cracks the
rock. When heat is applied, the temperature gradients in the
rock cause stresses that extend existing micro-cracks (Ndeda
et al., 2015). Not all rocks spall. The temperature gradient
depends on the thermal properties of the rock, and the

stresses depend on the presence of particular minerals. The
presence of water is important, as is the presence of minerals
that undergo phase change at higher temperatures (Zhang et
al., 2010). There is experimental evidence to link spalling to
the presence of quartz (Howarth and Hood, 1995).
Thermal spalling can be initiated by several sources of
heat, including flames (Rauenzahn and Tester, 1989), lasers,
and electropulse and hydrothermal methods. The only
technique that has seen significant use is flame, used in
thermal lancing to cut high-quartz granite, and as a mining
method. For mining, flame is appropriate for narrow-vein
deposits, particularly when the mineralized layer spalls and
the host rock does not, where it is able to break mineralization selectively, greatly reducing dilution (ROCMEC,
2015). Thermal spalling also has advantages as a deepdrilling technique because the equipment does not suffer
from wear as a mechanical system would, and it can
potentially deliver very high drilling rates (EPRI, 2013).
Thermal spalling has been considered for deep South
African mines in the past, but was disregarded as it has poor
specific energy efficiency and adds substantially to the
already large heat load at depth (Haase and Pickering, 1987).
More recently, in 2014, South African-based Maxem licensed
patents for thermal fragmentation from Rocmec (Accesswire,
2014; Maxem, n.d.) and is reporting good performance in
Witwatersrand quartzite and other hard rocks, with modest
diesel consumption. Maxem has also confirmed the ability to
break a reef using thermal spalling without fracturing the
hangingwall.

$')!)'
Waterjets can break rock directly by erosion, but as indicated
in Figure 3, they are not efficient (Wilson et al., 1997). They
are therefore more applicable in combined techniques, and in
niche applications, for example in creating a shaped chamber
in the rock for explosives or other purposes, or for drilling
tight-radius curves.
It is also possible to break rock by injecting high-pressure
shock waves through the water into holes drilled in the rock.
A device was developed by the CSIR that could deliver pulses
of water at 300 MPa through a nozzle into a water-filled hole
(Frangakis, 1999). It was shown to break fractured and
unfractured quartzite with burdens up to 350 mm, but
required drill-holes. The equipment itself was also regarded
as cumbersome and there were issues with retaining the
water in the drill-holes (van der Merwe et al., 2001, p. 49).

)B=+F=9@@DA<F@B:?'
The underground soft-rock mining and tunnelling industries,
and in particular the coal mining industry, have converted
almost completely to mechanized rock cutting (Mitchell,
2009) for many of the reasons outlined in the section on
needs, above. Three machines dominate: the roadheader, the
continuous miner, and the longwall.
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A roadheader is a track-mounted machine with a cutting
head that can be moved independently in a horizontal arc
and a vertical arc. It typically has a system of gathering arms
to collect muck and transfer it to a haulage system via a
chain conveyor. The cutter head can be transversal as

A review of rock cutting for underground mining: past, present, and future
pictured in Figure 11, or longitudinal, where the cutter rotates
parallel to the boom axis, as in Figure 12 (Sandvik, 1999).
In older machines, longitudinal cutter heads dominated
because of their simpler gear design, but today transverse
cutter heads are more common as they have generally better
performance. The reaction forces in transverse heads act
directly towards the machine body, and are counteracted by
the machine weight. In a longitudinal head, the reaction
forces are perpendicular to the machine axis, tending to
swing the machine sideways (Gehring, 2002).
Both types of roadheader allow for considerable flexibility
in the profile of the excavation. Longitudinal cutter heads can
produce more accurate profiles if designed for the specific
application, whereas the profile accuracy of transverse cutter
heads is independent of the profile (Gehring, 2002). In
applications where the roadheader cannot cut the full profile
of the face in a single cut, it can be applied in a series of
operations to cut profiles of nearly unlimited size.
The state of the art for roadheaders is probably the
Sandvik ICUTROC system, currently being marketed (Gehring
and Reumiiller, 2003). The ICUTROC system includes a
number of improvements over standard roadheaders
(Gehring, 2002):
 Lower cutting speed: a new gearbox enables the
machine to operate at a cutting speed of 1.4 m/s, rather
than the previous 3 m/s. For the same power, the
cutting force can therefore be doubled. In low to
moderate strength rock, the lower speed greatly
improves cutting efficiency. For harder and more
abrasive rock, additional measures had to be added
 A new grade of tungsten carbide, the S-grade, was
developed and patented in 1996, which offers twice the
life over the previous generation of picks

 Wear in picks is closely related to temperature and rock
abrasiveness. Temperature is controlled by highpressure water jets at each pick that have the
secondary benefit of flushing cuttings, further reducing
wear. This improved cooling system halved pick wear,
while also reducing the amount of flushing water by
25% (see also Hood et al., 1990; Ip et al., 1986). Water
jets also suppress dust
 The new picks and cooling system were integrated
using computer simulation to design cutter heads with
a smooth torque balance while cutting. The aim is to
ensure that pick loading remains in a non-critical range
even for rocks with a UCS greater than 130 MPa
 Elasticity in a machine results in poor efficiency. The
boom of the ICUTROC machine has been stabilized
using a hydraulic control system, with larger boom
cylinders and prestressed vertical boom cylinders
 The entire machine has been tuned to improve system
stiffness, using finite element methods. The most
stressed parts of the machine are reinforced.
Greimel and Owens (2010) quote good performance in
hard rock from case studies. At Peñoles silver mine in
Mexico, a Sandvik MH620 roadheader cut rock with an
average hardness of 103 MPa, but including quartz veins up
to 300 MPa, at 24 solid m3/h with pick consumption of 0.3
picks per solid m3. Pichler et al. (2010) quote impressive
figures achieved during enlarging of the Mont Cenis tunnel
under the Alps. The rock was calcareous schist, partly
quartzitic with quartz layers 1–10 cm thick. A Sandvik
MT620 averaged 83 m/d on the second rail with a best rate of
240 m/d. Pick consumption was about 0.1 picks per solid m3
of cut material, and a total of 27 815 m3 of rock was
excavated.
While the results quoted above are good for hard rock,
ICUTROC and roadheaders are still not universally applicable
in all rock types. In most of the published case studies,
abrasiveness is low to medium. In one South African trial,
Pickering and Ebner (2002) quote results from cutting UG2
Reef, largely consisting of chromitite. The strength was
modest, at just 26 MPa, but the Cerchar Abrasiveness Index
was very high at 5.4. The picks were damaged severely after
only four passes over the UG2. The experience convinced the
authors that pick cutting was not suitable for that application.

)("#%'&%#(&%)!
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1. Transversal cutter head

2. Longitudinal cutter head
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A continuous miner (CM) is a tracked machine with a single
drum cutter than can be moved in a vertical arc, in a similar
manner to a transverse cutter roadheader, but without the
capacity to swing the drum horizontally. The drum covers the
full width of machine and operates above gathering arms that
load the coal through the machine onto a conveyance (Figure
13). CMs are in common use in coal and potash mines as well
as other types of soft-rock mines.
The typical cycle is to move the CM into the face with the
drum rotating and raised to touch the roof. This operating is
called sumping. The cutter then moves downward, cutting
coal in an action called shearing. Finally, the machine is
reversed to clean the floor. Due to the geometry of the drum,
a CM can only cut a rectangular profile. If the desired profile
is wider than the machine, the machine must be repositioned
for a second cut.
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From a cutting point of view, CMs are very similar to
roadheaders. They use drag bit cutters, designed to match the
characteristics of the material that they are working in. The
art of designing the pattern of picks is also the key to
obtaining efficiency (Hekimoglu and Ozdemir, 2004).

)( #%$
A longwall is a configuration of machinery for continuously
producing coal at a very high rate. The system consists of an
armoured face conveyor, or AFC, running the full length of
the face between two access roads, or gates. The face is
anywhere from 100 m to more than 300 m in length. The
shearer runs on the AFC, typically with two cutting heads.
After cutting, coal falls onto the AFC and is conveyed to one
of the gates using a scraper chain conveyor. Behind the AFC
in the mined-out area is a line of powered roof supports
called chocks. As mining progresses, the chocks push the
AFC forward, then pull themselves forward. Behind the
chocks, the roof collapses or goafs under its own weight.
From the point of view of cutting, the shearer drum is
similar to a CM cutter or a cutter head on a roadheader. It is
typically larger, slower rotating, and powered by a very
powerful motor to ensure that it is able to cut quickly and is
not stopped by hard coal or thin bands of rock in the coal.
The state-of-the-art shearer today will weigh up to 100 t,
have a cutting power of up to 1 MW per shearer (Mitchell,
2009), and will produce coal at a rate of about 500 000 t/
month or more.

Kerf, rowed, and random cutters require fewer bearings
than disc cutters, where each cutter requires its own bearing.
The insert spacing and angles on rowed and random cutters
are set to reduce tracking – where a particular insert lands in
the crater formed by a previous insert. Random cutters are
particularly efficient, producing a new pattern with every
pass of the cutter (Brooke, 2008).
In Figure 16, ten cutters are arranged on a head to cover
the whole face of a raise. In order to reduce wear in hard
rock, the cutters are arranged so that the whole cone rolls
over the surface of the rock. If the cutting elements skid, the
wear rate increases dramatically. However, in softer rock, an
element of skid can reduce the forces required to break the
rock (Hood and Roxborough, 1992, p. 702). The detailed
design of the head depends on the application.
Rolling cutters are applied in a number of full-face configurations. A TBM uses a mechanical gripper system to hold
itself against the walls of the tunnel and so provide the thrust
forces for the cutter. In mining, smaller holes are excavated
using a variety of configurations, of which raiseboring is the
most established (Sandvik, 1999).
In raiseboring, a pilot hole is first drilled, which is then
reamed by pulling a full-face cutter up along the line of the
pilot hole. Thrust forces are provided through tension on the
drill string. In blind boring, the machine drives the cutting
head forward by pushing on the drill string. There are a
number of combinations of pushing or pulling, with or
without a pilot hole, some of which are illustrated in
Figure 17. While the machines change, for hard rock the

-D<9CEF2, F0?DCFB7F*?<A9;F+EC7F=9@@EC>F47CB;FCBB+E/F155!3
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When the rock becomes too hard for picks, the alternative is
to use indenters. Indenters are often used in full-face cutting,
including TBMs, raiseborers, and other similar tools.
The original TBM tool was the disc cutter, as used in the
Robbins machine of 1956 where discs replaced picks for the
first time (Hapgood, 2004). Today, the demands of larger
cutters and harder materials are leading to less use of discs,
and increased use of kerf cutters that consist of a series of
‘discs’ mounted in a single cutter. The kerfs are usually
impregnated with WC inserts to improve performance in hard
rock (Figure 14).
There are variations on the kerf theme that provide
different performance, in cuttings removal, wear, drilling rate,
and torque in various rock types. Carbide rowed cutters and
random insert cutters have the WC inserts placed directly on
the surface of the drum and not on raised kerfs (Figure 15).
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basic cutting mechanism remains indentation with WC inserts
of some type. Hard-rock TBMs use the same range of cutters
and design techniques.
Full-face hard-rock TBMs have been used on mines for
tunnel development, with mixed results (Cigla et al., 2001).
The large size, high weight, and long setup time work against
the TBM as a flexible mining tool. There are also issues with
the round tunnel shape, because mines usually require a flatbottomed tunnel, and the lack of flexibility for installing
support. Where the requirement is for fast, long and mostly
straight development, a TBM is ideal, and has been highly
successful in very hard rock at Stillwater mine in Montana,
USA (Brox, 2013). For a thorough reference on TBM use in
mining, see Zheng et al. (2014).
TBMs have been used in a number of trials in South
Africa. Anglo American Corporation ran trials with a Wirth
machine at Free State Geduld mine, where the machine drilled
1150 m over 28 months (Taylor et al., 1978); at Vaal Reefs,
where it covered just 494 m of a planned 2.4 km tunnel; and
at President Steyn, where it covered 656 m in about a year
(Marlowe et al., 1983). The systems experienced problems
with cutter heads, muck-handling, and adapting to bad
ground conditions where large rocks were encountered.
Similar issues plagued a trial at Libanon Gold Mine
(Pickering et al., 1999). TBMs did prove capable of cutting
Witwatersrand quartzite, and the trials showed that boring
with a TBM in stressed rock results in much better rock
conditions than in blasted tunnels because the fracturing
associated with blasting is avoided.
A TBM was also used at Anglo American Platinum’s
BRPM North Shaft. It drilled only 340 m over six months at
an average of 0.47 m/h, with just 22% utilization, but the
trial did prove the concept of using a TBM for platinum
development. The majority of problems encountered were
typical of a new machine in a new environment, and were not
fundamental; issues such as maintenance, difficulty clearing
muck, and steering the machine. The cutter life was much

better than expected at 12.2 m3 of rock per ring (Stander et
al., 2001). Stander concludes that the project was ‘a success,
notwithstanding the deficiencies of a TBM manufactured in
1972’ and ‘there is no reason why significant development
cannot be carried out in the future with TBMs on narrow reef
platinum mines.’

 !&(')"%# #&)
There have been a number of attempts to combine the indent
cutting of a TBM with the mobility and flexibility of a
roadheader or other small machine.
The concept of the Robbins Mobile Miner is a relatively
thin rotating wheel with disc cutters on its periphery, capable
of cutting hard rock. Since only a few cutters engage the face
at a time, the machine can be relatively light, mobile, and less
capital-intensive than a TBM (Sugden and Boyd, 1988).
The first Robbins Mobile Miner was ordered by Mt. Isa
Mines in 1983 (Figure 18). The design incorporates disc
cutters mounted on the rim of a cutting wheel, with the
intention that loads on the cutters would be similar to those
in a TBM. The machine completed 1.75 km in hard rock
consisting of strong and highly abrasive quartzites and
greenstones with UCS values from 210 MPa to 420 MPa. The
machine showed potential, but also exposed the limits of its
first-generation design in terms of cutter costs, rigidity, and
reliability (Dahmen and Willoughby, 1995).
An improved model, the MM130, was developed but was
discontinued in 1998 (Atlas Copco, 1998) after Atlas Copco
acquired Robbins in 1993. Robbins (2001) describes it as an
example of a machine ‘that did not make it’, despite proving
the technology. Atlas Copco has since announced
developments based on technology learning from the Robins
Mobile Miner (Atlas Copco, 2010; Janicijevic and Valicek,
2015). The company has also announced the Rapid Mine
Development System (RMDS), which uses a similar disc
cutter system to the Mobile Miner, but runs the cutter head
horizontally rather than vertically. It resembles a TBM, but
cuts a rectangular-shaped tunnel and provides the flat floor
required by mechanized machines. It has not yet undergone
trials.
A similar semi-full-face machine, the Mini Mole, which
uses undercutting disc cutters, was developed by Placer Dome
(Hames et al., 2005). It was designed for near-vertical
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narrow-vein hard-rock deposits (Figure 20). According to
Janicijevic and Valicek (2015), it was initially successful, but
later lost managerial support and was ultimately abandoned.
A descendant of the Mini Mole, the RM850 Reef Mole,
was tested at the Townlands shaft of Anglo Platinum
(Janicijevic and Valicek, 2015). The trial was stopped due to
geological undulations and a successor machine, the RM950,
was developed. Design and assembly problems stalled the
project, after which the supplier and Anglo Platinum
suspended the project on funding grounds (Janicijevic and
Valicek, 2015).

))(#!)!
There is no routine production today from rock cutting in
South African underground hard-rock mines. Some of the
current development is occurring around the use of boring
techniques to mine the narrow stopes.
AngloGold Ashanti (AGA) has been running a
Technology Innovation Consortium for a number of years
with the aim to mine ‘all the gold, only the gold, all the time’.
The company has investigated various technologies but the
experimental focus has been on reef coring (Figure 21).
Perhaps the best account of the progress is in AGA’s 2015
annual report (AGA, 2015). In 2015 AGA started testing the
fourth generation of their reef-boring machine, and is moving
towards its routine use in the future.
In reef boring a hole is bored through the reef from gully
to gully, typically using raiseboring technology. After one
hole has been drilled, the rig is moved to the next hole but
one. All holes are then backfilled, and the rock remaining
between the holes is drilled and backfilled. The relatively
small holes and the rapid backfilling after drilling are
intended to impose as little stress as possible on the rock,
and so minimize fracturing and seismic events.
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AGA has introduced a range of machines of different
sizes and for different applications (AGA, 2015). Rock chips
created by the drilling process are flushed directly into a
collector bin, and transported by pipe to a carrying car. The
closed nature of the collection system should reduce gold
losses.
Anglo American Platinum is developing a similar tool,
known as a slot borer. It is also based on raiseboring
technology and uses TBM-style steel discs. The system is
expected to go underground shortly for proof-of-concept
trials (Janicijevic and Valicek, 2015). The rock collection
system is pneumatic rather than hydraulic, to minimize
water-related problems with the platinum ore.

"6EF79@9CE
In this section, a selection of promising techniques that can
advance rock cutting is discussed. The list is not comprehensive, and is selected largely on the basis of relative
maturity, significant investment, and current interest.
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Two adaptations of conventional cutting technology stand out
as having great promise for the future. The first is
undercutting.
In conventional disc cutting, the disc acts to apply a
compressive stress to the rock. If the angle of attack of the
disc is changed to be similar to that of a drag bit, the action
becomes undercutting (Figure 22).
Undercutting directly creates tensile stresses, so it
operates with lower forces and lower specific energy. In one
example, a test at CRC Mining in Brisbane (detailed in the
first two columns of Table III which compare the normal and
rolling forces in conventional and undercutting for the same
disc in a 36 MPa sandstone), showed the forces to be reduced
by about 2.5× when undercutting (Ramezanzadeh and Hood,
2010).
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Table III
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Normal (thrust) force, kN
Cutting (rolling) force, kN
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Because the disc rotates, it is able to distribute the heat
load better than a drag bit, but undercutting does suffer from
the bending load experienced by drag bits, which might limit
the strength of rock that can be cut.
AnkerSolutions and Sandvik have developed machines
that exploit undercutting. The AnkerSolutions Wirth MTM 4
uses a number of arms with undercutting discs on them
(AkerSolutions, 2013). Compared to a TBM, it has a much
smaller turning circle of down to 12 m, and can cut a large
variety of tunnel profiles. The minimum tunnel size of the
MTM 4 is 5.1 m (Figure 23). AnkerSolutions has also
developed a machine called a Tunnel Boring Extender (TBE)
to widen tunnels. It uses undercutting and is claimed to be
energy-efficient, but it does require a pilot tunnel
(Ramezanzadeh and Hood, 2010).
The Voest-Alpine Sandvik Reef Miner, the ARM 1100,
was developed for the South African platinum mines
(Figure 24). It has been tested on the Merensky and UG2
reefs. The Merensky is stronger, at 150 MPa to 200 MPa UCS,
while the UG2 varies from 40 MPa to 120 MPa but is very
abrasive, containing minerals with Mohs hardess values of 5
to 6. The Merensky was easier to cut due to its brittle nature.
On an extensive set of trials between 2002 and 2005, the
machine cut more than 7 200 m3 in South Africa, in addition
to other trials in a Polish copper mine (Pickering et al.,
2006). According to Ramezanzadeh and Hood (2010), the
cutter cost was excessive. Trials did not continue after 2006,
but Sandvik has further developed the technology in light of
the lessons learned and implemented it in the MN220 Reef
Miner. This machine passed its proof-of-concept targets, and
is currently being optimized (Janicijevic and Valicek, 2015).

"& $'&#% $"'&$'&#%
The other technology that is currently in development to
extend the range of disc-type cutters is activation.
The principle is to add an eccentricity to the disc cutter as
it undercuts. The technology, from CRC Mining, is known as
oscillating disc cutting (ODC) and is being commercialized by
Joy Global under the tradename Dynacut, (Hood and
Alehossein, 2000). The effect of adding a small oscillation
with a frequency of 35 Hz to an undercutting disc is shown in
the last column of Table III. Both the normal and cutting
forces are reduced considerably compared with those of the
undercutting cutter without oscillation.
A first-generation ODC was trialled at Bathopele platinum
mine. Although it missed its key performance indicator
targets, it provided invaluable experience and knowledge
(Janicijevic and Valicek, 2015). The technology is maturing.
A second-generation machine, the HRCM10, has started
underground trials in a South African platinum mine
(Figure 25).
Bechem (Lenzen and Bechem, 1989) patented an
alternative activation technology called Activated Disc Cutting
or the Activated Disc System, that was tested at Townlands
from 2007. It used drag picks, but was unsuccessful due to
recurring reliability issues (Janicijevic and Valicek, 2015).
The technology later became known as ‘activated
undercutting’. It was licensed to Bucyrus, now part of
Caterpillar, who have called it the Cat Rock Straight System.
A single photograph (Figure 26) of the system appeared on
the Narrowvein website, with links to Caterpillar official
pages that were deleted shortly afterwards. The Narrowvein
site itself is now also gone, but its Twitter record remains
(NarrowVeinInfo, 2015).

!#)("'')!
Drag bits are more efficient than indenters, but they are also
subject to higher tensile and shear forces, as discussed
above. To broaden the applicability of drag bits, new
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materials are required. Polycrystalline diamond composite
(PDC) is widely used in the gas and oil industry, but it is
limited to temperatures below 750°C (Ramezanzadeh and
Hood, 2010). At higher temperatures, the cobalt binder in the
diamond composite acts as a catalyst to convert the diamond
to graphite. In cutting in abrasive rocks, temperatures of
1300°C have been observed at the cutting interface, to the
point that a thin film of molten rock has been observed in the
groove.
Thermally stable diamond composites (TSDCs) either use
a silicon carbide matrix or leach the cobalt out of the matrix
to avoid the temperature limitation. Varieties of TSDC have
shown stability at 1200°C and above. A nanostructured
diamond–silicon carbide composite has been patented that
has excellent fracture toughness while maintaining diamondlike wear resistance, and further research into nanomaterials
is continuing (Boland and Li, 2010).
Apart from resistance to temperature, the other challenge
for producing TSDC picks is bonding the cutting element to
the pick body. CSIRO has developed a patented bonding
method as part of its SMART*CUT technology (Alehossein
and Boland, 2004). The inserts have exceptional wear
resistance. In Figure 27, one measure of wear resistance is
illustrated: the size of the wear flat on a WC insert, compared
to that on a TSDC insert, after the tools were applied to a
corundum grinding wheel. Figure 28 shows the size of the
wear flat compared to the cutting distance.
SMART*CUT picks have cut rock as hard as 260 MPa in
the laboratory. Today, they will usefully extend the usage
range of drag bit cutters such as roadheaders into more
abrasive materials. With further development using nanomaterials, roadheaders may be able to cut economically in any
rock type.

#&%)()'#
For the hardest and most abrasive rocks, mechanical cutting
will struggle if it continues to depend on the materials
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currently available. There have been a number of suggestions
for improving cutting efficiency by pre- or co-treating the
rock in some way. Possibly the easiest to implement are the
laser and high-pressure water methods.

"!
Rad and McGarry (1970) tested a 750 W carbon dioxidenitrogen-helium laser, in conjunction with a drag bit, to cut
Barre Granite with a UCS of 220 MPa. They found that the
laser decreases the specific energy and increases the amount
of muck per cut. Ndeda et al. (2015) present a good review of
laser methods as a starting point for interested researchers.

 !"!" "!
Waterjets are already in use on CMs to flush out crushed rock
and reduce energy use. There is almost certainly more scope
for investigating the use of high-pressure water to improve
rock cutting, in a similar manner to that reported by Pederick
and Lever (2004) for blast-hole drilling.

"!!
Rather than combining another tool with mechanical rockbreaking, Thirumalai and McNary (1973) suggest combining
heat and water by applying high-pressure water after heating
the rock. If the rock is heated, the specific energy required by
the hydraulic method reduces by about an order of
magnitude. The water pressure and laser power used are
considerable, but this method might still be worth revisiting.

'#$'&#%
Apart from improvements to the cutting method, there are
many efforts to improve cutting performance using
automation. As long ago as 1992, Shaffer and Stentz
published a paper on CM automation in which they
successfully extended a coal mine bord by ’several feet’ by
automatically executing a series of cuts (Shaffer and Stentz,
1992).
The Robbins Mini Miner is also reported to have been
regularly left operating by itself (Robbins, 2001), although its
control system was not automated. Running without
supervision, the Mini Miner was able to improve its advance
rate.
All the major suppliers of mining equipment now include
some level of automation, improving machine accuracy and
operator efficiency and allowing for continued operation
when people are withdrawn from the mine during the blast
period.
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In this paper, some of the history and background of rock
cutting have been discussed, and some current and future
techniques examined. Returning to the issue of engineering
knowledge raised in the introduction, the processes of
variation and selection can be seen at work.
In coal and soft rock, several different variations on
cutting systems and machine designs have been attempted,
but the final selection is clear: longwall mining systems
where they can be deployed, and continuous miners where
more flexibility is required or where a longwall cannot fit the
geometry.

A review of rock cutting for underground mining: past, present, and future
There is no parallel consensus yet for hard-rock cutting.
Developing new technology for rock breaking is very
challenging.
 Apart from the technology itself, all technical
innovations come about through processes that are
entirely social: ‘persuasion, negotiation, personal and
professional interests, network building and ally
recruitment, and corporate and institutional power’
[my emphasis] (Constant, 1994)
 According to Robbins (2001), the development of the
Robbins Mini Miner cost about $50 million. ‘It has
served to illustrate that the cost and time required to
develop this type of machinery is often much greater
than could have been expected by the developers’
 Wilson et al. (1997) extend the issue of economics.
They describe how in the original conference on highpressure waterjets in 1972, nearly half the papers were
on mining applications. At the conference in 1994, only
11% were on mining applications. They blamed the
drop in interest on the small relative size of the mining
market, and the need to solve the technical problems
outside of the mining field
 In technological change, there is always pressure to
remain with the status quo (Constant, 2002)
 In South African gold and platinum mines the rock is
hard and abrasive. Mining-induced fracturing can help,
but it cannot be assumed to be present. Any successful
method will need to be able to break even the hardest
and most abrasive rock types, as well as handle the
large rocks produced by mining-induced fracturing.
There is a repeated refrain in the case studies presented
here about maturity and learning. Successful hard-rock
breaking is something new and requires learning. As we see
the new generations of particular cutting machines in trials,
we recognize that technology does not mature without
learning.
The key issues for mining machines in the real world go
beyond the pure ability to cut rock, and include the need to
follow the unpredictable orebody. Perhaps the major noncutting challenge is how to move rock effectively away from
the cutter. Several of the machines reviewed here were
successful at cutting, but failed as systems because the rock
transport solution was insufficiently developed
While disc cutters can break the hardest and most
abrasive rock, only a conceptual breakthrough is going to
provide the cutting tool that will fit into an ideal system for
narrow-reef hard-rock mining: efficient, small, light, and
flexible compared to current systems.
Producing the breakthrough is going to take courage to
challenge the status quo; it is going to take more money that
anyone expects, and is going to take time. In most markets,
the developers of a new product can take a risk based on the
size of the prize. In mining, the prize goes to the miner, not
the product manufacturer. There is a need for the miner and
developer to enter into a fair partnership around risk and
reward. The current low commodity prices may act as the
spur to make the breakthrough, ironically by making the
funds available to compensate for the small size of the
market.
Which technology will win out is open – as Nils Bohr
said, ‘Prediction is very difficult, especially if it is about the
future’.



1024







VOLUME 116

=+AB8E:<E;EA@>
Five companies fund the Centre for Mechanised Mining
Systems in 2016: African Rainbow Minerals, Anglo American
Platinum, Hatch, Joy Global, and Worley Parsons. Their
support is essential for the successful operation of the Centre,
and is gratefully acknowledged. I also thank an anonymous
reviewer for comments that have greatly strengthened this
paper.

)E7ECEA=E>
ACCESSWIRE. 2014. Rocmec signs an exclusive Thermal Fragmentation distribution agreement with MaXem Equipment (Pty) Ltd. of South Africa.
https://www.accesswire.com/viewarticle.aspx?id=412291 (accessed 28
September 2016).
AGA. 2015. Anglogold Ashanti Integrated Report 2015. Anglogold Ashanti.
AKERSOLUTIONS. 2013. Wirth Mobile Tunnel Miner.
ALEHOSSEIN, H. and BOLAND, J. 2004. Diamond composite cutters in drill bits and
cutting tools for hard rock cutting. Proceedings of EXPLO 2004, Perth,
Western Australia. Australasian Institute of Mining and Metallurgy,
Melbourne. pp. 47–55.
ASHMOLE, I. and MOTLOUNG, M. 2008. Dimension stone: the latest trends in
exploration and production technology. Proceedings of Surface Mining
2008. Southern African Institute of Mining and Metallurgy, Johannesburg.
pp. 35–70.
ATLAS COPCO. 2010. Atlas Copco and Rio Tinto to explore advanced tunneling
equipment for deep underground mines.
http://www.atlascopco.co.za/zaus/news/corporatenews/100224_rio_tinto_
selects_atlas_copco_mmm.aspx (accessed 21 July 2015).
ATLAS COPCO. 1998. Restructuring of the mechanical boring business.
http://www.atlascopco.co.za/zaus/news/corporatenews/restructuring_of_t
he_mechanical_boring_machine_business.aspx (accessed 21 July 2015).
BARNATT, J., RIEUWERTS, J., and HADDON THOMAS, G. 1997. Early use of
gunpowder in the Peak District: Stone Quarry Mine and Dutchman Level,
Ecton, Derbyshire. Mining History Bulletin of the Peak District Mines
Historical Society, vol. 13. pp. 24–43.
BARNES, R.E. 1969. Discussion on: Rock-cutting and its potentialities as a new
method of mining. Journal of the South African Institute of Mining and
Metallurgy, vol. 69. pp. 50–51.
BIENIAWSKI, R.Z.T. 1989. Engineering Rock Mass Classifications: a Complete
Manual for Engineers and Geologists in Mining, Civil, and Petroleum
Engineering. Wiley.
BIENIAWSKI, R.Z.T., CELADO, B., TARDAGUILA, I., and RODRIGUES, A. 2012. Specific
energy of excavation in detecting tunnelling conditions ahead of TBMs.
Tunnels & Tunnelling International, February 2012. pp. 65–68.
BOLAND, J. and LI, X.S. 2010. Microstructural characterisation and wear
behaviour of diamond composite materials. Materials 2010.
pp. 1390–1419. doi:10.3390/ma3021390
BROOKE, S. 2008. Cutter and reamer design. Raiseboring in Mining and
Construction. Atlas Copco Rockdrills AB, Örebro, Sweden. pp. 56–63.
Brox, D. 2013. Technical considerations for TBM tunneling for mining projects.
Transactions of the Society for Mining, Metallurgy and Exploration,
vol. 334. pp. 498–505.
CARTER, R.P. 1997. The application of diamond wire mining at Saaiplaas No. 5
Shaft. Association of Mine Managers, Papers and discussions:
1994–1996. pp. 236–291.
CIGLA, M., YAGIZ, S., and OZDEMIR, L. 2001. Application of tunnel boring
machines in underground mine development. Proceedings of the 17th
International Mining Congress and Exhibition of Turkey. Chamber of
Mining Engineers of Turkey.
CONSTANT, E.W. 2002. Why evolution is a theory about stability: constraint,
causation, and ecology in technological change. Resource Policy, vol. 31.
pp. 1241–1256.
CONSTANT, E.W. 1994. Comment on ‘The Retractable Airplane Landing Gear and
the Northrop ‘Anomaly.’’ Technology and Culture, vol. 35. pp. 447–449.
doi:10.2307/3106335
          

A review of rock cutting for underground mining: past, present, and future
COOK, N.G.W. 1970. Continuous hard-rock breakage and its potential effect on
deep-level mining. Transactions of the Society of Mining Engineers,
vol. 247. pp. 1–4.
COOK, N.G.W. 1969. Continuous hard rock breakage and its potential effect on
deep-level mining. Annual Meeting of the American Institute of Mining,
Metallurgical and Petroleum Engineers, Washington, DC. Preprint 69–AU–
39.
CRC MINING. Not dated. Oscillating disc cutter (ODC).
CROLL, A.M. 2004. Mechanization - an Anglo Platinum perspective. Proceedings
of the International Platinum Conference: ‘Platinum Adding Value’, Sun
City, South Africa. Southern African Institute of Mining and Metallurgy,
Johannesburg. pp. 125–142.
DAHMEN, N. and WILLOUGHBY, R. 1995. Recent mobile miner developments. SME
Annual Meeting, Denver, Colorado. Preprint 95–115.
DRINKER, H.S. 1882. Tunneling, Explosive Compounds, and Rock Drills. Wiley,
New York.
DUNN, P.G. 1989. The non-explosive mechanisation of the South African gold
mine stoping operation. Masters disssertation, University of the
Witwatersrand, Johannesburg.
EPRI. 2013. Technology Insights Brief: Potter drilling hydrothermal spallation.
Electric Power Research Institute, Palo Alto, California.
FENN, O. and MARLOWE, A.C. 1990. Non-explosive mechanized stoping: the
challenge. Proceedings of the International Deep Mining Conference:
Technical Challenges in Deep Level Mining. South African Institute of
Mining and Metallurgy, Johannesburg. pp. 743–754.
FRANGAKIS, T.J. 1999. The development and testing of a water-pulse rock
breaking system. Proceedings of Telemin 1 and the 5th International
Symposium on Mine Mechanization and Automation, Sudbury, Ontario.
Miller.
GEHRING, K.H. 2002. Roadheader. Politecnico di Torino, Torino.
GEHRING, K.H. and REUMIILLER, B. 2003. Hard rock cutting with roadheaders the
Icutroc approach. 2003 Tunnelling Association of Canada Annual
Publication.
GONG, Q.M. and ZHAO, J. 2007. Influence of rock brittleness on TBM penetration
rate in Singapore granite. Tunnelling and Underground Space Technology,
vol. 22. pp. 317–324.
GRANT, I.L., PIETERSE, J.Z.C., and PHILLIPS, H.R. 1981. Coal cutting using chisel
picks. Research Report no. 11/82. Chamber of Mines of South Africa
Research Organisation.
GREIMEL, C. and OWENS, K. 2010. Applications and use of roadheaders in rock
environment beyond 100 MPa hardness. Proceedings of the MEMO CIM
Conference, Sudbury, Ontario. CIM, Montreal.
HAASE, H.H. and PICKERING, R.G.B. 1987. The status of non-explosive
mechanized mining in narrow reefs. Research Report no. 5/87. Chamber
of Mines of South Africa Research Organisation, Johannesburg.
HAMES, M.P.A., DIMOCK, T.B., ANWYLL, E.W.D., YOUNG, D.D., DELABBIO, F.C.,
JACKSON, E., and JACKSON, S.M. 2005. Mining method for steeply dipping
orebodies. US patent US6857706 B2.
HANSEN, A.M. 1998. The history of TBM tunnelling in Norway. Norwegian TBM
Tunnelling. Norwegian Soil and Rock Engineering Association.
HAPGOOD, F. 2004. The underground cutting edge: the innovators who made
digging tunnels high-tech. American Heritage of Invention and
Technology, vol. 20. pp. 42–48.
HEKIMOGLU, O.Z. and OZDEMIR, L. 2004. Effect of angle of wrap on cutting
performance of drum shearers and continuous miners. Mining
Technology, vol. 113. pp. 118–122.
HOJEM, J.P.M., JOUGHIN, N.C., and DIMITRIOU, C. 1971. The design and
development of a rockcutting machine for gold mining. Journal of the
South African Institute of Mining and Metallurgy, vol. 71. pp. 135–147.
HOOD, M. 1976. Cutting strong rock with a drag bit assisted by high-pressure
water jets. Journal of the South African Institute of Mining and
Metallurgy, vol. 76. pp. 79–90.

