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Journal Comment
Surface Mining September 2014

T

wo years have passed since the last Surface
Mining Conference was held. At that time,
optimism prevailed and the spectre of the
Global Financial Crisis (GFC) had blown away.
Commodity prices were cresting a wave created
from continued industrial expansion in China, and
the mining industry looked set to right its
floundering course on a global scale. Explorers
and developers on the world’s stock exchanges,
whether juniors or majors, thrived and impressive
joint ventures, mergers, and acquisitions were the
order of the day.
In Africa, focus was turned on the resource
potential of the eastern seaboard, with the coal
sector in particular attracting the voracious
appetite of international heavyweights like
Brazil’s Vale and Anglo-Australian Rio Tinto to
engage in large-scale and costly acquisitions of
resource assets in Mozambique.
Two years on and the industry has been beset
by the legacy of the GFC, with risk-averse
investors showing little appetite for projects in the
minerals sector and commodity prices flat-lining.
In southern Africa our labour environment has
done little to create confidence for the
international investor, and the regulatory
environment has added to the uncertainty
regarding security of tenure. Downsizing,
rationalization, and sale of ‘non-core’ businesses
have become the order of the day. Things have
changed. The good times are gone. A more
discerning and informed investor now prowls the
halls of the stock exchanges, and those who seek
to develop their projects will need to be at the
leading edge of technology and innovation with
quality, risk-mitigated assets.
More than ever, in order for mining companies
to survive in this volatile global economy they will
have to be efficient, focused, innovative, well
managed, and demonstrate commitment to social
and environmental responsibility. In the last
decade mining companies have shown willing to
develop some or all of these attributes, while
governments and informed stakeholders have
followed internationally accepted regulations on
health and safety, environmental and social
responsibility, and corporate governance.
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The focus of Surface Mining 2014 was to
share developments and best practice in surface
mining. How do we mine faster, deeper, steeper,
and cheaper while maintaining the highest safety
and environmental standards? Industry operators,
contractors, and suppliers were invited to share
the challenges being faced, new trends being
implemented, tools being used, and value-adding
systems being applied to unlock potential in the
minerals industry.
The objective of the conference was to provide
a practical forum to showcase the direction in
which the industry is moving in order to unlock
current and future mineral potential. Presenters
covered a wide spectrum of mining-related issues
which showed an increasing impact on the future
efficiency of surface mines and would stimulate
thought and debate. It was hoped that the event
would contribute to keeping surface mining in
Africa viable and competitive in the world
economy.
The success of the conference depended on
financial backing from sponsors, authors of
technical papers, referees, presenters, session
chairmen, company-sponsored delegates,
delegates, the SAIMM Secretariat, the SAIMM as
the host organization, and members of the
Organizing Committee. A special word of thanks
is reserved for our sponsors.
For this edition of the Journal, eight papers on
topics ranging from geology to strategy and
mining technology to positive risk management
have been selected to tempt you into accessing the
full conference proceedings on the SAIMM website
and gaining a better understanding of the surface
mining sector.

J. Luckmann
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A sense of belonging

O

ver the past few months, I have travelled to a number of faraway
countries where the culture and customs are very different, and where
a South African might be expected to feel alien and alone. However, in
all of those places, I have encountered people with whom I have shared values or have found interests in
common, and, as a result, there has been a sense of belonging and connection. This need to belong is a basic
aspect of being human. Is this, perhaps, one of the things we look for when joining a society such as the SAIMM?
Groucho Marx famously said ‘I don't want to belong to any club that will accept me as a member’. The
SAIMM, on the other hand, tries to be inclusive in its membership, while still maintaining focus on the fact that it
is a professional institute. Different categories of membership apply according to the educational qualifications,
experience, interests, achievements, and contributions of the individual member. Anyone with a declared interest
and involvement in the minerals industry can apply to join as an Associate Member. Students in relevant fields of
study are offered free membership. Companies can join too (as company affiliates).
For professionally qualified metallurgical and mining engineers, and those working in related disciplines,
recognition by one’s peers is very important. The letters MSAIMM (for full Corporate Members) and FSAIMM (for
Fellows of the Institute) mean a great deal to people who work in the international minerals industry. These postnominal letters signify professionalism, and show that the person is governed by a formal code of ethics. In order
to qualify for MSAIMM, one typically needs to hold a recognized mining or metallurgical tertiary qualification and
to have worked in a position of responsibility for at least two years. Members are welcome to apply to become a
Fellow after being a member and holding a senior technical or consulting position for at least five years and
having made a contribution to the work of the )nstitute, for example, by submitting papers to conferences or to
the Journal, or participating in committees, assisting with organizing conferences, or reviewing papers. Honorary
Life Fellowship is conferred by the Institute on Fellows who are deemed to have made an extraordinary
contribution to the Institute or to the industry.
The current membership of the SAIMM is approximately 4800 (25% Students, 25% Associates, 37%
Members, 12% Fellows, and < 1% Honorary Life Fellows).
There are also practical and tangible benefits to membership. It is useful to be kept informed about upcoming
conferences, and perhaps even have the SAIMM provide the necessary financial backing and logistical support for
members to hold a conference on a topic of particular interest. Many members also highly value the access they
get to the OneMine database of over 100 000 technical papers from other societies in the global minerals
industry.
The recently introduced membership card and benefits package (including discounts on car hire and cellphone
contracts) are intended to assist members too.
The SAIMM likes to be known as a caring organization. For example, it works with the SAIMM Scholarship
Trust Fund to support numerous students in financial need. Another recent initiative has involved the
postponement or temporary waiving of fees for unemployed members, so allowing them to continue their
membership even while going through a time of financial hardship.
Recent sociological studies have indicated that membership of groups in today's world is not only about what
a person can get out of belonging, but is also strongly linked to whether people feel a strong affinity to the goals
and objectives (the ‘brand’) of the organization. The SAIMM is known as an organization that values
professionalism and is committed to the free and open dissemination of technical information.
The SAIMM has many long-standing loyal members, a number of whom have belonged to the Institute for
over 50 years. The membership database shows that we have a number of members older than 90 years. This
shows a remarkable sense of belonging. In addition to this, the recent surge of growth in student membership
should continue to supply vigorous enthusiasm and energy to the life of the Institute, ensuring its success into
the future.
The Institute exists primarily to serve the needs of its members, so I hope that you, our members, will let me
know of any other needs that you would like to see being addressed by the SAIMM.
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R.T. Jones
President, SAIMM

Spotlight
South African National Committee on Tunelling
Young Members Group – ‘SANCOT – YMG’

O

n 31 July 2015, the SAIMM Young Professionals Council (YPC) hosted the Career Development in the Minerals
Industry There are valuable contributions that young professionals and the youth at large can make in the civil and
mining industries. SANCOT is no different from many other organizations within different industries, in that it has
the responsibility to ensure that its younger members participate effectively in all professional activities within the
industry. In this way, the youth are also able to make a meaningful contribution towards their professional and technical
development.
At a meeting held on 14 January 2015 at AECOM offices in Centurion, the South African National Committee on
Tunnelling approved the formation of a Young Members Group (SANCOT – YMG). Mr. Lucky Nene was nominated and
accepted as the chairman of this Young Members Group.
SANCOT – YMG has adopted its mandate from SANCOT and SAIMM, and it working very closely with ITA and the
youth body of ITA, which is ITA – YM. This is to ensure alliance and compliance on various aspects that affect the young
professionals. The mandate as adopted from the ITA – YM is structured as follows:
a)
b)
c)
d)
e)

To provide a technical networking platform within the ITA for young professionals and students
To bridge the gap between generations and to network across all experience levels in the industry
To create awareness of the tunnelling and underground space industry among new generations
To provide young professionals and students with a voice in the ITA, including the Working Groups
To look after the next generation of tunnelling professionals and to pass on the aims and ideals of the ITA.

Through general interactions via other professional platforms, young professionals have shown interest in this youth
structure and expressed a desire to take part. It is therefore envisaged that all interested companies would encourage their
young professionals, within both mining and civil engineering, to have representatives within SANCOT – YMG. This
participation and involvement is encouraged to extend beyond the workplace, and will also include those young
professionals that are at academic institutions.
The focus areas for SANCOT – YMG would be to mirror the mother body activities and objectives in a way that ensures
fun, enthusiasm, and ongoing participation of young professionals in all aspects of SANCOT’s activities and industry at
large. These focus areas are as adopted from the ITA – YM mandates and include the following:
 Arranging events for international networking, exchange of experience and technology between young
professionals and students
 Inspiring the young generation to join and actively participate in ITA
 Encouraging the establishment of domestic YM groups for each individual ITA Member Nation.
To date, SANCOT – YMG has embarked on a number of activities, including researching other existing professional
youth organizations and groups, both locally and internationally, in order to understand how they are structured, what
their current involvement is, and where SANCOT – YMG can participate in the promotion of young professionals’ interests.
To date these organizations include ITA – YM; SAIMM – YPC, and CESA – YPF.
As a way forward, SANCOT – YMG intends to embark on the following activities:
a) Request assistance from the mother body in the formulation of the working committee/council
b) Continue engaging with various young professional organizations and other related stakeholders in an attempt to
strengthen relationships and pursue youth interests
c) Start implementation of the ITA – YM
mandates in association with the SAIMM
mandates
d) Continue to participate in ITA – YM,
SAIMM – YPC, CESA – YPF, and other
youth group activities, both locally and
internationally.
Lucky Nene gave a presentation on the
current and future activities of this young
professional body at the SANCOT conference on
Mechanized Underground Excavation in Mining
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Spotlight (continued)
and Civil Engineering, which took place between 23–25 April 2015 in Durban, South Africa. This conference was in
response to the civil and mining industry being under immense pressure to deliver projects fast, efficiently, and as safely
as possible. Mechanized underground excavation and support installation are proving to be invaluable and cost-effective
tools in project execution. Technology exists whereby tunnels can be excavated by mechanized methods from as small as
300 mm to in excess of 18 m in order to access orebodies, build road or railway tunnels, facilitate the installation of
utilities, construct storage caverns for gas and oil, etc.
The conference was attended by various stakeholders involved with underground excavation, both locally and
internationally, including the following:









Shaft sinking companies
EPCM executives and management
Civil construction companies
Local municipalities and water authorities
Engineering design and consulting companies
Project management practitioners
Technology suppliers and consumers
University students.

After the presentations, delegates embarked on a technical site visit that gave them the opportunity to walk through
the tunnel underlying Durban Harbour entrance, visit the adjoining pump station, and enjoy a 1-hour cruise around the
harbour.
SANCOT is one of the 73 Member Nations subscribing to the ITA and is expected to participate in all the ITA’s
activities. What was of particular interest in this year’s ITA’s international events is that the young professional groups
from each of the Member Nations were able to take part in the ITA’s activities through working groups and also had the
opportunity to report back to the audience at the General Assembly through Jurij Karlovsek, the current ITA – YM
president. SANCOT – YMG was represented by Lucky Nene at this young professionals’ session of the ITA’s 41st General
Assembly and Congress, which took place between 22–28 May 2015 in Dubrovnik, Croatia.
There were thirteen main topics under which technical articles and papers were presented during the ITA WTC
sessions:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Planning and designing tunnels and underground structures
Fire safety of tunnels and underground structures
Mechanized tunnelling in development and use
Operation and maintenance of tunnels and underground structures,
Development in use of underground space: case studies (traffic, waste, energy, water, sewerage, flood protection,
commercial and other uses)
Cost optimization and financing of underground structures
Immersed and floating tunnelling
Intelligent systems, mechatronics, and robotics in tunnelling
Conversional tunnelling methods in development and use
Urban planning and use of underground space
South East Europe (SEE) Session: soft ground urban tunnelling / rock tunnelling in karst
Risk analysis and techniques for underground structures,
Equipment of tunnels and underground structures.