HOOD, M., KNIGHT, G.C., and THIMONS, E.D. 1990. A review of water-jet-assisted
rock cutting. Information Circular 9273. US Bureau of Mines.
HOOD, M. and ROXBOROUGH, F.F. 1992. Rock breakage: mechanical. SME Mining
Engineering Handbook. Society for Mining, Metallurgy and Exploration,
Littleton, Colorado. pp. 680–721.
HOOVER, H.C. and HOOVER, L.H. 1950. Georgius Agricola - De Re Metallica.
Translated from the First Latin Edition of 1556. Courier Corporation.
HOWARTH, D.F. and HOOD, M. 1995. Potential impact of alternative rock
excavation technologies on mine performance. Proceedings of EXPLO ’95,
Brisbane, Australia. Australasian Institute of Mining and Metallurgy,
Melbourne.
HUGHES, H.M. 1972. Some aspects of rock machining. International Journal of
Rock Mechanics and Mining Sciences, vol. 9. pp. 205–211.
INTERNATIONAL SOCIETY FOR ROCK MECHANICS (ISRM). 1980. Basic geotechnical
description of rock masses. International Journal of Rock Mechanics and
Mining Sciences and Geomechanics Abstracts, vol. 18, no. 1. pp. 85–110.
IP, C.K., JOHNSON, S.T., and FOWELL, R.J. 1986. Water jet rock cutting and its
application to tunnelling machine performance. Proceedings of the 27th
US Symposium on Rock Mechanics (USRMS), Tuscaloosa, Alabama.
American Rock Mechanics Association. pp. 883–890.
JAGER, A.J. and TURNER, P.A. 1986. The influence of geological features and rock
fracturing on mechanized mining systems in South African gold mines.
Gold 100 - Proceedings of the International Conference on Gold. South
African Institute of Mining and Metallurgy, Johannesburg. pp. 89–103.
JAGER, A.J., WESTCOTT, M., and COOK, N.G.W. 1975. A geological assessment of
the applicability of reef boring to mining the Basal, Carbon Leader, and
Vaal Reefs. Research Report no. 20/75. Chamber of Mines of South Africa
Research Organisation, Johannesburg.
JANICIJEVIC, D. and VALICEK, P. 2015. A review of hard-rock cutting equipment
technology development at Anglo American and Anglo Platinum.
Proceedings of MPES 2015, Mine Planning and Equipment Selection
2015, ‘Smart Innovation in Mining’, Sandton Convention Centre,
Johannesburg, South Africa. Southern African Institute of Mining and
Metallurgy, Johannesburg. pp. 455–468.
JOUGHIN, N.C. 1978. Progress in the development of mechanized stoping
methods. Journal of the South African Institute of Mining and Metallurgy,
vol. 78. pp. 207–217.
JOUGHIN, N.C. 1976. Potential for the mechanization of stoping in gold mines.
Journal of the South African Institute of Mining and Metallurgy, vol. 76.
pp. 285–300.
KAHRAMAN, S., FENER, M., and KOZMAN, E. 2012. Predicting the compressive and
tensile strength of rocks from indentation hardness index. Journal of the
Southern African Institute of Mining and Metallurgy, vol. 112.
pp. 331–339.
LENZEN, D. and BECHEM, P. 1989. Activated rock cutting assembly. US patent
US4815543A.
Leon, R.N., Salamòn, M.D.G., Davies, A.W., and Davies, J.C.A., 1995. Report of
the Commission of Inquiry into Safety and Health in the Mining Industry.
Department of Mineral Resources, South Africa.
LI, X.S. AND GIPPS, I. 2011. Rock cutting tool research and development for step
changes in rock mechanical excavation. Proceedings of the Second
International Future Mining Conference, Sydney, New South Wales.
Australasian Institute of Mining and Metallurgy, Melbourne.
LOPEZ, R. 2008. The raiseboring concept. Raiseboring in Mining and
Construction. Atlas Copco Rockdrills AB, Örebro, Sweden. pp. 10–12.
MACGREGOR, I.M., BAKER, R.H., and LUYCKX, S.B. 1990. A comparison between
the wear of continuous miner button picks and the wear of pointed picks
used in South African collieries. Mining Science and Technology, vol. 11,
no. 2. pp. 213–222.
MADI, B., SCHMID, L., RITZ, W., and HERRENKNECHT, M. 2008. Hardrock Tunnel
Boring Machines. Ernst und Sohn, Berlin.
MARLOWE, A.C., LITTLEFORD, I., and GRUN, M. 1983. Tunnel boring in South
African gold mines. Proceedings pf the Rapid Excavation and Tunneling
Conference (RETC). Society for Mining, Metallurgy and Exploration,
Littleton, CO. pp. 769–801.

          

VOLUME 116







1025



HOOD, M. and ALEHOSSEIN, H. 2000. A development in rock cutting technology.
International Journal of Rock Mechanics and Mining Sciences, vol. 37.
pp. 297–305.

A review of rock cutting for underground mining: past, present, and future
MAXEM, N.D. Contracting | Maxem. http://www.maxem.co.za/contracting
(accessed 28 September 2016).
MITCHELL, G.W. 2009. Longwall mining. Australasian Coal Mining Practice.
Australasian Institute of Mining and Metallurgy, Melbourne. pp. 340–375.
MORRELL, R.J., LARSON, D.A., and SWANSON, D.E. 1986. Large-scale laboratory
drag cutter experiments in hard rock. Report of Investigations no. 9003.
US Bureau of Mines.
MULGREW, I. 2015. South African growth. SRK Consulting: 40 Years in the Deep
End. SRK Consulting, Johannesburg. pp. 68–100.
NARROWVEININFO. 2015. Cat Rock Straight System with hard rock cutting
technology. https://twitter.com/narrowveininfo/status/
553647660184264704 (accessed 11 April 2016).
NDEDA, R., SEBUSANG, S.E.M., MARUMO, R., and OGUR, E.O. 2015. Review of
thermal surface drilling technologies. Proceedings of the Sustainable
Research and Innovation (SRI) Conference, Jomo Kenyatta University of
Agriculture and Technology, Kenya School of Monetary Studies, Nairobi,
Kenya.
NICOLL, A. 1976. Comment on potential for the mechanization of stoping in gold
mines. Journal of the South African Institute of Mining and Metallurgy,
vol. 76. p. 305.
NOBEL, A. 1868. Improved explosive compound. US patent 78317.
PEDERICK, S. and LEVER, P. 2004. Increased flexibility using waterjet assisted
blasthole drilling. Proceedings of EXPLO 2004, Perth, Western Australia.
Australasian Institute of Mining and Metallurgy, Melbourne. pp. 57–61.
PICHLER, J., LAMMER, E., and BERTIGNOLL, H. 2010. Innovative roadheader
technology for safe and economic tunnelling. Technology Innovation in
Underground Construction. CRC Press/Balkema. pp. 315–333.
PICKERING, R.G.B. and EBNER, B. 2002. Hard rock cutting and the development of
a continuous mining machine for narrow platinum reefs. Journal of the
South African Institute of Mining and Metallurgy, vol. 102. pp. 19–23.
PICKERING, R.G.B., SMIT, A., and MOXHAM, K. 2006. Mining by rock cutting in
narrow reefs. Proceedings of the International Platinum Conference –
‘Platinum Surges Ahead’, Sun City, South Africa, 8–12 October 2006.
Symposium series S45. Southern African Instititue of Mining and
Metallurgy, Johannesburg. pp. 221–230.
PICKERING, R.G.B., WATSON, I.C., KLOKOW, J.W., and KNOETZE, A.F. 1999. Practical
feasibility of using TBMs in deep level gold mines. Proceedings of the
Rapid Excavation and Tunneling Conference 1999. Society for Mining,
Metallurgy and Exploration, Littleton, CO. pp. 981–992.
PLINNINGER, R.J. and RESTNER, U. 2008. Abrasiveness testing, quo vadis? – a
commented overview of abrasiveness testing methods. Geomechanik und
Tunnelbau, vol. 1, no. 1. pp. 61–70. doi:10.1002/geot.200800007
RAD, P.F. and MCGARRY, F.J. 1970. Thermally assisted cutting of granite.
Proceedings of the 12th US Symposium on Rock Mechanics (USRMS).
American Rock Mechanics Association. pp. 721–757.
RAMEZANZADEH, A. and HOOD, M. 2010. A state-of-the-art review of mechanical
rock excavation technologies. International Journal of Mining and
Environmental Issues, vol. 1. pp. 29–39.
RAUENZAHN, R.M. and TESTER, J.W. 1989. Rock failure mechanisms of flame-jet
thermal spallation drilling – theory and experimental testing. International
Journal of Rock Mechanics and Mining Sciences and Geomechanics
Abstracts, vol. 26. pp. 381–399.
ROBBINS, R.J. 2001. Mechanical mining in hard rock: a glimpse of the future.
Proceedings of the SME Annual Meeting, Denver, Colorado. Preprint 01–
35.
ROCMEC. 2015. Corporate presentation. Nippon Dragon Resources, Brossard,
Quebec, Canada
ROXBOROUGH, F.F., KING, P., and PEDRONCELLI, E.J. 1981. Tests on the cutting
performance of a continuous miner. Journal of the South African Institute
of Mining and Metallurgy, vol. 81. pp. 9–25.
SANDVIK. 1999. Rock Excavation Handbook. Sandvik Tamrock.
SCOTT-RUSSELL, H. 1993. Presidential Address: A survival strategy towards
mining in the year 2000. Journal of the South African Institute of Mining
and Metallurgy, vol. 93. pp. 237–251.
SHAFFER, G. and STENTZ, A. 1992. A robotic system for underground coal



1026







VOLUME 116

mining. Proceedings of the 1992 IEEE International Conference on
Robotics and Automation, Nice, France. pp. 633–638.
SMITH, A.I. 1992. The development of mechanised slot-based mining
techniques for the South African gold mine stoping operation. Masters
disssertation, University of the Witwatersrand, Johannesburg.
STANDER, M., RHODES, K., HORRELL, P., SAMMONS, D., HARRISON, G., and DEAN, J.
2001. Reef development with a tunnel boring machine on a South African
platinum mine. Proceedings of the 6th International Symposium on Mine
Mechanisation and Automation, Sandton Convention Centre,
Johannesburg, South Africa. Southern African Institute of Mining and
Metallurgy, Johannesburg. pp. 43–47.
SUGDEN, D.B. and BOYD, R.J. 1988. Development of the Robbins Mobile Miner.
Tunnelling and Underground Space Technology, vol. 3. pp. 153–157.
TAYLOR, J.G., TAYLOR, R.N., and HALL, A.E. 1978. The introduction of a tunnel
borer into a South African gold mine. Journal of the South African
Institute of Mining and Metallurgy, vol. 78. pp. 188–198.
THIRUMALAI, K. and MCNARY, O. 1973. Development and testing of a thermohydraulic process for hard rock cutting. Proceedings of the AIME Annual
Meeting, Society of Mining Engineers, Chicago, Illinois. Preprint 73-AM45.
TRIST, E.L., HIGGIN, G.W., MURRAY, H., and POLLOCK, A.B. 1963. Organisational
Choice: Capabilities of Groups at the Coal Face under Changing
Technologies. Tavistock Publications, London.
UCB. 1998. Neville G.W. Cook, Materials Science and Mineral Engineering:
Berkeley.University of California: In Memoriam, 1998. Academic Senate,
University of California, Oakland, California. pp. 42–47.
VAN DEN BERG, D.P. 2014. ‘Rock cutting’– platinum mining of the future?
Proceedings of the 6th International Platinum Conference, ‘Platinum–
Metal for the Future’. Sun City, South Africa. Southern African Institute of
Mining and Metallurgy, Johannesburg. pp. 225–236.
VAN DER MERWE, J.N., WOJNO, L., and TOPER, A.Z. 2001. Implementation of stateof-art mining knowledge and technologies in design and operation of a
safe and efficient deep gold mine stope for 21st century Final report no.
GAP 712. Safety in Mines Research Advisory Committee, Johannesburg.
VERGANI, R. 2009. The civil uses of gunpowder: demolishing, quarrying, and
mining (15th-18th centuries). A reappraisal. http://www.storiaeconomica.org/VERGANI/Vergani-2.pdf
VERGANI, R. 2002. Gli usi civili della polvere da sparo (secoli XV-XVIII).
Proceedings of the Atti della XXXIV Settimana di studi dell’Istituto
internazionale di Storia economica ‘F. Datini’, Le Monnier, Firenze, Italy,
15-19 April 2002.
VINCENTI, W.G. 1994. The retractable airplane landing gear and the ‘Northrop
anomaly’: Variation-selection and the shaping of technology. Technology
and Culture. pp. 1–33.
WILLIS, R.P.H. 2001. Non-explosive continuous mining methods being
developed by CSIR: Miningtek. Canadian Institute of Mining, Metallurgy
and Petroleum, Montreal.
WILSON, J.W., SUMMERS, D.A., and GERTSCH, R.E. 1997. The development of
waterjets for rock excavation. Proceedings of the 4th International
Symposium on Mine Mechanisation and Automation, Brisbane.
Cooperative Research Centre for Mining Technology and Equipment,
Kenmore, Queensland, Australia.
WOMACK, J.P. and JONES, D.T. 2003. Lean Thinking: Banish Waste and Create
Wealth in Your Corporation. Simon and Schuster.
ZARE, S. and BRULAND, A. 2013. Applications of NTNU/SINTEF drillability
indices in hard rock tunneling. Rock Mechanics and Rock Engineering,
vol. 46. pp. 179–187. doi:10.1007/s00603-012-0253-y
ZHANG, P., NORDLUND, E., MAINALI, G., SAIANG, C., JANSSON, R., and ALD-ZARRABI,
B. 2010. Experimental study on thermal spalling of rock blocks exposed to
fire. Proceedings of Bergmekanik I Norden 2010 (Rock Mechanics in the
Nordic Countries 2010), Konsberg, Norway. Norwegian Group of Rock
Mechanics. pp. 294–305.
ZHENG, Y., GONG, Q., LI, J., and ZHAO, J. 2014. A review of the applications of
tunnel boring machines in mines. Proceedings of the 15th Australasian
Tunnelling Conference, Sydney, Australia. Australasian Institute of Mining
and Metallurgy, Melbourne. pp. 691–703. 
          

http://dx.doi.org/10.17159/2411-9717/2016/v116n11a4

Development of a computer-aided
application using Lane’s algorithm to
optimize cut-off grade
by J. Githiria*, C. Musingwini*, and J. Muriuki†

The maximization of net present value (NPV) is a primary objective in
open pit mine planning processes. In an attempt to meet this objective,
cut-off grades are considered in all the stages of mining. There are three
stages involved in resource extraction, namely mining, processing, and
refining/marketing, which are all defined in Lane’s approach. Using Lane’s
approach, the economics involved in each stage are identified independently and interact to provide an optimum cut-off grade.
A hypothetical block model is used to illustrate how a computer
application (Cut-off Grade Optimiser) that was developed in this study is
used in the optimization of cut-off grades using Lane’s algorithm. This
paper analyses the application of Lane’s approach for a single element in
cut-off grade optimization as applied in the calculation of the optimum
cut-off grade through a computer-aided application.
Although Lane’s approach is not complex it is not widely applied to
maximize the NPV of mining operations as the iterative calculations can be
lengthy. The computer application developed in this study shows how
Lane’s algorithm combined with a linear programming function can
optimize cut-off grade with regard to the complex situations faced by
mining operations. The application saves users from performing otherwise
lengthy, iterative calculations.
@='<856
cut-off grade optimization, Lane’s algorithm, computer-aided application,
C++ programming, Cut-off Grade Optimiser.

;.B28<375>;75>18=C9<36>8=6=;8.An open pit mining complex constitutes
multiple pits, ore processing streams, and
metal refining options. An open pit mine
produces ore (valuable) and waste material.
Ore is transported to an appropriate processing
stream for producing concentrate. A refinery
processes the concentrate to produce
marketable metal product (Lane, 1964, 1988).
Cut-off grade optimization is based on
Lane’s theory, where a mining system consists
of three major stages such as mining, milling,
and refining. In this approach the cut-off grade
selection is done between six cut-off grades
that involve all stages of a mining operation.
Selection of the optimum cut-off grade
influences the net present value (NPV) by
maximizing the net cash flows from the
operation.
The cut-off grades include three limiting
cut-off grades, which are applied where one
stage of the mining system is limiting the
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operation. These cut-off grades depend directly
on price and costs, but indirectly on the grade
distribution of the deposit. The other three are
balancing cut-off grades, which balance the
capacities of each pair of the stages. They
depend on the grade distribution of the deposit
only. The economic parameters do not affect
the change in the balancing cut-off grade.
Using these six cut-off grades the optimum
cut-off grade is selected using rules that are
discussed later in this paper. The optimum cutoff grade is then used in the cut-off grade
calculations to obtain the yearly profits and net
present value.
The optimal cut-off grade approach (Lane,
1964, 1988) has been modified in several
studies by incorporating different mine
scenarios. Dagdelen (1992) and Asad (2002)
discussed the concept of optimum cut-off
grade policy as outlined by Lane and
formulated an algorithm used to maximize the
NPV of a project. Dagdelen (1993) introduced
an analytical method to find the balancing cutoff grades instead of using graphical methods
by modifying Lane’s approach, which
simplified the problem. King (2001) modified
the approach by incorporating variations in ore
type throughput for multi-element mineralization. Cetin and Dowd (2002) applied genetic
algorithms to optimize cut-off grade for a
multi-mineral mine. Asad (2005) developed a
cut-off grade optimization algorithm with a
stockpiling option for open pit mining
operations exploiting two economic minerals.
Asad (2007) optimized cut-off grade for an
open pit mining operation using an NPV-based

Development of a computer-aided application using Lane’s algorithm
algorithm that considered metal price and cost escalation.
Osanloo, Rashidinejad, and Rezai (2008) incorporated
environmental issues into cut-off grade optimization, while
King (2011) presented a variation of cut-off grade policies
considering operating and administrative costs. Asad and
Dimitrakopoulos (2013) developed a heuristic approach that
determines the optimal cut-off grade policy based on a
stochastic framework that accounts for uncertainty in supply
of ore to multiple ore processing streams.

A<5=0>5=4979:9<7
Most mining operations involve three common stages,
namely mining, concentrating, and refining, each stage with
its own associated costs and a limiting capacity as shown in
Figure 1. The basic equations used in cut-off grade
optimization can be developed using the definitions in
Table I.
The profit, P from the next Qm of material mined can be
calculated as shown in Table I. The profit expression is
formulated by considering the next unit of material to be
mined, which is Qm. Therefore, the cost of mining the
material will be mQm. Some of the mined material will be sent
to the concentrator, depending on the capacity of the concentrator which is denoted as Qc. The cost incurred in processing
this material is cQc. The refining costs are incurred on the
final product, Qr, thus having a cost of rQr. Total fixed costs,
fT, are incurred over a time period T.

i.

Read the input files:
a. Grade-tonnage distribution in each pushback
for the whole deposit.
[{g(1), g(2)}, {g(2), g(3)}, -------------- ,
{g(K-1), g(K)}]
b. Economic parameters to be used in the cut-off
grade policy: mining capacity (M), milling
capacity (C), refining capacity (R), selling price
(s), refining cost (r), recovery (y), milling cost
(c), mining cost (m), annual fixed costs (f ),
discount rate (d).
ii. Set the iteration indicator j to 1.
iii. Set the year indicator i to 1.
iv. Determine gc, gr, gm, gmr, gmc, grci, and the optimum
cut-off grade, G, using Equations [1], [2], [3], [4],
[5], and [6], respectively. The initial V value NPVi is
set to zero.
[1]

[2]

[3]

:=16><4>:-=>;02<89:-/>4<8>5=:=8/97972><1:9/3/>.3:(
<44>28;5=6>

[4]

Table II shows the notations of parameters in Lane's
algorithm. These are the input and output parameters for the
computer application.
The following steps, as outlined by Lane (1964) and
modified by Dagdelen (1993), are the general steps used in
determining Lane's cut-off grade policy for a single-mineral
deposit:

[5]

Table II

<:;:9<76><4>$;7= 6>;02<89:-/
<:;:9<7
)9238=>&-=>/<5=0>5=6.89"=5>"'>$;7= 6>;02<89:-/>+$;7=>,

Table I

;69.>=3;:9<76
=4979:9<7

!3;:9<76

The total costs TC, are

Tc = mQm + cQc + rQr + fT

Since the revenue, R is

R = sQr

The profit, P is given by

P = R-Tc = sQr – (mQm+ cQc + rQr + fT)

Combining terms yields:
(basic profit expression)

P = (s-r) Qr – cQc - mQm – fT
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i
N
CC
s
m
c
f
y
d
M
C
R
Qm
Qc
Qr

!10;7;:9<7

79:

Year
Mine life
Capital cost
Selling price
Mining cost
Milling cost
Annual fixed costs
Recovery
Discount rate
Mining capacity
Milling capacity
Refining capacity
Material mined
Ore processed
Concentrate refined

Years
$ million
$ per gram
$ per ton
$ per ton
$ per year
%
%
t/a
t/a
t/a
t/a
t/a
t/a

          

Development of a computer-aided application using Lane’s algorithm

[6]

The optimum cut-off grade, G, is given by:
[7]

[8]

where:
T = 1 if N ≥ 1
T = N if N < 1
viii. Adjust the grade-tonnage distribution by subtracting
the ore tons Qc from the grade distribution intervals
above optimum cut-off grade (G) and the waste
tonnes (Qm-Qc) from the intervals below the
optimum cut-off grade (G) in proportionate amount
such that the distribution is not changed.
ix. Check if Qc is less than the milling capacity C, then
set mine life N = i and go to step (x); otherwise set
the year indicator i = i +1 and go to step (iv).
x. Compute the accumulated future NPVs based on the
profits P calculated in step (vii) for each year from i
to N by using the following formula for discounting
the profits at given interest rate d:
[16]

[9]

[10]
From the grade-tonnage curve of the deposit
compute:
a. The ore tonnage (To) above the optimum cut-off
grade (G) obtained in step (iv)
[11]
b. The waste tonnage (Tw) that is below the
optimum cut-off grade (G) is calculated as:
[12]
c. Average grade of ore, represented as gavg is
calculated as:

=C=0<1/=7:><4>:-=>.</13:=8>;1109.;:9<7>4<8>.3:(<44
28;5=><1:9/9?;:9<7

[13]

d. The stripping ratio SR is given by:
[14]
vi. Set:
a. Qci = C, if To is greater than the milling capacity
(C), otherwise, Qci = To (G)
b. The Qmi quantity mined Qmi = Qci (1+SR)and
Qri = Qci x gavg x Y
vii. If the iteration indicator j is equal to 1, compute:
a. The life of deposit N based on the limiting
capacity among mine, mill, and refinery.
b.
The annual profit for the life of mine is given by:
[15]
          

The application for cut-off grade optimization was developed
using the C++ programming language in Visual Studio 2008
and is referred to as ‘Cut-off Grade Optimiser’. This
application is an executable file on computers that run
applications with .exe extension. To run, the computer must
have Visual Studio 2008 or a higher version or VC++ runtime
libraries installed. Cut-off Grade Optimiser was developed
using C++/CLI.

 

The application comprises of a header, resource, and source
files in the project folder. The header files are also known as
‘include files’ and these have a .h extension. Header files
hold declarations for other files to use, in this case to hold the
grade-tonnage distribution and economic and operational
parameters. Header files comprise Cmining.h, Form.h,
resource.h, and stdafx.h.
Source files contain a collection of statements or
declarations in C++/CLI and are used to specify the actions to
be performed by the computer. Source files have a .cpp
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v.

For each year i = 1, N is the total mine life in years.
xi. This NPV value becomes the second approximation
of V (the first was V = 0) for use in the formulae to
calculate the optimum cut-off grade
xii. If it is the first iteration then, knowing the profits
obtained in each year, find the NPV year-by-year by
discounting back those profits
xiii. Use the NPVs obtained in step (xi) as initial NPVs
for each corresponding year for the second iteration
xiv. Repeat the computation from step (iv) until the
value V converges
xv. If the computed NPV converges, the application
stops.
Using the optimum cut-off grades obtained in the
algorithm, a yearly production schedule that shows the cutoff grade, quantity mined (Qm), quantity processed (Qc),
quantity refined (Qr), profit, and NPV is calculated.

Development of a computer-aided application using Lane’s algorithm
extension and each file is compiled at a time. The source files
comprise of AssemblyInfo.cpp, Cmining.cpp, Cut-off Grade
Optimiser.cpp, and stdafx.cpp. These are shown in Figure 2.
Resource files are interface elements that provide
information to the user. Bitmaps, icons, toolbars, and cursors
are all resources. Some resources can be manipulated to
perform an action such as selecting from a menu or entering
data in a dialog box. The resource files comprise app.ico and
app.rc.
The cut-off grade algorithm is based on Lane’s
approach as described previously and shown in Figure 3
in Appendix 1.


The input data for the application consists of the gradetonnage distribution and economic and operational
parameters; these are given in the form of the data in Tables
III and IV, respectively. The grade-tonnage distribution is fed
into the grade-tonnage input window while the economic and
operational parameters are fed into the economic and
operational parameters input window.
The grade-tonnage distribution input window bears three
columns, namely the lower grade limit, upper grade limit, and
quantity per increment. The economic and operational
parameters input window queries the capacities associated
with mine, mill, and refinery, metal price, refinery or
marketing cost, milling cost, mining cost, recovery, discount
rate, and the fixed cost.


The result (production schedule) is tabulated in the output
window shown in Figure 4 and automatically displayed in
Microsoft Excel where it can be saved for ease of use. The
output is displayed on the output window in Figure 5, which
consists of eight columns. The output is the result of the cutoff grade policy calculations after the user clicks the
‘calculate’ button. The year is shown in the first column,
optimum cut-off grade in the second column, quantities to be
mined (Qm) in the third column, quantities to be milled (Qc)
in the fourth column, quantities to be refined (Qr) in the fifth
column, the profit in sixth column, NPV in the seventh
column, and number of iterations in each period in the eighth

column. This output is automatically exported to Microsoft
Excel and presented in the form of a Microsoft Excel
spreadsheet for ease of use. The application is then
closed using the ‘close’ command as shown in Figure 6
(Appendix 2).

=630:6>;75>596.3669<7

Cut-off Grade Optimiser was tested using various sets of data
to authenticate its functionality. The data in Tables III and IV
were used as the input values. The Microsoft Excel
spreadsheet displays the inputs (grade-tonnage distribution
and economic and operational parameters) and output
(production schedule). The input parameters are displayed to
help the user confirm the data inputs and detect any discrepancies in the results.
Table III provides the grade-tonnage distribution of the
material within the optimal pit of this deposit, while Table IV
gives the economic and operational parameters.