Young professionals in the tunnelling space, including those who would like to participate in general and offer
assistance in the sustenance of this young professional forum, are once again invited to contact the SANCOT–YMG
chairman directly on Lucky.Nene@aecom.com or via Raymond van der Berg on raymond@saimm.co.za.
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L. Nene
Chairman: SANCOT-YMG

Be not afraid of greatness
Wits unveils Danie Krige display cabinet of memorabilia
21 August 2015 – Johannesburg: This week, the Wits School of Mining Engineering hosted the official
unveiling of the Danie Krige Display Cabinet in one of its state-of-the- art lecture rooms in the Chamber
of Mines Building on the Wits campus. The collection includes bound volumes of all his research
papers, as well as certificates and awards that Professor Krige received from numerous universities
and dignitaries from around the world.
‘The ‘Danie Krige Display Cabinet’ serves as a reminder of Krige’s contribution to the local and
international industry and will afford researchers the opportunity to access his many awards and
accolades, and also his research and documents as they wish,’ says Professor Richard Minnitt, JCI
Professor of Mineral Resources and Reserves at the School of Mining Engineering.
The Dean of the Faculty of Engineering and the Built Environment at Wits, Professor Ian
Jandrell, spoke of the University’s delight at being able to house this living memorial to Professor
Krige. ‘This is precisely what we need for our young students in these current times – a real privilege,’
he said.
Ms Ansie Krige, widow of the late Professor Danie Krige, who donated these items to the School + )-)$-%",-!'%,-*)$,&&)*-'(+,
and officially performed the ribbon cutting ceremony, spoke of her gratitude to the School for *+#,-*&-(&+,-*+#,
honouring her late husband. Their children also attended the occasion.
Professor Cuthbert Musingwini, Head of the Wits School of Mining
Engineering thanked Mrs Krige for the donation and expressed his
appreciation for her understanding of how items of this nature would
encourage both current and future students to undertake research in the
minerals industry. ‘The event is befitting to a luminary from our alumni,’
he said.
The late Danie Krige is remembered for his outstanding contribution to
the understanding of how mineralization was distributed in the many new
mines that were developed in the middle of the last century. His is a global
household name to anyone who studied or practiced the science of
evaluating mineral resources for mining purposes. ‘Kriging’ – named after
Krige for his development of the process of applying mathematical
statistics to the spatial evaluation of orebodies – has helped improve ore
evaluation techniques and reduce the financial risk of investing in mining
",-'(+,-*+#,-+& !' -' +(,%--)$$++'!-) ,(+(#
projects. The technique is now applied worldwide, mainly in the fields of
exploration, environmental analysis, petroleum, hydrology, agriculture,
and other disciplines.
Danie Krige’s contribution has not gone unnoticed, as evidenced by the many
accolades bestowed on him during his life and on display at the Wits School of
Mining Engineering. These include a DSc (Eng) degree from Wits in 1963, A DIng
(honoris causa) degree from the University of Pretoria in 1981, the Southern
Africa Institute of Mining and Metallurgy’s (SAIMM) highest award – the Brigadier
Stokes platinum medal – in 1984, an Honorary Doctorate from Wits in 2010, his
admission to the National Academy of Engineers in the United States and the
Order of the Baobab from President Jacob Zuma in 2011. He sadly passed away on
23 March 2013 at the age of 93.
The unveiling ceremony was followed by the second Danie Krige Memorial ,'(-)$-%",-'!% -)$-(#+(,,*+(#-'( -%",-+!%
Lecture. Entitled, ‘Memories of over 35 years of association with Danie Krige, my (+*)(,(%-'%-+%&-*)$,&&)*- '(-'( *,!!-+ )-)$
%",-!'%,-*)$,&&)*-'(+,-*+#,-*&-(&+,-*+#,
mentor and friend,’ the Lecture was presented by Dr Eduardo Magri, from the *)$,&&)*-%" ,*%-&+(#+(+- ,' -)$-%",-+%&
University of Santiago, close friend, academic associate and co-author with "))!-)$-+(+(#-(#+(,,*+(#-'( -*)$,&&)*-+"'*
Professor Krige on many publications. The event was held at the Wits Club and +((+%%- -*)$,&&)*-)$-+(,*'!-,&)*,&-'(
hosted by the Wits School of Mining Engineering, in conjunction with the SAIMM ,&,*,&-'%-%",-"))!-)$-+(+(#-(#+(,,*+(#
and the Geostatistical Association of Southern Africa (GASA).
Professor Musingwini concluded the event quoting from
William Shakespeare’s Twelfth Night, referring to Krige as an
example of greatness: ‘Be not afraid of greatness. Some are born
great, some achieve greatness, and others have greatness thrust
upon them. Professor Krige had greatness written all over him.’

",-*+#,-$'+! -#'%",*, -$)*-%",-)'&+)(--+(-%",- ")%)-!,$%-%)-*+#"%-')
'( -'*+'-*+#,-&)(-'( - '#"%,*+(!'-)$-*)$,&&)*-*+#,- ,!,(,-,!
 '#"%,*-)$-*)$,&&)*-*+#,-(&+,-*+#,-+ )-)$-*)$,&&)*-*+#,
,*&+'-'( -+(&-'%,( '"- '#"%,*-'( -&)(+(!'-)$-*)$,&&)*-*+#,
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Cutting-edge technology to be included
in Mine Surveyors Competency
Certificate
‘The mining industry increasingly expects mine surveyors to provide a high
standard of information within shorter time-frames with ever decreasing
manpower. The rapid advancement in geographic information systems, laser
scanning and remotely piloted aerial systems provide opportunities for more
accurate data gathering and value-adding interpretation of information to improve
productivity,’ says Dr Hennie Grobler, President of the Institute of Mine Surveyors
of Southern Africa (IMSSA).
Dr Grobler was elected as IMSSA President for the term 2015 to 2016 on 10
September 2015. He serves as the Head of the Department of Mine Surveying at the
University of Johannesburg.
‘A multidisciplinary approach is required to provide effective and sustainable
solutions to the problems currently experienced in the mining industry in South
Africa and the region,’ he continues.
Dr Hennie Grobler, from the
Department of Mine Surveying at
Because of the rapid changes in technology, new graduates find adapting to the
UJ, has been elected President of
mining culture challenging when they join the workforce.
the Institute of Mine Surveyors of
Southern Africa (IMSSA)
As a result, IMSSA has initiated dialogue with the Department of Mineral
Resources, industry partners, and members aiming to optimize the qualification
routes for all surveyors, says Grobler.
‘During my term at IMSSA, I plan to improve the assessment format of the
Government Certificate of Competency. This Certificate is required for appointment
as the responsible mine surveyor of a mine and for professional registration. The Institute wants to see the profession
implementing new technology to provide efficient, sustainable solutions to the problems currently experienced by the
mining industry internationally,’ he says.
‘The momentum gained by the current dialogue between the Institute and State must be maintained. It is essential
that this cooperation lead to open dialogue and the development of a clear vision of what competence should mean and
how it should be assessed. A mutually acceptable model must be agreed upon between the State, industry, and
education; and implemented as soon as possible. It is our duty to not only to share our experiences, but to apply this
knowledge in developing new skill-sets to fully exploit technologies such as scanning, photogrammetry, automation,
and 3D imaging.’
Concludes Grobler: ’‘t is the duty of this Institute to promote and protect the interests of its members, advance the
science and practice of mine surveying, and foster professional etiquette. I hope that we as an Institute can bring about
a culture of passing the experience we as members have obtained from the ’school of hard knocks’ on to the next
generation through mentorship, training, and technical papers, so that they do not have to repeat the same mistakes
made in the past.’
The Institute of Mine Surveyors was established in 1923 in order to advise the Government Mining Engineer and
promote the science of mine surveying.
Dr Grobler has been a Fellow of IMSSA since 2004. He succeeds Mr Nape Mojapelo as President.
Prior to being elected, he served as IMSSA senior Vice-president and Chairman of the Education committee for the
past 7 years. Prior to joining UJ, he gained 16 years of industry experience as the responsible Mine Surveyor at various
opencast and underground mining projects in southern Africa.
He holds a doctorate in mine surveying focusing on spatial positioning, a rare qualification in minerals-rich South
Africa. In May 2015, Dr Grobler was appointed as an alternate to Wits Professor Fred Cawood on the newly-constituted
Governmental Geomatics Council.
In South Africa, mine surveyors are appointed in terms of the Mine Health and Safety Act to be in charge of
surveying, mapping, and mine plans at the mine. These responsibilities include the accurate positioning of all surface
and underground features in relation to mining boundaries and the monitoring of any structures or objects that may be
affected by mining.

T. van Wyk
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University of Johannesburg

The Career Development in the Minerals
Industry Event 2015
The SAIMM Young Professionals’ Council (SAIMM-YPC)
31 July 2015

3*,10(5.
In August 2013 the Southern African Institute of Mining and
Metallurgy (SAIMM) hosted the Career Development in the
Minerals Industry Event, as co-ordinated and organized by the
former Career Guidance and Education Committee for final year
mining and metallurgy university students. The main objective of
this event was on ‘mapping a career path, advising students
what to expect in their first five years of employment, and to give
them a sense of comfort that they will receive the necessary
training, including human resource aspects in relation to the
career they have chosen’.
Among the speakers of this event was Theunis Otto, who is
the Head of Mining Processes at Kumba Iron Ore Limited, and
Roger Dixon, Chairman/ Corporate Mining Consultant at SRK
Consulting. Among the topics covered at this event were career
paths, mentoring and professional registrations. The event was
held at the Sci-Bono Discovery Centre in Newtown,
Johannesburg. This event was not held in 2014.
The SAIMM Young Professionals Council (SAIMM YPC),
having taken over the duties formerly assigned to the Career
Guidance and Education Committee, has tasked itself with
convening the event in 2015, as it considers it valuable for final
year university students.

',&.*21
The Career Development Event is aimed at equipping final year
university students in the mining and metallurgical disciplines
with the relevant information as they begin their professional
careers. It is recognized that at times students enter the minerals
industry, as graduates, not being fully informed of the realities
and challenges that they will encounter, leading to frustration in
the early years of their careers
This year’s event aims to take a greater Southern African
perspective compared to the 2013 event, with invitations
extended to speakers across the Southern African Development
Community (SADC) to make presentations to the students. It has
been identified that the South African mining industry seems to
have reached a plateau in terms of the intake of new graduates,
with a significant number of recent graduates finding themselves
without work. For this reason the SAIMM YPC has sought to
invite speakers from across the SADC region, to make students
attending the event aware of the opportunities across the region.

 an understanding of the various career paths a mining and
metallurgy qualification affords them
 the necessary training and registrations they will require at
their early career stages and
 the personal development plans and initiatives graduates
can undertake to differentiate themselves in the market
place.

6223,6710+7/67%341+35
On behalf of the SAIMM Young Professionals Council (SAIMMYPC), I thank you for your attendance and participation in this
Career Development in the Minerals Industry event. We hope that
the interaction with our team of academics, consultants, and
business leaders will stretch your mind and provide you with new
insights and new ideas to take forward into your career.
This event is an opportunity for you to enhance your
knowledge and awareness of issues and opportunities facing the
minerals industry. It is an opportunity to gain greater awareness
of the skills and experience required to lead the industry in the
years ahead. Importantly, it is an opportunity to take a moment
to look inwardly and assess your personal attributes, preferences,
skill set and values and to provide clarity on the types of
organisations you would fit in to or jobs you would like to
pursue. Lastly, this is an opportunity to build networks with
contemporaries from other tertiary institutions.
We are pleased to present you with this information
handbook. It contains information on job search skills, career
planning, networking, mentoring, professional registration and
personal development. We hope that the handbook will be a
valuable reference source as you move through the different
phases of your career.
I wish you well in your career and trust that you will share
and grow in the values of our institute.
Best wishes

Tshepo Mmola
Young Professionals Council (SAIMM), Chairman

&'#
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This event aims to furnish students with the knowledge,
experience and advice of various industry players from different
areas of the minerals industry.
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It is envisaged that student will take away the following
information from this event:
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The Young Professionals Council of the Southern African Institute
of Mining and Metallurgy (SAIMM-YPC) is constituted to develop
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The SAIMM-YPC is committed to the SAIMM charter, viz., to:
 Render professional services of high quality to its members
and to continually improve these services by keeping
abreast of technological developments
 Apply professional ethics in all its activities and encourage
members to follow suit
 Fulfil its obligations towards the community and the
environment
 Continually strengthen its image as a dynamic
organization by playing a leading role in the initiation and
implementation of new ideas and by organizing events
around topical themes
 Diligently promote the interests of its members and to
represent them in a competent manner
 Bring the mining and metallurgical fraternity, research and
education personnel, and students, together in one
organization and
 Judiciously anticipate the needs of members.

)-/ /-/2*
The activities of the SAIMM-YPC encompass but are not limited
to the following focus areas:
 The role in influencing schools – from career guidance,
mathematics, science, tutoring life skills, etc.
 The role in universities – from the selection processes to
the alignment in getting the degree and its uses in the
industry
 The role of business – from best practice, training
programmes, mentoring programmes, and development
 Influencing other bodies such as ECSA, DMR, AMMSA, etc.
for the benefit of all young professionals
 Influencing service providers outside the mainstream who
provide secondary services
 Instituting entrepreneurial activities that will serve the
requirements of young professionals.

072631*724--2
The most common skills and capabilities that companies look for
from all employees, irrespective of the industry sector, are:








Effective written and spoken communication
Good time management
Self-driven
Strong work ethic
Teamwork and leadership
Critical and analytical thinking
Ability to take the initiative.

This section is aimed at providing graduates with skills for
job searching, focusing on networking skills, development of a
résumé, and creation of a covering letter. It also provides
interview tips.
The first step in job searching is to be pro-active. Some ways
in which to be pro-active are:
 

      

 Start networking, find out about job leads, and be ready to
provide your résumé. Be able to introduce yourself within
a minute, stating your name, work experiences, and/or
qualifications
 Frequently visit company websites for job posts, and call
the business to check availability of the position
 Use the employment agencies to place your profile and
receive job alerts that suit your profile., These services are
usually free
 Learn how to market yourself (remember you are unique).
Be able to answer these questions at all time: Why should
the company hire you? What contribution do you see
yourself making to this company?
Currently companies may not be analysing applicants’ social
media profiles; however, a company can request to view your
profiles. Be careful that your activity on these sites does not
jeopardize your chances. Keep your professional image in mind
when using social media platforms.

2-.,/0%
 Dress professionally, avoiding strong cologne, chewing gum,
revealing your tattoos, and/or smoking before–hand – people
have different preferences
 If possible, get a list of delegates attending the meeting, and
prioritize those you would like to meet and plan your
strategy accordingly
 Keep your cell phone on silent, you do not want any
distractions
 Greet the person with a firm handshake and a smile then
introduce yourself, be polite. Remember a smile is priceless
 Listen carefully to the person you are interacting with, avoid
distractions
 Thank the person for their time and request their business
card
 Some days later, follow-up with a thank-you letter, you may
attach your résumé.
Networking: http://www.state.gov/documents/organization/
107878.pdf

. 2,/0%1(2--2,
A covering letter must accompany your CV as it provides you an
opportunity to highlight your abilities and experiences that are
ideal for the employer. You need to demonstrate that you know
something about the company in your covering letter. This can
be achieved by using the job description to draw connections
between yourself and the position. This provides an opportunity
for the employer to assess whether you are able to write,
communicate, and articulate your thoughts effectively. Hence,
avoid waffling and ambiguity. There are various covering letter
templates in the public domain which are a click away on the
Google search engine. Employers would normally spend less than
30 seconds scanning your CV, and if they like what they see,
then they will read your covering letter and résumé.
A Few tips to consider are: avoid using the word ‘I’ where
possible; provide examples of ‘soft skills’ by form of examples;
your covering letter should have three to four paragraphs; if you
have little work experience, emphasize your voluntary work; use
action verbs; and close by asking for an interview and thank the
company for their consideration.
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and promote initiatives and industry awareness of the members
of the Institute below the age of 35 years and to provide an
alternative perspective to Council (SAIMM) to consider in its
decision-making.
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Résumés serve only one purpose: that is, to get you an interview.
Keep in mind that employers have about 30 seconds to read
résumés. A résumé is a brief introduction covering your
education, experience, accomplishments, and skills relating to
your career goals. The résumé acts as a salesperson marketing
the product (you) to the consumer (company). How you market
yourself in your résumé will determine whether you are granted
an interview. Note that a résumé does not guarantee employment
– its purpose is to get you an interview. Tailor each résumé to the
specific employer and position you are interested in. There are
different types of résumé (chronological, functional, and
combination), but discussing them is beyond the scope of this
booklet.
Although there are different types of résumés, they all cover
the following common items:
 Heading—your name, address, phone number, and email
address
 Objective—the specific job you are applying for and the
name of the company. A summary includes specifics as to
why your background would make you a good hire for this
job
 Education—start with your most recent education (and
then go back in time) and include the name of the school,
location, date of graduation, and your programme. Do not
include high-school education
 Position-related skills—if you have little work experience,
highlight your specific skills as they relate to the job and
your qualification(s)
 Projects—include school projects that relate to the job
description
 Work experience—work can include full-time and part-time
jobs, internships, and clinical and volunteer experience
 Achievements/volunteer experience—any awards or
honours that you may have received or activities that you
have participated in, both in school and in the community.

 Think about several strengths you have that relate to the
position you are looking for
 Identify and turn around your weaknesses by describing how
you have overcome them
 Develop a plan as to how you will further your professional
growth (education, joining relevant associations and societies
(ECSA, SAIMM, SANIRE) etc.
 Know the duties and responsibilities of the job you have
applied for
 Practice, practice, practice until you own your responses
before going for an interview.

0-2, /21&,.)2**

If you are shortlisted for an interview, remember that you are one
of a few candidates. Be ready to market yourself and dress for the
occasion. Research the company (past and current information)
and prepare questions to ask when offered an opportunity.
Appropriate dress cannot be emphasized enough.

 Dress professionally. Your outfit should not be too revealing,
should cover tattoos, clothes must be clean and pressed.
Remove body piercings that might be regarded as
inappropriate
 Arrive at least 30 minutes early for the interview
 Have a solid handshake (no perspiring hands) that is sincere
– let the interviewer take the lead
 Turn off your cell phone, this is the most important moment
of your life
 Body language: use natural gestures – smile; sit up straight,
and lean slightly forward; keep your arms uncrossed;
establish eye contact; show interest and demonstrate a
positive attitude by nodding where necessary
 Control your nerves by trying to relax through breathing, and
exhibit patience
 Listen carefully before you answer any question
 Ask questions relevant to the position you are being
interviewed for
 Stay away from questions related to salary, time off, and/or
maternity leave
 At the end of the session, thank the interviewers for their
time and ask when will you be hearing from them
 For development purposes, you may ask interviewers about
how you can improve (preferably after you have received the
outcome of the interview).
Research the most common interview questions as they apply
to the position you applied for.
A list of job agencies in South Africa can be found at:
http://www.yellosa.co.za/category/employment-agencies
Remember: it is not the person who says there are no jobs
available that gets hired, but the one who keeps searching.

,2&+,+-/.0
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 Research the company’s values and strategy and be informed
of relatively old and more recent news; know the company’s
mission and core values; be aware of any current news about
the company and the industry
 The most likely question that you will be asked is ‘tell us
about yourself’. Therefore, have a clear understanding of
yourself and what you bring to the company. Be ready to
provide unambiguous examples of how you could add value
to the company
 Before you present your CV, covering letter, and résumé
ensure that someone has evaluated them
 Time is of essence. Be attentive when listening to the
questions. When providing answers, remember that you are
selling yourself

The duration of a graduate programme and the path to promotion
are usually major concerns to recent university graduates who
aspire to become managers, consultants, and leaders of industry.
Unfortunately, many engineers view the practical period of their
career as a waste of time. Few young engineers see the
importance of practical learning e.g. learning track and pipe work,
time as a miner. Always keep in mind that practical training
enables you to gain sufficient knowledge to familiarize yourself
with the fundamental principles of mining engineering,
understand methods and processes, and establish fundamental
skills.

Résumé and covering letter http://www.cabrillo.edu/
services/jobs/pdfs/resume_guide.pdf
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The pathway to promotion is as broad as the field itself, but
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The Chamber of Mines Examination Department arranges and
administers all the examinations that are written by the Survey,
Sampling, Ventilation, and Rock Mechanics disciplines. They are
also responsible for the issuing of the appropriate certificates.
The Advanced Sampling qualification enables the candidate
to do his/her job with more confidence and a knowledge that
paves the way to their being able to occupy a senior position.
The Advanced Survey qualification is a prerequisite for being
eligible to sit the examination for the Government Certificate of
Competency.
The Mine Environmental Control qualification is required by
the Mine Health and Safety Act (Act 29 of 1996) for persons
who are responsible for the environmental control of the mine.
The Rock Mechanics qualification is required by the Mine
Health and Safety Act (Act 29 of 1996) for persons who are
responsible for rock mechanics at the mine.
More information is available at http://www.comcert.co.za

(-2,0+-/ 21)+,22,1&+-!*
After obtaining an appropriate level of production experience,
you can become a specialist consultant to the mining sector, an
academic at any of the higher education institutions offering
qualifications in the field of mining and metallurgy, a
government inspector with the Department of Mineral Resources
(DMR), or a researcher at one of several research institutes in the
country. You should also appreciate that your engineering
education makes you valued in many other sectors of the
economy, such as retail and manufacturing, as well as in other
professional services (legal, finance, management consulting
etc.).