Table III

#8;5=(:<77;2=>596:89"3:9<7>5;:;>48</>:-=
<1=8;:9<7;0>/97=
$<=8>28;5=>
.;:=2<8'>+2:,

11=8>28;5=>
.;:=2<8'>+2:,

%8=
:<76

;6:=
:<76

1.06250
2.12500
3.18750
4.25000
5.31250
6.37500
7.43750
8.50000
9.56250
10.6250
11.6875
12.7500
13.8125
14.8750
15.9395
17.0000
18.0000

1 819 351
1 788 756
909 145
316 053
242 488
171 553
190 734
135 038
113 672
63 922
49 007
54 133
23 927
10 525
6 243
4 812
116

76 105 532
77 924 883
79 713 639
80 622 784
80 938 837
81 181 325
81 352 878
81 543 612
81 678 650
81 792 322
81 856 244
81 905 251
81 959 384
81 983 311
81 993 836
82 000 079
82 004 891

0.00000
1.06250
2.12500
3.18750
4.25000
5.31250
6.37500
7.43750
8.50000
9.56250
10.6250
11.6875
12.7500
13.8125
14.8750
15.9395
17.0000

Table IV

!.<7</9.>1;8;/=:=86>;75><1=8;:9<7;0>.;1;.9:9=6
48</>:-=><1=8;:9<7;0>/97=
;8;/=:=86

)9238=>&*</1<7=7:>490=6><4>*3:(<44>#8;5=>%1:9/96=8><7><03:9<7
!10<8=8>97>*
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Price
Sales
Processing cost
Mining cost
Fixed cost
Mining capacity
Milling capacity
Refining capacity
Capital costs
Processing recovery
Discount rate
Mining recovery
Mining dilution
Time costs

'/"<0

;03=6

S
R
C
M
F
M
C
R
CC
Y
D
1-k
K
Tc

$38.58 per gram
$0.16 per gram
$29.43 per ton
$1.20 per ton
10 950 000 $ per year
29 000 000 t
1 050 000 t
5 400 000 g
$ 90 000 000
90%
10%
95%
5%
$10 per ton
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On running the data using Cut-off Grade Optimiser the
yearly cut-off grades are as indicated in Table V. The cut-off
grades change along the mine life in that average ore grades
are higher in the earlier years, and lower towards the end of
the mine life.
The cut-off grades are dynamic, being higher in earlier
years and reducing gradually over the life of the mine.
The working of Cut-off Grade Optimiser is as follows:
i.
The application is run and the display screen is as
shown in Figure 4
ii.
Input the grade-tonnage distribution (Table III) in
the grade-tonnage distribution input window
iii. Input the economic and operational parameters
(Table IV) in the economic and operational
parameters input window
iv. Press the calculate button
v.
The application runs the calculations in the
background and displays the output
vi. The application prompts MS Excel to launch
vii. The output is displayed in MS Excel
viii. If results are satisfactory, then the user can close
the application.
The user should confirm that the input values processed
by the application are correct; if they are not, the values
should be entered again and re-calculated. If the values are
satisfactory the user can save or print the results in the
spreadsheet. The results obtained are shown in Table V.

*<7.0369<76>;75>8=.<//=75;:9<76>
Cut-off Grade Optimiser is an executable computer application
based on Lane’s approach, developed using the C++/CLI
programming language in VC++ IDE. The application is userfriendly and easily obtainable and can be used to determine
the optimum mining cut-off grade and the production
schedule over the life of a mine. It saves users from
performing otherwise lengthy, iterative calculations.
The main features of Cut-off Grade Optimiser are as
follows.
 Cut-off Grade Optimiser is an executable computer
application written in C++/CLI programming language
in Visual Studio 2008 (VC++) Integrated Development
Environment
 Cut-off Grade Optimiser is based on Lane's cut-off
grade model (Lane, 1964), which considers the time
value of money and maximizes the NPV of a mining
project based on the grade-tonnage distribution of the
deposit and the economic and operational parameters
 The input parameters are lower grade limits, upper

grade limits and quantity in each increment, prevailing
economic conditions, as well as the operational
parameters of the mine project
 The outputs from the iterative calculations based on
Lane's model are the production schedule (yearly
quantities of material mined, processed, and refined),
yearly profits and NPV, as well as the number of
iterations per year
 To run on a computer the user needs to have installed
VC++ 2008 or a higher version, or have VC++ runtime
libraries installed.
Cut-off Grade Optimiser uses Lane's algorithm in an
iterative approach, which involves factors such as the gradetonnage distribution, prices, costs, recoveries, and capacities.
In comparison to mining software such as Whittle 4X there is
need for further modification to Cut-off Grade Optimiser.
Whittle 4X involves more factors in its calculation and uses a
proprietary search algorithm combined with powerful linear
programming. Some of these factors are multiple mines,
multiple mineral elements, multiple processing paths,
alternative products, blending, changing prices, costs,
recoveries, and capacities.
Cut-off Grade Optimiser can be adopted for use in
determining the optimum cut-off grade for single-mineral
deposit in open pit mines where complex mining scenarios
such as blending, mine rehabilitation, are multiple economic
minerals and not being considered.
Further modifications to Cut-off Grade Optimiser are
essential so as to incorporate factors such as mining dilution,
stockpiling or blending, multi-mineral orebodies, and mine
rehabilitation, to mention but a few, so as to further optimize
the NPV values.

.B7<0=52=/=7:
The work reported in this paper is part of a PhD research
study at the University of the Witwatersrand.

=4=8=7.=6
ASAD, M.W.A. 1997. Multi mineral cut-off grade optimisation with option to
stockpile. MSc thesis, Colorado School of Mines, Golden, CO.
ASAD, M.W.A. 2002. Development of generalized cut-off grade optimisation
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Table V

=630:6><4>.3:(<44>28;5=>1<09.'>;6>8=1<8:=5>48</>*3:(<44>#8;5=>%1:9/96=8

1
2
3
4
5

*3:(<44>28;5=>+2:,



+:,

1.54
1.31
0.9
0.85
0.85

26 281 763
22 180 888
14 674 405
16 013 837
1 817 411



+:,

1 050 000
1 050 000
1 050 000
1 050 000
242 281



+2,

>+ >/9009<7,

3 363 255
2 362 304
1 821 960
1 738 800
572 390

138 832 595
55 434 814
18 290 682
9 885 399
9 230 324

Total NPV

          

231 673 816
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11=759>>
  
Cut-off grade optimization using Lane's approach works in
three major segments, namely the cut-off grade optimization
segment, net present value (NPV) convergence segment, and
the grade-tonnage curve adjustment segment. The quantity of
material mined (Qm), quantity of material processed (Qc),
quantity of ore processed (Qr), profit, and NPV are all
functions of the optimum cut-off grade. Figure 3 shows the
flow diagram of Lane's algorithm, illustrating the three
segments and the steps involved in each.

11=759>

A program interface takes advantage of the computer’s
graphics capabilities to make the program easier to use.
Graphical user interfaces (GUIs) free the user from learning
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)9238=>&#8;1-9.;0>36=8>97:=84;.=><4>*3:(<44>#8;5=>%1:9/96=8

complex command languages. In Cut-off Grade Optimiser, the
main features in the GUI are; (i) an I-beam pointer shaped
like a capital ’I’ which appears where the input values are to
be entered, and (ii) command buttons which execute the
‘calculate’ or ‘close’ actions. The display screen of the
application is shown in Figure 4. The output is shown in
Figure 5, and the ‘close’ command in Figure 6.
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)9238=>&*0<6=>.<//;75

11=759>
 
public class CMining
{
public:
CMining();
double get_miningCapacity();
void set_miningCapacity(double value);
double get_millingCapacity();
void set_millingCapacity(double value);
double get_refiningCapacity();
void set_refiningCapacity(double value);
double get_sellingPrice();
void set_sellingPrice(double value);
double get_refiningCost();
void set_refiningCost(double value);
double get_recovery();
void set_recovery(double value);
double get_millingCost();
void set_millingCost(double value);
double get_miningCost();
void set_miningCost(double value);
          

private:
double miningCapacity;
double millingCapacity;
double refiningCapacity;
double sellingPrice;
double refiningCost;
double recovery;
double millingCost;
double miningCost;
double annualFixedCost;
double discountedRate;
double g_c;
double g_mc;
double g_r;
double g_mr;
double g_m;
double g_rc;
int i;
double npValue;
double Gmc;
double Gmr;
double Grc;
double G_opt;
};

11=759>
 
#include "stdafx.h"
#include "CMining.h"
CMining::CMining() {
i = 1;
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double get_annualFixedCost();
void set_annualFixedCost(double value);
double get_discountedRate();
void set_discountedRate(double value);
double get_NPV();
void set_NPV(double value);
double get_Gc();
double get_Gmc();
double get_Gr();
double get_Gmr();
double get_Gm();
double get_Grc();
void calc_Gc();
void calc_Gmc(double mc_k, double mc_k1, double g_k,
double g_k1);
void calc_Gr();
void calc_Gmr(double mr_k, double mr_k1, double g_k,
double g_k1);
void calc_Gm();
void calc_Grc(double g_k, double g_k1, double rc_k,
double rc_k1);
double get_Gopt();
double get_limiting_N(double N_r, double N_c, double
N_m);
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npValue = 0;

return recovery;

}

}

double CMining::get_annualFixedCost()

void CMining::set_recovery(double value)

{

{
return annualFixedCost;

recovery = value;

}

}

void CMining::set_annualFixedCost(double value)

double CMining::get_refiningCapacity()

{

{
annualFixedCost = value;

return refiningCapacity;

}

}

double CMining::get_discountedRate()

void CMining::set_refiningCapacity(double value)

{

{
return discountedRate;

refiningCapacity = value;

}

}

void CMining::set_discountedRate(double value)

double CMining::get_refiningCost()

{

{
discountedRate = value;

return refiningCost;

}

}

double CMining::get_millingCapacity()

void CMining::set_refiningCost(double value)

{

{
return millingCapacity;

refiningCost = value;

}

}

void CMining::set_millingCapacity(double value)

double CMining::get_sellingPrice()

{

{
millingCapacity = value;

return sellingPrice;

}

}

double CMining::get_millingCost()

void CMining::set_sellingPrice(double value)

{

{
return millingCost;

sellingPrice = value;

}

}

void CMining::set_millingCost(double value)

double CMining::get_NPV()

{

{
millingCost = value;

return npValue;

}

}

double CMining::get_miningCapacity()

void CMining::set_NPV(double value)

{

{
return miningCapacity;

npValue = value;

}

}

void CMining::set_miningCapacity(double value)

double CMining::get_Gc()

{

{
miningCapacity = value;

return g_c;

}

}

double CMining::get_miningCost()

double CMining::get_Gmc()

{

{
return miningCost;

if (g_mc <= g_m){

}

Gmc = g_m;

void CMining::set_miningCost(double value)

}else if (g_mc >= g_c){

{

Gmc = g_c;
miningCost = value;

}else {

}

Gmc = g_mc;

double CMining::get_recovery()
{
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}
return Gmc;
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mc_k)/((mc_k1 - mc_k)/(g_k1 - g_k)))+g_k;

}
double CMining::get_Gr()

}
void CMining::calc_Gmr(double mr_k, double mr_k1,

{

double g_k, double g_k1)

return g_r;
{

}
double CMining::get_Gmr()

g_mr = (((refiningCapacity/miningCapacity)-

{

mr_k)/((mr_k1 - mr_k)/(g_k1 - g_k)))+g_k;
if (g_mr <= g_m){

}
void CMining::calc_Grc(double g_k, double g_k1, double

Gmr = g_m;

rc_k, double rc_k1)

}else if (g_mr >= g_r){
Gmr = g_r;

{
g_rc = (((refiningCapacity/millingCapacity)-rc_k)/((rc_k1

}else {

- rc_k)/(g_k1 - g_k)))+g_k;

Gmr = g_mr;
}

}
return Gmr;

double CMining::get_Gopt()
{

}
double CMining::get_Gm()

get_Grc();

{

get_Gmr();
get_Gmc();

return g_m;

if (Gmc >= Gmr){

}
double CMining::get_Grc()

if (Gmc >= Grc){

{

if (Gmr >= Grc){
return Gmr;

if (g_rc <= g_r){
}else {

Grc = g_r;

return Grc;

}else if (g_rc >= g_c){

} else {

Grc = g_c;

return Gmc;

}else {
}else {

Grc = g_rc;

if (Gmr >= Grc){

}

if (Gmc >= Grc){

return Grc;

return Gmc;

}
}else {

void CMining::calc_Gc()

return Grc;

{
} else {

g_c = (millingCost + (annualFixedCost +

return Gmr;

npValue*discountedRate)/millingCapacity)/((sellingPrice }

refiningCost)*recovery);

}

}

}

void CMining::calc_Gm()

double CMining::get_limiting_N(double N_r, double N_c,

{
g_m = millingCost/((sellingPrice -

double N_m)

refiningCost)*recovery);

{

}

double temp_val = 0.0;

void CMining::calc_Gr()

if (N_r >= N_c){
temp_val = N_r;

{
} else {

g_r = millingCost/((sellingPrice - refiningCost -

temp_val = N_c;

(annualFixedCost+npValue*discountedRate)/refiningCapa
city)*recovery);

if (temp_val >= N_m){

void CMining::calc_Gmc(double mc_k, double mc_k1,

} else {

return temp_val;

}

return N_m;

double g_k, double g_k1)
g_mc = (((millingCapacity/miningCapacity)          
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Multi-seam mining of the deep
Waterberg resources
by C.K. Chabedi* and T. Zvarivadza*

This paper discusses the difficulties associated with the potential
exploitation of the deep multi-seam resources east of the Daarby fault in
the Waterberg coalfield. The resources occur at a depth greater than 250 m
and the thickness of the coal is roughly 110 m, but the top 50 m comprises
coal intercalated with shale and the bottom 60 m contains five seams with
sandstone and shale partings. Various factors affecting multiple seam
mining at these great depths are discussed with reference to lessons
learned from local and international experience on multi-seam mining.
Field geological and geotechnical data was utilized to assess the stability
of the roof of the seams. There is no specific rock mass rating for the
Waterberg area, therefore approximate coal mine roof rating (CMRR)
values were used to propose appropriate support strategies. Analysis of
Multiple Seam Stability (AMSS) was used to analyse the strength of the
parting or interburden between the various seams, the mining sequence,
and the interaction between the various seams.
The research indicated that it is possible to mine seams with a low
CMRR at high mining rates using longwall mining, although support for
gateroads is expected to be expensive, time-consuming and onerous to
install, and will impact gateroad development rates. It will not be possible
to simultaneously mine zones in close proximity and failure of the
interburden is predicted, thus dangerous mining conditions are
anticipated. However, it will be possible to mine just two of the eleven
zones using longwall mining.
 
multi-seam mining, Waterberg, coal mining, longwall, coal mine roof
rating (CMRR), Analysis of Multiple Seam Stability (AMSS).


This paper discusses the difficulties associated
with the potential exploitation of the deep
multi-seam resources east of the Daarby fault
in the Waterberg coalfield using bord and pillar
and longwall mining. Figure 1 illustrates the
location of the Waterberg coalfield relative to
other coalfields in South Africa, while Figure 2
shows the areas containing deep and shallow
resources. The Waterberg resources are
expected to contribute to South Africa’s future
energy requirements, and are currently
exploited at the Grootegeluk open pit mine.
Grootegeluk produces coal mainly for a power
station, with the higher quality product
supplied as metallurgical coal. The deposit is
technically unique and challenging, being a
multi-seam coal deposit with a total of 12
seams over a thickness of 110 m as shown in
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South Africa has over 19 recognized coalfields
as indicated in Figure 1, only 10 of which are
producing coal. The Central Basin, constituting
the Witbank, Highveld, and Ermelo coalfields,
is responsible for over 80% of the run-of-mine
(RoM) production (Chabedi and Phillips,
2012). The Witbank and Highveld coalfields
together account for over 75% of the RoM and
the Witbank coalfield alone accounts for over
55% of the RoM produced over the past 20
years (Prevost, 2011). In the past 30 years two
major seams (No. 2 and No. 4 seams) have
been exploited in the Witbank and Highveld
coalfields because of good mining conditions,
i.e. horizontal, shallow seams from 2–6 m
thick at depths of less than 150 m. Although
the No. 2 seam occurs at a greater depth than
the No. 4 seam, it was exploited first because
of its higher export value. The mining

* School of Mining Engineering, University of the
Witwatersrand, Johannesburg, South Africa.
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Figure 3, including Zone 5. There is currently
limited knowledge on the multi-seam mining
of the deep Waterberg resources. Multi-seam
mining utilizing the bord and pillar method
has been practised in South Africa before, but
at a depth of less than 100 m in the Witbank
coalfields. Multi-seam mining in thin seams
has also been performed in the Natal coalfields
at a depth of less than 160 m, but mostly
using bord and pillar mining and secondary
mining (partial pillar extraction).
However, past experience with multi-seam
mining at depths greater than 250 m in South
Africa is limited. It is therefore critical to
review multi-seam mining experience in other
countries where the depth of mining is greater
than 250 m.

Multi-seam mining of the deep Waterberg resources

/'+1342)0,/2.42*4,(34 0,3131'4)20-*/3-&4%(2.40%4)20-*/3-&4.+#314!4" 3**134!

/'+134!33$40.&4%(0--24)20-40130%4/.413-0,/2.4,24122,3'3-+4)20#/.34" 4" 3**134!

sequence was therefore value-driven rather than designdriven. The No. 2 seam is extensively mined by bord and
pillar methods, whereas the No. 4 seam is mined to a lesser
extent. Pillars are either superimposed or not, taking into
account various issues such as the thickness and competence
of the parting between the No. 2 and No.4 seam, depth below
surface, seam thicknesses, and mining heights of the two
seams. Pillar extraction has generally not been extensively
carried out in either the No. 2 or No. 4 seam because of the
safety risks (Hill, 1995). Recently the No. 5 seam has been
mined before the No. 2 and No. 4 seams in the Witbank and
Highveld coalfields, except in certain areas where this is
prevented by the thickness and high stripping ratios. Where
the No. 5 seam is mined it is thin i.e. less than 2 m and tends
to be mined by underground mining methods.
Multi-seam mining has also been carried out in the Natal
coalfields, but the seams are generally thin (less than 1–2 m
thick) and occur at an average depth of less than 160 m. The
thickness of the partings between the seams made it possible
for as many as four to five seams to be exploited in the past,
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despite the thin seams. The quality of the coal, which is
anthracite and coking coal, makes it suitable for the export
market, therefore total extraction with bord and pillar mining
and subsequent overmining and undermining was employed
(Hill, 1995). The term overmining means that the lower seam
is mined prior to the upper seam (active) seam; the reverse
applies for undermining (Mark, 2007).
          

Multi-seam mining of the deep Waterberg resources

0),21%40**3),/.'4#+-,/8%30#4#/./.'4
Van der Merwe and Madden (2010) stated that multi-seam
mining is generally affected by a number of factors such as:
1. Parting thickness. The greater the parting thickness
between two seams being mined, the less the
interaction between the seams
2. Parting characteristics. Sandstones and shales are
dominant rock types in most of South African
coalfields and each rock type will influence a multiseam situation differently. Sandstone layers tend to be
relatively massive and are known to span much wider
panels than thinly laminated shales. Therefore, the
stiffness of the sandstone layers in the parting tends
to dampen the effect of stress transfer from one seam
to another. The effect of having a sandstone roof
compared to a shale roof was studied before a decision
could be made on what coal seams to mine with multiseam mining at the Waterberg coalfield
3. Mining method. Low-extraction methods such as bord
and pillar have less influence on other seams than
high-extraction layouts such as longwall
4. Relative location of layouts. In high-extraction layouts
such as longwall the gateroads of the lower seams
must be located below the goaf of the upper seam in
order to protect them from high stresses from the
upper seam, especially when the parting is thin and
not competent. In low-extraction methods such as
bord and pillar, roadway and pillar stability depends
on the close proximity of the seams mined as well as
whether the pillars are superimposed or not
5. Percentage recovery. It is expected that in highextraction mining methods the percentage recovery of
the upper seams would create better conditions in the
lower seams. Stress transfer to lower seams is likely
where remnant pillars are present, and hence this
situation should be avoided.
In addition to the above, Mark et al. (2007) listed the
following factors that affect multiple seam interaction.
1. Depth of cover. As the depth of mining increases,
multiple seam mining induces a greater potential
stress concentration
2. Mining sequence. Generally, undermining is better
that overmining when geotechnical considerations
outweigh economic benefits. Overmining tends to
cause subsidence and damage to the upper seams
          

3. Stability of the immediate roof of the seam mined.
This is dependent on aspects such as the strength,
discontinuities, water content, and moisture
sensitivity of the roof above the seam mined, which
(among other factors) give rise to a coal mass rock
rating (CMRR) value (Mark and Molinda, 2005).
CMRR values of greater than 65 are considered high,
and those less than 40 as weak
4. Stability of the immediate floor of the seam mined.
Unstable or weak floor tends to break or be slippery,
making it difficult to manoeuvre or operate machinery.
It is preferable for the floor to be competent.
Given the complexity and variability of all the factors
mentioned above, calibrated numerical modelling tools are
the best option for modelling dynamic stresses and
interactions caused by mining multiple seams.

2.%/&310,/2.%4*214+.&31'12+.&4#/./.'42*4,(3
0,3131'413%2+1)3%513%3173%4
As mentioned previously, current coal mining in the
Waterberg coalfield is by open pit mining at Grootegeluk,
which supplies a power station and produces some
metallurgical coal. Underground multi-seam mining of the
Waterberg resources is expected to involve different design
and operational factors from current mining at the Witbank
and Highveld coalfields. Underground mining with a highextraction mining method such as longwall would be
preferable in order to deliver coal at the highest tonnages at a
low cost for power generation. Therefore the first consideration is longwall as the method of choice, and thereafter the
number of seams to be mined in both the Upper and the
Middle Ecca, taking into consideration the multi-seam factors
outlined earlier.
The first general manager of Grootegeluk proposed that
two zones in the Upper Ecca could be mined by underground
methods because of the size of the underground resource,
despite the numerous geotechnical problems likely to be
encountered. The zones or seams proposed to be mined were
Zones 10 and 9, and 9 and 8, with a seam thickness of about
2.4 m each and ash contents of 36.3% and 25.9% respectively (Alberts, 1987). After taking into account the uniaxial
compressive strength (UCS) of the roof, which is in this case
is shale and coal, the moisture sensitivity, the point load
estimates, groundwater, and using different data from the
core information given in Table I, the resultant CMRR of
Zones 9 and 8 with a suitable power station calorific value
(CV) was calculated to be about 37. The calculation takes into
account the UCS, point load estimates and the subtotal of the
fractures, the rock quality designation (RQD), and the
diametral information. Zones 10 and 9 were not suitable due
to their high ash content compared to Zones 9 and 8.
The low CMRR of Zone 9 means that additional support
would be required in the longwall gates as the mining
conditions are expected to be very difficult. Further research
using the NIOSH database of US coal mines confirmed that
longwall mining is possible with a low CMRR of about 30
(Mark and Molinda, 2005). A number of the mines with low
CMRR were mining high tonnages using longwall mining
methods but using additional roof support and narrower bord
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Multi-seam mining with more than one mining method at
depths greater than 250 m has not been done in South Africa
before. It is therefore important to determine whether it is
possible to mine multiple seams in the Waterberg coalfield at
greater depth with more than one mining method. The
Waterberg coal resource has a total thickness of 110 m,
consisting of 5 seams at the bottom of the stratigraphy
(referred to as the Middle Ecca) separated by sandstone
partings and the top 60 m (the Upper Ecca) made up of coal
intercalated with shale as shown in Figure 3. Exploitation of
a package of seams 110 m thick at a depth greater than 250
m would require mining to be done in phases.

Multi-seam mining of the deep Waterberg resources
Table I

1/--4)2134/.$+,4/.*21#0,/2.4*214)0-)+-0,/.'4
*2142.34
.$+,

0-+3

1. Bolt length

1.8 (m)

2. Groundwater adjustment

Damp

3. Surcharge adjustment

Roof above bolts is much weaker
than the bolted interval

4. Unit description

Shale/coal

5. Thickness

2.4 m

6. Depth to unit

298 m

7. Average axial IS

1.6 MPa

8. Average axial UCS

34 MPa

9. Diametral PLT

No data available

10. Fractures

No fractures observed

11. PLT estimate

Weak

12. Moisture

Moderately sensitive

Note: IS – point load strength index; UCS (uniaxial compressive strength;
PLT – point load testing)

Zones 1 and 2, and both the roof and floor are competent
only in Zones 1 and 2. If the thickness of the seams or zones
is taken into account, only Zone 2, with a thickness of 4 m,
will be mined without experiencing geotechnical challenges.
Zone 2 is the preferred mining horizon in the Middle Ecca
taking into account the mining thickness and all geotechnical
considerations, including the evaluation of the roof using the
CMRR and the competency of the floor. Using preliminary
data indicated in Table III, the CMRR of Zone 2 was
calculated to be 54; the actual CMRR might be higher or
lower.
Lastly, because the resource of Zone 3, which is 8 m
thick, is potentially large and the parting between Zones 3
and 2 is 4 m and competent, it is important to evaluate, using
numerical methods, whether it is possible to mine both Zone
3 and Zone 2 by longwall and room and pillar in a
descending order. This will ensure that all possible planning
configurations have been tested and that no coal is left in this
zone that could have been mined. It is with this end in mind
that this mining option was evaluated.

Table III

widths when the chain roads are developed. South African
coal is known to be harder than US coal and the RMRs
indicate that CMRR values higher than 30 are expected at the
Waterberg coalfield, as indicated above. The implication of
this is that it would be possible to apply the CMRR method to
evaluate the Waterberg coalfield roof types and propose a
longwall operation at low CMRR. In general, support
requirements for low-CMRR gateroads are expected to be
onerous, time-consuming to install, expensive, and will
impact gateroad development rates.
The stratigraphy and mining parameters for the coal
zones of the Middle Ecca are summarized in Table II. Zones 1
and 4A are considered too thin for mining, being less than
1.5 m. Where the roof type is friable, such as when there is
shale instead of sandstone and the parting thickness is less
than 6–9 m it is not possible to mine using longwall on the
two seams in close proximity without incurring poor ground
conditions (Haycocks and Zhou, 1990). The parting
thickness between the zones is less than 4 m except between

1/--4)2134/.$+,4/.*21#0,/2.4*214)0-)+-0,/.'4
*2142.34!
.$+,

0-+3

Bolt length

1.8 (m)

Ground water adjustment

Dry

Surcharge adjustment

Roof above bolts is stronger
than the bolted interval

Unit description

Sandstone

Thickness

4m

Depth to unit

350 m

Average axial IS

1.6 MPa

Average axial UCS

71 MPa

Diametral PLT

No data available

Fractures

No fractures observed

PLT estimate

Moderate

Moisture

Not sensitive

Table II

20-42.3%4/.4,(34/&&-34))04"(03&/40.&4 (/--/$%4!!
2.3

20-4,(/).3%%4"#

22*

-221

4.1

Shale

Shale

4
Parting

4%(
43

4.3

4A

< 1.5

Shale

Shale

8

Shale

Sandstone

Parting

4.2

3
Parting

30
4.0

2

4

Sandstone

Parting

Sandstone

25
14

1

< 1.5
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Multi-seam mining of the deep Waterberg resources
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To evaluate the potential multiple seam interactions the
Analysis of Multiple Seam Stability (AMSS) software was
used (Mark et al., 2007). AMSS is an empirical design
technique that was derived from statistical analysis of a
database of 344 multiple seam case histories from 36 USA
coal mines (Mark et al., 2007). Although the Waterberg is
outside the AMSS database, the geology and mining methods
are similar enough for AMSS to be considered appropriate for
an initial feasibility analysis.
The AMSS software allows the user to input a variety of
geometric and mining parameters which assist mine planners
to understand the potential interaction of the various seams
and to take steps to reduce the risk of ground control failure.
The program automatically runs the necessary LaM2D (La
Model) and Analysis of Longwall Pillar Stability (ALPS). The
primary output from AMSS is a three-level (green/yellow/red)
prediction of the intensity of the multiple seam interaction
that is likely to be encountered (Mark et al., 2007).
Three scenarios were investigated in order to determine
which seams were mineable by underground mining; the
three seams are Zone 9, Zone 3, and Zone 2. Zone 2, with
its competent sandstone roof, would be the first seam mined
by longwall mining and therefore it is not necessary to do an
ASMM on this seam. The mining of Zone 3 and Zone 9,
which are the subsequent zones to be mined, was analysed
using the ASMM model.
The input parameters for Zone 9 stability analysis using
AMSS are shown in Figures 4a and 4b respectively.
The results of the AMSS analysis for Zone 9, with a
CMRR of about 37, indicate ‘green’, meaning a major
interaction of the seams is unlikely. However, additional
support would be required in the longwall gates as the
conditions are expected to be very difficult. The mining of
Zone 2, with a CMRR of 54, by longwall mining has already
been established in the previous paragraphs and therefore
there is no need to do an AMSS analysis.
The mining of Zone 3 by longwall and Zone 2 by bord
and pillar requires that the CMRR rating of both roofs, the
strength of the interburden between the zones, the
sequencing, and stress interaction of both seams are
analysed. The objective is to determine what room and pillar
and longwall layouts would be possible
The input parameters for testing the technical viability of
the mining of the longwall in Zone 3 were a CMRR of 54,
interburden of 4 m, a seam height of 4 m for the longwall to
be exploited, and face width of the longwall block of 200 m,
which is typical of longwalls in South Africa. The input
parameters for room and pillar in Zone 2 were a seam height
of 4 m, the depth of mining to the roof 354 m, bord width
6 m, centre distance of 40 m after calculating a pillar size of
34 m, and mining a typical 7-roadway section. The inputs for
this scenario are shown in Figure 5.

the longwall and all the roadways in the bord and pillar
working in Zone 2. The model indicates that it is not
possible to mine both zones, as was expected. It was
concluded that the area is to be avoided. Mining of Zones 3
and 2 by longwall and bord and pillar is impossible without a
major multiple seam interaction, primarily as a result of the
thin interburden of 4 m. The predicted conditions would not
allow any mining even when intensive roofbolting is
installed, as discussed. Other configurations were tested,
such as mining both zones by longwall and mining Zone 3 by
bord and pillar and Zone 2 by longwall, but the numerical
models still indicate that it would not be possible to mine
both seams without a major interaction.
The AMSS analysis indicate that it was possible to do
multi-seam mining of Zones 9 and 2 in order to mine Zone 9
however, it is not possible to do multi-seam mining of Zones
3 and 2 where the depth of mining is above 250 m. The
current geotechnical data and multi-seam considerations
using numerical models indicate that only two zones, Zones
2 and 9, could be mined by underground mining methods
such as longwall at the high rate and low cost required to
supply a power station.

The AMSS results showed a ‘red’ level of risk for the mining
of Zone 3. This means that a major interaction should be
considered likely in the chain roads, even if a pattern of
supplemental roof support is installed on the chain roads of

/'+1344/.$+,4&0,04*2142.34
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Multi-seam mining of the deep Waterberg resources
In the final analysis two seams, Zone 2 in the Middle
Ecca and Zone 9 in the Upper Ecca, can be mined from the
Waterberg deep underground resources with extra support
required when the gateroads are developed as difficult mining
conditions are expected.
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coal mines confirmed that longwall mining is possible for
CMRRs of around 30.
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Extending the application of PAS 55/
ISO 55 000 to mineral asset
management
by T. Tholana* and P.N. Neingo*

A mineral resource constitutes the principal underlying asset of a
mining company, and must be exploited and managed in such a way
that maximum value is derived from it. Various asset management
frameworks applicable to physical assets are available. This paper
focuses on the extension of an asset management approach, particularly the Publicly Available Specifications (PAS) 55 asset management
framework and the International Organization for Standardization
(ISO) 55000 series of standards, to mineral assets. It is concluded that
PAS 55 and the ISO 55000 series of standards can be extended to
manage mineral assets, resulting in an integrated approach to
sustainably optimize value from the company’s mineral assets. The
benefits include improved returns on mineral assets, maximum mineral
asset utilization, creation of an organizational culture focused on
quality and continuous improvement, and assurance to stakeholders
that the mineral assets are being efficiently managed over their entire
life-cycle. In the context of this paper, a ‘mineral resource’ refers to
both Resources and/or Reserves as classified by the SAMREC Code.
-&  "
mineral asset, mineral asset management, ISO 55000, PAS 55, mine
planning, mining value chain.