Table I

Career advancement
Position

Duration

Engineer-in-Training
Miner
Shift Supervisor
Overseer
Section Manager
Production Manager
Mine Manager
Consultant

12–36 month
6 months
2–3 years
2–3 years
3–5 years*
+5 years*
+5 years*
*

*Duration will depend upon the ability of the engineer and requirements of the
company and/or industry
 

      

In order to improve the prospects of entering into these
alternative career paths, you should plan from an early stage of
your career to pursue postgraduate education and other formal
courses to support your career choices and development, such as
specialist software training. Following these alternative career
paths is probably not as straightforward a process as that for the
traditional production mining route. However, the section on ‘Job
search skills’ provides you with tips on how to go about getting
your ideal job.

!106224053-70.4627
Every occupation has rules of practice, which students may not
be familiar with. The onus remains on the practitioner (graduate)
to learn and comply with the rules and laws that govern practice
in his/her field. The engineering field has a large number of
professional bodies that graduates can join in order to keep
abreast with their respective sectors. This section discusses some
of the professional bodies and highlights the benefits
membership.

!210%/022,/0%1.'0)/(1."1.'-!1",/)+1
The main role of the Engineering Council of South Africa (ECSA)
is to regulate the engineering profession. ECSA is the only body
in South Africa authorized to register engineering professionals
and confer the use of titles, such as Pr Eng, Pr Tech Eng, Pr
Techni Eng, and Pr Cert Eng on persons who have met the
requisite professional registration criteria.
Benefit for individuals registered as Professional Engineer:
 Registration indicates that the ECSA Committee recognized
that you meet the minimum requirements of a professional
person. This recognition extends to all other practitioners
and colleagues in the profession and instils confidence in
your capabilities in the mind of the public, since the public
is assured that your competence has been assessed by
knowledgeable professionals in your field of expertise
 Many institutions, for example the South African
Institution for Civil Engineering, require that a person be
registered as a Professional Engineer before being granted
corporate membership
 ECSA is a co-signatory to the ‘Washington Accord’ – an
agreement by which the registering bodies in countries
such as Australia, New Zealand, the United Kingdom, and
Ireland recognize each other’s accredited university
degrees in engineering. This not only confirms that your
academic qualification is internationally acceptable, but
also enhances your marketability
 It is vital that all engineering graduates register with ECSA,
because most companies have made registration with
ECSA a prerequisite for certain positions
 ECSA has negotiated financial benefits for registered
persons, such as reduced lending rates and increased
investment rates
 Being registered with ECSA as an engineer offers you an
opportunity to use a particular name describing your
particular type of registration, such as Professional
Engineer (Pr Eng). It is a criminal offense to use any of the
titles mentioned in the first paragraph without them being
bestowed on you by ECSA.
Visit www.ecsa.co.za for more information and registration
processes
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following the traditional career path of the South African
graduate you can typically expect to go through the journey
outlined in Table I.
Due to the lack of job opportunities under the current
economic conditions, the time you will spend in each phase of
development will be significantly longer than that shown in
Table I. The longer timeframes will probably add to your
frustrations as you aspire to reach the top management
positions. Table I illustrates only one of many career paths.
Should you not wish to follow a production-based career path,
you may follow a technical, research, academic, governmental,
financial, or entrepreneurial route.
Adapted from: The Young South African Mining Engineer in
the 21st Century. Steven Rupprecht and Andre Dougall.
University of Johannesburg, South Africa.
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The Southern African Institute of Mining and Metallurgy
(SAIMM) is a professional institute with local and international
links that aims at assisting members to keep abreast of
technological developments in the mining, metallurgical, and
related sectors, as well as embracing a professional code of
ethics. The SAIMM also attempts to fulfil what it sees as its
obligations to various communities and the environment in terms
of the Institute’s Charter. In addition, the Institute is active in
bringing together members of the mining and metallurgical
fraternity (including students) in terms of research, shared
experiences, and education.
The key objectives of SAIMM are to identify and satisfy the
needs of its members, and to represent and promote the interests
of its members.
Benefits of membership include:
 Receiving a bi-monthly Journal with a balanced content
and of a high standard, which serves as a communication
medium to keep members informed on matters relating to
their professional interests.
 The opportunity to attend congresses, symposia, colloquia,
schools, and discussion groups at competitive prices.
Members attend such events at a discount.
 Participation in technical excursions and social events,
which creates further opportunities for interactive
professional association and fellowship.
 The opportunity to make a contribution to the minerals
industry in South Africa.
 The opportunity to network with a wide cross-section of
professional people in the minerals industry.
 Official recognition of achievements.
Website: www.saimm.co.za
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The Association of Mine Managers South Africa (AMMSA) serves
professionals in the mining industry by exposing its members to
collective industry innovations by way of monthly district
meetings, quarterly general meetings, and the annual general
meeting, industry days, and technical visits. The Association also
provides mentorship and networking opportunities through
safety summits, gala dinners, and golf days.
The benefits to AMMSA members are:
 Representation of the profession on other professional
bodies
 A communication conduit for the mining industry, which
helps to remove barriers and promotes interaction to
facilitate the transfer of knowledge and ideas between
people from different operations
 A forum for the dissemination and publication of technical
presentations and papers
 Recognition of safety achievements of AMMSA members
 A system that enables members to satisfy application
procedures for professional status
 An opportunity for continuous professional development.
There are different membership grades (classes), from
student membership to honorary life membership.
More information can be found on the AMMSA
website: www.ammsa.org.za
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The South African Colliery Managers’ Association (SACMA) is an
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organization of Colliery Mining Managers, representing eight
mining houses and some smaller operators, with 43 mine
operations in four provinces.
Visit www.sacollierymanagers.org.za for more information.
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The Geostatistical Association of Southern Africa (GASA) was
founded to promote the professional interests of geostatisticians
by:
 Increasing cognisance of geostatistics and the application
of spatial statistics in southern Africa
 Enabling communication between practitioners in the
industry
 Signifying the opinions of professional geostatisticians to
the public and industry.
GASA holds courses and provides a community for members
to meet other geostatisticians and learn more about geostatistics
through attending events and courses organized by GASA. The
Association provides graduates with the same benefits as any
ordinary member. Further involvement/benefit comes from a
willingness to contribute and get involved – the organization is a
non-profit and relies on the contributions from its committee and
members. Costs of membership are R200 per year, or R2000 for
lifetime membership (once-off).
Geostatistics was developed in the context of the mining and
petroleum industry; however, it can also applied in other sectors
such as environment, agriculture, forestry, fisheries, and
epidemiology.
Information on becoming a member of GASA can be found on
the website: www.gasa.org.za
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The primary objectives of the Institute of Mine Surveyors of
Southern Africa (IMSSA) are to advance the science and practice
of mine surveying and related disciplines, to promote and
safeguard the character and interests of the mine surveying
profession, and to foster professional protocol through the
adherence to the Professional Code of Conduct.
IMSSA is affiliated to the International Society for Mine
Surveying (ISM) and the South African Council for Professional
and Technical Surveyors (PLATO), which is the IMMSA’s
registration body. IMSSA is actively involved with the education
and training of mine surveyors.
Website: www.ims.org.za
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Visit www.mvssa.co.za for more information about the MVSSA.
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The South African National Institute of Rock Engineers (SANIRE)
promotes advancement of the discipline of rock engineering
through the following objectives:
 Encouraging interest and the advancement of education in
rock engineering
 Maintaining professional practice and a high standard of
ethics
 Encouraging networking, collaboration, and information
exchange
 Identifying, promoting, and facilitating rock engineering
related research
 

      

 Providing access to the global rock engineering fraternity
through the International Society for Rock Mechanics
(ISRM).
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Mentorship is a very important aspect of career development,
because regardless of how brilliant a graduate is, they can
always benefit from the knowledge and experience of those who
have gone before them. It is important to find a good mentor as
early as possible in one’s career. Some companies offer a
mentorship programme for their graduates, but if the graduate is
not proactive, this becomes nothing more than a paper exercise.
So understanding the importance of mentorship and how to
incorporate it into a career development plan is vital for any
graduate.
Finding a good mentor is the responsibility of the graduate,
regardless of whether or not your company has a formal
structure to facilitate this process. As the party set to benefit the
most from a mentorship relationship, the graduate should be
proactive in developing and maintaining such a relationship. A
good mentor should be someone who has advanced further than
you in your chosen profession, but who is still in touch with the
challenges you may be facing in your current role. Therefore as
exciting as the idea is, having an executive of a multinational
mining company as a mentor may not be the most appropriate
mentorship relationship for a graduate. Senior executives are
mostly concerned with grooming people at a senior management
level, who can benefit mostly from their mentorship, as their
successors.
A good mentor would have gone through the path that you
are now on and has the benefit of providing you with a wider
perspective when dealing with challenges or determining a
direction for your career. As a graduate beginning your
professional career, you may face situations and challenges that
are completely new to you, and for which you are not prepared.
Having a mentor as a sounding-board and source of advice can
prevent you from making career-damaging mistakes, and allows
you to impress your superiors by handling situations and
challenges with the wisdom of a more experienced person.
The characteristics of a good mentor include, but are not
limited to, the following:
 A willingness to teach what he/she knows and accept the
mentee where they currently are in their professional
development. Good mentors remember what it was like
when they were just starting out in the field. The mentor
does not take the mentoring relationship lightly, and
understands that good mentoring requires time and
commitment and is willing to continually share information
and their ongoing support with the mentee
 A good mentor exhibits the personal attributes it takes to
be successful in the field. By showing the mentee what it
takes to be productive and successful, they are
demonstrating the specific behaviours and actions required
to succeed
 Good mentors feel an investment in the success of the
mentee. Usually this requires someone who is
knowledgeable, compassionate, and possesses the
attributes of a good teacher or trainer. Excellent
 

      













(Source: Top 10 Qualities of a Good Mentor.
http://franchisegrowthpartners.com/mentoring)
Some guidelines to starting a mentorship relationship
include:
 Identify a mentor at an appropriate level in an
organization. A guiding principle is that a mentor should
be at least one level above your current position, but no
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More information about SANIRE can be found at:
www.sanire.co.za

communication skills are also required. A good mentor is
committed to helping their mentee find success and
gratification in their chosen profession. Overall good
mentoring requires empowering the mentee to develop
their own strengths, beliefs, and personal attributes
A good mentor is enthusiastic about his/her job.
Enthusiasm is catching, and new employees want to feel as
if their job has meaning and the potential to create a good
life
Mentors are in a position to illustrate how the field is
growing and changing, and that even after many years
there are still new things to learn. Anyone who feels
stagnated in their current position will not make a good
mentor. When starting out in a new career, people want to
feel that the time and energy they spend learning will be
rewarded and will ultimately provide them with career
satisfaction. Good mentors are committed and are open to
experimenting and learning practices that are new to the
field. They continually read the professional journals and
may also write articles on subjects in which they have
developed special expertise. They are passionate about
sharing their knowledge with new people entering the
field, and take their role seriously in teaching their
knowledge to others. They may choose to teach or attend
classes to further develop their knowledge and skills. They
enjoy taking workshops and attending professional
conferences provided through their membership of
professional associations
One of the key responsibilities of a good mentor is to
provide guidance and constructive feedback to the mentee.
This is where the mentee will probably grow the most, by
identifying their current strengths and weaknesses and
learning how to use these to become successful in the field.
A good mentor possesses excellent communication skills
and is able to adjust their communication to the
personality style of the mentee. A good mentor will also
provide the mentee with challenges that will foster
professional development and a feeling of accomplishment
in learning the field
Ideally, mentees look up to their mentors and can see
themselves filling the mentor's role in the future. Mentees
want to follow someone who is well respected by
colleagues and co-workers and whose contribution in the
field is appreciated
A good mentor continually sets a good example by
showing how his/her personal habits are reflected by
personal and professional goals and overall personal
success
A mentor who values others is also someone who works
well in a team environment and is willing to share his/her
success. A good mentor appreciates the ongoing effort of
the mentee and empowers him/her through positive
feedback and reinforcement
A mentor motivates others by setting a good example.