'# #%'(
Mining involves the extraction of valuable
mineral resources from the Earth’s crust. A
mineral resource is unique among natural
resources in the sense that it is a wasting
asset, which means that its value depreciates
continuously with extraction. In addition, it is
often impaired from time to time as commodity
price changes (Macfarlane, 2011a). Since a
mineral resource is a wasting asset there is a
single opportunity available to optimize value
from its extraction. Mine planning involves
identifying a strategy to exploit the mineral
resource in a way that maximizes value at an
acceptable risk level throughout the life of
mine (LOM). This optimum extraction strategy
changes as economic conditions change,
particularly commodity prices, as well as with
improvements in orebody knowledge as
mining progresses. It is the mineral deposit
that competitively distinguishes two different
mines and dictates the location of a mine;
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hence the adage ‘the orebody dictates’.
Therefore, a mineral resource is the primary
tangible asset possessed by mining companies
and must be managed in such a manner that
maximizes its value at an acceptable risk level
(Macfarlane, 2011a).
This recognition of mineral resources as
the principal assets possessed by mining
companies therefore requires the implementation of an asset management framework if
optimum value is to be achieved from the
resources. The Institute of Asset Management
(IAM) is a professional body for companies
involved in the acquisition, operation, and care
of physical assets (Institute of Asset
Management, 2016). In 2004 the Institute
developed the Publicly Available Specification
(PAS 55) for the optimized management of
physical assets, which was further developed
into an ISO standard; the ISO 5500X series of
standards published in 2004. ISO 5500X refers
to a series of standards consisting of ISO
55000, ISO 55001, and ISO 55002. ISO 55000
provides an overview, principles, and
terminology of asset management, ISO 55001
outlines asset management requirements, and
ISO 55002 outlines the guidelines on the
application of ISO 55001 (Institute of Asset
Management, 2015). In this paper the series is
interchangeably referred to as ISO 55 000 or
the ISO 5500X series of standards. These
standards provide guidelines on asset
management over the life-cycle of the asset.
However, to date they have been mostly
applied to those assets that can be presented
on a balance sheet, and currently mineral
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assets are not recognized as such assets. In this paper we
investigate the implications and usefulness of extending the
application of the PAS 55/ISO 5500X series of standards to
mineral asset management (MAM) in addition to other
standards already adopted by mining companies such as ISO
14001, ISO 9000, and ISO 18000. Since the ISO 5500 series
of standards were developed from PAS 55, most reference in
this paper is to the PAS 55 standard.
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In financial accounting, an asset is generally regarded as a
tangible or intangible economic resource owned by a
business entity or an individual, the cost of which at the time
of acquisition could be measured in monetary terms and can
be presented on a company’s balance sheet. The Institute of
Asset Management (2015, p. 8) defines an asset as an ‘item,
thing or entity that has potential or accrual value to an
organization’ and asset management as ‘the coordinated
activity of an organization to realise value from assets’. For
mining companies, assets can therefore be classified into two
broad categories; the mineral resource to be extracted and
those assets shown on a company’s balance sheet used in the
extraction process, including machinery and equipment.
IBM (2009, p. 2) defined asset management as
‘systematic and coordinated activities and practices through
which an organization optimally and sustainably manages its
assets and asset systems, their associated performance, risks
and expenditures over their life-cycles for the purpose of
achieving its organizational strategic plan.’ According to the
Institute of Asset Management (2015), asset management for
physical assets started around the 1980s and since then a
number of approaches, standards, and models have been
developed across the world. Among them is the IAM’s PAS
55 standards which were published in 2004 and the ISO
5500X series of standards which were published in 2014
(Institute of Asset Management, 2015). PAS 55 provided the
basis from which the ISO 5500X series of standards were
developed, hence the focus in this paper on PAS 55.

"# ###"#"!"!
PAS 55 is the British Standard Institution’s (BSI) Publicly
Available Specification (PAS) for the optimized management
of physical assets that provides good practices in life-cycle
planning and cost/risk optimization of physical assets
(Woodhouse, 2008). Adoption of the standard demonstrates

competent governance of the company’s critical assets.
Woodhouse (2008) indicated that PAS 55 is internationally
recognized and applicable to any sector of the economy where
physical assets are a key or critical factor in achieving a
company’s business goals, and has proved to fully integrate
strategic and operational plans. He also indicated that since
its publication in 2004 there has been a significant increase
in knowledge of asset management as a professional
discipline and that it has been increasingly adopted by
several sectors of the economy. Woodhouse (2008) also
mentioned that organizations that have adopted PAS 55 have
achieved as much as 30% reduction in the total cost of asset
ownership, higher asset reliability, and many other business
improvements. PAS 55 provides different levels at which
asset units can be identified and managed as shown in
Figure 1.
The BSI (2008) states that applying PAS 55 demonstrates
a company’s commitment to a high level of professionalism in
whole life-cycle management of its physical assets, by
assisting organizations to:
 Establish a system for optimum and sustainable
physical asset management
 Implement, maintain, and improve their asset
management systems
 Comply with asset management policies and strategies
 Seek certification/registration of their asset
management system by an external organization, for
example ISO certification.

,"#%%$#%'( ($$#%'!(#&(/(00($""&#
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The definitions of an asset given previously qualify mineral
resources as assets. Fundamental to physical asset
management is asset care in terms of maintenance and risk
management and asset exploitation in terms of utilizing the
asset to achieve corporate goals (Woodhouse, 2007). These
fundamental aspects apply well to mineral resources,
justifying the need for adopting an asset management
framework for mineral assets to ensure their optimum care
and exploitation. In MAM, asset care would translate to
minimizing risks associated with the mining process using
appropriate risk management systems that are already
implemented in the mining industry. Asset exploitation
would translate to the optimum extraction of the mineral
asset from the ground.
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Extending the application of PAS 55/ ISO 55 000 to mineral asset management
Mineral resource management (MRM) is an integrated
activity that identifies an optimal and sustainable extraction
plan for the mineral resource to make the best out of the
organization’s investment against a set of constraints
(Macfarlane, 2011a). This makes it necessary to adopt an
asset management framework such as PAS 55, which is a
checklist that assures shareholders that their interests and
principal asset (mineral resource) are in good hands. PAS 55,
because it constitutes an integrated approach, provides a
framework for understanding how different functions of the
organization fit together to maximize the mineral asset value
along its life-cycle and is a demonstration of asset
management competency.
PAS 55 recognizes that an asset has a life-cycle starting
with creation followed by a period of usage, and ultimately
disposal, which is typical of mineral assets (Woodhouse,
2011). Given that mineral resources are finite, they must be
extracted in a sustainable manner that maximize the value
realized from their extraction. The adaptation of an asset
management framework such as PAS 55 to MAM enables
this objective to be accomplished. Additionally, mining is a
long-term business associated with high risks and
uncertainties over the life of mine that necessitate the
adoption of a proper asset management approach to optimize
the mineral resource value and reduce risks along the mining
value chain.
The tough economic, financial, and operational
environment that the mining and metals industry is currently
going through necessitates improvement in terms of MRM,
and the recognition and treatment of mineral resources as
principal assets possessed by mining companies. This
therefore is a driver for the adoption of a sound asset
management framework such as PAS 55 and ISO 55000 to
ensure the survival and sustainability of the industry.
In line with the International Accounting Standards
Board’s (IASB) drive to recognize the mineral reserve as a
financial asset that should be shown on a balance sheet,
there is need to adopt an asset management framework to
fulfil these IASB requirements. This implies that the mineral
asset must be valued and reported according to international
standards. The IASB extended International Financial
Reporting Standard 6 for that purpose.

%'& $($""&#($'$!&&'#( $& .
Given that the mineral resource is a wasting asset, the asset
management approach must ensure the best care of the
mineral asset over its life-cycle. Broadly, mine planning has

two dimensions; the vertical and the horizontal. The vertical
dimension is the mine planning levels, that is, the strategic,
tactical, and operational planning levels, while the horizontal
dimension is the mining value chain from exploration to mine
closure. The PAS 55 framework shown in Figure 1 also
divides asset management into these two dimensions, which
can be translated to mineral asset management. By extending
the framework in Figure 1 to MAM, the different levels of
asset management can represent mine planning levels and
the lowest level on the figure showing the asset life-cycle can
represent the mining value chain.
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Woodhouse (2011) mentioned the need to establish
appropriate horizons for strategy, planning, and optimization
over the asset’s life-cycle. Figure 2 shows the integration of
the PAS 55 levels with mine planning levels from strategic to
operational planning.
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The Institute of Asset Management (2015) stated that
strategic planning is the process of establishing asset
management objectives. This is directional planning when the
strategic purpose of the mineral asset is defined and it is
decided whether it fits the company’s overall portfolio of
assets. Various options to deliver value are available and are
analysed at this stage. Considering the given constraints, the
optimum option in terms of mining method(s), designs, and
operating level of a mineral asset is selected and the risk
profile associated with each option is defined. The mining
method(s) and optimum mine designs must be correctly
matched to the mineral asset – ‘the orebody dictates’. This is
done at a pre-feasibility study level. The mineral asset’s
value, key value drivers, and what the asset is capable of
delivering are also defined in terms of production rate and
grade. These parameters are then evaluated in a discounted
cash flow to determine the net present value (NPV) of the
project. NPV is the main driver at this level.
Plans to use the asset(s) are drafted in terms of mineral
asset utilization and analysis of constraints. Key considerations would be (Institute of Asset Management, 2015):
 Understanding the current mineral asset(s) condition,
performance, utilization, and capability of the mineral
asset portfolio to deliver value
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Extending the application of PAS 55/ ISO 55 000 to mineral asset management
 Identifying and managing constraints that restrict the
maximization of value from the extraction of mineral
assets
 The need to acquire new mineral assets or enhance
existing assets to maintain value.
For an operating mine, strategic planning focuses on
continuous revision of long-term plans as economic and
operating conditions change, in order to maintain an up-todate plan that defines the future of the operation. Mining
companies need to be responsive and adaptive to both
internal and external changes (Harmony Gold, 2015).
Different mining companies respond differently to these
changes, but with the depressed commodity prices, most
companies have focused on being low-cost producers in order
to maximize profit margins. While some companies focus on
cutting costs, others like Sibanye Gold are acquiring new
assets and diversifying their asset portfolios for long-term
competitiveness. This requires analysis of acquisition
opportunities and compliant reporting, that is, Mineral
Resources and Reserves should be reported in accordance
with the SAMREC Code in the South African context.

" "#"!! !
After the direction has been defined at strategic level, tactical
planning now defines how the MAM objectives will be
achieved. At a project level, tactical planning is done at the
feasibility stage where detailed extraction strategies,
production schedules, and profiles are defined on the options
selected at the pre-feasibility stage. Risk assessment on the
selected options is done and the flexibility, capability, and
selectivity needs of the mineral asset are defined, all based on
the grade variability within the mineral asset. Resources
required to extract the mineral asset are also defined. Other
aspects that should be considered at this level include
selecting layouts for identified mineable areas and definition
of the mine-to-mill process, for example, consideration of
cyclic versus continuous haulage in coal mining.
For an operating mine, tactical planning focuses on three
major areas:
1. The availability of mining areas to maintain required
production profiles. This is done through controlling
the critical path for access, infill development, ledging,
and equipping of stoping areas
2. Efficient utilization of installed infrastructure
capacities (for example loading and hauling equipment
and plant)
3. Optimization of the production potential of the mineral
asset over its life and the effective management of
local constraints.
The tactical plan should ideally be updated quarterly and
is a joint exercise between the MRM department and
production personnel, with the MRM focusing on identifying
the sequence of areas in terms of flexibility and grade mix
and identifying areas that should not be mined, given the
latest information available.

" !"#"!! !
Key to PAS 55 asset management framework is effective
management of assets over their life-cycles. Operational
planning, also called short-term planning, is when the best
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option selected at the strategic mine planning stage and
refined at a tactical level is implemented on the mineral asset.
The objective is to ensure that the processing plant’s demand
is met (in terms of quantity and quality) while stewarding to
the strategic and tactical plans. The aim is to break down the
longer term company objectives into smaller, short-term
targets. The focus is on the efficient utilization of physical
assets and resources to deliver the mineral product at
acceptable costs in order to remain productive and profitable.
The operational planning horizon progresses from a
twelve- to eighteen-month annual plan through to daily plans
and concentrates on the efficient allocation and utilization of
physical assets and attainment of the required production
profiles developed during tactical planning. The 1–2 year and
1–3 month rolling schedules include detailed considerations
of stope preparation, ground support design, grade control,
and drilling and blasting. The School of Mining Engineering
(2016) at the University of the Witwatersrand relates
operational planning to level 2 and level 3 delineation
drilling. All aspects considered at this level require effective
management to ensure effective utilization and delivery of
the primary asset (the mineral reserve). Operational planning
activities in terms of managing the mineral asset along its
life-cycle broadly involve utilizing the mineral asset,
maintaining the mineral asset, and finally renewing or
disposing of the mineral asset at the end of the life of mine
(LoM). These mineral asset life-cycle activities are discussed
in the following section. Operational planning is driven by
quality, safety, and profit. Plan compliance is also critical to
avoid departing from annual budget targets.
Irrespective of the level, the planning process is the same,
the only difference being the level of detail and accuracy
required. An integrated and dynamic top-down and bottomup mine planning approach must be implemented for effective
MAM. Strategic goals should be cascaded down to operations
and as more technical knowledge about the mineral asset is
obtained from operations, feedback to the tactical and
strategic levels should be given for optimum MAM.

'#&! $#%'((#&(/(00($""&#(%&) &(%#(#&
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Adopting a MAM framework implies that the mineral asset
must be managed (planning, operating, optimization, and
risk management) throughout its life-cycle of creation,
utilization, maintenance, modification, and disposal. Figure 3
shows the integration of MAM activities with the mining
value chain.
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Aligning to the mining value chain, this level involves
creating or acquiring the mineral asset when the mineral
asset is explored or purchased. Feasibility studies on the
mineral asset are done where mine plans and designs are
generated that optimize the mineral asset value and reduce
risks. Proper economic evaluations and valuation should be
done to ensure that the right mineral asset(s) is acquired in
the first place. Development/stripping and construction
activities are done to ensure the mineral asset is ready to be
operated. The level of orebody flexibility required must be
defined and created to ensure maximum mineral asset
utilization.
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At this stage of the mineral asset life-cycle, the orebody is
exploited. Flexibility should be created to ensure maximum
utilization of the mineral asset and the mining methods,
processes, cycles, and systems must be optimized to
maximize production capacity. The mining system should be
simulated to understand and manage constraints to maximize
the rate of return. Optimum exploitation of the mineral asset
can be achieved only if flexibility was created in the tactical
planning stage. That flexibility should be maintained to
ensure face length availability, hence maximizing the
utilization of the mineral asset.
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Maintenance of the mineral asset would involve ore reserve
development to ensure the availability of mining areas,
thereby maximizing the utilization of the mineral asset over
its life. This will also ensure that the mineral asset continues
to deliver its set production and economic targets. For
maximum utilization and reliability of the orebody, control
measures must be in place and applied, including real-time
measuring and monitoring of processes to ensure proactive
controls are put in place.
In physical asset management, reliability engineering is
done, which is a systematic application of engineering
principles and techniques throughout the asset life-cycle to
ensure it has the ability to perform its required functions
under given conditions (Institute of Asset Management,
2015). Extending this concept to mineral assets, mineral
asset reliability would mean the ability of the mineral asset to
deliver its planned production level under any given
operational and economic constraints over its lifetime.
Metrics such as ‘mean time between failures’ and ‘mean time
to repair’ would equally be applied to mineral assets, for
example, by measuring the mean time between encountering
a geological structure and the mean time to mine around the
structure respectively. The frequency of interruptions from
geological structures and geotechnical constraints must be
proactively understood to enable creation of adequate
flexibility to maximize utilization of the mineral asset.
Creating flexibility in the mineral asset extraction plan is
a way of preventive maintenance of a mineral asset that is
          

applied to engineering maintenance of physical assets.
Melvin and Benders (2012) mention that in general, reactive
work often cost two to three times more than proactive work
in maintenance of physical assets. The same applies to
flexibility in mine plans; the benefits from a flexible mine
plan outweigh the cost of creating flexibility. According to
Kazakidis and Scoble (2003), flexibility does not only act as
’insurance’ against uncertain production activities, but also to
enable advantage to be taken of opportunities that may
develop during the life-cycle of a mining operation. Sufficient
flexibility can be achieved only if an acceptable level of frontend loading (FEL) was done during the asset acquisition
stage.
As the mineral asset becomes exhausted through mining,
flexibility also decreases. Maintaining flexibility and
consequently sustainability may require investing in new
technology to improve mineral recovery and/or processing
efficiency, lowering the cut-off grade, and subsequently
increasing the reserve base. Continuous exploration and
application of modifying factors should be done to discover
new mineral resources and continually convert resources into
reserves. Recapitalization can also be done to replenish
exhausted reserves, thereby extending the life of a mineral
asset by exploring other areas within the mineral deposit.

!!#" !# !#
Since the mineral asset is the main input to the planning
process and everything else is subordinate to it, a detailed
knowledge of the asset is fundamental for effective MAM; in
particular, the size, shape, spatial position, orientation, and
geochemical characteristics of the orebody (School of Mining
Engineering, 2016). This includes among other things
knowledge of mineralogy, grade, density, rock jointing,
mining rock mass rating, water quantity, and oxide/sulphide
ratio. FEL ensures better understanding of the mineral asset
in terms of geological structures such as potholes that affect
the continuity of the orebody. Macfarlane (2011a) defined
FEL as investing resources in project pre-planning to obtain
detailed information and an acceptable level of orebody
knowledge before the project implementation stage. The
result is a comprehensive and integral mine plan that
accurately accounts for risks and uncertainties through the
LoM, thereby improving safety. Proper FEL is achieved if the
MAM process is multidisciplinary.
VOLUME 116







1047



   !## !"#"#
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As shown in Figure 3, value is created during the early
stages of the project and can only be maintained or destroyed
during execution. This shows the need for FEL early in the
project life to maximize value from the mineral asset.
Sufficient FEL lead to:
 Fewer surprises and changes to mine plans at the
operational stage
 Less variance in short-term schedules (on-plan rampups)
 Early identification of opportunities for creating
flexibility in the mine plan
 Comprehensive and integral mine plans that accurately
account for risks and uncertainties through the LoM,
thereby improving health and safety
 A comprehensive mine plan and improvement in
orebody capability and reliability.
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As the mineral asset becomes depleted a point will be reached
when the asset will deliver returns less than the cost of
capital, and a decision should be made to either sell the
mineral asset or close the mine. This process of deciding
which mineral assets to dispose from a portfolio is done at a
strategic planning level.
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Enabling the benefits of a MAM system has several
implications for MRM. Proper organizational systems must be
in place for an effective implementation of MAM principles.
The organizational structure must be well defined to facilitate
the implementation of the asset management principles with
clear direction, leadership, MAM roles and responsibilities
(British Standards Institution, 2008). A multidisciplinary
team for MAM must be established and MAM must be
embedded in the duties of the MRM manager. The MRM
department must be the custodian of MAM, coordinating
inputs from various functions. The capabilities of other assets
such as people, equipment, infrastructure, technology, and
information, among others, must also be sound to ensure
efficient practices and optimal exploitation of the mineral
asset. This is because all these other assets are encompassed
and governed by the overall MAM system. This implies that
the mine planning processes, functions, and systems along
the mining value chain must be integrated and people at all
levels must be aware, competent, and committed to ensure an
optimal end result. Adequate FEL is necessary to have
sufficient knowledge of the mineral asset and information on
its capacity, capital costs, risks, geological, geotechnical, and
other orebody characteristics.
A successful MAM system also requires proper risk
management systems to be in place and applied to manage
the risks associated with the mineral asset to derive
maximum benefits from an asset management framework. It
is a requirement that an organization demonstrates ability to
critically manage mineral assets risks. This implies that
standards such as ISO 14000 and ISO 18000 must already be
in place in the company. There is need for performanceaccountable business focus within the organization, which
implies that the strategic and life-of mine-plans must be
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transparent and auditable and be able to stand up to public
scrutiny (Macfarlane, 2011a). Mineral resources/reserves
reporting and valuation codes of practise should be complied
with for good governance of the mineral asset. Appropriate
measures of value should be used, for example economic
value-add (EVA), and the value and performance of the
mineral asset must be reported based on principles such as
transparency, materiality, and competence.
Effective MAM requires optimization of mine plans and
processes across the value chain. Value from the mineral
asset is optimized when all key mine planning variables are
optimized, including extraction rate, mining methods, and
cut-off grade. Hall and Hall (2006) define an optimum mine
plan as one:
 That best achieves the corporate goals taking into
account the company’s risk-reward profile
 With a good long-term performance
 That best achieves the desired measures of value such
as maximum NPV, rate of return, and mine life and
minimizes risks while satisfying the goals of other
stakeholders, including governments and local
communities.
Effective MAM requires short-term planning controls to
be in place to avoid diverging from strategic mine plans and
hence value erosion. Such controls include the following.
 Dilution control
The contamination of ore with waste material or
material below the cut-off grade must be controlled and
minimized to ensure maximum recovery of the mineral
asset. Sufficient test work must be done to understand
the orebody continuity, boundaries, and grade
variability. This will ensure that an optimum mining
method (the one that minimizes dilution) is selected.
This emphasizes the need for a competent and
committed MAM team. Ebrahimi (2013) mentions the
following effects of dilution on mineral asset value:
• Decreases the head grade, thus decreasing cash
flows and lowering NPV. In some cases, lower
head grade means lower mill recovery
• Increases mining and processing costs. Energy and
resources are wasted in processing diluting
material
• Prolongs the processing of valuable material, thus
delaying cash flows and impacting NPV because of
the time value of money
• Opportunity cost of processing diluting material.
Dilution adversely affects short-term income and longterm mineral asset value. Although it is practically
impossible to eliminate, it should be controlled to
ensure maximum value is derived from the mineral
asset(s). Effective dilution control is possible when
efficient grade control methods are in place.
 Grade control
Effective MAM requires understanding the grade distribution of the orebody so that waste and ore zones are
clearly defined. This ensures that only valuable
material is send to the mill for processing and also that
a consistent and optimum mill grade is achieved for
optimum recovery and profitability. Successful grade
control is possible only when best-practise sampling is
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 Metal accounting and reconciliation
Accounting of the mineral asset must be done from its
in situ phase to the final product. Therefore, there must
be application of and compliance with metal accounting
and reconciliation standards from the geological model
to the product. This will ensure that the metal content
is reconciled and accounted for across the full mining
process together with the quantification, measuring,
and accounting of losses. Macfarlane (2011b) mentions
that ‘metal accounting and reconciliation is an
increasingly important governance issue in all mining
operations, in that it is required, from a risk
management perspective that the company is in control
of its product throughout the mining value chain’. He
further states that governance is no longer a
boardroom issue but must be cascaded down to the
tactical and operational planning levels. In that regard,
the Australian Minerals Industry Research Association
(AMIRA) code of practice and guidelines for metal
accounting and reconciliation was developed.
Therefore, for effective MAM, mining and metals
companies should adopt the AMIRA code. Metal
accounting and reconciliation involves estimating the
metal along the value chain over a defined time period
and a comparison of estimates and measurements
along the value chain, and at different points in time
(Macfarlane, 2011b). The three broad reconciliation
points are between the resource model and the mine,
between the mine and the mill, and between the mill
and the market. The main objectives of metal
accounting and reconciliation are to (Macfarlane,
2011b):
• Balance physical metal content along the value
chain
• Ensure the mineral asset is eventually converted
into a saleable product
• Identify losses of value along the value chain
• Investigate losses and implement future
improvement strategies.
          

Best practice in metal accounting and reconciliation will
ensure effective MAM through optimum metal recovery from
the resource model to the product.
Possible ore losses along the mining value chain fall into
two broad categories; apparent and real losses. Apparent
losses occur due to errors or bias in sampling, assaying, and
mineral resource estimation, whereas real losses include:
• Deterioration of mined ore, for example, as a
result of oxidation
• Physical ore losses through theft, self-combustion,
spillages (mainly at transfer points)
• Poor mining practices leading to ore being left in
mining areas, for example, in the hangingwall or
footwall.
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Corporate governance is currently an issue of concern in the
metals and mineral commodities sectors, particularly
concerning the management and reporting of mineral
resources/reserves. To ensure transparency and consistence
in the management of mineral assets, it is necessary to prove
to investors and various stakeholders that proper
management systems are in place within the company.
Adopting a MAM system such as PAS 55 in addition to the
SAMREC Code will provide assurance to stakeholders and
investors that an organization has an effective way of
protecting investments and maximizing value from the
mineral resource. It shows evidence and demonstration of
sustainable good corporate governance and good practise to
investors and other stakeholders, hence improving organizational reputation and ultimately improving shareholder value
and marketability of mineral products. PAS 55 has
demonstrated that mineral assets can be treated the same
way other physical assets are being treated. Hence, due
consideration should be given to the inclusion of the mineral
assets in the financial statements.
Adopting a MAM system provides a platform for an
organization to do a self-assessment and test its position in
terms of identifying threats, gaps, and opportunities and then
plan for improvement along the mining value chain. This
enables the organization to model potential future scenarios
and simulate how it can mitigate threats and capitalise on
opportunities. A MAM system helps a mining company gain
competitive advantage over other mining organizations by
ensuring that its mineral assets. are effectively managed.
A PAS 55 asset management framework is also applicable
for benchmarking, that is, comparing the organization’s
performance with other mining organizations and providing
guidance for good practise. This helps to drive improvement,
unlock more value from the mineral asset, and enhance the
asset capability, which is achieved through good practise
along the mining value chain.
Adopting a MAM framework like PAS 55 and ISO 55000
series of standards will result in integrated, controlled,
dynamic, and systematic planning along the mining value
chain. This will result in an optimized long-term mine plan
which significantly improves the cash-flow profile of the
organization and hence optimizes the return on investment.
The strategic organizational planning and operational
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done at the mine. Best-practise sampling involves
selecting optimal sample spacing and sample collection
points, and appropriate sample preparation and
analysis.
Grade control is done to maximize value from the
mineral asset by ensuring that only material with a
contained value that is more than its mining and
processing costs is mined. Grade control is also
important in optimizing plant recovery. This is because
the milling process is usually designed to be most
efficient at a certain head grade, and when material
with too high a grade is send to the plant, some of the
value may be lost in the tailings, and on the other hand
it is uneconomic to send low-grade material to the
plant. When mining a mineral asset with significant
grade variability, a blending strategy should be
implemented to feed the mill with material of consistent
head grade. Quality control and quality assurance
standards must be practised from the resource model to
the market. This can be done through efficient metal
accounting and reconciliation to measure any ore
losses and implement control measures to minimize
such losses.

Extending the application of PAS 55/ ISO 55 000 to mineral asset management
planning that ensure that the principles of the total life-cycle
planning, risk management, and sustainability are actually
delivered within the day-to-day operation of the mine are
evidently aligned with the fundamental PAS 55 framework.
Therefore, adoption of PAS 55 will provide evidence of
systematic, multifunctional, and optimized management of
mineral assets that integrates short-term demands with
sustainable long-term performance. This, for example, avoids
the temptation for companies to focus only on short-term
profitmaking strategies that erode long-term value. Such
strategies include deferring long-term capital projects for
short-term benefits, cutting development expenditure in
underground mines, or deferring stripping in open pits.
An optimized mineral asset life-cycle also improves the
health, safety, and environmental performance of an organization because the adoption of and compliance with a MAM
framework will inherently involve identification and
reduction of risks along the mining value chain. Adoption of
the PAS 55/ ISO 5500X series of standards will ensures that
all mineral-asset-related risks are actively managed to
minimize adverse impacts on the performance of the
business. PAS 55 and ISO 5500X are good yardsticks in
mineral risk management, together with other ISO standards
such as ISO 18000. A good MAM framework also facilitates
and promotes adoption of and compliance with various other
standards, regulatory and statutory codes, and practises
which improves the overall business managements of an
organization.
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Even though mineral assets are currently not presented on
companies’ balance sheets, the same principles of asset
management applicable to physical assets such as machinery
and equipment can be applied to mineral assets. Mineral
assets are the underlying assets that provide a mining
company with a competitive edge against other mining
organizations and therefore must be managed efficiently to
derive optimum value from their extraction. The uniqueness
of the mineral resource justifies the adoption of a sound asset
management framework to unlock, optimize, and maintain
the mineral asset value along the mining value chain. PAS 55
and ISO 5500X are such integrated frameworks that have
proved useful in many asset-intensive sectors in which they
have been adopted. Therefore, extending them to the
management of mineral assets will optimize value from the
finite mineral assets. This will provide a single and integrated
way of managing mineral assets over their life-cycles and will
allow compliance with other codes, such as AMIRA, SAMREC,
and SAMVAL among others, which are key requirements of
corporate governance.
Applying these standards to mineral assets provides
assurance to the mining company and its stakeholders that
the mineral assets are being managed in an optimum way.
This will help mining companies gain competitive advantage
through effective mineral asset management.
However, to ensure success and derive maximum benefits
from the MAM framework there are several prerequisites.
Organizational structures and systems must be aligned and
integrated together with clearly defined roles and responsibilities of a committed and competent MAM team.
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A survey of applications of multicriteria decision analysis methods in
mine planning and related case studies
by M.J. Mahase*, C. Musingwini*, and A.S. Nhleko*

In an environment like the mining industry, which is characterized by
different stakeholders with multiple objectives, multi-criteria decision
analysis (MCDA) is a useful approach for optimal decision-making. The
application of MCDA techniques in the mining industry has predominantly been in mine planning and related problems, although no
comprehensive survey has previously been undertaken to establish the
application trends. A survey of the use of MCDA techniques was
therefore conducted using case studies from the literature. It was noted
that often two or more methods are applied to the same problem in
order to increase confidence in the solution derived. As the number of
criteria and alternatives increases, some methods become inefficient. A
combination of the analytic hierarchy process (AHP) method with other
MCDA techniques was the most frequently used approach, indicating
the efficiency of the AHP method, especially when evaluating problems
with more criteria and fewer alternatives. A combination of fuzzy
theory with AHP or other methods incorporates uncertainty. The
findings from the survey will benefit users applying MCDA techniques
to solve mine planning and related problems..
/-*(%'
mine planning, multi-criteria decision-making (MCDM), multi-criteria
decision analysis (MCDA), multi-objective decision-making (MODM),
criteria, alternatives.
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A country’s natural resources serve the needs
of different groups of people within the
country. These different groups are collectively
known as stakeholders (Herath and Prato,
2006). Stakeholders have different needs,
preferences, and expectations, which describe
and define the criteria to be considered in
decision-making. The options available as
solutions describe the alternatives in decisionmaking theory. The criteria and alternatives
have to be evaluated simultaneously when
making decisions, and this is when multicriteria decision analysis (MCDA) techniques
become invaluable (Herath and Prato, 2006)
because the human mind is considered to be
limited when solving complex and intangible
problems with several criteria and alternatives
(Saaty, 2007). MCDA techniques belong to a
broad group of techniques called multi-criteria
decision-making (MCDM) techniques. The
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other group of techniques within MCDM
comprises the multi-objective decision-making
(MODM) techniques. MODM techniques are
generally used to solve problems with an
infinite number of alternatives, while MCDA
techniques are generally used to solve
problems with a finite number of alternatives
(Musingwini, 2010).
MCDA techniques have been frequently
used to address decisions ranging from the
strategic to the everyday (Petit and Fraser,
2013). The use of MCDA techniques has been
extended to the mining industry, especially in
mine planning and equipment selection
(Musingwini, 2010). Mine planning and
equipment selection are crucial in ensuring
that a mine is run efficiently. For example,
Sousa Junior et al. (2014) used the preference
ranking organization method for enrichment
evaluation (PROMETHEE) and elimination and
choice expressing reality (ELECTRE) methods
to select highway trucks for a mining
operation. Musingwini and Minnitt (2008)
ranked the efficiency of certain mining
methods using the analytic hierarchy process
(AHP). Yavuz (2015) selected equipment for a
mine using Yager’s method and AHP.
Karadogan et al. (2008) used fuzzy set theory
to select an underground mining method.
In this study, mine planning and related
case studies are identified and categorized
according to the MCDA methods used. The
results are compared and a trend is established
according to the number of criteria and
alternatives. From the results, the appropriate
method to use in specific case studies is
determined, considering that each method has
its own limitations, advantages, and
disadvantages.

A survey of applications of multi-criteria decision analysis methods in mine planning
The investigation considered the most commonly used
MCDA methods and how the methods were chosen for
analysis. Case studies were identified and categorized
according to the number of criteria and alternatives.