more than four; beyond this point mentors cease becoming
truly relevant to your progress. Also, try to avoid having a
mentor in your direct line of reporting, as this may result in
conflict between mentorship and professional relationships
 Having several mentors can be beneficial. A mentor close
to your current level in the organization can help you deal
with day-to-day professional issues, as they often tend to
be more accessible. A mentor who is more advanced in
their career can help you with overall career and personal
development
 Identifying mentors outside your organization is also
valuable, as these types of mentors can provide you with a
wider perspective
 As with any new relationship, the mentee has to sell
him/herself in a mentorship relationship. Demonstrate
enthusiasm and initiative to your prospective mentor, in
order to generate enthusiasm around the prospect of
mentoring you
 When approaching a stranger to mentor you, a direct
approach where you ask: ‘Can you be my mentor?’ may not
always be best. As a stranger has no pre-existing
relationship with you, they may not be convinced that
mentoring you will be a good investment of their time. It is
often better to allow a mentorship relationship to develop
by interacting with your prospective mentor, where you ask
for practical professional advice.
 Be proactive in managing the mentorship relationship and
respect your mentor’s time. Understand that your
mentor(s) has limited time to share with you, so initiate
meetings on a regular basis with an understanding that
your mentor has other commitments. Prepare for your
meetings with your mentor by thinking about specific
questions you have, and make note of any advice or
references your mentor may direct you to.
It is important for graduates to note that not every
mentorship relationship that you initiate will work out, but that
mentorship is a very important pillar for developing a good
career.
In the coming months, the SAIMM Young Professionals
Council (YPC) will be establishing a mentorship programme
aimed at helping graduates to develop the mentorship
relationship necessary for their careers. Graduates are
encouraged to keep checking the SAIMM website for further
developments.
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 Ten Steps to Finding Your Mentor:
http://powertochange.com/world/findmentor/
 10 Ways to be a Good Mentor:
http://www.blueskycoaching.com.au/pdf/v4i10_mentor.pdf
 The 3 Career Mentors Everyone Should Have:
https://www.themuse.com/advice/the-3-career-mentorseveryone-should-have
 5 Simple but Strategic Steps for Finding a Good Mentor:
https://www.themuse.com/advice/the-3-career-mentorseveryone-should-have.
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Books have always been, and remain, a good source of
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knowledge. As a student in a tertiary institution, you can only go
so far without opening your books and doing the learning
yourself. Your lecturers can only do so much in teaching you the
concepts that you needed for your technical development; the real
learning often happens only when you go to the source of the
concepts that were being taught in class, and struggle through
the process of understanding them.
The development of non-technical skills that are necessary
for career and personal growth should be approached in the same
way as technical development, with young professionals actually
reading the relevant books that address these issues. In the same
way that a lecturer’s intervention is limited in technical
development, interactions with peers, superiors, and mentors is
also important for developing the necessary non-technical skills
for career and personal advancement. Reading the relevant books
has the benefit of taking us to the source of the knowledge
possessed by of some of those who we most admire, and enriches
our ability to learn from those people.
The SAIMM YPC would like to recommend some useful
reading that can help you develop the skills for excelling not only
as a professional, but as a person. It is our hope that this reading
will be of value to you.
1. So Good They Can’t Ignore You (Why Skills Trump Passion
in the Quest for Work You Love), by Cal Newport—In this
compelling book, Newport argues against the ‘follow your
passion’ job philosophy that we so often hear. He makes
the case that very few people have a pre-existing passion
that informs their career choice, and that such an
expectation often leads to frustration. According to
Newport, most successful people make a conscious effort to
work hard and become good at what they do, and this
eventually results in their overall success and job
satisfaction. This is a good read for anyone starting their
career and wanting to determine how best to approach
their development.
2. How to Win Friends and Influence people, by Dale
Carnegie—This has been a top-selling business book for
over sixty years and is an essential read for any young
professional wanting to develop their leadership abilities.
The book focuses on the psychology of how people
function, and helps the reader use this knowledge to their
advantage and emerge as a leader.
3. Never Eat Alone (and other Secrets to Success, One
Relationship at a Time), by Keith Ferazzi—Keith Ferazzi
addresses the very important skill of network-building.
The author uses his personal experience to share strategies
on how to reach out to people you admire and build a
personal network that can help advance your career.
4. Getting Things Done (the Art of Stress-free Productivity),
by David Allen—This is a good read for anyone starting
out their career, as it gives advice on issues such as time
management (in the office and at home). It also talks to
managing daily tasks while allowing for ‘thinking space’ to
keep focus on long-term goals.
5. Lean In (Women, Work and the Will to Lead), by Sheryl
Sandberg—This book is aimed at women intending to have
successful professional careers. The author highlights
some of the things she believes women do to
unintentionally that undermine their professional progress.
This list does not by any means purport to be complete, as
there are countless other books that can help equip young
 

      

4545,735.7+6/3--(1,"762/7)13*/4*67,13.(3/6
.66-0)+65/7)10,13++67,(4.6-456
)0.(2#%2$20-*
Several graduate development programmes in the national and
international minerals and metal industry have been used in the
compilation of this handbook. Particular acknowledgement is due
to BHP Billiton, Anglo American, the Mining Qualifications
Authority, Rio Tinto, and PPC.
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The purpose of this best practice’ guide is to contribute to
recruitment and retention of local and regional talented and
qualified persons in the disciplines of Mining and Metallurgical
Engineering, and engineering in general in the mining and
metallurgical industry. Its objective is to enhance the satisfaction
of recent graduates as they make decisions in their early career
development, and to provide a framework for companies that
many not have a system in place to guide and assist recent
graduates. The document introduces the different components
that should be part of a graduate development programme. The
actual details and implementation will dependent on the
conditions in the company, as well as the individual graduate.
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Although South Africa has a vibrant mining and metals industry
and a strong infrastructure to produce suitably qualified
individuals for its future needs, many recent graduates leave the
home country in search of greener pastures after two or three
years of local employment. It is believed that some of the reasons
for discontent in the early career years are as follows.
 Wrong impression of what the job entails
 Given responsibilities beyond their level of experience
 Work not challenging enough
 Lack of guidance in the work environment
 Better career development opportunities elsewhere.
The SAIMM believes that many graduates will find their own
way in companies of their own choice. They will be guided by
quality development programmes and will map out a career path
that suits them and the company they belong to. However, the
SAIMM also believes that the publication of a ’best practice’
graduate development programme will assist not only the recent
graduate, but also the smaller companies in making the most of
the important early stages of the employment relationship. First
impressions are important for both the recent graduate and the
company. Of necessity, this ’best practice’ is generic. The
following components are suggested to form part of this
programme.
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 Recruitment interview
 Employment contract
 

      





















Timeline for development programme
Induction
Career mapping
Experiental learning
Formal courses to support career choices and development
Cultural adaption
Mentoring
Confidence building
Career / Development progress evaluation
Providing challenges
Providing opportunities
Inter- and intra-company placements
Professional associations and symposiums
Professional registration – ECSA
Conflict indicators
Establishing and utilizing talents
Social integration
Community development
Individuality
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It is common practice to arrange recruitment interviews, which
are the start to the possible employment relationship. At the
interview there should be frank and honest discussion of the
future expectations from both the employer and the prospective
employee. The discussions should be minuted or recorded for
both the interviewee and the employer.
The interview should not be time–limited, and the graduate
should be encouraged to interrogate the employer’s expectations
and the opportunities or problems that could be expected. The
graduate may be given the opportunity, or be required, to place in
writing his understanding of the important parts of the interview
process, before finally accepting the employment conditions. One
of the important discussion points will be the details of the
development programme that the graduate will participate in.
This will ensure no misunderstanding as the development of the
graduate proceeds.

$&(.$20-1).0-,+)As well as the normal conditions of service for any employee, an
employment contract with a recent graduate should include
special sections dealing with the development programme. This
will formalize the employer’s expectations and ensure that the
graduate understands the purpose and implications of the
development programme.
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A graduate development programme for engineers should be a
minimum of two years and be flexible, depending on the nature
of the operations and the opportunities available. This timeline
should be at least as long as it takes to complete a ‘Stage 2
License to Practice’ type qualification e.g. ECSA registration.
Depending on the company’s long-term objectives, the
development plan could be as long as five years. After this length
of time it would be expected that several levels of work have
been concluded and that the graduate would have reached a
substantive position in the company structure that is
commensurate with the investment in the development
programme.
Milestones must be identified in the development programme.
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professionals for meaningful careers and lives; but these
references provide a start to an endless journey of career and
personal development.
For more reading ideas, you can refer to the article: 30
business books every professional should read before turning 30
(https://agenda.weforum.org/2015/04/30-business-booksevery-professional-should-read-before-turning-30/).
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All engineering graduates should be given a comprehensive
induction into the company. This will involve activities such as
occupational health and safety courses, visits to all sections of
the company, and meeting with senior managers and executives
across the broad range of activities of the company. The
induction should take at least two weeks and be as
comprehensive as possible. It could include such social functions
as lunch with the executive team and an introduction to social
activities and to other similar individuals.