#+,"(,+-(,&.%-",',*).&)&','.+-"$),#-'
The mathematical frameworks of MCDA techniques do not
form part of this paper as they are adequately explained
elsewhere (e.g. Musingwini, 2010). Problem solving using
MCDA techniques involves the following steps (Musingwini,
2010):
1. Identifying objectives and representing them as
criteria
2. Assigning numerical values or weights to the criteria
3. Measuring the efficiencies of alternatives against
different criteria to yield outcomes
4. Making an appropriate decision from the outcome.
To yield outcomes, an alternative Ai is selected from a set
of alternatives A = {A1, A2, ……., Am}. Alternative Ai is
measured against a decision criterion Cj from a set of criteria
C = {C1, C2, ……, Cn}. An outcome, Oij is determined by
measuring the efficiency of Ai against Cj. For m alternatives
and n criteria, the alternatives and criteria are arranged in a
(m × n) matrix to yield outcomes, as shown in Table I. From
the outcomes, the alternative with the highest weighted
outcome is taken as the ideal alternative except in the VIKOR
method which uses the lowest weighted outcome, after
reconfiguring the outcomes into dimensionless outcomes as
the weighted outcome is derived as an additive function.
Many MCDA methods have been established and their
use extended to the mining industry. Various authors have
used different sources to identify the most commonly used
MCDA methods. Velasquez and Hester (2013) used
databases like Springer, ScienceDirect, IEEExplore, journal
articles, and conference proceedings to identify publications
on MCDA. The identified publications were narrowed to those
dealing with the most commonly used methods.
Eleven methods, namely multi-attribute utility theory
(MAUT); analytic hierarchy process (AHP); fuzzy set theory;
case based reasoning (CBR); data development analysis
(DEA); simple multi-attribute rating technique (SMART);
goal programming; elimination and choice expressing reality
(ELECTRE); preference ranking organization method for
Table I

$-.'+(#"+#(-.* .&.-)-(,".!#+,"(,+-(,&.%-",',*)
&)&','. (*-!. #',),),.  

Alternatives

A1
A2
….
Ai
….
Am



(,+-(,&








O11
O22
....
Oij
…..
Oij

A: Alternatives, where a set of alternatives A = (A1, A2, ……., Am)
C: Criteria, where a set of criteria C= (C1, C2, ……, Cn)
O: Outcomes, they measure the efficiency alternative Ai against
criterion Cj, to get outcome Oij
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enrichment evaluation (PROMETHEE); simple additive
weighing (SAW); and technique for order preference by
similarity to ideal solution (TOPSIS) methods were identified.
MAUT was the most commonly used method in conjunction
with other methods when two or more methods were used.
The use of two or more methods provides an alternative
method to make up for the shortcomings any one of the
particular methods (Velasquez and Hester, 2013).
Fulop (n.d.) classified multi-attribute decision-making
methods into cost-benefit analysis (CBA), elementary
methods, MAUT methods, outranking methods, group
decision-making methods, and sensitivity analysis.
Elementary methods were subdivided according to pros and
cons analysis, minimum and maximum methods, conjunctive
and disjunctive methods, and lexicographic methods. The
MAUT methods were classified into SMART, generalized
means, and AHP; and outranking methods into PROMETHEE
and ELECTRE methods.
Figueira, et al. (2005) classified outranking-based
multiple criteria decision methods which were based on
pairwise comparison of actions into outranking methods,
multi-attribute utility and value theories (MAUT/ MAVT),
and non-classical MCDA approaches. The outranking
methods were further divided into ELECTRE methods,
PROMETHEE methods, pairwise criterion comparison
approach, and one outranking method for stochastic data.
MAUT/ MAVT were divided into MAUT method, utilities
additives (UTA) method, analytic network process (ANP),
AHP, and measuring attractiveness by a categorical-based
evaluation technique (MACBETH). Non-classical MCDA
approaches were introduced to account for any uncertainties
associated with a changing environment. Under non-classical
MCDA approaches the fuzzy set approach and technique for
ordinal multi-attribute sorting and ordering (TOMASO) toolbased software were considered.
Sanandaji (2006) referred to decision-making methods as
models and classified them into MCDM, MADM, rational
decision-making, irrational decision-making, and nonrational decision-making models. MCDM was further divided
into ELECTRE-II, PROMETHEE-II, AHP, compromise
programming (CP), and multi-criterion Q-analysis (MCQA).
MADM was subdivided into SAW, weighted product (WP)
method, and TOPSIS.
Peniwati (2007) identified 15 MCDA methods and
divided them into structuring methods, ordering and ranking
methods, and structuring and measuring methods. Analogy
association, boundary examination, brainstorming or brain
writing, morphological connection, and why-what’s-stopping
methods were categorized under structural problems.
Structuring and measuring methods consisted of Bayesian
analysis, MAUT, and AHP. Ordering and ranking methods
included voting method, nominal group technique, Delphi
technique, disjointed incrementalism, matrix evaluation, goal
programming, conjoint analysis, and outranking methods.
De Montis, et al. (2008) identified the most commonly
used methods to address problems involving sustainable
development and stakeholder involvement. The seven MCDA
methods identified were assessed in terms of their usefulness
and application. The methods were then classified into single
criterion approach methods, outranking methods, and
programming methods. Single criterion approach methods
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were classified into CBA, MAUT, AHP, and evaluation matrix
(Evamix). ELECTRE III, regime, and novel approach to
imprecise assessment, and decision environments (NAIADE)
were classified under outranking methods. Programming
methods were divided into goal programming and multiple
objective programming.
Musingwini (2010) identified five most commonly used
MCDA techniques based on their frequency of use in the
mining industry as well as in other sectors. The identified
techniques were MAUT, AHP, ELECTRE, PROMETHEE, and
TOPSIS. The identified techniques were then compared under
criteria of foundation, theoretical basis, measurement criteria,
and determination of weights of criteria to show the unique
properties of each technique.

-+$*%**
Case studies solved using MCDA techniques were identified
from different journal sources and conference proceedings.
The identified case studies were narrowed down to those
dealing with mine planning and related studies. A total of
150 case studies solved using multi-criteria methods were
identified and grouped according to the method of analysis
applied (Table II). Where a case study was published in more
than one journal, it was accounted for only once in order to
eliminate bias.
After grouping the case studies based on the methods
used to solve them, the frequency of use technique was
applied as an indicator to determine the most used method.
The method selected using this technique may not necessarily
be the best, although it may be frequently used owing to its
simplicity.

both methods use pairwise comparison of criteria (Alexander,
2012). On the other hand, the interdependence between
criteria has made AHP unfavourable (Velasquez and Hester,
2013). Judgement and ranking of criteria can be inconsistent
during the pairwise comparison of criteria. This implies that
although AHP is frequently used due to its simplicity, other
techniques can be used concurrently with AHP to address its
shortcomings.
The combination of different MCDA techniques and AHP
is discussed in detail due to its high frequency of usage in
mine planning and related case studies. AHP is the most
frequently used technique to address mine planning
problems, which include the selection of an optimum mining
method, evaluation of transportation methods, selection of
optimal mining equipment, and suitable land use alternatives
for mined land. AHP links criteria at upper levels to criteria at
lower levels, through division of the criteria into sub-criteria.
AHP is considered to efficiently rank criteria because of the
pairwise comparison of criteria. However, AHP requires a
high level of knowledge and experience from the decisionmaker. AHP does not incorporate risk and uncertainties
(Shahroodi et al., 2012).
The mining environment is characterized by uncertainty
(Saaty, 2007) so it is necessary to incorporate uncertainty in
decision-making. Figure 1 shows the different criteria and
alternatives for the case studies solved using AHP. Most case
studies consider a maximum of 20 criteria and 9 alternatives
(Figure 2). With increasing numbers of criteria and

2-'#+'.&)%.&)&','
The most frequently used manner of solving multi-criteria
problems is a combination of two or more techniques,
followed by the use of AHP and then fuzzy set theory. The
usage of two or more methods compensates for the
shortcomings of the alternative methods when solving a
particular problem (Velasquez and Hester, 2013).
Due to its simplicity, AHP is the second most used
methodology after the combination of MCDA techniques
(Velasques and Hester, 2013). AHP is also less dataintensive than MAUT. AHP is compared to MAUT because

,#(-.(,+-(,&.&)%.&+-()&+,-'. *(."&'-'.'*-%..+$-.
+-"$),#-

Table II

.!-+$*%'.#'-%.+*.'*-.+$-.,%-)+, ,-%."&''+#%,-'
(-#-)"

Combination of methods
AHP
Fuzzy set theory
PROMETHEE
TOPSIS
MAUT
Yager's method
VIKOR method
ELECTRE
Folchi algorithm
Integrated grey cluster and entropy-weight method

81
45
8
4
3
2
2
2
1
1
1

Total

150
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alternatives, it may not be feasible to use the AHP method
due to the uncertainty associated with a large number of
alternatives and criteria. According to Yavuz and Altay
(2015), the recommended maximum number of criteria to be
handled by AHP is 9, due to the limitations of human
abstract thinking. In cases where the number of criteria is
greater than 9, criteria should be decomposed into subcriteria, such that the main criteria do not exceed 9, but each
criterion has several sub-criteria.

     
A combination of different techniques is used to make up for
the shortcomings of any one technique (Velasquez and
Hester, 2013). It increases the level of precision since it
allows for a comparison of solutions from different
techniques. Table II indicates that 81 of the 150 case studies
were solved using a combination of methods. Table III
presents the various combinations of the MCDA techniques.
AHP in combination with other methods was the most
frequently used, followed by the combination of fuzzy MCDA
methods. The combination of AHP with PROMETHEE was
followed by fuzzy TOPSIS in conjunction with other methods.
The combination of fuzzy AHP and other methods was the
least frequently used. A graphical presentation of the
frequency of different combinations of MCDA methods is
shown in Figure 2. Table III and Figure 2 show that AHP is
the most commonly used MCDA method in combination with
other methods in mine planning, with a 20% frequency.
Figure 2 illustrates the different combinations of MCDA
methods used to solve the case studies. Most case studies are
solved using a combination of AHP and other MCDA
techniques. For instance, a combination of AHP with fuzzy
set theory, PROMETHEE, or TOPSIS are present, making AHP
a frequently combined method. AHP can be used to solve
strategic and long-term mine planning problems.
Figure 3 presents the criteria and alternatives of MCDA
method combinations with AHP used to address different
case studies. The number of criteria has increased up to 25,
and in one case as many as 50 criteria are seen. The number
of criteria increased in comparison to when AHP was the only
method used for analysis, as shown in Figure 1. More criteria
in a decision means more precision is required. The number
of alternatives has also decreased to a maximum of 20
compared to 28 where AHP was the only method used. As

the number of criteria increases, the possible alternatives are
narrowed down. Applying a combination of different methods
yields a more accurate result than using a single MCDA
method for analysis.
There are uncertainties associated with decision-making,
which are due to the subjective judgement of the decisionmaker or incomplete data (Yazdani-Chamzini and Yakhchali,
2012). Mine planning problems are often associated with
incomplete data. For example, geostatistics is used to solve
the problem of incomplete data as modelling has to be done
on geological data from drilling. To address uncertainty,
fuzzy theory is combined with different MCDA techniques
(Yazdani-Chamzini and Yakhchali, 2012). Fuzzy MCDA
methods are the most frequently used methods, accounting
for 54% of the total combination of methods. Figure 4 shows
that the range of criteria increased relative to the non-fuzzy
AHP method. Using fuzzy theory results in an increased
number of criteria and a decrease in number of alternatives.
This observation is expected because as more constraints are
considered, the more specific the problem becomes. As a
result, irrelevant options are eliminated.
Figure 5 summarizes the observations in Figures 1, 3,
and 4. It can be concluded that as the number of criteria
increases, the number of alternatives decreases. This imparts
a level of confidence to decision-making, since all the
redundant alternatives are omitted. Preliminary findings
based on the analysis of case studies using more than one
MCDM method indicate that stable results are obtained when
a maximum of four alternatives and six criteria are evaluated.

,#(-.(,+-(,&.&)%.&+-()&+,-'.,).+$-."*!,)&+,*).* ..,+$.*+$-(
.!-+$*%'

Table III

*!,)&+,*).* ..!-+$*%'.#'-%.+*.'*,%-)+, ,-%."&'-.'+#%,-'
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(-#-)"

AHP and other methods
Fuzzy AHP, fuzzy TOPSIS
Fuzzy AHP
Other fuzzy methods
AHP, PROMETHEE
Fuzzy TOPSIS
Other methods
Fuzzy AHP and other methods
AHP, Yager's method
AHP, TOPSIS
Total
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16
13
10
9
7
7
7
5
4
3
81
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The nature of mining input technology
in South Africa
by P. Leeuw* and H. Mtegha*

0/&)2)
The aim of this paper is to enhance the understanding of the nature of
mining input technologies in the South African mining industry. In the
context of this research, mining inputs refer to input technology into the
activities in mining engineering fields, which include mining-related
production activities, rock engineering, mine ventilation, and mine
transportation (handling of personnel, material, broken rock, and
pumping). Input technologies in supporting fields such as geology, other
engineering disciplines, human resource, procurement, finance, as well as
downstream fields that include metallurgy, and marketing of minerals,
were disregarded.
The mining input technologies were divided into 12 nodes, and data
from a sample of 150 first-tier mining suppliers was analysed. It was found
that, in general, there is a high local content in mining input technologies,
particularly as regards technical support services, artefacts, and machine
technologies. This points to the presence of mining-induced backward
linkages in the South African mining industry. The majority (83%) of
companies that provide input technologies into mining are located in
Gauteng Province, and relatively few are found in provinces where mining
is concentrated such as North-West, Limpopo, Mpumalanga, and Free
State.
71/.")
mining input technology; backward linkages; South African mining
industry.

5,/0/$2,3(204+'1)

South Africa is well endowed with minerals,
with more than fifty different minerals being
mined throughout the country. For this and
other reasons, mining is one of the crucial
pillars in the South African economy and its
importance is well documented (Robinson and
von Below, 1990; Creamer, 2010; Department
of Mineral Resources, 2015). In 2013, South
Africa was the largest global producer of
chromium, ferrochrome, platinum group
metals (PGMs), and vermiculite and the
second largest global producer of antimony,
manganese, titanium, and vanadium (Chamber
of Mines of South Africa, 2014). In 2013, the
mining industry contributed 6.7% to South
Africa’s GDP and was the fifth largest sector in
the economy, as shown in Figure 1.
Despite the mining industry’s relatively
small direct contribution to the GDP, it
accounted for 19.4% of the total private sector
investment in 2013, or 12.2% when the public
sector is included. The importance of mining in
VOLUME 116

The development of the resource linkage effect
theory, especially for developing countries, can
largely be attributed to balanced and
unbalanced growth doctrines. The concept of
balanced growth is attributed to the GermanAmerican economist Friedrich List (17891846) (Clairmonte, 1959; Streeten, 1959). List
held an opinion that economic prosperity and
liberty can be realized when a nation systematically progresses from primary sector
activities to secondary and tertiary sector
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the South African economy is also
demonstrated by its sustained average contribution of 33% to the total export account in
the past decade (Chamber of Mines of South
Africa, 2014). Hausmann and Klinger (2006)
view this as a weakness, because firstly,
minerals are exported as commodities with
very little differentiation; and secondly,
minerals are a fixed natural endowment that is
gradually depleted, while the population and
its diverse needs increase over time.
Export sophistication arises when new
products that require a higher knowledge
intensity and various inputs are developed for
export markets. Merely increasing the
production of existing products constitutes an
increase in productivity, but not in export
sophistication. A good measure of export
sophistication is an increase in the activities of
the secondary and tertiary sectors of the
economy. For mineral-endowed economies,
part of the increase in these activities should
be due to the linkage effect between the
primary sector and the secondary and tertiary
sectors.

The nature of mining input technology in South Africa
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activities. The balanced growth doctrine prescribes that all
sectors of the economy must develop simultaneously over
time to usher in a new period of economic prosperity.
The criticism of balanced growth, and therefore support
for unbalanced growth, came from economists such as Albert
Hirschman and Paul Streeten. Hirschman (1958) was of the
view that in an economy, any form of investment upsets
equilibrium and results in new demands that bring about
unbalance. According to Hirschman, any investment aimed at
meeting new demands after the initial investment will lead to
further unbalance (disturbance) in the market. Therefore, a
balanced state (simultaneous development of all sectors of
the economy) is unattainable, and the best way of achieving
economic growth is to target sectors that have the potential to
grow and stimulate multipliers in other sectors or industries,
rather than the blanket approach of balanced growth.
The initial investment and subsequent reinvestments to
meet new demands in the economy under the unbalanced
growth doctrine lead to linkages or connectedness between
various sectors. These linkages can be best illustrated
through the input-output model. The work of Hirschman and
others over the years uncovered a number of linkage types in
the economy.
 Production linkages, consisting of forward and
backward linkages (Hirschman, 1958) and sideways
linkages (Walker and Jourdan, 2003; Lydall, 2009).
These arise due to transactions between different
sectors of the economy
 Consumption linkages (Hirschman, 1992, p. 64). These
arise due to the demand for products and services as a
consequence of earned income
 Fiscal linkages (Hirschman, 1981). These arise when
tax receipts from exports and imports (tariffs) are
invested to create new or enhance existing public goods
 Spatial linkages (Mtegha et al., 2012). These arise
when infrastructure (especially social overhead capital)
is built as a result of the exploitation of a resource in a
region
 Lateral migration linkages (Walker and Jourdan, 2003).
These arise when technology originally used in one
industry is adapted to meet new demands in other
industries.
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These linkages types resonate with opportunities that the
African Mining Vision seeks to create for the African mineral
sector, which are:
‘(i) increasing local upstream support (supplier/input
industries) sectors; (ii) enhancing downstream industries
based on increased local beneficiation and value addition of
goods; (iii) facilitating lateral migration of mining
technologies to other industries; (iv) increasing social,
human, knowledge and institutional capital (which can be
used in other sectors); (v) promoting the development of
sustainable livelihoods in mining communities; and (vi)
creating small-and medium-sized enterprises and a more
balanced and diversified economy with greater multiplier
effects and potential to create employment’ (African Union,
2009, p. 5).
It should be noted that the central aim of the African
Mining Vision ‘is to move mining out of its enclaves and turn
it into a sector that can catalyse and contribute to the broadbased growth and development of a single African market,
within which it will be fully integrated. This requires work,
sector by sector and region by region, to build both
downstream linkages into mineral beneficiation and
manufacturing, and also upstream linkages into mining
capital goods, consumables and service industries’ (DlaminiZuma, 2014, p. 58).
A large part of mining linkages is manufacturing. In
South Africa there has been a slight but general decline in
manufacturing production since 2010, presumably due to
depressed economic conditions in Europe and the USA. This
has led to the underutilization of capacity by 2% compared to
the period prior to the 2008 credit meltdown. Similarly, there
has been a decline in bulk mineral shipping prices and the
bulk mineral price index since 2009. These local and global
trends have put pressure on the domestic manufacturing
sector, and some companies are starting to ponder
mechanization and automation (Manufacturing Circle, 2015).
Potential obstacles as companies turn to mechanisation
and automation in the manufacturing sector in South Africa
is the shrinkage of skilled artisans and engineers at a rate of
0.9% and 0.5% respectively from 2002 and 2013 and the
marginal growth of technicians at a rate of 0.7% over the
same period. This trend could be reversed by attracting young
Africans and women into technical fields. The percentage of
African artisans increased from 40% in 2002 to over 80% in
2013; however, unfortunately the percentage of women
dropped from 35% in 2002 to 25% in 2012. The reason for
the decline in female artisans is not clear, but this trend is a
cause for concern (Department of Trade and Industry, 2015).
Notwithstanding, the focus of this paper is on production
linkages, in particular backward linkages or inputs into
mining. When the flow of inputs from supplier industries into
mining industry is strong, then the subsequent multipliers
into the economy should also be strong. Mines globally
generate multipliers (Lagos and Blanco, 2010; Ge and Lei,
2013; Fleming and Measham, 2014), and South Africa is no
exception. In particular, according to Jones and Baxter (2002,
pp.83–84), mines in South Africa generate social, primary
income, employment outside the mining industry, income in
terms of trade, and capital formation multipliers as briefly
outlined in Table I.
If, for example, we consider the employment multiplier as
outlined in Table I, it is found that in 2013 the South African
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Table I
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Construction of infrastructure by mining companies such as housing, roads, schools and clinics, and provision of utilities
such as electricity and recreational facilities.

Primary incomes

Household demand for goods as the consequence of primary income derived from the mining industry.

Employment
Income terms-of-trade

Jobs created in other industries due to demand for or supply of goods by the mining industry.
Net positive effect on the balance of payments, foreign reserves, monetary policy, and general business confidence
induced by mining exports.

Capital formation

Positive effect by the mining industry in attracting inflow of foreign capital and generating domestic capital as well

mining industry’s turnover was R469.8 billion (R524.5
billion when investments, trademarks, and other sources are
taken into account) against the total expenditure of R495.2
billion. A total of R214.1 billion or 43.2% of the total
expenditure was spent on purchasing goods and services.
(Chamber of Mines of South Africa, 2014). Expenditure on
goods and services is important as it largely represents
backward linkages into the economy.
The ability to locally manufacture and provide mining
inputs is a better leverage for a country. It should be noted
that the nature of mining lends itself to an enclaved structure
and countries should be vigilant against such, lest they find
their mining industry linked to local industries through
international markets as eloquently stated by Lombard and
Stadler (1980). That is, there is a tendency for international
suppliers (manufacturers and service providers) to set up
agencies locally through which procurements are channelled
back to base companies where intellectual properties are held
and which ultimately constitute a sink for a large portion of
the procurement value.
Walker and Jourdan (2003, p. 36), in a study commissioned by the Chamber of Mines of South Africa in 2000,
stated that ‘South Africa has used its mining activities as a
base to nurture a cluster of highly competitive mining and
mineral processing-related goods and services industries,
supporting both local and international markets’. This
statement is supported by the work of Kaplan (2011), which
showed that South Africa was a net exporter of mining
equipment, with a 37% market share in sub-Saharan Africa
in 2009. This type of backward linkage is important for job
creation outside the mining industry.

/-2!+-2/03%/.3-#13.1)1+.,#
The assertions by Walker and Jourdan (2003, p. 36) and
Kaplan (2011) motivated an investigation into what type of
mining inputs are in demand in the South African mining
industry. In the context of this research, mining inputs refers
to technology inputs into activities in the mining engineering
fields, which include mining-related production activities,
rock engineering, mine ventilation, and mine transportation
(handling of personnel, material, broken rock, and pumping).
Input technologies in supporting fields such as geology, other
engineering disciplines, human resources, procurement,
finance, and downstream fields that include metallurgy and
marketing of minerals are excluded in this case.
The aim was to isolate mining from other disciplines with
the view of creating an understanding of the nature of its
          

backward linkages. Figure 2 shows the focus area of this
paper along the mineral value chain.
To achieve this aim, a sample of 150 companies
registered in South Africa and which provide the local mining
industry with inputs and services was compiled from
information in various local mining magazines and trade
booklets. The following criteria were used in the selection:
 Companies must be registered in South Africa,
irrespective of their country of origin
 They must be first-tier suppliers, i.e. they must supply
the mines directly with their products and/or services
(Lydall, 2009)
 They must offer mining input technology (products and
services).
It is worth mentioning that some of the companies in the
sample are also suppliers to other industries. This points to
the presence of sideways linkages and even perhaps lateral
migration linkages, neither of which are discussed in this
paper.
Once the sample was established, company activities were
analysed against the four-digit Standard Industrial
Classification (SIC) code. The SIC code helped to differentiate
between manufacturing and services, and locally
manufactured and imported goods. The analysis identified 44
distinct activities (see Appendix A). Collectively, there were a
total of 390 activities performed by the 150 companies in the
sample. The company activities according to the SIC code are
a good indication of the input technology and its origin.

#130+-*.13/%3$2020'320&*-3-1,#0/(/'
In order to analyse the activities of supply companies and the
product and services they provide, it was imperative to
unpack what is meant by the term ‘technology’. Macdonald
(1985) states that technology can be described as simply the
way things are done, i.e. how we drink coffee in the morning
or consume news. Mitcham (1994) came up with the concept
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of narrow and broad perspectives of technology. The narrow
perspective is associated with machinery and artefacts,
whereas the broad perspective is associated with what people
do in the presence of a technology (social system).
Lowe (1995) described what Mitcham called the narrow
perspective of technology as a branch of human knowledge
that applies scientific principles and practical knowledge to
physical entities and systems. Lowe’s description is useful in
that it defines a paradigm through which technology in
engineering applications can be analysed. While engineers
ought to understand the social perspective of technology, it is
imperative they understand the scientific principles behind
physical entities and systems that make up a technology. It is
this understanding that was used to categorize and classify
mining technology in this paper.
From the analysis, four categories of technology types
were identified. Furthermore, each category was divided into
three classes based on the level of sophistication of the
technology or its application in mining. The categorization
and subsequent classification of input mining technology
thus resulted in 12 nodes of technology as shown in Table II.

  
Software technology comprises computer programmes used
for a number of applications in mining. The first of the three
classes consists of software used in monitoring and
controlling systems. The second class consists of software
used for analysis and manipulation of data to enhance
decision-making process. The third consists of software used
for designing and optimization of systems, including
scheduling and layout or mine design.

   
Mining services technology refers to services that are offered
by specialists as input into mining activities. Again, this is
divided into three classes. Service and maintenance of
machinery and specialized technical services essentially
consists of technical services needed by mining engineers but
which are not necessarily offered by persons with mining
engineering background. The second class consists of
services that are offered by mining engineers on consultancy
basis. The third class is contract mining.



  
Artefact technology refers to the application and performance
of individual artefacts such as objects, machine parts, and
computer components used as inputs into mining activities.
The simplest class of this category comprises single and
isolated components, which on their own or in conjunction
with others can be used for a specific task, e.g. a shank in a
drifter. The second class consists of assemblages of artefacts
to produce a unique device, e.g. the combination of a rod,
plate, and nut in a roofbolt. The third class consists of an
assemblage of artefacts to produce tools with networking
ability, e.g. heat or smoke sensors.

 
Machine technology can be described as technology that
replaces or enhance muscular effort in doing work. It is
divided into three classes, namely manual, automatic, and
autonomous technologies. Manual technology requires
constant human interaction for a machine to function;
automatic technology executes certain functions automatically without human intervention, but humans retain overall
supervision; and autonomous technology allows machines to
make decisions without human involvement.

When the relevant company data was captured and analysed,
a number of interesting results emerged, but only the
frequency of activities in relation to mining input
technologies and the clustering of companies with respect to
backward linkages will be discussed. The discussion below to
some extent confirms some of the facts that are known about
the relationship between the South African mining industry
and the economy.

     
 



The 390 activities were allocated according to the 12 nodes in
Table II to generate activity-based frequency data as shown
in Figure 3. It will be noticed that based on the activity
frequency per node, there appears to be strong backward
linkages with technical support technology (node 10). This
means that mining in South Africa has high intensity of
demand for services from specialists in vocations outside the
discipline of mining, which in a way is a good indication of a
backward linkage. The second and third most demanded
technologies are single (node 1) and complex (node 2)
artefacts respectively. These technologies comprise

Table II

1(!130/"1)3/%320&*-3$2020'3-1,#0/(/'
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Artefact Technology
Category

Single Artefacts (node 1)
e.g. mine pole; integrate
drill steel; shank

Complex Artefacts (node 2)
e.g. roofbolt; drill bit; idler

Networkable Artefacts (node 3)
e.g. weightometer; heat sensor; collision
avoidance system

Machine Technology
Category

Manual (node 4)
e.g. diesel locomotive; rock drill;
scraper winch

Automatic (node 5)
e.g. water pumps; continuous miner;
development rig

Autonomous (node 6)
e.g. new generation of production rigs and surface
drill rigs. u/g dump truck (Finsch Mine)

Software Technology
Category

Monitoring and Control Software
(node 7)

Data Analysis and Manipulation Software
(node 8)

Design and Optimization Software
(node 9)

Technical Support Services
(node 10) e.g. vehicle service and
maintenance; training; installations

Mining Engineering Services
(node 11) e.g. mine design; process
optimization; feasibility studies

Contract Mining Services
(node 12) e.g. drilling and blasting;
development; sweeping and vamping

Mining Services
Technology
Category
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manufactured goods, which means that mining has strong
backward linkages with the light engineering manufacturing
sector. This sector is known for its labour absorptive ability.
On the other hand, there are weak backward linkages
with autonomous machine technology (node 6) as well as
with the software technology category (nodes 7, 8, and 9).
This is not surprising when considering that autonomous
machines are an emerging technology that has not fully
taken effect in South Africa. With respect to software, mining
engineers in South Africa are still not reliant on software, at
least not to the same extent as other technologies. However
as engineering involves design, it is completely realistic to
expect South African mining engineers to use design and
optimization software more frequently than other types of
software, hence the highest frequency in node 9 under the
software category.
When mining service technology is excluded and local
content (i.e. finance, human resources, ownership, and
procurement) is taken into account, it was observed that, in
South Africa, mining input technology tends to have a higher
local content as shown in Figure 4. In this instance, there are
stronger local backward linkages compared to foreign
backward linkages (imported technology) with respect to the
complex artefact technology (node 2) and weaker backward
linkages with autonomous machine technology (node 6). It is
interesting to note that there is also a significant level of local
backward linkages compared to foreign backward linkages
with respect to manual and automatic machine technologies,
which supports the assertions of Walker and Jourdan (2003)
and Kaplan (2011). In terms of monetary value, although
this is not the focus of this paper, machine technology has in
general a higher value than artefact technology, and the
value of locally manufactured machines (per unit) is less
than that of foreign manufactured machines, largely due to
the complex nature of imported machines.
When service technology is included and the local content
is still taken into account, a slightly different picture emerges
(see Figure 5). In this paper, mining service technology is
considered as local technology largely due to its reliance on
local human resources and the fact that the companies under
consideration are registered in South Africa. On the basis of
this argument, services that support specific technologies
were reallocated accordingly, e.g. service and maintenance of
manual machines was reallocated to manual machine
technology to reflect higher local content. Only services that
          



   

South Africa has nine provinces, all of which host mining
and quarrying operations to varying degrees. Historically the
Gauteng Province was a mining province, with industrialscale mining commencing in the late 1880s after the
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do not relate to any other technology were left in their
respective nodes. In this respect, nodes 1, 2, 4, 5, 7, 8, and 9
were affected.
A comparison of Figure 3 and Figure 5 reveals that when
local and foreign technologies are considered jointly, the
frequency of node 10 decreases (Figure 5), whereas the
frequencies of nodes 1, 2, 4, 5, 7, 8, and 9 increase. This is
because there are artefacts and mechanical items in nodes 1,
2, 4, and 5 that need service and maintenance and technical
support with respect to nodes 7, 8, and 9. In Figure 5, node 5
has the highest frequency, followed by node 2, pointing to
strong backward linkage to the technician and artisan trades.
This gives credence to the importance of these trades in
supporting mechanization in mining.
Even after reallocation, node 10 in Figure 5 is still the
highest in the mining services category, further indicating the
importance of technical disciplines to support mining. Stated
differently, if measures are put in place to safeguard against
the enclave nature of mining, there is a high likelihood of
mines creating job opportunities in the regions in which they
are located. Given that in our sample, based on Figure 4 and
Figure 5, there are more locally produced inputs than foreign,
it can be cautiously concluded that mining in South Africa
has induced strong backward linkages.

The nature of mining input technology in South Africa
discovery of the Witwatersrand Basin gold deposit. Mining,
especially after the World War I, induced industrial supplier
activities in South Africa, with Johannesburg emerging as one
of the former mining towns successfully transformed into an
industrial and commercial hub (Leeuw, 2012).
From 150 the companies in the sample, there are 183
business branches spread throughout South Africa. In
Figure 6, it can be seen that Gauteng Province is host to 83%
of these branches, towering over other provinces. From this,
it can be concluded that there is a strong backward linkage
between mining and supplier companies in Gauteng, despite
the province currently having relatively fewer largescalemines than some other provinces. There is a higher
concentration of platinum and gold mines in the North-West
Province, platinum and chrome mines in Limpopo Province,
and coal mines in Mpumalanga Province.
A close analysis of the Gauteng Province (Figure 7)
shows that the highest number of business branches (19%)
in the sample are in Johannesburg, followed by Boksburg
(14%) and Kempton Park (12%). Although there are a
number of mines in the Westonaria and Carletonville area,
there is only one business branch in the sample in each of
these towns. This phenomenon, which also occurs on a
national scale, is repeated within the province. The logical
conclusion is that traditional business areas have an
advantage over emerging areas when competing for contracts
in the mines. These could be attributed to the cluster
phenomenon as outlined by Porter (2007).
Further analysis of the data showed that manufacturing
activity, particularly manufacturing of machines and
artefacts, is concentrated in Johannesburg, Boksburg,

Kempton Park, Germiston, and Randburg. Further out from
these centres, there are more retailing and technical support
services and fewer manufacturing activities. The concentration of manufacturing activities in the aforementioned
centres can be attributed to the clustering effect. It can
therefore be stated that local mining is connected to other
sectors of the economy largely through Gauteng Province,
hence mining backward linkages are skewed towards this
province.

/0,(*)2/0
According to Hirschman (1958), backward linkages are
important in a developing country for the wellbeing of the
economy. Furthermore, he stated that backward linkages can
be weak or strong: strong linkages result in the establishment
of new industries to provide inputs into the primary industry.
In the context of South Africa, the mining industry can be
described as strongly linked.
In this paper, the aim was to create understanding of the
nature of backward mining linkages in South Africa. Mining
input technology was divided into 12 nodes as shown in
Table II, and data from a sample of 150 first-tier supplier
companies to the mining industry was analysed. The analysis
revealed that mining inputs have high local content, pointing
to strong backward linkages. In particular, the frequencies of
technical support services (i.e. services provided by nonmining occupations) and manufactured artefacts and
machines are relatively high. These technologies are strong
indicators of backward linkages.
Further analysis showed that 83% of the branches of the
companies in the sample were in the Gauteng Province where
most of the activities related to mining input technologies are
performed. These activities include light engineering
manufacturing, which is known for its labour-absorptive
capability. Further away from Gauteng, technical support
services and other services like contract mining were
significant. From this, it can be concluded that mining
induces local backward linkages in South Africa, mostly in
Gauteng Province.
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Breakdown of company activities using the Standard
Industrial Classification (SIC) code
Code
1399
1410
1520
2011

Description
Manufacture of other textiles n.e.c.*
Manufacture of wearing apparel, except fur apparel
Manufacture of footwear
Manufacture of basic chemicals

          

3320
4390
4530
4659
4731
4732
4742
4763
6201
6202
7410
7490
7730
8549
9901
9909

Manufacture of explosives and pyrotechnic products
Manufacture of rubber tyres and tubes; retreading
and rebuilding of rubber tyres
Manufacture of plastic hoses and belts and other
plastic products,
Manufacture of sheet piling of steel and welded
open sections of steel
Manufacture of structural metal products
Manufacture of other fabricated metal products
n.e.c.*
Manufacture of computers and peripheral equipment
Manufacture of communication equipment
Manufacture of measuring, testing, navigating, and
control equipment
Manufacture of electric motors, generators,
electricity distribution, and control apparatus
Manufacture of batteries and accumulators
Manufacture of other electrical equipment, motors,
Manufacture of engines and parts
Manufacture of fluid power equipment
Manufacture of other pumps, compressors, taps, and
valves
Manufacture of bearings, gears, gearing, idlers, and
driving elements
Manufacture of lifting and handling equipment
Manufacture of machinery for mining, quarrying,
and construction
Building of ships and floating structures
Manufacture of plastic hard-hats and other personal
safety equipment from plastics
Other manufacturing n.e.c.*
Repair of machinery
Repair of electronic and optical equipment
Repair of transport equipment, except motor
vehicles
Installation of industrial machinery and equipment
Other specialized construction activities
Sale of motor vehicle parts and accessories
Wholesale of other machinery and equipment
Retail sale of computers, peripheral units, software,
and telecommunications
Retail sale of audio and video equipment in
specialized stores
Other retail sale of new goods in specialized stores
Other retail sale of new goods in specialized stores
Computer programming activities
Computer consultancy and computer facilities
management activities
Specialized design activities
Other professional, scientific, and technical activities
n.e.c.*
Renting and leasing of other machinery, equipment,
and tangible goods
Other education n.e.c.*
Service activities incidental to mining of minerals on
a fee or contract basis
Other support activities for other mining and
quarrying n.e.c.* 

*not elsewhere classified
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A step towards combating rockburst
damage by using sacrificial support
by A. Mudau*, R.A. Govender†, and T.R. Stacey*

'23)141
Rockbursts continue to be a major contributor to mine accidents and cause
of damage to mine excavations, particularly at great depth. The problem of
rockbursts has also escalated in civil engineering tunnels driven at depth,
due to high levels of in situ stress at such depths. Attempts have been
made in the past to mitigate the impact of rockbursts, with rock support
remaining the ultimate method for providing stability in rockbursting
environments. However, records show that, on many occasions, conventional support elements such as rockbolts, wire mesh, shotcrete, and lacing
fail to withstand severe rockburst events.
Recently, a support method termed ‘sacrificial’ support was proposed
as a potential additional method to prevent rockburst damage, based on
observations made after rockburst events in a mine. The philosophy
behind a sacrificial support system is that, under dynamic loading
conditions, support in the form of a liner must fail; leaving behind,
undamaged, what was previously supported rock mass. The sacrificial
support concept reported herein is applicable in situations where the
source (i.e. seismic event) of the rockburst is located remote from where
rockburst damage is likely to occur.
Spalling tests based on the split Hopkinson pressure bar (SHPB)
technique were conducted to study some aspects of dynamic rock
fracturing in tension at high strain rates and the role a sacrificial layer
plays in combating dynamic rock failure. A single Hopkinson pressure bar,
with a long cylindrical intact rock specimen attached at the bar free end,
was impacted by a striker on the opposite free end in order to generate a
dynamic stress pulse responsible for spall failure upon reflection from the
specimen free end. Different liners and liner combinations were then
introduced at the specimen free end as support. Such a simple, yet robust,
experimental set-up allowed the potential benefits and failure mechanisms
associated with sacrificial support under dynamic loading to be
demonstrated and compared with ‘sacrificial support’ behaviour observed
in real rockburst events in a mine. Analysis of the results revealed that
varying liner thickness and mechanical impedance between rock and
support liner play a significant role in limiting rockburst damage.
;8'!35/1
rockburst, seismic waves, sacrificial layer, Hopkinson pressure bar.

(Potvin and Wesseloo, 2013), and this poses
serious threats from a safety point of view.
Among many identifiable and quantifiable
safety hazards associated with deep-level
mining, the effect of rockbursts, often
manifested by violent ejection of rock from
excavation walls, has been a major safety
hazard and will continue to pose a threat in
future mining, endangering both mine
personnel and the structural integrity of the
mine (Ortlepp, 1997). Figures 1 and 2
illustrate examples of rockburst damage and
support failure under dynamic (rockburst)
loading conditions.
The rockburst phenomenon is now
considered to be a universal problem (Ortlepp,
1997). Numerous cases of rockbursting in civil
engineering tunnels developed at great depth
have also become prevalent around the world
due to the increase in in situ stress fields at
such depths. It has been documented that
some countries, for example Australia,
experience high horizontal stresses that in
themselves could result in rockburst damage
without necessarily factoring in the effect of
depth increase (Ortlepp, 1997; Stacey and
Rojas, 2013; Potvin and Wesseloo, 2013).
Despite significant research in this area, it
cannot be claimed that the rockburst problem
is now well understood, nor that a solution
has been attained. In fact, many have regarded
rockbursts as one of the least understood
phenomena. For example, designing a
rockburst-resistant support system appears to
be far-fetched, considering the complexities
associated with quantifying the capacities of
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The trend of extracting mineral deposits to
their lowest payable grade has characterized
mining in most parts of the world for several
decades. This is due to pressure to meet the
expanding demand for mineral commodities in
the world market. Mining operations in major
mining countries such as South Africa,
Canada, and Australia have already gone
beyond 4 km, 3 km, and 2 km, respectively

A step towards combating rockburst damage by using sacrificial support
8(7$43.593-917054-4047,91.))356942979530%.51642*
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support elements (collectively known as a support system)
and the demand imposed by accelerated rock strata under
dynamic loading conditions. Stacey (2011; 2012) attributed
the continuing failure of support systems in burst-prone
conditions to be a result of design indeterminacy resulting
from a lack of understanding of the support system capacity
and the demand imposed by ejected rock strata in a dynamic
loading environment. There is still an urgent need, therefore,
to seek alternative mitigation measures to help contain
rockburst damage.
This paper builds on recent research work (Stacey and
Rojas, 2013) that proposed an alternative potential method to
help contain rockburst damage using a sacrificial layer. The
philosophy behind a sacrificial support/liner is that, under
dynamic loading conditions, the liner will fail, leaving behind
an undamaged, previously supported rock mass. This support
concept is based on a wave trap mechanism suggested by
Stacey (1991). The proposed support concept may sound
controversial, but this paper will demonstrate, through simple
experimental arrangements, the potential benefits and failure
mechanisms associated with sacrificial support under
dynamic loading. In addition, comparisons will be made with
’sacrificial support’ behaviour observed in real rockburst
events in a mine.

After a study of shock waves in blasting and their
application, Stacey (1991) proposed the wave trap
mechanism approach to help tackle the problem of rock
damage associated with rockbursts. He was motivated by the
promising results obtained by Hino (1959), which
demonstrated the potential to alleviate the impact of reflected
shock waves and thus reduce rock damage.
The experience gained in a rockburst event reported in a
Chilean mine has presented possible evidence of the
effectiveness of one of the previously suggested methods to
help reduce wallrock damage induced by shock waves.
Figures 5 and 6 show rock and support damage in tunnels as
a result of the rockburst event. Figure 5 shows ejected rocks
from both sidewalls of the tunnel, and the failure of support
can easily be noted. In Figure 6, heave of the floor, which the
authors (Stacey and Rojas, 2013) referred to as ‘clean
concrete’, is apparent. The concrete was referred to as ‘clean’
because it was not covered with water or mud before the
rockburst event. The interesting feature in both these figures
is that where the floor is covered with water or mud there
appears to be no damage to the rock. This raises the question
as to whether the presence of the water or mud layer
influenced the failure in some way.
Stacey and Rojas (2013) further present a fascinating
case pertaining to support behaviour in a dynamic loading
environment. Figure 7 depicts some concrete panels, which
initially were designed to provide stability to the tunnel walls,
now lying on the floor of the tunnel. A close scrutiny of the
figure shows that the wallrock was apparently undamaged
after the rockburst event. This type of support was termed a

#4*.589"(8,,9032058689165.06.58958653-4668/9!46(97917054-4047,9,7'85

7054-4047,9)5368064$89,7'85903208)6
Figures 3 and 4 illustrate the sacrificial protection concept for
a concrete shell structure exposed to external blast loading
and a mine excavation (e.g. tunnel) subjected to a remote
seismic event, respectively. In both scenarios presented, the
ultimate purpose of the sacrificial layer is to protect the
integrity of the structure by allowing the sacrificial protective
layer to deform or fail under dynamic loading conditions.
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compressive wave generated from a point source which is
distant from the excavation boundaries. In Figure 8, a
seismic compressive wave is propagating through a rock
medium lined with a concrete/shotcrete layer at the upper
boundary, which in this case represents the tunnel
excavation surface. Due to differences in the stiffness or
mechanical properties between the rock and concrete, part of
the propagating wave will be reflected (possible minor
reflections) at the interface, and then propagation will take
place through the concrete until reflection takes place at the
concrete/air boundary. This is because air cannot support the
passage of the compressive wave and thus the compressive
wave will be reflected as a tensile wave. The reflected tensile
wave will now travel back to rock/concrete interface and,
owing to the fact that the interface has limited tensile
strength, the tensile wave will remain trapped within concrete
and ejection will take place as shown in Figure 9.
In order to interpret the mechanism for the cases where
the tunnel floor was covered with water or mud (Figures 5
and 6), a rock medium supported with concrete was
superimposed with a thin layer of gel representing water or
mud (see Figure 10). A similar wave trap mechanism was
also assumed in this regard. The seismic compressive wave
will take a similar path from the point source and will be
reflected as a tensile wave at the interface between the
concrete and water/mud. As a result of the inability of water
or mud to sustain tensile stresses, the wave is trapped and
dissipated as a spray of water and mud (Figure 11), leaving
concrete and rock undamaged. On the other hand, it can now
be easily be inferred how floor heave had taken place in the
area covered with fresh concrete.

#4*.589 "7117*893-97903+)58114$891(30%9!7$8972/958-,80643297696(8
03205868745942685-70890587642*97968214,89!7$89 6708'972/93719&

sacrificial support because it saved the rock from damage,
with failure experienced only by support itself. The sacrificial
support concept can also be applied to the previously
presented case. Both cases led the authors to develop a
conceptual model to explain possible mechanisms of
sacrificial support behaviour.

!!" !" "!""" !
!  """ " ! 
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To understand the conundrum presented by the two incidents
reported above, Stacey and Rojas (2013) developed a simple
conceptual model, which is referred to as a tensile wave trap
mechanism. The conceptual model assumes a seismic

A step towards combating rockburst damage by using sacrificial support
of these test methods should, however, be credited with
providing some insights into support performance under
dynamic loading conditions, but not on the basis of
simulating real rockburst conditions (Stacey, 2012).
In light of the difficulties associated with simulating
rockburst conditions, it was essential to search for a simple,
yet robust, testing methodology that would enable dynamic
rock fracturing to be studied in a controlled laboratory
environment. The split Hopkinson pressure bar (SHPB) is
one of the popular and well-established techniques used to
test a range of materials at high strain rates.
#4*.589&"53)7*7643293-97903+)58114$891(30%9!7$896(53.*(9530%
03205868972/9!7685+./9 6708'972/93719&

#4*.589&&"8-,80643293-97903+)58114$891(30%9!7$897696(8942685-708
86!88296(89745972/96(89!7685+./9 6708'972/93719&

The study by Stacey and Rojas (2013) left unanswered some
important questions pertinent to sacrificial support behaviour.
The research described in this paper aims to provide answers
to the following questions pertaining to different support
layers of the materials investigated:
 Is a minimum thickness required for the support layer
to effectively resist dynamic rock failure (rockburst
damage)?
 What are the effects of different stiffnesses of support
layers/liners on their capability to combat the effects of
stress waves?

" ! " " !" 
In order to study spall failure phenomena, a single Hopkinson
pressure bar may be used instead of the two-bar configuration often used for standard SHPB compression tests. Such
a configuration has allowed the dynamic tensile strength of
variety of materials such as ceramics (Najar, 1994; Johnstone
and Ruiz, 1995; Galvez et al., 2000; Diaz-Rubro et al.,
2002), concrete (Diamaruya et al., 1997; Klepaczko and
Brara, 2001, 2006, 2007; Schuler et al., 2006), composites
(Govender et al., 2009, 2011), and rocks (Rodriguez et al.,
1994; Zhou et al., 2007) to be determined at high strain
rates.
Govender et al. (2011) demonstrated the spall damage
phenomenon for a long rod specimen directly impacted by a
projectile. Specimen failure occurs at a location when the
stress resulting from interaction between the incident
compressive stress wave and reflected tensile stress wave
exceeds the tensile strength of the material. This failure
mechanism is common in situations in which the source of
stress waves is distant from where failure occurs, e.g. failure
observed in a tunnel remote from the seismic source. High
ejection velocities in rockbursts often result in spall fragmentation, and this is a serious safety concern.
Shock/stress waves generated from a seismic event in a
mining environment are complex to understand and simulate.
As a result, a one-dimensional stress wave propagation
approach was adopted for simplicity. Spalling phenomena
described herein also assume a one-dimensional theory of
stress wave propagation in elastic media, which can be
represented by the following equation:

914+),8968169+86(3/9639/8+3216576896(89+80(7241+
3-917054-4047,91.))3569
It is difficult, if not impossible, to simulate real rockburst
conditions, in either the field or the laboratory. Most of the
studies conducted in the past on rock support performance
under dynamic loading conditions have been through
underground blasting experiments or drop weight tests (for
example, Ortlepp and Stacey, 1997; Player et al., 2008). In
blasting experiments, it has been noted that gas expansion
plays a significant role in causing rock fragmentation, rather
than rock failure being only a result of reflection of shock
waves from a free surface, as would be expected in real
rockburst situation. In drop weight tests, there is no
interaction between the rock mass and support system, since
testing is done by releasing a suspended mass with certain
kinetic energy to impact directly on the support system. Both
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[1]
where, u is the displacement, t being time, and C the wave
velocity.
Figure 12a shows a SHPB set-up for a spalling test of a
long cylindrical specimen attached at the right-hand end of
the Hopkinson pressure bar, while Figure 12b is a modification of the SHPB set-up with a liner attached to the
specimen. Both the input bar and specimen are supported by
bushings in order to minimize friction, and their movement is
restricted to one degree of freedom in the x-direction. The
bushings are aligned beforehand to ensure that the striker,
input bar, and specimen are co-linear at the start of the test.
Before testing of specimens, the input bar is calibrated for
wave speed and stress level.
In order to induce a stress wave, a gas gun is used to
propel the striker to impact the input bar. The generated
transient strain pulse will then propagate down the
input/transmitting bar as a longitudinal compressive stress
wave, and on arrival at the bar/specimen interface, part of the
compressive stress wave will be reflected back as a tensile
stress wave due to bar/specimen impedance, whereas the
remainder of the compressive stress wave will travel through
the specimen and be reflected back at the free end. The
transmission of stress waves at the contact between twolayered media is governed by their mechanical impedance (Z
= C0, where  is the density of material and C0 is the wave
speed). To achieve satisfactory wave transmission at the
bar/specimen interface in the SHPB, grease is often applied at
the contact. A pair of strain gauges, cemented diametrically
opposite at the mid-length of the input bar, is used to
measure the amplitudes of incident and reflected waves. A
calibration factor is then used to convert the recorded output
voltage into stress. The dynamic stress pulse can be shifted
in time from the centre of the bar to the bar/specimen
interface using a time shift based on one-dimensional wave
propagation.
In this study, centreless ground silver steel was used for
the input bar. The centreless ground bar ensures uniformity
of the cross-sectional area and a straight neutral axis

Table I

3+89)53)85648193-914,$8591688,
757+8685

7,.8

Yield strength
Density
Wave speed (Co)

600 MPa
7817 kg/m3
5250 m/s

throughout the entire bar length (Gama et al., 2004). The
input bar used had a nominal diameter of 25 mm and was
2000 mm long. KyowaTM strain gauges with length of 2 mm
were glued at the mid-length of the bar. SHPB tests in
general require a data acquisition system with a high
sampling rate (Zhou et al., 2014). The stress wave signal,
measured as output voltage at the input bar strain gauge
station, was amplified before being recorded by a 16-bit data
logger at 10 MHz. Table I summarizes some properties of the
silver steel used in this study.
A profiled striker was machined from the same material
as that of the input bar. A short striker was used as the
projectile in order to induce a short pulse duration, which is
ideal in the context of a spalling test, wherein a short pulse
with wavelength less than the specimen length is a prerequisite in order to induce spall damage. Since the generated
pulse could contain some oscillations, a pulse smoother was
used to eliminate the Potchammer-Chree mode highfrequency oscillations. Regarding the impact of the input bar
by the striker, care was taken to ensure that the bar was
always loaded within its elastic limit.

)804+829)58)7576432972/9+768547,190(75706854:76432
Test specimens of anorthosite, norite, and marble rock types
were prepared for both quasi-static and dynamic tests.
Cylindrical rock specimens were obtained through laboratory
core drilling, and all the specimens were cut to the required
lengths. Thorough visual inspection was conducted to make
sure all the test specimens were free of cracks or vein-like
structures.

  " ! ""! 
It is important to determine the quasi-static rock mechanical
properties before spall tests are conducted with the SHPB.
One of the fundamental prerequisites of spall testing is that
the test specimen must not be loaded beyond its compressive
strength. With that in mind, the dynamic stress pulse
magnitude in the SHPB can be controlled to below the
compressive strength of the rock material by regulating the
velocity at which the striker is fired. However, the reflected
stress wave from the free end of the specimen must be
sufficient to break the specimen in tension.
Accurate data on the mechanical properties of rocks is of
paramount importance in the fields of rock mechanics and
rock engineering. At least five specimens per rock type were
subjected to two quasi-static tests. Table II summarizes the
uniaxial compressive strength data and deformation
properties (Young’s modulus and Poisson’s ratio) of
anorthosite, norite, and marble. Data for Brazilian tensile
strength (BTS) tests is also included in Table II. In addition,

Table II

80(72407,9)53)85648193-9530%1968168/
 9 7
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Anorthosite
Norite
Marble

239
233
104

11
15
4

93
95
78

0.30
0.27
0.32

2.78
2.64
2.88

4463
4640
5200
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an ultrasonic technique was used to measure the wave
speeds in the tested rock materials to aid in determining the
impedance mismatch of rock relative to the Hopkinson
pressure bar.
The UCS of anorthosite is slightly higher than that of
norite, but both are higher than that of marble. With such
high values of UCS for both rock types, one could intuitively
assume that these rocks may be very brittle. Generally,
brittleness has been determined on the basis of high ratio of
uniaxial compressive strength to tensile strength. This notion
has been refuted by several researchers due to a lack of
plausible explanations as to how this ratio could be related to
brittleness (Andreev, 1995; Denkhaus, 2003).
According to Tarasov and Potvin (2013), the brittleness
of rock material dictates its ability to violently release the
elastic strain energy stored within the rock. In the laboratory,
this can be tested by conducting servo-controlled tests. Based
on such testing, Tarasov and Randolph (2011) presented a
criterion that can be used to determine rock brittleness
without ambiguities. A stiff, servo-controlled rock testing
machine was used to load a rock specimen under triaxial
stress conditions in order to obtain the complete stress-strain
curve. Two indices were then used to measure the intrinsic
brittleness of rock using the following equations:
[2]

[3]
where E is the pre-peak elastic modulus and M the post-peak
modulus (E and M are the gradients determined by the
average method as in Figure 13).
A close look at the scale of brittleness index (k1 and k1)
shows a green dashed line near the extreme right end of the
brittleness scale (Figure 13). This line clearly depicts the near
absolute brittleness of anorthosite, as confirmed by the two
calculated index values, k1 = 0.194 and k1 = 0.805. According
to the scale, the index value k1 = 0 indicates absolute

brittleness, whereas k1 = 1 (E = M) on the other hand also
represents absolute brittleness. The positive slope of the postpeak curve shows that the rock exhibits Class II behaviour,
and rocks in this class are generally brittle (Tarasov and
Potvin, 2013). This is evident in the complete stress-strain
curve inserted above the brittleness index scale. The norite
rock tested in this study also falls in the Class II category, but
was found to be less brittle than anorthosite. Evaluation of
brittleness of rock material has often been neglected in SHPB
testing of rock at high strain rates as the focus of these
investigations has been on determining the stress-strain
relationship.

" ! "!!"! 
Spall testing requires relatively long cylindrical specimens.
The diameter of the specimens is the same as that of the
Hopkinson pressure bar to be used, to facilitate even loading
across the specimen face. In this study, an input bar with
nominal diameter of about 25 mm was used, hence all the
spall test specimens were prepared with a similar diameter.
The range of lengths of rock specimens tested was between
285 mm and 350 mm. All test specimens used were free from
cracks or vein structures and fairly homogenous.

3+7642*9/'27+409530%9-74,.589.142*97917054-4047,
,7'85>98)854+8267,93185$7643219-53+9=968161
Different liner materials were tested to evaluate their
potential to prevent rock spallation using the experimental
set-up described above. A liner refers to the material attached
at the free end of rock specimen, and it must have a similar
diameter to the rock specimen to avoid specimen/liner area
mismatch. Before the performance of various liners could be
evaluated, rock specimens were tested without any form of
liner to allow the rock the freedom to fail dynamically due to
the effect of the reflected tensile stress wave from the free
end. The effect of the liner material’s mechanical stiffness
and its thickness (length) in preventing spall damage
(‘rockburst’ damage) are investigated in this section.

#4*.589&"07,893-95466,82811942/8819& 72/9 !46(97294218693-97903+),868916581116574290.5$893-972972356(3146891)804+82968168/9769&979032-428+826
+3/4-48/97-6859 75713$972/936$429&
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  "!""
Figure 14 shows example images of failed rock specimens
without liners captured by the high-speed camera. All
specimens were tested at relatively similar loading conditions
by controlling the striker impact velocity. All the failed
specimens are characterized by multiple fragmentation
patterns.

!! "! "" ! " "!
Concrete and clay liners were chosen following observations
of the behaviour of sacrificial layers in a real rockburst
event as previously reported. The concrete had a density of
2500 kg/m3 and a p-wave velocity of 3440 m/s.
The liners used are considered to be a fair representation
of low to high impedance mismatch between rock specimen
and support liner. The performance of various liner materials
under dynamic loading is described below.

! ""!" !""""!

Figure 18 depicts the behaviour of different rock types with
concrete liners of 45 mm, 70 mm, and 140 mm. Frames 1, 2,
and 3 indicate the decrease in rock fragmentation as the
concrete liner thickness increases. Increasing the liner
thickness reduced spall damage for all three rock types
tested. Marble test specimens with the maximum thickness
(approx. 140 mm) of concrete liner showed no dynamic rock
damage, and this is how a sacrificial support ought to behave
under dynamic loading.

  

A weak fine-grained concrete was used in this study, and it
was allowed to cure for 14 days. Initially, all the concrete
liners were arbitrarily prepared at a nominal thickness of
45 mm as part of a trial run. Figure 15 shows the behaviour
of different rock types supported by concrete liners with this
nominal thickness There is relatively little difference in terms
of rock fragmentation patterns, despite the introduction of the
liners, as compared with the behaviour of rock specimens
reported above without liners.

#4*.589&"4--858269530%1968168/98-358972/97-68591)7,,42*9/7+7*8

  
The clay material of choice used in the study was bentonite.
Bentonite and water were thoroughly mixed in a container to
produce a slurry-like mix. The minimum thickness for the
clay liner was 10 mm and a plastic tube was used to contain
it. It was difficult, if not impossible, to fill the plastic tube
containment beyond a thickness of 50 mm for the parametric
study, due to difficulties associated with handling wet clay.
From the photographs in Figure 16, marble specimens
spalled at one location, resulting in two fragments. This is an
interesting result illustrating the ability of clay to alter the
strength of the dynamic stress wave. Anorthosite and norite,
in contrast, are characterized by a two-spall fragmentation
pattern.

   
 

#4*.589&"4--858269530%9681691)804+82191.))3568/9!46(99++
032058689,4285

#4*.589&"4--858269530%9681691)804+82191.))3568/9!46(9&9++90,7'
,4285

A combination of concrete and clay was investigated in order
to assess its effectiveness in preventing dynamic rock failure.
This composite concrete/clay liner was made up of 20 mm of
concrete and 10 mm of thin clay. All the rock test specimens
in Figure 17 show a three-spall fragmentation pattern.

This section provides some useful insights into the effect of
varying liner thickness on dynamic rock failure. In addition,
the effect of impedance mismatch in layered systems and its
influence on rock damage is also assessed.

#4*.589&"4--858269530%9681691)804+82191.))3568/9!46(99++96(40%
032058680,7'9,4285
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#4*.589& "'27+4098(7$43.593-9/4--858269530%96')819!46(9$7543.1
6(40%28118193-9032058689,4285

 
The thickness of concrete liner was varied while that of the
clay liner was kept constant at 10 mm throughout testing.
The results can be seen in Figure 19.
For marble test specimens, failure was inhibited with
liners 110 mm and 120 mm thick. This indicates that the clay
liner could have absorbed the stress wave at the concrete/clay
liner interface, resulting in a decrease in strength of the
reflected tensile wave at the contact, reducing its ability to reenter the rock specimen and cause damage by stress wave
superposition. Spall damage was prevented in both
anorthosite and norite when the liner thickness was 200 mm.
There are two possible reasons for such behaviour. Firstly,
the duration of the transmitted stress wave in concrete could
have been prolonged, decreasing the chances of cyclic loading
of the rock specimen resulting from the reflected tensile stress
wave which in turn may cause spall damage. In addition,
spalling of liner support as observed in case of longer liners
might have helped to reduce the strength of the reflected
tensile wave from the concrete/clay liner contact through
energy loss during the fracturing process. Secondly, damage
was not apparent in either rock type due to the presence of
the clay liner, as explained earlier.

#4*.589& "'27+4098(7$43.593-9/4--858269530%96')819!46(9$7543.1
6(40%28118193-9032058680,7'903+42764329,4285


This series shows the opposite behaviour in terms of its
ability to help combat dynamic rock fracturing. The behaviour
of marble specimens with clay liner is anomalous, since the
number of fragments increased as the liner thickness
increased, while the opposite held for the other liner types. In
brief, all the test specimens failed despite an increase in liner
thickness. This raises a fundamental question regarding the
effectiveness of using ’soft’ liner materials as support, and
this is further considered in the following section.
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! ""!"!!"""!"
!!" !
It was not practical to cement strain gauges on both the rocks
and the support liners in order to mirror the propagation of
stress wave in the whole SHPB set-up. Instead, a basic
analytical approach was used to determine the coefficients of
transmission and reflection by means of the following
equations:
[4]
and
[5]
The subscripts 1 and 2 denote the Hopkinson pressure
bar and rock specimen respectively. In cases when there are
more than two liners, as in this study, Equation [4] can be
applied consecutively to determine the transmission ratio into
the third layer.
[6]

contact. On the other hand, relatively long specimens permit
the passage of the stress wave through the liner, and the
liner is damaged upon reflection of stress wave from the free
end. It is postulated that, if the thickness of concrete liner
was further increased to 200 mm for the anorthosite and
norite test specimens, failure could have been totally
eliminated.
In the case of the composite concrete/clay liner, test
specimens of all rock types were protected from damage
when a certain threshold of liner thickness was reached. The
behaviour of the rock was primarily influenced by the
mechanical impedance of concrete as described above, and by
the clay liner as a secondary effect.
If less dense material is used as a liner to provide rock
support, the greater will be the coefficient of reflection of the
stress wave, resulting in significant rock damage. The
behaviour of rock subjected to dynamic loading reported for
the clay liner series is attributed to the low acoustic
impedance of the clay.
It can be concluded that having a liner material in place
with the appropriate impedance relative to the rock is not
sufficient to prevent rockburst damage, and the effect of
varying liner thicknesses should also be considered.
However, it is not possible at present to provide definite
answers regarding the relationship between a liner’s
thickness and mechanical impedance. The use of lowimpedance liner material relative to rock is not ideal in
attempting to help combat rock damage.