Graduates are employed by companies for different purposes.
Any development programme for graduates must include both inhouse and external, formal development courses where the
graduate would be expected to gain theoretical and/or practical
knowledge for the purpose of employment. Beyond the purely
utilitarian courses, the graduate should be given the opportunity
to develop a broad range of additional knowledge linked to the
company operations. One would hope that the purpose of
employment of a graduate would be to develop such a person
into senior positions, and this would be achieved by broad
development and promoting the habit of lifelong learning. Topics
such as conflict management, report writing, assertiveness,
language proficiency, communication, project planning, personal
finance, management finance, specialist software etc. as
appropriate, should be included in the development plan.
Individual performance and interest in the courses must be
monitored.
The need for special courses could be identified through
formal psychometric tests – naturally, graduates arrive in the
company with different levels of positive attributes and
deficiencies. A strong graduate development programme will
include psychometric tests to identify areas of strength and
weakness. A graduate should admit existing weaknesses and be
grateful for the opportunity to overcome these weaknesses
through interventions supported by the company.
Even physical fitness may be a requirement, and in any case,
any graduate should be convinced that mental and physical
fitness result in better work performance. This could well be
included in a comprehensive graduate development programme.
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Any career development programme should have a long-term
objective – ‘Where would you expect to be in 10–15 years?’ The
development programme should be aimed at this long-term
perspective and include the typical timelines for steps to be
completed towards the goal. A graduate will always have
ambitions (whether realistic or not) that involve a long-term
view, and the objectives of the development programme should
be aligned with this long-term view. This component will (like
many others) be adjusted to meet the reality of the individual’s
progress through the development programme.
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Many graduates will have unrealistic expectations of their
abilities in the real world of work. The gap between academic
learning and the operations of an organization is particularly
wide in the engineering disciplines. Experiential learning is the
learning that takes place in the work environment, dealing
sometimes with routine operational matters that the graduate
could find particularly challenging (getting your hands dirty).
This would be particularly true in most careers in the mining and
metallurgy fields. The graduate may feel that the operational
components are below their level, while the company expects the
graduate to be particularly skilled in these operational aspects.
This conflict situation must be resolved by the formal inclusion in
the graduate’s development programme of the detail of
experiential learning required by the company. Time periods for
the operational components of experiential learning should be
limited to ensure that the graduate realizes that this is for the
purpose of development and understanding rather than
operational performance. The development of any graduate will
depend on his/her life experiences. Flexibility must be
maintained in the programme to develop the necessary skills
before progressing to new areas of development.
Operational work skills breed a different type of confidence
than academic university skills. Attempts must be made in the
development programme to integrate academic skills with
operational skills. This is best done by including project work
with the operational skills development so that a degree of
intellectual activity can be incorporated into the operational skills
development. As sn example, a mining engineer who is required
to learn how to charge up blast-holes with explosives could also
be assigned a project on methods for tamping of holes. This
ensures that intellectual capacity is included, and may result in a
positive improvement in operations. This will in turn build the
graduate’s confidence.
Experiential learning should be supervised by an experienced
and qualified person. Care must be exercised in the selection of
the supervisor so that the maximum benefit is achieved and good
work habits are cultivated.
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Every company has a corporate culture. The graduate should be
made aware of the company norms of behaviour (e.g. dress
code), timekeeping, bureaucracy, reporting formalities, protocols,
outside work activities (community work), expectation etc. that
are seen as an important part of cultural adaption. The graduate
should be exposed to these aspects as early in the development
programme as possible.
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Beyond the formalized training activities and line management
functions, every recently employed graduate should seek out
(with the aid of the company) a suitable mentor. Such a person
would normally be within the company, but this may not
necessarily be so. A mentor would be some person who has
reached a senior position in the direction that the graduate
wishes to follow. The mentor would not be within three linemanagement levels of the graduate. The purpose of explicitly
including such a person in the development programme is to
ensure early detection of problems and to maximize the potential
of the graduate. The mentor would be selected by the graduate.
Formalized, regular interaction would take place between mentor
and mentee with discussions on both work and social problems
and opportunity areas.
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Included in the individualized graduate development programme,
there would be a programme of ’confidence building’. If areas of
weakness have been identified, then logical small steps are taken
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Formalized progress interviews conducted by senior officials
must be incorporated into the graduate development programme.
These would be more frequent at the start of the employment
contract, e.g. every three months during the first year and at least
twice per year in the subsequent years.
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Any graduate needs to be intellectually challenged, particularly in
the early stages of the employment contract. The graduate should
be given substantive research work that is appropriate to the
long-term outcomes of the development programme.
Responsibility should be given for substantive work as early as
practically possible. A graduate without challenges will become
dissatisfied and stagnate.
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Graduates are innovative. Opportunity should be given as early
as possible for the graduate to make a substantive contribution
appropriate to his skills. This can be in the work environment or
the social environment. Opportunities for self-development
should be provided and supported. The innovative spirit must be
nurtured for the long-term development of the graduate.
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As opportunities arise and wherever possible, the graduate
should visit or work in as broad a range of activities as possible
during the development programme. International perspectives
have a positive influence on the operations, especially if applied
through youthful intellect. The positive results of such
opportunities will impact both on the graduate and the company.
Intra-company visits and work opportunities in different sections
of the operations give great perspective and develop the graduate
optimally for the long-term.
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During the GDP, the graduate should be encouraged to become a
member of the appropriate professional body or learned society,
and to participate in its activities.
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As a qualified engineer expected to do ‘engineering work’ as
defined in the Built Environment Act, the graduate must be
supported and coached in accordance with the requirements of
ECSA. The graduate should register as a ‘Candidate Engineer’ at
the appropriate level for the work he is expected to be involved
with in the long term – Professional Engineer, Professional
Engineering Technologist, Professional Engineering Technician,
or Professional Certificated Engineer. This registration also
depends on the base qualification. Supporting Engineering
Professional mentors should be appropriately identified and
approached. ECSA stage 2 professional development towards
appropriate registration should be monitored as progress occurs.
 

      

The whole of the ECSA registration process should be part of the
graduate development programme unless the choice of career
path is not particularly related to engineering work.
ECSA demands Continuous Professional Development (CPD
points) activities. These activities must be carried out at
accredited engineering functions so as to ensure lifelong
learning. This is in line with the requirements of a successful
graduate development programme.
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Recent graduates may become despondent or frustrated at some
time during the development programme. Mechanisms must be
put in place to identify these conditions so as to maximize the
effective development of the individual. Reporting and
communication must be a major component of the development
programme. This, together with open dialogue, will ameliorate
the effects and provide for early detection of such conflict
conditions.
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Graduates will often bring with them far more than just technical
academic knowledge. These attributes or talents may be utilized
and developed further during the development programme to the
benefit of the graduate and the organization. Particularly such
skills as teaching, sport, and music could be considered. The
graduate should be encouraged to participate in the development
of others using his additional talents or skills. This will develop
community engagement and respect within the community
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Graduates must be integrated into the community as well as in
the work environment, and should be required to present
themselves in socially acceptable ways. This could be in terms of
cultural understanding (appropriate behaviour in special
conditions), etiquette, dress, introductions, names, public
speaking, presentations etc. Such development should form a
part of the graduate development programme.

.$$'0/-1#2 2(.&$20Graduates must participate in community projects on a
‘voluntary’ basis. This should be a part of the graduate
development programme.

0#/ /#'+(/-
Although there are generic components to the ideal graduate
development programme, it must be emphasized that each
programme should be tailored to take into account the particular
discipline of the graduate, specific needs of the graduate, and in
particular, requirements of the company.

T. Mmola
Young Professionals Council (SAIMM), Chairman
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to overcome the weaknesses through the inclusion of meaningful
step-by-step confidence builders. In any event, confidence must
be justified by the achievement of certain goals within the
development programme. This could include such items as visits
to the workplace by senior officials, panel interviews, work
project reports of success etc.

Application Program Interface
Guideline review
The mining industry is host to a vast number of proprietary devices and technologies that are unable to communicate with other
onboard and off-board technologies. As long as this communications gap exists between devices, onboard data sharing will prove
insufficient and ineffective, limiting overall operational efficiency.
‘Right now, with existing mining equipment, everyone is talking a different language,’ says Sandy Pyke, Director of Technical
Services, Peck Tech Consulting. ‘The key advantage is if we can get everyone talking the same language, we can use a single
interface.’
It is in this spirit of collaboration and communication that the GMSG is now calling on industry and GMSG Corporate Members
to come forward and help bridge the gap and unify the language.
Through the Technology & Connectivity (T&C) Working Group, the GMSG has released a draft Guideline for an Application
Program Interface (API). While the API for onboard data integration itself has yet to be defined, the guideline is designed to
stimulate industry engagement, feedback, requirements and potential roadblocks.
To facilitate this discussion, the GMSG has defined a list of requirements and/or assumptions, with the intent that each
requirement or assumption will be debated, modified, and ultimately ratified by industry during this review process.
Starting this fall, GMSG staff will be scheduling times for company representatives to review the API Guideline for device
interconnectivity on mobile mining equipment. Working group leaders will also be made available to help with the review process.
The deadline for the guideline review process is late November.

6564/270737+4545,7'!#
Peter Wan, Principal Advisor, Mining Technology, Teck Resources and leader of the T&C Working Group says ‘There are clear,
measurable benefits attached to the pillars of mining stakeholder profitability: safety, productivity, and operational efficiency.’
Safety: enables access to onboard data in real time and facilitates the innovation of smarter safety solutions, allowing the
integration of proximity awareness, fatigue, and operational data to filter out nuisance alarms and key in on high-risk
situations.
Productivity: integration of data sources such as penetration rates, dig rates, fragmentation, block models, etc. enables greater
insight into factors affecting total mine productivity – e.g. allowing real-time adjustments to maximize mine-to-mill returns.
Operational efficiency: timely access to both asset health and production data can help identify symptoms of situations that
are reducing operational effectiveness and provide insight into the root causes – and cost to the business – to identify issues
requiring immediate resolution.

.,21202"/-*
 Enables single point of entry for manually input data (e.g. operator ID, equipment status) to reduce operator interaction and
enhance data quality
 Facilitates seamless access to onboard devices and applications to create cost savings and innovation opportunities for all
stakeholders
 Enhances alarm and warning notification filtering (access to associated data) to reduce nuisance alarms and increase operator
situational awareness
 Synchronizes time between devices and/or applications, ensuring that data from independent systems can be correlated

!21&,.-.).(1*!+((1+((.1+&&(/)+-/.0*1-.1'*21+0#1*!+,2
 Sensor data (GNSS receivers, tilt, speed, etc.)
 Operator directives (log in/out, activity / delay codes, etc.)
 Computed information (alarms, detected objects, ground composition, etc.).
While the benefits of a mining API are clear and exciting, action is needed to make this vision a reality. Participating in this
review process is the first step in realizing the cost savings and increased operational efficiencies that come with a mining API.
The more industry participation and support that the review process receives in the beginning, the more effective the
implementation will be in the end.
For more information contact: www.globalminingstandards.org GMSG Managing Director Heather Ednie at hednie@cim.org

H. Ednie
Global Mining Standards and Guidelines Group
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NEW REQUIREMENTS FOR MINE DUMPS AND
STOCKPILES

By Cormac Cullinan, Director, Cullinan & Associates
Until recently, mining waste was regulated under the Mineral and Petroleum Resources Development Act 28 of 2002
(MPRDA). With effect from 24 July 2015, the establishment and reclamation of mine dumps and stockpiles of similar waste
from or incidental to a mining operation must comply with the new regulations regarding the planning and management of
residue stockpiles and residue deposits from a prospecting, mining, exploration, or production operation (the Mining Residue
Regulations) published under the National Environmental Management: Waste Act 59 of 2008 (NEM: WA). The Mining
Residue Regulations supersede regulation 73 of the Mineral and Petroleum Resources Development Regulations (MPRD
Regulations), which previously regulated mining waste. Most of the provisions in the Mining Residue Regulations echo those
in regulation 73 of the MPRD Regulations, but there are some significant changes which are discussed below.