Subscripts 3 in this regard represent a support liner. The
transmitted stress wave in the second layer can be used as an
incident stress to the third layer from Equation [6].
Tedesco and Landis (1989) reasoned that if the
transmission and reflection of a stress wave in layered media
is a function of impedance mismatch, then mechanical
impedance could be manipulated to prevent internal damage
of a layered structure subjected to external blast loads. Such
an approach could also assist in preventing rock damage to
an excavation supported with a liner under dynamic loading.
Generally, all the ‘layers’ constituting the HPB in this study
had different mechanical impedances, which can mathematically be expressed as: 1C1> 2C2> 3C3. The Hopkinson
pressure bar was dynamically loaded in the stress region
between 80 MPa and 100 MPa. The percentage of transmitted
stress wave in the first two liners was sufficient to cause
spall damage to rock upon reflection from the specimen’s free
end. At least 46% of the stress wave was transmitted to the
rock test specimen for all rock types, while 54% was reflected
back to the steel bar. About 80 MPa was assumed as the
input stress wave in the steel bar.
One of the liners that showed better performance in
reducing or inhibiting rock damage is concrete. When the
transmitted stress wave in the second layer is taken as an
incident stress wave to the third layer (Equation [6]), it was
found that at least 80% of the stress wave was transmitted
into the concrete for all rock types. To put this into
perspective, the concrete used had high transmission ratios,
and the reflected tensile wave was not strong enough to
initiate rock damage, particularly in the case of marble test
specimens with the maximum thickness of concrete liner. It
has been observed that a ‘perfect’ impedance mismatch is not
in itself sufficient to prevent dynamic rock failure. When a
minimal thickness of concrete liner is used, it only traps the
momentum transferred from the excited rock without
necessarily altering the strength of the stress wave at the

More than two decades ago, Stacey (1991) proposed a wave
trap concept for rock support, aimed at preventing rockburst
damage. The mechanism of behaviour of the suggested
support concept was proven years later in real rockburst
events in a mine (Stacey and Rojas, 2013). Such cases helped
to validate the mechanism of sacrificial support in rockburst
events.
This paper has demonstrated, through controlled
laboratory experiments, the potential benefits of using a
sacrificial layer to help combat the effects of rockbursts
caused by seismically induced shock/seismic waves. The
comparison of case studies reported earlier in the paper and
observations from laboratory experiments showed significant
agreement in terms of the behaviour and performance of
sacrificial support. For instance, the relatively weak concrete
and concrete/clay combinations as liners performed significantly better in preventing dynamic rock failure, as indicated
in the diagrams for both cases of sacrificial support
behaviour reported by Stacey and Rojas (2013).
The sacrificial support concepts reported here can find a
wide range of applications in different areas such as tunnels
(including the floor), shafts subjected to seismic loading, and
buried structures subjected to external blast loads. This study
is the first of its type to practically demonstrate the potential
use of sacrificial support in helping to limit rockburst damage
and to enhance safety in mines. The performance of
sacrificial support can, however, be enhanced by other
support elements such as cable anchors, yielding rockbolts,
wire mesh, and straps to help retain and contain the detached
sacrificial layer (Rizwan and Stacey, 2015; Stacey and Rojas,
2013).
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Future work will be aimed at development of design
guidelines for sacrificial support. A quantitative relationship
between liner thickness, mechanical impedance of both rock
and liner, and loading parameters must be established
analytically. Verification of this relationship would entail a
broader experimental programme involving different liner
materials, supported by numerical simulations. Once design
guidelines are established, field observations can then follow
in real, seismically active mining environments.
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The influence of various factors on the
results of stability analysis of rock
slopes and on the evaluation of risk
by M.J. Kanda* and T.R. Stacey*

The design of rock slopes in the planning and operation of open pit mines
and for road and rail cuttings requires the evaluation of their stability.
This is commonly done using two well-established methods – limit
equilibrium and numerical modelling. The research described in this paper
compares the outputs of analyses using these two methods with regard to
factor of safety and probability of failure, taking into account technical
factors associated with each method and other factors such as material
parameters and their variabilities. Results show that technical factors such
as number of slices and slip circles, number and type of finite elements,
and the stress reduction factor can all affect the results of stability
analyses. Factors not taken into account in limit equilibrium analyses,
such as dilation, in situ stress, and locked-in stresses can affect the
outputs significantly. The research has focused particularly on the
predicted location of the failure surface, the resulting volume of failure
and, most significantly dependent on this volume, the predicted risk
associated with slope failure. The results presented show that there is
good agreement between the outputs of the two methods regarding factor
of safety and probability of failure. However, the same is not the case with
regard to volume of failure and hence risk, which can be very dependent
on the methods of analysis and their input parameters. The research is not
exhaustive, and there are many other factors that could affect the results
of slope stability analyses that were not investigated. Some such factors
are mentioned in the paper.
;8 53-7
slope stability, factor of safety, probability of failure, volume of failure,
risk.

1035-,+0651
The design of rock slopes in the planning and
operation of open pit mines and for road and
rail cuttings requires the evaluation of their
stability. The traditional method of stability
analysis used limit equilibrium (LE) methods,
and this approach continues to be used.
Numerical modelling (NM) packages are now
also commonly used in slope stability
analyses. The outputs from these analyses
provide the factor of safety (FOS) and
probability of failure (POF) of the slope. Since
the capabilities of the two approaches are
different, there can be some variations in FOS
and POF outputs and in the predicted location
of the failure surface. These variations can
affect the predicted volume of failure, and this
could in turn have a significant effect on the
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Historical observations of slope failures in
‘homogeneous’ rock and soil slopes indicated
that failure surfaces were often curved, and
this led to the development of the circular
failure analysis method for evaluating slope
stability. In this LE method, instability is
driven by gravity, and resisting forces are
generated by the shear strength along the
circular surface. The Mohr-Coulomb shear
strength criterion is commonly used to
determine the shear strength along the surface
(cohesion plus friction) corresponding with the
normal stress acting on the surface. For
stability analysis, the sliding or rotating mass
is divided into a number of slices and the
stability of each slice is considered, taking into
account inter-slice forces. The cumulative
sums of the disturbing forces and the resisting
forces at the base of each slice along this
surface allow the FOS of the slope to be
determined as the ratio of the resisting to
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risk associated with the potential failure (Read
and Stacey, 2009). Researchers such as
Chiwaye and Stacey (2010) have found that
LE analyses underestimate the predicted
failure volume, unlike NM methods.
In this paper, numerous factors that
influence the outputs from slope stability
analyses are considered. These include factors
particular to the two analysis methods and
their assumptions (referred to as ‘technical
factors’), and input parameter factors required
by one method but not by the other. In
addition, the effects on risk resulting from
these factors are considered.

The influence of various factors on the results of stability analysis of rock slopes
disturbing forces. Stability is determined for many circular
failure surfaces and the critical failure surface is the one that
yields the lowest FOS. The POF of the slope can be
determined as the probability that the FOS is less than unity.
Variables in this method of stability analysis include:
 Technical factors associated with the analysis method:
number of slices, number of slip circles analysed
 Material property factors: density, cohesion, angle of
friction.
The circular failure analysis method was the traditional
method of slope stability analysis for many years. However,
nowadays numerical stress analysis techniques are
commonly also used for slope stability analyses. In contrast
with the LE approach, the failure surface is not chosen, but is
determined by the development of failure corresponding with
the stress distribution in the slope and the specified failure
criterion. In this paper, finite element stress analyses were
used to evaluate slope stability. Variables in this method
include the following:
 Technical factors: number of elements in the finite
element mesh, type of finite elements, shear strength
reduction method for FOS calculation, method of
determination of POF (point estimate method (PEM),
response surface method (RSM))
 Material property factors: density, failure criterion and
associated parameters such as cohesion and friction
angle (Mohr-Coulomb parameters), Hoek-Brown
parameters, dilation angle
 Boundary condition factors: remoteness of model
boundaries, initial conditions, i.e. in situ stresses, and
locked-in stresses (LIS).
It can be seen from the above that there are numerous
factors taken into account in the numerical analysis approach
that are not taken into account in the LE method. Examples
are the in situ stresses and the rock mass deformation
properties. It can therefore be expected that there could be
differences in the results obtained from the two approaches.
For example, the locations of the critical failure surfaces
determined in the two methods may not be the same.
Chiwaye and Stacey (2010) arrived at this conclusion, and
also showed that, consequently, the two methods predicted
different volumes of failure. This means that the risk
predicted by the two methods, which is directly dependent on
the volume of failure, could be significantly different.
The research described in this paper was carried out by
Kanda (2015), who investigated the influence of the above

factors on the results of slope stability analyses. It should be
noted that there have been numerous such investigations, for
example by Diederichs et al. (2007), Ureel and Momayez
(2014), Rathod and Rao (2012), and Nian et al. (2011). The
present research focuses particularly on the predicted location
of the failure surface, the predicted volume of failure, and
hence the risk associated with failure.

1(8706#40651961059/4+053795/961/2,81+8
Slope stability analyses were undertaken using two
Rocscience packages, namely Slide and RS2 (Rock and Soil 2dimensional, formerly called Phase2), for LE and NM
methods respectively. The analyses showed discrepancies in
some results in relation to risk assessment. These
divergences corresponded with technical parameters and
material properties required in the use of these analytical
methods. For a study of these factors of influence on slope
stability, a slope model was set up. To simplify the problem,
the research dealt with a homogeneous rock mass slope with
a height of 600 m. The generic slope geometry is shown in
Figure 1. Analyses were carried out for a range of slope
angles.
This geometry was adopted as a reference case, and it
satisfies the geometrical requirement for a slope model as
recommended by Wyllie and Mah (2004). The following
properties were assigned to the homogeneous material: unit
weight of 27 kN/m3, UCS of 80 MPa, a geological strength
index (GSI) of 50, and the Hoek-Brown intact rock yield
parameter (mi) equal to 10. The Young’s modulus (E) and
Poisson’s ratio () were considered equal to 2.13 GPa and
0.25, respectively. The Hoek-Brown rock mass constant mb
was then found equal to 0.28. Based on the suggestions of
Hoek et al. (2002), the corresponding mean values of
cohesion and friction angle used were 640 kPa and 30
degrees, respectively. These values were based on the work
of Chiwaye and Stacey (2010).


LE and numerical analyses were assessed and compared with
regard to the sensitivity of their results to technical factors.
For the LE evaluation, two factors were considered, namely
the number of slices used and the number of slip circles
analysed. Numbers of slices were in the range from 1 to
1000. In this LE method of analysis, a non-circular slip
surface search has been preferred to the circular slip surface
search in order to better approximate the practical path of the

%6#,38981836+9725'89#85.803
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failure surface (Rocscience, 2008), and to ensure valid
comparison of the results with those of Chiwaye and Stacey
(2010). This path search methodology was used. A default
number of 5000 slip surfaces was adopted and the optimizing
surface option was chosen. The surface that yielded the
minimum FOS was adopted as the critical surface of slope
failure (Hustrulid et al., 2000).
In the numerical analyses, the two technical factors are
the numbers of elements in the finite element mesh and the
type of finite elements. The influence of the shear strength
reduction factor (Rocscience, 2009), which is the method of
FOS calculation, was not investigated, but will be considered
briefly in the discussion later in the paper. The sensitivity of
slope stability analysis results was assessed for several
uniform meshes, with numbers of elements in the interval of
100 to 100 000. The alternatives of three-node and six-node
triangular finite elements and four-node and eight-node
quadrilateral finite elements were investigated. The method
of determining the POF was also investigated, and two
alternative techniques were considered, namely the response
surface method and the point estimate method.

    
Some material parameters could be included in one analytical
method and not in another. To investigate the effects, four
scenarios of material property combinations were grouped
into two cases as presented in Table I. The material properties
that can impact on the LE and NM stability results are the
cohesion and the angle of friction. The dilation parameter is a
material property not catered for in LE analyses, but which is
considered in NM analyses. Variation in the density was not
considered in the analyses. To take into account variability in
the material properties, two types of distribution were used,
normal and lognormal.
In addition to these properties, two failure criteria were
considered, the Mohr-Coulomb and Hoek-Brown criteria.

<87,2079/5390$898(42,4065195/90$8961/2,81+895/
08+$16+429/4+05379519725'89704)6260
Probabilistic results of the influence of technical factors are
presented separately below for LE analyses and for NM
analyses. The influences of these factors on the evaluation of
risk are presented and compared later in the paper.

   
  

 

Analyses carried out for a range of numbers of slices, and for
a range of slope angles from 25° to 80°, demonstrated that
FOS and POF results converged to a constant value when the
number of slices was 25 or greater. Increasing the number of
slices beyond the value of 25 is therefore unnecessary if only
the FOS and POF are of interest. This conclusion applies for
both Mohr-Coulomb and Hoek-Brown criteria. However, an
investigation of the effect of the number of slices on the
location of the critical slip surface indicated that 25 slices
may not be sufficient. In this investigation, rather than
focusing on the failure surface location, the predicted failure
volume was assessed since it depends on the failure surface
location. The results are shown in Figures 2 and 3.
It can be seen that, for steeper slopes, the predicted
failure volumes for both Mohr-Coulomb and Hoek-Brown
criteria can be significantly greater with a greater number of
slices. Thus, if risk is a parameter of interest in addition to
stability, since risk (POF × Consequence) depends significantly on failure volume, a larger number of 1000 slices (the
highest number of slices available in Slide) should be used
for LE analyses, since predicted failure volumes converge
with increased numbers of slices.

   
The ratio of in situ horizontal stress to vertical overburden
stress (K-ratio) and LIS were the two initial conditions
assessed. The influence of the remoteness of boundaries was
not considered since the adopted model geometry satisfied
the requirements indicated by Wyllie and Mah (2004). The
combined impacts of the two factors on stability analysis
results were evaluated as shown in case 2 in Table I.

%6#,389"//8+095/91,.)8395/9726+879519'38-6+08-9/462,389(52,.895$3
5,25.)9+36083651

Table I

&+814365795/9(4364)6260 961935+9.4779'434.80837
4789

4789"

9(4364)28

UCSi (MPa)
GSI
mi
K-ratio
LIS (MPa)
Dilation parameter

9(4364)287

99(4364)287

9(4364)287

841

&041-43-9-8(

841

&041-43-9-8(

841

&041-43-9-8(

841

80
50
10
NA
NA
NA

26.66
16.6
3.3
NA
NA
NA

80
50
10
1
0
0

26.66
16.6
3.3
0
0
0

80
50
10
1.5
1.33
0.025

26.66
16.6
3.3
0
0
0

80
50
10
1.5
1.33
0.025
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As indicated above, the default number of 5000 failure
surfaces was adopted, and the ‘optimize surface’ option was
chosen. The pseudo-random surface option was enabled to
ensure repeatability of the results for the same seeds, with its
seeds automatically generated (RocScience, 2008). The
segment length was chosen to be auto-defined. No grid
requirements were needed, since the program searched for
the critical slip surfaces. The critical slip surface was that
which gave the lowest FOS. The results presented in Figures
2 and 3 are also representative for the investigation of the
influence of slope failure surface location.
A comparison of Figures 2 and 3 shows that for the
shallower slopes, using the Mohr-Coulomb criterion in the
evaluation of failure volume leads to lower sliding volumes
than when the Hoek-Brown criterion is employed. This may
be a reason behind the finding expressed in the literature that
Slide underestimates the failure volume (Cheng, 2003; Han
and Leshchinsky, 2004; Chiwaye and Stacey, 2010). For the
steeper slopes, the two predictions for the failure volumes are
much closer.

    

   

Analyses show that, for rock mass parameters following
normal distributions, the Mohr-Coulomb criterion underestimates the POF at flatter slope angles and overestimates it
for steeper slope angles. According to Hoek (2007), the
Hoek-Brown criterion should have preference over the MohrCoulomb criterion in order to eliminate uncertainty due to the
estimation of equivalent Mohr-Coulomb parameters.

finite elements were used, since they had demonstrated good
performance previously (Chiwaye and Stacey, 2010). The
evaluations involved the determination of probabilities of
failure, and there was good agreement between the POF
results from the two techniques. Therefore the use of the
RSM is to be preferred, since it is less time-consuming than
the PEM (Myers et al., 2009). The RSM was therefore used in
all the further numerical analyses of slopes. A comparison of
the results from the RSM, the full numerical analysis, and a
full LE analysis, for both normal and lognormal distributions
of variables, is shown in Figure 4. It can be seen that, for
lognormal distributions, the RSM technique corresponds with
the full numerical analysis perfectly. For normal distributions
the RSM shows closer agreement with the full numerical
analysis than does the full LE analysis. The RSM result will
give a conservative prediction of POF.

   
  
As indicated, alternatives of three-node and six-node
triangular finite elements and four-node and eight-node
quadrilateral finite elements were investigated. The accuracy
of the results naturally also depends on the number of
elements, and this is dealt with later. Figure 5 shows an
example of one of the comparisons carried out for element
types.
It is quite clear from Figure 5 that the three-node and
four-node elements are inferior, and that the results for sixand eight-node elements are effectively equivalent. Based on
this information, it was decided to make use of six-node
triangular elements for all further analyses.



 

By varying the numbers of elements in the mesh, the
sensitivity of slope factor of safety to the number of elements
was determined, and the results are shown in Figure 6.
Results of corresponding LE analyses are also shown for
comparison purposes.
Irrespective of the type of failure criterion, there is a
convergence of FOS values as the numbers of elements
increase, but at the expense of running time. FOS trends for

   
LE methods require little computational effort and therefore
the use of Monte Carlo analyses to take into account
variability is efficient. However, the number of analyses
required makes the full Monte Carlo analysis onerous for
numerical models that involve large numbers of elements.
Two techniques were considered for numerical analyses.
These were the response surface method (RSM) (Tapia et al.,
2007) and the point estimate method (PEM) (Rosenblueth,
1975). Thus, prior to the determination of the effects of
technical factors on results from numerical modelling, it was
decided to evaluate the comparative performance of these two
techniques. This was done by comparing the results of
analyses using the RSM and the PEM, also referred to as the
full NM analysis. In these analyses, six-noded triangular
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1500 elements are just slightly different from those for 50
000 elements. Similar results were obtained when assessing
the effect of element numbers on the POF.
The results in Figure 6 show the benefit of a large
number of elements. The FOS results for LE analyses with 25
slices are almost identical to the numerical analysis values for
50 000 mesh elements. Lesser numbers of elements show
greater discrepancies with the LE results, on the conservative
side (larger FOS). It is suggested that 1500 six-noded
elements could be used if the FOS is of primary interest. This

suggestion is not valid in the case of the failure volume,
which is very sensitive to the numbers of elements as
illustrated in Figure 7. The LE analysis results are also shown
for comparison.
It is recommended that, whatever the failure criterion, the
slope stability analyses will require 1000 slices and 50 000
elements for LE and NM methods, respectively, when
assessing the failure volume.

    


%6#,389!5.'43675195/9387,2079/539420831406(890 '8795/9/616089828.8107

The two boundary conditions considered were the in situ
stresses, and the LIS. Results of comparative analyses for a
range of in situ stress K-ratios are shown in Table II. It can
be seen that the probabilities of failure from the numerical
analyses are substantially lower than those from the LE
method. Since NM takes into account a greater number of
influencing factors, its POF predictions are recommended.
The predicted failure volumes, and therefore the risk, are,
however, greater than those determined by Slide.
An increase in locked-in horizontal stresses results,
similarly, in a reduction in the POF, but in an increase in the
predicted failure volume and hence in the predicted risk. The
results of the analyses are shown in Table III.

%6#,389&817606(60 95/9%&90591,.)83795/9828.810796190$89.87$9/5394
341#895/9725'8941#2879/539 5835 1941-95$35,25.)9+3608364

%6#,3891/2,81+895/91,.)8395/9/616089828.81079519/462,389(52,.8

Table II

$898//8+095/90$89 703877879519725'89704)6260 94142 787
%&
$478"9!**9828.81079
915-87
0.01
0.5
1
2
4

1.35
1.27
1.28
1.33
1.42

%9 
&26-89
"!9726+87
1.16
1.16
1.16
1.16
1.16

          

$478"9!**9828.81079
915-87

%462,389(52,.89.
&26-8
"!9726+87

$478"9!*9***9828.81079
915-87

&26-8
***9726+87

41.74
41.74
41.74
41.74
41.74

211695
132051
178966
192659
241243

122800
122800
122800
122800
122800

30.76
33.9
34.14
31.21
28.29
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Table III

$898//8+095/925+8-619703877879519725'89704)6260 94142 787
&9

%&
$478"9!**9828.81079
915-87

0
1
5
10
15
20
25
30
40

1.28
1.29
1.3
1.32
1.34
1.36
1.38
1.39
1.42

%9 
&26-89
"!9726+87

$478"9!**9828.81079
915-87

1.16
1.16
1.16
1.16
1.116
1.116
1.16
1.16
1.16

34.14
33.24
32.81
31.9
31.06
30.33
29.64
29.28
27.85

<87,20795/90$898(42,4065195/90$8961/2,81+895/9.4083642
'35'830 9(4364)6260 9519725'89'35)4)6260 95/9/462,38941/462,389(52,.8
LE and NM analyses were carried out to investigate the effect
of material property variability on their outputs. The stability
analysis results for the scenarios in Table I demonstrated that
parameters other than the UCSi, GSI, and mi have minor
impact on the FOS, but show that the influence on the POF
and failure volumes, and thus on predicted risk, can be
significant, as shown in Figures 8 and 9.
Although the discrepancies between the POF and failure
volume results might appear small on these figures, they
could have a significant effect on the risk. Minor differences
could involve failure volumes of the order of thousands of
cubic metres. Therefore, great care should be exercised when
assessing the results of slope stability analyses and the effect
on them of variability in input parameters.

  

%462,389 52,.89.
&26-8
"!9726+87

$478"9!*9***9828.81079
915-87

&26-8
***9726+87

41.74
41.74
41.74
41.74
41.74
41.74
41.74
41.74
41.74

178966
173048
185613
191467
201228
191105
207145
215643
228359

122800
122800
122800
122800
122800
122800
122800
122800
122800

builds up as failure progresses (Hadjiabdolmajid, 2001). The
cohesion-weakening friction-strengthening criterion has been
found to work well in such conditions, rather than the
conventional Mohr-Coulomb and Hoek-Brown criteria. The
SRF, as implemented, will therefore influence the result of the
stability analysis, as noted by Diederichs et al. (2007).
Deformation properties of the rock mass (modulus of
elasticity and Poisson’s ratio) will also affect the SRF, and
consequently the failure volume and risk. The criterion of
failure is in fact a complex consideration, since during the
slope failure the mechanisms of failure are likely to change.
Mechanisms involved in the initiation of failure and the
propagation of failure may be different, and ideally both
should be accounted for in the stability analysis (Stacey,
2006). Groundwater, which can have a significant effect on
the stability of slopes, was another factor not considered in
the analyses carried out.
Slope stability analyses commonly carried out, and as
described in this paper, are two-dimensional. In contrast,
slope failures are almost always three-dimensional. The

An increase in dilation will have the effect of increasing the
shear resistance on joint surfaces, and therefore could be
expected to enhance the stability of slopes. Analyses show
this to be the case, in that the risk of slope failure is very
sensitive to a slight change in the dilation parameter.

:67+,77651941-9+51+2,76517
The purpose of the research reported in this paper was to
investigate the effects of a range of factors on the outputs of
slope stability analyses. Of particular interest was the
influence on the predicted risk associated with slope failure. It
is acknowledged that the investigation was not an exhaustive
one, and that there are numerous other factors of influence
that have not been quantified (Keyter, 2015). Further factors
are therefore raised here to bring them to the attention of
readers.
Both the LE and numerical analysis methods used in this
paper assume that cohesion and friction act in unison during
the failure process; and this is the assumption in the shear
strength reduction factor (SRF) approach used in the NM
method (Diederichs et al., 2007). However, particularly in
hard, brittle rock conditions (the conditions relevant for deep
open pits, for example), during the failure process it is the
cohesion that is destroyed first, and frictional resistance only
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three-dimensional geometry and the plan geometry affect
both the stability of the slope and the extent of failure, if
failure does occur (Stacey, 2006). The 3D factor will therefore
have a significant effect on the volume of failure and the risk.
From the investigation of the influences of technical
factors, rock mass parameters, and boundary condition
factors on slope stability analyses, as described in this paper,
the main conclusions are as follows.

HADJIABDOLMAJID, V.R. 2001. Mobilization of strength in brittle failure of rock.

 The Hoek-Brown criterion can be recommended for
determination of FOS and POF, independently of the
type of distribution of input parameters, and may
contribute to avoiding any imprecision in POF
calculations
 Using the Mohr-Coulomb criterion in the evaluation of
failure volume leads to lower sliding volumes than
when Hoek-Brown is employed. This may be a reason
behind the finding expressed in the literature that Slide
underestimates the failure volume
 For both FOS and POF analyses, 25 slices are reliable
for building a Slide model. However, the determination
of failure volumes requires a much larger number of
slices (1000 slices, the maximum number in Slide)
 The FOS and POF results converge with an increase in
the numbers of finite elements, independently of the
applied failure criterion. Also, these results are
obtained with significantly fewer elements when using
six-noded and eight-noded elements
 Similarly to the LE results, the determination of FOS
and POF requires only a limited number of elements
(1500 elements for this research model), whereas the
failure volume determination requires a larger number
of elements (50 000 elements)
 NM methods always predict greater risk than the LE
method. The latter technique does not take into account
the K-ratio and the LIS, and therefore underestimates
the predicted risk of slope failure.
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Review of coal pillar lifespan prediction
for the Witbank and Highveld coal
seams
by J.N. van der Merwe*

Coal pillars are prone to scaling over time, and are progressively reduced
in size and consequently subjected to increased load and reduced strength.
The effective factor of safety therefore reduces. Databases of failed and
stable pillars cannot, therefore, be regarded as definitive.
More than a decade has passed since the first attempt to predict the
lifespan of pillars. This paper presents a review based on the new database
and pillar strength equations. The methodology for the analysis is based
on the fact that pillars scale. The ultimate safety factor (defined as the
ratio between strength and load at the time of failure) is derived, followed
by an estimate of the rate of pillar scaling, which results in an estimate of
the expected time of failure.
It is suggested that the predicted lifespan should not be used as an
absolute indicator of expected pillar life, but rather as an index – the pillar
life index (PLI) – to complement the safety factor and related probability
of failure when evaluating pillar stability. A pillar with a predicted lifespan
of less than 500 years would be regarded as being in danger of imminent
collapse, while a lifespan of at least 1 000 years should be required for
long-term purposes.
The differences between this analysis and that published in 2003
constitute a strong case for regular reviews of all the empirically based
stability indicators, namely the safety factor, probability of failure, and the
PLI. Reviews at 10 year intervals appear to be required.
The constants in the proposed method are valid only for the Witbank
No. 1, 2 and 4 seams and the Highveld No. 2 and 4 seams.
63,.(/
coal pillar, pillar scaling, pillar age, safety factor.

5-0.,(&)01,It is well known that over time, coal pillars are
prone to scaling, and thus are progressively
reduced in size and consequently subjected to
increased load and reduced strength. The
effective factor of safety therefore reduces and
it is quite possible for failure to occur after a
long time interval. In fact, scrutiny of the
database of failed pillars indicates that failure
occurred after periods ranging from 2 to 49
years, and not immediately after mining.
The factor of safety for pillars at the time
of failure is not the same as that immediately
after mining. The concept of the safety factor is
based on the pillar strength obtained by
statistical analysis of pillar dimensions
immediately, or within a month after mining,
when the surveys are conducted. Strictly
          

VOLUME 116

* School of Mining Engineering, University of the
Witwatersrand, Johannesburg, South Africa.
© The Southern African Institute of Mining and
Metallurgy, 2016. ISSN 2225-6253. Paper received
Apr. 2015; revised paper received Feb. 2016.






1083



-,$/1/

speaking, the safety factor as commonly used
is valid only immediately after mining, and it
continues to reduce thereafter. The ideal
situation would be to base analyses of pillar
strength on pillar dimensions at the time of
failure, but that is simply not possible because
the real dimensions cannot be measured at
that time.
Due to the time-related reduction in the
stability of pillars, databases of failed and
stable pillars cannot be regarded as definitive.
They are merely snapshots of the situation at
any given point in time. This is just one
argument in favour of periodic reviews of the
databases as well as the derivation of pillar
strength considerations based on empirical
analyses of the databases.
When Salamon and Munro (1967)
published their groundbreaking work on coal
pillar strength, they had only 27 collapsed
pillar cases in the database. That number has
now grown to 85 (van der Merwe and Mathey,
2013a). Of the new collapse cases, eight were
mined prior to 1965 which means that at the
time of the original analysis they would have
been regarded as stable cases. Fifty of the new
collapses were mined after the introduction of
the 1967 safety factor, indicating that
collapses have not been completely eliminated
by designing according to the safety factor.
The effect of time has to be included in any
consideration of long-term pillar stability. The
previous attempt at estimating the expected
lifespan of coal pillars was described by van
der Merwe (2003). More than a decade has
passed since then and more data is now
available – therefore a review of the procedure
is required.
The methodology that was followed in this
review is essentially similar to that used

Review of coal pillar lifespan prediction for the Witbank and highveld coal seams
previously. It is based on the fact that pillars scale. The
ultimate safety factor (defined as the ratio between strength
and load at the time of failure) is derived, followed by an
estimate of the rate of pillar scaling, which results in an
estimate of the time at which failure can be expected.
The rate of pillar scaling was previously determined by
back-analysis using the time of collapse and an assumption
of the ultimate safety factor, based on the lowest safety factor
in the database of failed cases. That rate was subsequently
confirmed by measurement of scaling rates on pillars that had
scaled but not yet failed (van der Merwe, 2004).
A slightly different sequence was followed in this review.
The initial rate, determined by direct measurement on scaled
pillars, was applied to the database of failed pillars with
known lifespans in order to determine the ultimate safety
factor, also taking cognisance of the probability of failure
(van der Merwe and Mathey, 2013b). It was then adjusted
according to the estimated rate based on back-analysis of the
failed pillar database.
Due to differences in site- or seam-specific coal strength
characteristics, described inter alia by Salamon, Canbulat,
and Ryder (2006), the review was restricted to the Witbank
(excluding the No. 5 seam) and Highveld coal seams.
Extension of the procedure to other areas and seams was
attempted, but there was insufficient data to derive scaling
rates with confidence. At a later stage, different groupings of
areas and seams for the other areas should be incorporated,
but this review is restricted to the Witbank No. 1, 2, and 4
and Highveld seams.
In the context of this paper, the term ’failed case’ refers to
cases where a number of pillars had failed in the same area,
confirmed by subsidence of the surface, and not the failure of
individual pillars.

of 2 500, the smallest number at any given site being 18.
There was no discernible difference between the scaling rates
at drill and blast (D&B) sites and areas mined by continuous
miner (CM).
The scaling rate correlated well with the inverse of the
age of the pillars at the time of measurement, i.e. the younger
the pillars the higher the rate. The rate decreased rapidly with
increasing age (Figure 1).
Other relationships were also investigated, and the best
correlation was obtained when the scaling rate was compared
to the h/T parameter (Figure 2).

1'&.343+201,-/#1$4 3033-4/)2+1-'4.20342-(42'34,*4$1++2./

)2+1-'4.203/4, 021-3(4 4(1.3)04%32/&.3%3-0 4
The data used for this analysis is summarized in Table I. This
is the data used by van der Merwe (2004), with the addition
of two new cases. As in the previous analysis, the rate of
scaling was found to correlates with the h/T parameter, the
quotient of mining height and age.
The numbers shown in Table I are the average numbers.
The total number of individual measurements was in excess

1'&.34 3+201,-/#1$4 3033-4/)2+1-'4.203/4, 021-3(4 
%32/&.3%3-042-(40#34  $2.2%303.

Table I

1.3)04%32/&.3%3-04,*4/)2+1-'4.203/
1-3
Blinkpan
Delmas
Delmas
Matla
Matla
Matla
Matla
Matla
Matla
Secunda
Tweefontein
Leeuwfontein
New Clydesdale
New Clydesdale
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32%

30#,(

'34 !2"

W2
W2
W2
H4
H4
H4
H4
H4
H4
H4
W4
W4
W4
W4

D&B
D&B
D&B
CM
CM
CM
CM
CM
CM
D&B
D&B
D&B
D&B
D&B

39
19
19
22
5
21
14
5.5
22.5
12.5
21.5
0.67
44
31
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2.92
2.8
3
3.85
3.93
3.96
3.25
4.03
4.86
2.58
2.88
3.48
3.30
3.47

)2+1-'4(1/02-)34!%"
0.84
0.66
1.42
1
0.48
1.28
0.6
0.94
1.2
0.72
0.58
0.3
0.56
0.73

)2+1-'4.2034!%2"

 !%2"

0.02
0.03
0.07
0.05
0.10
0.06
0.04
0.17
0.05
0.06
0.03
0.45
0.01
0.02

0.07
0.15
0.16
0.18
0.79
0.19
0.23
0.73
0.22
0.21
0.13
5.19
0.08
0.11
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available), and cases where the ages of the pillars could not
be determined were excluded. The database containing the 32
qualifying cases is shown in Table II.

The relationship can be described by the general
equation:
[1]

   

where
R = scaling rate
h = mining height
T = pillar age
m, x = constants.

The scaling rate as found by Equation [1] was applied to the
cases shown in Table II and the scaling distances at the time
of failure were determined. The safety factors at the time of
failure, termed the ultimate safety factors, were then
determined using the reduced pillar widths. The tributary
area theory was used to calculate the pillar loads.
The pillar strength equation that was used was the
overlap reduction formula (van der Merwe and Mathey,
2013c):

For this case, m = 0.155 and x = 0.757.
The high correlation coefficient, R2 = 0.88, is no doubt
influenced by the single outlying data-point. Removing that
data-point resulted in the R2 value being reduced to 0.79,
which is still considered to be satisfactory although the
values of m and x were different. That data-point
(Leeuwfontein) was then investigated further, but no reason
was found to exclude it from the database. It was measured
in the same manner as all the other data-points and there
were no recorded geological anomalies. It was thus retained
in the database.

[2]
where
w = pillar width (m)
h = mining height (m).
The scaling distance, ds, was obtained by:
[3]

303.%1-201,-4,*4).101)2+4/2*304*2)0,.
where
T = age of pillars at failure
R = rate of scaling determined by Equation [1].

The next step in the analysis was to apply the scaling rate as
found by Equation [1] to the database of failed pillars in
order to determine the safety factors at the time of failure.

The outcomes are shown in Table III.
The median value of the ultimate safety factors is 0.53.
This is close to the assumption of 0.4 that was used in the
previous analysis in 2003. The probability of failure of pillars


Only the Witbank No. 2 and 4 seams and the Highveld No. 4
seam cases were used (no Highveld No. 2 seam data was

Table II

2024 2/34,*4*21+3(4)2/3/4&/3(41-40#342-2+/1/

n211
n212
n213
n216
n217
s12
m149
m151
m162
m166
m167
n171
n172
n173
s116
s118
s17
s40
s41
s57
m148
m148a
m148b
m163
n198
n199
n200
s119
s42
s64
s9
s16

1-3

32%

3$0#4!%"

Kriel
Matla
Matla
Goedehoop
Goedehoop
Coronation
Koornfontein
Tweefontein
Tweefontein
Tweefontein
Tweefontein
Wolvekrans
Wolvekrans
Wolvekrans
Waterpan
Waterpan
Wolvekrans
Wolvekrans
Douglas
Koornfontein
New Largo
New Largo
New Largo
South Witbank
New Largo
New Largo
New Largo
Witbank Cons.
South Witbank
South Witbank
New Largo
Middelburg Steam

H
H4
H4
W2
W2
W1
W2
W2
W2
W2
W2
W2
W2
W2
W2
W2
W2
W2
W2
W2
W4
W4
W4
W4
W4
W4
W4
W4
W4
W4
W4
W2

55.5
78.2
73.5
86.4
102
25.9
90
62
62
62
62
41
41
41
61
57
29.6
33.5
30.5
98.8
28.5
34
34
56
32
32.5
43
41.1
53.3
61
30.5
21.3

          

1++2.41(0#4!%"
7.43
10.53
8.4
7.5
7.6
3.66
7.5
7.5
7.3
6.1
6.1
6.4
6.4
6.4
6.1
7.62
5.18
6.1
4.57
7.6
3.8
3.5
3.5
5.1
3.3
3.2
4.8
4.27
5.18
4.72
3.5
3.96

,.(41(0#4!%"

1-1-'4#31'#04!%"

'34204*21+&.34!32./"

6.62
6.47
6.6
6.5
6.2
8.53
6
6.4
6.2
6.1
6.1
6.4
6.4
6.4
6.1
7.62
7.01
6.71
7.62
6.1
5.8
6.7
6.7
6.5
6.4
6.5
6.2
6.4
6.4
6.86
6.7
8.23

3.8
6.5
3.65
4.6
4.5
3.05
4.8
4
4
4
4
6.2
6.2
6.2
4.57
3.96
5.56
5.49
3.66
4.88
2.7
2.7
2.7
3.3
2.3
2.1
2.8
3.05
3.66
3.51
2.59
4.57

26
22
31
49
51
4
10
40
52
46
38
22
44
46
32
32
14
4
7
4
17
17
20
19
46
37
26
4
5
2
12
25
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Table III

2*304*2)0,./420401%34,*4*21+&.3
2/3

'3
!32./"

203
!%2"

)2+1-'41/02-)3
!%"

340.3-'0#
!2"

26
22
31
49
51
4
10
40
52
46
38
22
44
46
32
32
14
4
7
4
17
17
20
19
46
37
26
4
5
2
12
25

0.04
0.06
0.03
0.03
0.02
0.13
0.09
0.03
0.02
0.02
0.03
0.06
0.04
0.03
0.04
0.03
0.08
0.20
0.09
0.18
0.04
0.04
0.03
0.04
0.02
0.02
0.03
0.13
0.12
0.24
0.05
0.04

0.94
1.35
0.95
1.27
1.26
0.50
0.89
1.08
1.16
1.12
1.07
1.31
1.55
1.56
1.14
1.02
1.08
0.79
0.66
0.72
0.65
0.65
0.68
0.78
0.74
0.65
0.75
0.50
0.61
0.47
0.58
1.07

6.43
4.96
7.47
5.14
5.33
4.50
5.16
6.05
5.84
4.94
4.98
3.24
3.12
3.11
4.31
6.25
3.04
3.79
4.45
5.24
5.07
4.68
4.64
5.34
5.05
5.50
5.99
5.18
5.04
4.95
4.97
2.80

n211
n212
n213
n216
n217
s12
m149
m151
m162
m166
m167
n171
n172
n173
s116
s118
s17
s40
s41
s57
m148
m148a
m148b
m163
n198
n199
n200
s119
s42
s64
s9
s16

at the median safety factor value of 0.53 is 44%. The
equation that was used for the probability of failure is that
given by van der Merwe and Mathey (2013b):

34+,2(
!2"
6.50
6.71
7.45
10.90
12.07
9.67
9.38
7.28
7.48
9.31
9.12
6.48
7.13
7.18
9.21
7.60
6.54
4.87
7.43
9.80
6.64
10.92
11.13
10.11
11.47
11.79
7.91
8.25
8.56
11.35
9.32
9.48

34

0.99
0.74
1.00
0.47
0.44
0.47
0.55
0.83
0.78
0.53
0.55
0.50
0.44
0.43
0.47
0.82
0.47
0.78
0.60
0.54
0.76
0.43
0.42
0.53
0.44
0.47
0.76
0.63
0.59
0.44
0.53
0.30

After scaling for a distance d, the pillar centre distances
remain the same, but the width is reduced to a value w–d.
Equation [5] should then be rewritten as:
[4]

where SFOR is the safety factor using Equation [2] for pillar
strength, column 7 in Table III.
Taking into account the imperfections inherent in some of
the older data and the scatter in the outcomes, it was decided
that a safety factor of 0.5 should be used as the ultimate
safety factor, i.e. the safety factor based on dimensions of the
pillars at the time of failure, as opposed to the as-mined
dimensions. The value of 0.5 corresponds to a probability of
failure of 49%.

[6]
In order for SFOR to be reduced to 0.5, the ultimate safety
factor, the critical scaling distance, dc, can be obtained by
substituting SFOR by SU and d by dc in Equation [6]:
[7]
A simple transformation of Equation [7] then yields the
expression for dc:
[8]

303.%1-201,-4,*40#34).101)2+4/)2+1-'4(1/02-)34()
The critical scaling distance, dc, is defined as the amount of
scaling a pillar has to undergo in order to reach the ultimate
safety factor, SU.
Prior to any scaling, the safety factor based on the
overlap reduction technique for pillar strength is given by:
[5]
where
C = pillar centre distance
H = mining depth.
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and for SU = 0.5, the final expression is:
[9]

$$+1)201,-4,*4).101)2+4/)2+1-'4(1/02-)340,4(202 2/34,*
*21+3(4$1++2./
It has now been established that an ultimate safety factor of
0.5 is a reasonable value and an expression for the critical
scaling distance has been derived. The next step is to apply
this to the database of failed pillars. In the case of failed
pillars with known lifespans, the average rate of scaling at
the time of failure, RF, can be determined simply by
          

Review of coal pillar lifespan prediction for the Witbank and highveld coal seams
[10]
where L is the known lifespan of the pillars.
As was the case with the direct measurements, the
scaling rate was compared to other measurable parameters.
Again, an inverse correlation of the rate with the age of
pillars was found (Figure 3). A rapid decrease in the rate
with increasing age was also seen, as with the direct
measurements.
Other relationships were also investigated, and again the
best correlation was found with the h/T parameter (Figure 4).
This indicates that the scaling rate decreases rapidly with
increasing age and increases with increasing mining height.
This part of the analysis confirms the generic equation for
the rate of scaling (Equation [1]), but with different values
for the constants m and x. In the case of the database
analysis, m = 0.1799 and x = 0.7549.
The question arises as to which set of constants should
be used for m and x. Here it has to be borne in mind that the
scaling distances obtained by direct measurement probably
underestimate the real distances, as loose slabs that are still
in place are regarded as solid. The damaging scaling would
include fractures inside the visible pillars that cannot be
detected by direct measurement. It is thus believed that the
rates obtained by back-analysis of the failed pillars should be
used.
To avoid misunderstanding, the rate equation should
then be:
[11]
The scaling rates as obtained by the two methods, namely
direct measurement of scaling distances of pillars prior to

failure and hypothesized rates at the time of failure, had the
same characteristics. Both displayed the best correlations
with the h/T parameter. The relationships were both directly
proportional to mining height and inversely proportional to
age. Both methods indicated that taller pillars scale quicker
and that the rate of scaling decreases rapidly with increasing
age.

1++2.4+1*34$.3(1)01,There are two equations to describe the rate of scaling. One
relates the rate to the h/T parameter (Equation [1]) and the
other to the rate based on the lifespan of pillars in the
database of failed pillars (Equation [10]). At the time of
failure, the time T in Equation [1] has to be equal to the pillar
age L in Equation [10].
One can then write:
[12]
from which it follows that
[13]
with m = 0.1799 and x = 0.7549.
Equation [13] gives the predicted lifespan of pillars.

73/0410#48-,-4+1*3/$2-/4,*4*21+3(4$1++2.4)2/3/
Equation [13] was applied to the cases in the database as
contained in Table II to test the accuracy of the method.

     
The scaling rates predicted by Equation [11] were compared
to the scaling rates as obtained with the age of the pillars at
failure. This is shown graphically in Figure 5. The slope of
the correlation line is influenced by one outlying point.
Ignoring that single data-point improves the slope from 0.81
to 0.95 and the correlation coefficient from 0.62 to 0.65.
It can be concluded that the rates are in reasonable
agreement.

     
Compared on a one-on-one basis, there are distinct
differences between the actual and predicted pillar lifespans
for 7 of the 32 cases (Table IV). The outliers are indicated in
red in the table.

1'&.34)2+1-'4.20342/424*&-)01,-4,*40#34  $2.2%303.

1'&.34,%$2.1/,-4,*4/)2+1-'4.203/
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Table IV

,%$2.1/,-4,*42)0&2+42-(4$.3(1)03(4+1*3/$2-/
2/3

)0&2+4+1*3/$2-4!32./"

.3(1)03(4+1*3/$2-4!32./"

26
22
31
49
51
4
10
40
52
46
38
22
44
46
32
32
14
4
7
4
17
17
20
19
46
37
26
4
5
2
12
25

578
156
986
17
9
1
13
348
292
35
35
12
12
12
11
323
5
36
14
5
75
3
3
15
12
13
135
14
11
0
10
0

n211
n212
n213
n216
n217
s12
m149
m151
m162
m166
m167
n171
n172
n173
s116
s118
s17
s40
s41
s57
m148
m148a
m148b
m163
n198
n199
n200
s119
s42
s64
s9
s16

the predictions for the database of failed pillars, removal of
the highest 20% of predicted lifespans reduced the average
lifespan to 15 000 years. This is still greatly in excess of the
prediction for the known failed cases, inspiring confidence in
the prediction method.
The frequency distributions of the predicted lifespans for
the failed and intact databases are compared in Figure 7. Note
that the horizontal scale in the figure is in two parts, showing
the first 1 000 years in shorter intervals than the next 72 000
years. This is done for clarity.
The failed pillar cases peaked at 15 years, while the range
extends to a maximum of 1 000 years. The peak value for the
database of intact pillars occurs at 3 000 years, while the
range extends to 500 000 years. The scale in Figure 7 is
clipped at 73 000 years. The figure clearly illustrates the
distinction between predicted lifespans for the databases of
failed and intact pillars.
Scrutiny of the data indicated that for the database of
intact pillars there is a single case where the current survival
period of the pillars exceeds the predicted lifespan.
Furthermore, 8% of the cases in the database of intact pillars
had predicted lifespans of less than 1 000 years, the
maximum predicted lifespan of cases in the database of failed
pillars. The range of safety factors for this group was from
0.95 to 1.96, the average being 1.4.
The safety factor distributions of cases in the databases
of failed and intact pillars are shown in Figure 8. It is seen
that 38 (or 20%) of the combined number of cases in the
databases occur in the area of overlap, i.e. between safety

The average of the actual lifespans of the failed pillars is
25 years, and that of the predicted lifespans is 99 years.
Removing the seven outliers reduces the averages to 23 and
19 years respectively. This indicates that, on the whole, there
is reasonable correspondence between the predicted and
actual lifespans, but that predicted lifespans can be inflated.
There is nothing in the database that warrants removal of the
wayward data points. The explanations are likely to include
the following:
 Inaccuracies in recorded data
 Greatly reduced scaling rates of old pillars – an error of
a few millimetres per year can add substantially to the
predicted lifespan as the scaling distance approaches
the critical distance
 Small errors in recorded pillar sizes can also have
dramatic effects on the predicted lifespans.

1'&.34.3 &3-)4(1/0.1 &01,-4,*4$.3(1)03(4+1*3/$2-/4*,.40#3
(202 2/34,*41-02)04$1++2.4)2/3/

,%$2.1/,-4,*4$.3(1)03(4+1*3/$2-/4,*40#34*21+3(42-(
/02 +34)2/3/
Pillar lifespans were predicted for a database of hitherto
stable cases. The database consisted of the database of stable
pillars in van der Merwe and Mathey (2013a), with the
exclusion of all but the Witbank No. 1, 2, and 4 seams and
the Highveld seams. The remaining database contained 157
cases. Figure 6 shows the frequency distribution of the
predicted lifespans, clipped at 40 000 years for clarity.
The average predicted lifespan was found to be 134 000
years, a number which is inflated by a number of cases with
extremely long predicted lifespans. Based on the analogy with
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1'&.34,%$2.1/,-4,*4(1/0.1 &01,-/4,*4$.3(1)03(4+1*3/$2-/4*,.4$1++2./
1-40#34*21+3(42-(41-02)04(202 2/3/ 4,0340#2040#34#,.1 ,-02+4/)2+341/
),%$,/1034/#,1-'40#34*1./044432./41-4%,.34(3021+
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For the database of failed cases, 95% of the predicted
lifespans are less than 500 years, while all the pillars have
predicted lifespans of less than 1 000 years. It is therefore
suggested that cases where the predicted lifespan is less than
500 years should be regarded as being in danger of imminent
failure, while for long-term purposes, a lifespan of at least 1
000 years is proposed as a norm.

,-)+&/1,-/

1'&.34,%$2.1/,-4,*4(1/0.1 &01,-/4,*4/2*304*2)0,./4,*4)2/3/41-40#3
(202 2/3/4,*4*21+3(42-(41-02)04$1++2./

factors of 1.0 and 1.5. This is comparable to the total number
of cases in the overlap zone of the distributions of pillar
lifespans – 39 cases or 20.6%.
However, in the case of the safety factor distributions, the
peaks occur much closer together (compare Figures 7 and 8).
The overlap in the predicted lifespan comparison is
exaggerated by the single case of a predicted lifespan of close
to 1 000 years in the database of failed pillars.
It may be concluded that the predicted lifespan is at least
as good a discriminator between failed and stable cases as
the safety factor, and taking into account the distance
between the peak occurrences, it can be considered as a
superior discriminant.

$3)03(4$2003.-4,*4*21+&.3/4*,.40#34*&0&.3
A question that needs to be answered is how stable is the
surface likely to be over currently mined areas where pillars
have not failed. To date, only approximately 0.4% of all
panels mined by the bord and pillar method have failed (van
der Merwe and Mathey, 2013b). That number is expected to
increase in the future, the expected trend being shown in
Figure 7. The trend is based on the predicted lifespans of
pillars in the database of intact pillars.
The trend can be expressed by:
[14]
where
N = % of panels failed
Y = time in years.

 Coal pillars are prone to scaling. This is invariably
observed and confirmed by direct measurement. Since
pillars only fail after a period of time, the real safety
factors of pillars at the time of failure are less than
those in the as-mined condition
 The rate of scaling, according to direct measurement,
follows a well-established pattern, being inversely
proportional to age and directly proportional to mining
height
 Application of the scaling rate determined from direct
measurement to the database of failed pillars to
estimate the pillar dimensions at the time of failure
indicated that it is reasonable to assume that the safety
factor of pillars at the time of failure is 0.5
 The pillar dimensions for each case in the database of
failed pillars that will result in a safety factor of 0.5 can
then be determined, and as the real survival periods of
those pillars are known, the rate of scaling can be
indirectly determined
 The scaling rates so obtained exhibit the same characteristics as those determined by direct measurement,
but with slightly different constants
 With scaling rate, pillar dimensions, and safety factor
at the time of failure known, it is possible to predict the
time at which pillars can be expected to fail
 The correlation, on a one-on-one basis, between the
predicted and actual lifespans of pillars in the database
of failed pillars, which was determined to test the
method, is poor, but the range of predicted lifespans
compares reasonably well with the actual range. The
prediction method results in clear distinction between
the databases of failed and intact pillar cases, with the
average predicted lifespan of pillars in the database of
failed pillars being 99 years (or 19 years if the obvious
outliers are excluded), and that of pillars in the
database of intact pillars 134 000 years

This is in line with current knowledge, indicating that for
an average current lifespan of 50 years for South African coal
mine pillars, the expected failure percentage is approximately
0.43%. Less than 9% of panels mined can be expected to fail
in the next 1 000 years.

It is clear from the comparisons between predicted and real
pillar lives that the method of prediction should not be
regarded in the absolute sense; but it is also clear from the
comparison between life predictions for the databases of
failed and stable cases that there are distinct differences in
the predicted lifespans, with the predicted lifespans of cases
in the intact database greatly exceeding those in the database
of failed pillars.

1'&.34$3)03(4*&0&.340.3-(4,*4$1++2.4*21+&.3/4/#,1-'40#3
)&%&+20134$3.)3-02'343$3)03(4*21+&.3/4,3.401%3
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 It is therefore suggested that the predicted lifespan
should not be used as an absolute indicator of expected
pillar life, but rather as an index – the pillar life index
(PLI) - to complement the safety factor and related
probability of failure in evaluating pillar stability
 As a conservative norm, it is suggested that pillars with
a predicted lifespan of less than 500 years should be
regarded as being in danger of imminent collapse,
while a lifespan of at least 1 000 years should be
required for long-term purposes. These norms
correspond with the 95% and 99% percentiles of the
cumulative frequency of predicted lifespans for pillars
in the database of failed pillars, including the outlying
points
 The pillar life index is a superior (or at the very least
similar) indicator of stability compared to the safety
factor. As is the case with safety factors, this is true
only for the databases as at the end of 2012
 The differences between this analysis and that
published in 2003 provide a strong motivation for
regular reviews of all the empirically-based stability
indicators, namely the safety factor, probability of
failure, and the PLI. Reviews at 10-year intervals
appear to be required
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 The constants in the proposed method are only valid
for the Witbank No. 1, 2 and 4 seams and the Highveld
No. 2 and 4 seams.

3*3.3-)3/
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6th Sulphur and Sulphuric Acid
2017 Conference
9 May 2017—WORKSHOP
10–11 May 2017—CONFERENCE
12 May 2017—TECHNICAL VISIT
Cape Town Convention Centre, Cape Town, South Africa
BACKGROUND
The production of SO2 and Sulphuric acid remains a pertinent topic in the Southern
African mining, minerals and metallurgical industry. Due to significant growth in acid
and SO2 production as a fatal product, as well as increased requirement for acid and
SO2 to process Copper, Cobalt and Uranium, the Sub Saharan region has seen a
dramatic increase in the number of new plants. The design capacity of each of the new
plants is in excess of 1000 tons per day.
In light of the current state of the industry and the global metal commodity prices the
optimisation of sulphuric acid plants, new technologies and recapture and recycle of
streams is even more of a priority and focus. The 2017 Sulphuric Acid Conference will
create an opportunity to be exposed to industry thought leaders and peers, international
suppliers, other producers and experts.
To ensure that you stay abreast of developments in the industry, The Southern
African Institute of Mining and Metallurgy, invites you to participate in a conference on
the production, utilization and conversion of sulphur, sulphuric acid and SO2 abatement
in metallurgical and other processes to be held in May 2017 in Cape Town.

OBJECTIVES

WHO SHOULD ATTEND

> Expose SAIMM members to issues
relating to the generation and
handling of sulphur, sulphuric acid
and SO2 abatement in the
metallurgical and other industries.

The Conference will be of value to:
> Metallurgical and chemical engineers
working in the minerals and metals
processing and chemical industries
> Metallurgical/Chemical/Plant Management
> Project Managers
> Research and development personnel
> Academic personnel and students
> Technology providers and engineering
firms for engineering solutions
> Equipment and system providers
> Relevant legislators
> Environmentalists
> Consultants

> Provide opportunity to producers
and consumers of sulphur and
sulphuric acid and related products
to be exposed to new technologies
and equipment in the field.
> Enable participants to share
information and experience with
application of such technologies.
> Provide opportunity to role players in
the industry to discuss common
problems and their solutions.

EXHIBITION/SPONSORSHIP
There are a number of sponsorship
opportunities available. Companies wishing
to sponsor or exhibit should contact the
Conference Co-ordinator.
For further information contact:
Conference Co-ordinator
Camielah Jardine, SAIMM
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

Conference Announcement

Sponsors:

ISRM International Symposium

‘ Rock Mechanics for Africa’

01 7
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2–7 October 2017
Cape Town Convention Centre, Cape Town

Keynote Speakers
Nick Barton
Sergio Fontoura
Luís Lamas
Dick Stacey
Nielen van der Merwe

BACKGROUND
The 2017 ISRM International Rock Mechanics Symposium is to be held in
Cape Town. The conference theme is ‘Rock Mechanics for Africa’.
Mining has traditionally been a mainstay of African economies, while Oil and
Gas industries are rapidly growing throughout Africa. Infrastructure is being
developed to support these industries. Rock engineering design is and
therefore will continue to be essential for the growth of the continent. Prior to
the conference, the ISRM Board, Council and Commission meetings will take
place. Technical visits are being arranged for after the conference.

Premium Sponsors

EXHIBITION/SPONSORSHIP
Sponsorship
opportunities
are
available.
Companies wishing to sponsor or exhibit should
contact the Conference Co-ordinator.

WHO SHOULD ATTEND
 Rock engineering practitioners

TECHNICAL VISITS

 Researchers

The following technical visits are confirmed for the conference:

 Academics

 Phalaborwa Mine

 Mining engineers

 Tau Tona Mine

 Civil engineers
 Petroleum engineers
 Engineering geologists.

TENTATIVE PROGRAMME

Meeting

Meeting

Tuesday
4/10/2017

Wednesday Thursday
5/10/2017 6/10/2017

Friday
7/10/2017

Technical Session
Morning Refreshments
Technical Session
Lunch
Technical Session
Afternoon Refreshments

Technical Visits

Board

Workshop

ISRM

Board

Workshop

ISRM

Monday
3/10/2017
ISRM
Commission
Meetings

Sunday
2/10/2017

ISRM
Council
Meetings

Saterday
1/10/2017

For further information contact:
Raymond van der Berg, Head of Conferencing
SAIMM, P O Box 61127, Marshalltown 2107
Tel: +27 (0) 11 834-1273/7 · E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

Technical Session

Board

Network

Conference

Dinner

Function

Dinner

Supported by

       

INTERNATIONAL ACTIVITIES
2017

9–10 March 2017 — 3rd Young Professionals Conference
‘Unlocking the Future of the African Minerals
Industry:Vision 2040’
Innovation Hub, Pretoria, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
9–12 May 2017 — 6th Sulphur and Sulphuric Acid
2017 Conference
Cape Town Convention Centre, Cape Town
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
25–28 June 2017 — Emc 2017: European
Metallurgical Conference
Leipzig, Germany
Contact: Paul-Ernst-Straße
Tel: +49 5323 9379-0
Fax: +49 5323 9379-37
E-mail: EMC@gdmg.de
Website: http://emc.gdmb.de
6–7 June 2017 —Mine Planning Colloquium 2017
Mintek, Randburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
27–29 June 2017 —4th Mineral Project Valuation
Colloquium
Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand, Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

          

10–11 July 2017 —Chrome School 2017
Mintek, Randburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
7–9 August 2017 —Rapid Underground Mine & Civil
Access 2017 Conference
Emperors Palace, Hotel Casino Convention Resort
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
30 August–1 September 2017 — MINESafe Conference
2017 ‘Striving for Zero Harm’
Emperors Palace, Hotel Casino Convention Resort
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za,
Website: http://www.saimm.co.za
11–13 September 2017 — Uranium 2017 International
Conference ‘Extraction and Applications of Uranium —
Present and Future’
Swakopmund, Namibia
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
2–7 October 2017 — AfriRock 2017: ISRM International
Symposium ‘ Rock Mechanics for Africa’
Cape Town Convention Centre, Cape Town
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
20–24 November 2017 — AMI Precious Metals 2017
‘The Precious Metals Development Network (PMDN)’
North West Province, South Africa
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za,
Website: http://www.saimm.co.za







ix



11 February 2017 — Young Professionals Council—
Introduction to The SAMREC and SAMVAL Codes
Gauteng
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

Company Affiliates
The following organizations have been admitted to the Institute as Company Affiliates
3M South Africa (Pty) Limited

Exxaro Coal (Pty) Ltd

Northam Platinum Ltd - Zondereinde

AECOM SA (Pty) Ltd

Exxaro Resources Limited

PANalytical (Pty) Ltd

AEL Mining Services Limited

Filtaquip (Pty) Ltd

Air Liquide (PTY) Ltd

FLSmidth Minerals (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

AMEC Foster Wheeler

Fluor Daniel SA (Pty) Ltd

AMIRA International Africa (Pty) Ltd

Franki Africa (Pty) Ltd-JHB

Polysius A Division Of Thyssenkrupp
Industrial Sol

ANDRITZ Delkor (Pty) Ltd

Fraser Alexander Group

Precious Metals Refiners

Anglo Operations (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Rand Refinery Limited

Arcus Gibb (Pty) Ltd

Glencore

Redpath Mining (South Africa) (Pty) Ltd

Aurecon South Africa (Pty) Ltd

Goba (Pty) Ltd

Rocbolt Technologies

Aveng Engineering

Hall Core Drilling (Pty) Ltd

Rosond (Pty) Ltd

Aveng Mining Shafts and Underground

Hatch (Pty) Ltd

Royal Bafokeng Platinum

Axis House Pty Ltd

Herrenknecht AG

Roytec Global Pty Ltd

Bafokeng Rasimone Platinum Mine

HPE Hydro Power Equipment (Pty) Ltd

RungePincockMinarco Limited

Barloworld Equipment -Mining

IMS Engineering (Pty) Ltd

Rustenburg Platinum Mines Limited

BASF Holdings SA (Pty) Ltd

Ivanhoe Mines SA

SAIMM Company Affiliates

BCL Limited

Joy Global Inc.(Africa)

Salene Mining (Pty) Ltd

Becker Mining (Pty) Ltd

Kudumane Manganese Resources

BedRock Mining Support Pty Ltd

Leco Africa (Pty) Limited

Sandvik Mining and Construction Delmas
(Pty) Ltd

Bell Equipment Limited

Longyear South Africa (Pty) Ltd

Blue Cube Systems (Pty) Ltd

Lonmin Plc

CDM Group

Magotteaux (Pty) Ltd

CGG Services SA

MBE Minerals SA Pty Ltd

Perkinelmer

Sandvik Mining and Construction RSA(Pty)
Ltd
SANIRE
Schauenburg(Pty) Ltd
SENET (Pty) Ltd

MCC Contracts (Pty) Ltd

Concor Mining

Senmin International (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Concor Technicrete

MDM Technical Africa (Pty) Ltd

Cornerstone Minerals Pty Ltd

Smec South Africa

Metalock Engineering RSA (Pty) Ltd

SMS group Technical Services South Africa
(Pty) Ltd

Metorex Limited

Sound Mining Solution (Pty) Ltd

Metso Minerals (South Africa) Pty Ltd

South 32

MineRP Holding (Pty) Ltd

SRK Consulting SA (Pty) Ltd

Data Mine SA

Mintek

Technology Innovation Agency

Department of Water Affairs and Forestry

MIP Process Technologies

Time Mining and Processing (Pty) Ltd

Digby Wells and Associates

MSA Group (Pty) Ltd

Tomra (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

Multotec (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DTP Mining - Bouygues Construction

Murray and Roberts Cementation

Umgeni Water

Duraset

Nalco Africa (Pty) Ltd

Vietti Slurrytec (Pty) Ltd

Elbroc Mining Products (Pty) Ltd

Namakwa Sands (Pty) Ltd

Webber Wentzel

eThekwini Municipality

Ncamiso Trading (Pty) Ltd

Weir Minerals Africa

Expectra 2004 (Pty) Ltd

New Concept Mining (Pty) Limited

WorleyParsons RSA (Pty) Ltd

Council for Geoscience Library
Cronimet Mining Processing SA (Pty) Ltd
CSIR Natural Resources and the
Environment (NRE)
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SAIMM DIARY
2017
or the past 120 years, the
Southern African Institute of
Mining and Metallurgy, has
promoted technical excellence in
the minerals industry. We strive to
continuously stay at the cutting
edge of new developments in the
mining and metallurgy industry.
The SAIMM acts as the corporate
voice for the mining and
metallurgy industry in the South
African economy. We actively
encourage
contact
and
networking between members
and the strengthening of ties. The
SAIMM offers a variety of
conferences that are designed to
bring you technical knowledge
and information of interest for the
good of the industry. Here is a
glimpse of the events we have
lined up for 2016. Visit our website
for more information.

F

 SCHOOL
Young Professionals Council—Introduction to The SAMREC
and SAMVAL Codes
11 February 2017, Gauteng
 CONFERENCE
3rd Young Professionals Conference
9–10 March 2017, Innovation Hub, Pretoria
 CONFERENCE
6th Sulphur and Sulphuric Acid 2017 Conference
9–12 May 2017, Cape Town
 SCHOOL
Mine Planning Colloquium 2017
6–7 June 2017, Mintek, Randburg
 COLLOQUIUM
4th Mineral Project Valuation Colloquium
27–29 June 2017, Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand, Johannesburg
 SCHOOL
Chrome School 2017
10–11 July 2017, Mintek, Randburg
 CONFERENCE
Rapid Underground Mine & Civil Access 2017 Conference
7–9 August 2017, Emperors Palace, Hotel Casino Convention
Resort
 CONFERENCE
MINESafe Conference 2017
30 August–1 September 2017, Emperors Palace, Hotel Casino
Convention Resort
 CONFERENCE
Uranium 2017 International Conference
11–13 September 2017, Swakopmund, Namibia

For further information contact:
Conferencing, SAIMM
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: raymond@saimm.co.za

 SYMPOSIUM
AfriRock 2017: ISRM International Symposium ‘Rock
Mechanics for Africa’
2–7 October 2017, Cape Town Convention Centre, Cape Town
 CONFERENCE
AMI Precious Metals 2017 ‘The Precious Metals Development
Network (PMDN)’
20–24 November 2017, North West Province, South Africa

Proud supporter of the WITS School of Mining

The New Concept Mining Stope in the Wits Digital Mine

+27 11 494 6000 www.ncm.co.za