32/67+353,6+65/7-4*65*62
A waste management licence under NEM: WA is now required for the creation of a residue stockpile. Applicants for waste
management licences must undertake an environmental impact assessment (EIA) process in accordance with the National
Environmental Management Act 107 of 1998 (NEMA). Only a basic EIA assessment is required if the waste in question is
generated from prospecting or activities requiring mining permits, but a full scoping and environmental assessment is
required if the waste is generated by activities requiring a mining right, exploration right, or production right. This means that
the mining industry will now have to pay for more detailed and stringent EIA processes involving considerably more public
participation than was previously the case under the MPRDA.
Registered engineers must design stockpiles. Under the MPRD Regulations, stockpiles had to be designed by a ‘competent
person’. The Mining Residue Regulations now require that this be done by a civil or mining engineer, registered under the
Engineering Profession of South Africa Act 114 of 1990. Stockpiles must comply with landfill requirements Stockpiles must
now also comply with the National Norms and Standards for the Assessment of Waste for Landfill Disposal, 2013; and
National Norms and Standards for Disposal of Waste to Landfill, 2013.

63"7265/65*62
Contraventions of the Mining Residue Regulations are punishable by up to 15 years’ imprisonment or an appropriate fine.

$42/45,7*05.4/40527*05/45(67/073))-"
Holders of existing MPRDA rights or permits must continue to manage their residue stockpiles and deposits in accordance
with existing approved management measures. This is because the Mining Residue Regulations treat the measures taken
under regulation 73 of the MPRD Regulations as having been carried out under the corresponding provisions of the Mining
Residue Regulations.

%05*-(2405
The Mining Residue Regulations make the requirements for establishing and managing stockpiles and residue deposits more
stringent and almost certainly more expensive. However, given the huge costs of remedying environmental damage,
expenditure on the enhanced preventive measures required by these regulations is likely to be money well spent.
This and other updated information is available from LexisNexis Practical Guidance Environmental Law. The LexisNexis
Practical Guidance series is an online legal research solution that provides practical, up-to-date guidance, useful templates,
and other aids and resources to assist in making informed and accurate decisions. The solution gives users online access to
guidance material, expert commentary, checklists, legislation, case law, step-by-step processes, document precedents, and
other external content that is relevant to specific practice areas of law. The Environmental Law practice area is written and
updated by Cullinan and Associates Inc. Cullinan practises exclusively in the field of environmental and green business law
and has been a leader in this field since 1997. The firm’s ten specialist environmental lawyers advise regularly on most
aspects of environmental law and have represented parties in a number of reported environmental law cases
For more information, visit http://practicalguidance.lexisnexis.co.za/practice-areas/environmental-law.

Issued by: Y. Sookdew
Logico Creative Solutions
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The SAMREC Code 2105 – some thoughts and concerns
by S.M. Rupprecht. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The author documents some of his recent personal thoughts and opinions and the debate around the South African
Code for the Reporting of Exploration Results, Mineral Resources and Mineral Reserves (the SAMREC Code)
and its current usage by Competent Persons.
Haul roads can make money!
by A.T. Visser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A critical review of the status of mine haul road design and management is presented, together with the impact
of these principles on operations, particularly the cost-effectiveness. The paper briefly reviews the principles of
the design and management processes and the extent to which they are applicable. Case studies of a number of
implementations are presented to demonstrate that the principles are sound and have been applied effectively.
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Identification of key performance areas in the southern African surface mining delivery environment
by A.W. Dougall and T.M. Mmola . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1001
This paper presents a review of key performance areas (KPAs) in the southern African mining delivery environment.
The study reveals that five KPAs, namely safety and health, costs, product quality, fleet management, and delivery
should form a default list that covers the key areas that any organization should consider when choosing KPAs.
Safety aspects and recommendations for surface artisanal mining
by S.M. Rupprecht. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1007
The author presents some of the basic risks observed in surface artisanal mining operations and provides basic safety
recommendations for artisanal mining operators to follow to prevent serious accidents or fatalities, with reference to
examples of good and bad practices.
Mining complex geology, mitigation of float dust, and developing autonomous machine capability using horizon
sensing technology for coal seam boundary detection
by J. Duncan and L.G. Stolarczyk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1013
An innovative coal cutting solution to the long-standing technology gap in mining – the ability to measure uncut coal
layer thickness to the boundary rock layer – is described. The technology enables the mining machine’s cutting picks
to stop at a specified distance from undulating horizons of the boundary rock, thus leaving the thin contaminated
coal layer in situ and significantly reducing the toxicity of the ‘float’ dust generated..
Owner versus contract miner – a South African update
by S.M. Rupprecht. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1021
The merits of owner mining versus contract mining are examined and the conditions favourable for selecting the one
option over the other are discussed. In addition, the methodology of entering into contract negotiations with the
objective of establishing a fair and sustainable relationship is discussed. .
Positive risk management: hidden wealth in surface mining
by J.A. Luckmann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1027
This paper introduces an innovative approach to risk management in surface mining operations, namely positive risk.
The theoretical and practical knowledge of both sides of the risk; the downside risk (negative risk) and upside risk
(positive risk) can add substantial value to any organization when downside risk is adequately mitigated and upside
risk is beneficially exploited.
Determining settlement rates and surface stability using in situ density of backfill as a proxy for displacement
by D. Fenn, A. du Kanda, and D. Dukhan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1035
An investigation was conducted to establish indirect methods of estimating the displacement to date and the current
rate of displacement of unsurveyed colliery backfill. A successful method was established that uses the dry density
values of undisturbed core from backfill as a proxy for rate and absolute displacement, which if proven conclusively,
provides a way to confidently release huge areas of waste ground for future infrastructural surface development.
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Observed spatial and temporal behaviour of seismic rock mass response to blasting
by K. Woodward and J. Wesseloo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1045
Seismically active mines generally experience an increase in seismic hazard due to rock mass instability following
blasting. This study contributes to the management of seismic hazard by providing empirical support for the
relationship between seismic sequences and blasting. These relationships indicate the portions of sequences that
can and cannot be practically managed using tactical approaches.
A proposed approach for modelling competitiveness of new surface coal mines
by M.D. Budeba, J.W. Joubert, and R.C.W. Webber-Youngman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1057
Cost estimation for surface coal mines is a critical practice that affects both profitability and competitiveness.
This paper highlights the shortcomings of the available approaches and proposes a data envelopment analysis
method to develop a frontier for effective surface coal mines, and the use of a parametric method for modelling the
costs and productivity of new mines to ensure effective competitiveness.
Development of a fuzzy model for predicting the penetration rate of tricone rotary blasthole drilling in open pit mines
by L. Kricak, M. Negovanovic, S. Mitrovic, I. Miljanovic, S. Nuric, and A. Nuric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1065
This paper presents a fuzzy model for predicting the penetration rate of tricone rotary blast-hole drilling. The model
is based on data obtained during the drilling of blast-holes in rocks with various uniaxial compressive strengths in
an open pit mine in Serbia. The results obtained show the high reliability of predicting the values of penetration rates.
Uncertainty determination in rock mass classification when using FRMR Software
by F. Samimi Namin, M. Rinne, and M. Rafie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1073
Rock mass classification systems constitute an integral part of the design of empirical underground excavations.
A commonly used system to classify rock mass is the Rock Mass Rating, or RMR, system. To deal with the
uncertainty associated with the RMR system, a Fuzzy Rock Mass Rating (FRMR) has been developed to classify
rock mass. A case study on the applicability of the method shows that the FRMR software tool can easily be used for
rock mass classification, even if uncertain input parameters have been used.
The economics of exhaustible mineral resources–concepts and techniques in optimization revisited
by C. Hutton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1083
The last commodities supercycle (2003 to 2011) was characterized by a belief in volume at any cost, where
absolute output was deliberately prioritized over productivity considerations. This paper revisits the micro-economic
concepts and demonstrates how pressure from shareholders to prioritize output contributed to spiralling costs and
value destruction.
Rock engineering aspects of a modified mining sequence in a dip pillar layout at a deep gold mine
by Y. Jooste and D.F. Malan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1097
Modifications to the sequential grid mining method were proposed in order to increase production rates. An
investigation to consider the rock engineering implications of these modifications was conducted, and an analysis
of actual seismic data showed no significant differences between the original mining method and the implemented
multi-raise mining. Continuous monitoring and analysis of seismic data at the mine is required to verify the
response of the rock mass to the modified mining sequence and the increased extraction ratio.
Classification of roof strata and calculation of powered support loads in shallow coal seams of China
by X. Liu, G. Song, and X. Li . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1113
In this paper the authors have applied Principal Component Analysis to study the effects of a number of factors
that can influence the loads offered over hydraulic power supports in 10 shallow coal seams in Chinese coal mines.
1D numerical simulation of velocity amplification of P-waves travelling through fractured rock near a free surface
by P. Zhang, G. Swan, and E. Nordlund . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1121
Velocity amplification of seismic waves was investigated by modelling the dynamic interaction between fractured
rock and a free surface. A number of factors were found to affect the velocity amplification. The results show that
the interaction of the seismic wave and multiple fractures near the free surface strongly influences the ground motion.
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A review of current tunnelling technology and boring applications in mining and infrastructure development an EPCM perspective
by S.C. Gouws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1127
This paper explores the contribution MADE BY mechanized tunnelling technology and boring applications applied in
conjunction with digital and automation technologies compared with conventional methodologies. It is claimed that
the technological expertise, combined with a paradigm shift in delivery of project objectives, will promote economic
growth, aid recovery from the economic downturn, and improve social development.
Sprayed concrete for underground excavations – a status report
by B.C. Viljoen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1133
Commencement of the next phase of the Lesotho Highlands Water Project is close to becoming reality. The use of
sprayed concrete as a final tunnel lining solution was proposed as a viable alternative to concrete linings in the
feasibility studies that preceded the forthcoming implementation phase The aim of this paper is to provide a reminder
of all the sprayed concrete related issues that engineers tend to grapple with during the design and construction of
tunnel projects and other underground works
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The SAMREC Code 2105 — some
thoughts and concerns
by S.M. Rupprecht*

This paper is intended to document recent personal thoughts, opinions,
and debate around the South African Code for the Reporting of
Exploration Results, Mineral Resources and Mineral Reserves (the
SAMREC Code) (2009) and its current usage by Competent Persons.
Admittedly, some debates are as old as the SAMREC Code itself and have
been ‘parked’ as no consensus could be reached by members of the
SAMREC Working Group.
Some of the more critical issues currently under examination are the
definition of Competent Person and the potential registration of Competent
Persons, the current re-write of the Code, and the introduction of reporting
of Exploration Results, Mineral Resources, and Mineral Reserves on an ‘If
not – why not’ basis, noncompliance with the Code and discipline, the role
of the Johannesburg Stock Exchange Readers Panel, and the valuation of
mineral assets based on scoping studies.
! 
SAMREC, Mineral Reserves, competency, reporting standards.

  
This paper is intended as a personal memoir of
recent thoughts and debate around the South
African Code for the Reporting of Exploration
Results, Mineral Resources and Mineral
Reserves (the SAMREC Code) (2009) (‘the
Code’). Admittedly, some debates, such as
reporting of Mineral Reserves inclusive or
exclusive of the Mineral Resource, are as old
as the SAMREC Code itself and have been
‘parked’ as no consensus could be reached by
members of the South African Mineral
Resource Committee (SAMREC) Working
Group. The author, who has been involved
with the SAMREC Working Group since 2007,
offers observations in his personal capacity as
a professional mining engineer with the intent
of getting practitioners to contemplate the
influence of the Code on the mineral industry.
Current practices in the compilation and
reporting of Exploration Results, Mineral
Resources, and Mineral Reserves are often
deficient in adhering to the Code and a
conscious effort must be made by the mining
sector to improve the standard of public
reporting, in particular Competent Person
Reports (CPRs) and Public Reports issued by
listed mineral exploration and mining
companies.
 

      

‘The SOUTH AFRICAN CODE FOR THE
REPORTING OF EXPLORATION RESULTS,
MINERAL RESOURCES AND MINERAL
RESERVES (the SAMREC Code, or the
Code) sets out minimum standards,
recommendations and guidelines for
Public Reporting of Exploration Results,
Mineral Resources and Mineral Reserves
in South Africa. The first version of the
SAMREC Code was issued in March 2000
and adopted by the JSE in their Listings
Requirements later that same year. The
Code has been adopted by the SAIMM,
GSSA, SACNASP, ECSA and PLATO, and it
is binding on members of these organizations.’
Concurrently with the evolution of the
SAMREC Code, the Committee for Mineral
Reserves International Reporting Standards
(CRIRSCO), initially a committee of the Council
of Mining and Metallurgical Institutions
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Some of the more critical issues currently
under examination by the SAMREC Working
Group are the definition of Competent Person
(CP), improving the reporting checklist to
request practitioners to report on all critical
aspects of the Code on an ‘If not - why not’
basis, noncompliance with the Code, the role of
the JSE Readers Panel, coaching and
mentoring, and the current rewrite of the
SAMREC Code and proposed companion
document. The following quote serves to
highlight the tone and intent of the SAMREC
Code, which practitioners should consider
when reporting Exploration Results, Mineral
Resources, and/or Mineral Reserves or
compiling Public Reports.

The SAMREC Code 2015 — some thoughts and concerns
(CMMI), has since 1994 been working to create a set of
standard international definitions for reporting on Mineral
Resources and Mineral Reserves. As a result of the
CRIRSCO/CMMI initiative, considerable progress has been
made towards widespread adoption of globally consistent
reporting standards. These are embodied in similar codes,
guidelines, and standards published and adopted by the
relevant professional bodies around the world. The
definitions in the SAMREC Code are either identical to, or not
materially different from, other international definitions.
Thus, whatever modifications are made to the SAMREC Code,
global review is conducted to ensure alignment of the Code to
the fundamental principles of public reporting accepted by all
member countries of CRIRSCO.
The aim of the Code is to contribute to earning and
maintaining trust of investors and other interested parties by
promoting high standards of reporting of mineral deposit
estimates (Mineral Resources and Mineral Reserves) and of
exploration progress. Concurrently with the evolution of the
SAMREC Code, CRIRSCO has evolved to become a more
rigorously constituted committee. It is recognized by global
organizations such as the International Accounting Standards
Board (IASB), the United Nations Economic Commission for
Europe (UNECE), and the International Council on Mining
and Metals (ICMM) as the key international organization
representing the mining industry on issues relating to the
classification and reporting of mineral assets. CRIRSCO’s
current members represent Australia, Canada, Chile, South
Africa, the United Kingdom and Western Europe, Russia, and
the United States of America, with the prospect of other
regions and countries joining in future.
The SAMREC Code contributes to promoting high
standards of reporting of Exploration Results, Mineral
Resources, and Mineral Reserves). To date, the SAMREC
Code has relied on a peer review process and on self-policing.
The effectiveness of this self-policing has been debated since
the inception of the Code, and although it is sometimes seen
as ineffective, the author believes that self-regulation is the
preferred method to monitor public reporting of Exploration
Results, Mineral Resources, and Mineral Reserves. However,
one must be mindful that through the history of mining there
have always been incidents of fraud and corruption. In the
1960s Australia was affected by the Poseidon nickel boom
and bust, which raised concern about unacceptable reporting
practices. The BRE-X scandal in 1997 lent much impetus to
the creation of international codes, which provide investors,
potential investors, and other stakeholders with a sense of
confidence in statements made by promoters and owners of
mineral projects. Therefore, it is critical that the mineral
industry maintains and even improves its reputation through
compliant reporting.

 ! !  ! !
Often in the course of performing the task of writing a
technical report (CPR, Public Report, etc.) CPs overlook the
basic principles that govern the application of the SAMREC
Code. The values of Transparency, Materiality, and
Competence are guiding principles of the Code.
Transparency requires that the Competent Person
provides sufficient information, which is clear and
unambiguous, and that the technical report does not mislead
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or omit material information. As a rule it is better to provide
too much information rather than too little.
Materiality means that all relevant information should be
made available and reasoned and balanced reporting should
be undertaken. To reiterate, this means what the various
stakeholders and including investors and their professional
advisors would reasonably require, and reasonably expect to
find for the purpose of making a reasoned and balanced
judgment regarding the Exploration Results, Mineral
Resources, or Mineral Reserves being reported. If relevant
information is lacking then an explanation for its omission
should be given; this is commonly referred to as the ‘If not –
why not’ approach to reporting.
Competency requires that all technical work is conducted
by suitably qualified and experienced persons who are
subject to an enforceable professional code of ethics and rules
of conduct. Currently, registration of competency is not
required for reporting by the SAMREC Code, although for the
past few years registration has been under discussion. This
topic will be further referred to in the next section of this
paper.
Critical to reporting is the principle that any material
aspects for which the presence or absence of comment could
affect the public perception or value of the mineral occurrence
must be disclosed. It is important that the CP is not unduly
affected by outside influences and remains able to present a
fair and accurate technical report.
CPs and executives of public listed companies are
reminded that the Code sets out a required minimum
standard for the Public Reporting of Exploration Results,
Mineral Resources, and Mineral Reserves. References in the
Code to Public Report or Public Reporting pertain to those
reports detailing Exploration Results, Mineral Resources, and
Mineral Reserves and prepared as information for investors
or potential investors and interested and affected parties.
As authors, CPs must insist that they provide written
approval (JSE Listing Requirement) of specific documentation
that is referred to in a Public Report as to the form, content,
and context in which that documentation is to be included in
a Public report (Clause 8 and T8 of the SAMREC Code). As a
reminder, the Code defines Public Reports as follows:
‘Public Reports are all those reports prepared for the
purpose of informing investors or potential investors and
their advisers and include but are not limited to
companies’ annual reports, quarterly reports and other
reports included in JSE circulars, or as required by the
Companies Act. The Code also applies to the following
reports if they have been prepared for the purposes
described in Clause 3: environmental statements;
information memoranda; expert reports; technical
papers; website postings; and public presentations. And
T8 (A)(ii) Announcements by companies should comply
with the SAMREC Code, where applicable, and insofar as
they relate or refer to a Competent Person’s report they
should: (a) Be approved in writing in advance of
publication by the relevant Competent Person.’

!  

!!

The glossary of terms as provided in the SAMREC Code has
no definition provided for CP. However, competency is one of
the fundamental components of the Code. Competency is
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The need for self-regulation and action on noncompliant
 

      

reporting has been an issue of debate since the inception of
the SAMREC Code. There are many reasons for a general lack
of discipline in the industry, one being that reports viewed
are often under confidentiality agreements. Another is the
reluctance of practicing CPs to make formal complaints,
justifying their inactivity with reference to the proverb
‘persons who live in glass houses shouldn’t throw stones’.
Noncompliance in reporting is not limited to South Africa
but is a problem for all reporting countries. A general
consensus is that more focus should be spent on coaching
and mentoring of CPs. Rather than taking disciplinary action
or applying sanctions against CPs, there should be a move
towards coaching and mentoring. It is proposed that the SSC
through the SAMREC Working Group form a subcommittee
whose primary objective will be to promote short courses
through the GSSA and/or SAIMM to improve knowledge of
the Code.
Similarly, it may be prudent for the learned societies to
anonymously publish corrective actions for noncompliant
reporting. The AusIMM successfully does this and it should
be adopted in South Africa. It is interesting to note that if
noncompliance is established, the AusIMM may impose a
penalty, which may include a reprimand, mediation, and/or
counselling. Suspension of membership to the AusIMM may
not be imposed by the Complaints Committee.
Another measure, recently taken by Canada (Ontario
Securities Commission), was to conduct a compliance review
of 50 technical reports, which represented approximately 10%
of the NI 43-101 technical reports submitted over the period
30 June 30 2011 to 30 June 30 2012. The review found that
40% of the CPRs required significant changes, and a further
40% required minor changes.
It should be noted that professional organizations do not
take legal responsibility for a CP or a CPR. Membership does
not guarantee competency for any specific technical issue nor
do qualifications necessarily guarantee competency. The onus
of conducting competent technical work remains with the CP.
Professional organizations are legally liable for ensuring that
a person who applies for and is accepted for membership
satisfies the requirements of the organization’s Constitution
and by-laws. In doing so, the professional organization
affirms that the individual satisfies the requirements and has
the qualifications to be a member and ensures that the
member complies with the code of ethics of the organization.
The organization has no liability for the negligent activities of
its members.
One thing is for certain, if the mineral industry does not
self-regulate its reporting then some other agency will, and
that could lead to technical reports being reviewed by persons
who are not mineral experts. Such an outcome would be
detrimental to the mining industry as a whole.

 !! 
In a process that began in 2013, the SAMREC Code is being
reviewed and modified to ensure that it remains relevant to
the mining industry and keeps current with recent
developments and revisions made to other international
codes, notably the CIM (Canadian) 2014 revision, the JORC
(Australia and New Zealand) 2012 revision, the PERC
(European) 2013 revision, and SME (USA) 2014 issue.
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described in Clause 4 of the SAMREC Code as follows: ‘The
Public Report is based on work that is the responsibility of
suitably qualified and experienced persons who are subject to
an enforceable Professional Code of Ethics’. In addition, a
‘Competent Person’ is a person who is registered with
SACNASP, ECSA, or PLATO, or is a Member or Fellow of the
SAIMM, the GSSA, or a Recognized Overseas Professional
Organization (ROPO).
There is a school of thought that CPs should declare their
competency in terms of the technical work that they
conducted (Appendix A), However, the Code is quite clear
that the onus of determining competency lies with the
individual and should be monitored by his or her peers.
Persons being called upon to sign as a CP must be clearly
satisfied in their own minds that they are able to face their
peers and demonstrate competence in the commodity, type of
deposit, and situation under consideration. Self-regulation is
seen as the preferred method of control, but requires peers to
monitor CPs’ work and report noncompliance. This is not
currently happening in the minerals industry and could lead
to others monitoring and controlling technical and/or public
reporting. The JSE Readers Panel reviews CPRs that are
submitted to the JSE to support certain transactions, but
ongoing reporting is not monitored. This may change in the
future and the JSE, through the Readers Panel, has begun to
review annual reports of exploration and mining companies
and their compliance with the SAMREC Code, Section 8.63(l)
and 12 of the JSE Listing Requirements.
Some professionals believe that the onus on competency
should lie with a statutory registration body such as
SACNASP, PLATO, or ECSA. The issue of competency is
sometimes confused with the fact that a CP must be a
member of ECSA, SACNASP, or member/fellow of the
SAIMM, GSSA, or a ROPO) which all have enforceable
disciplinary processes including the power to suspend or
expel a member/fellow. This is important in that these professional organizations all provide an enforceable professional
code of ethics, which is a basic requirement for a CP.
Although these organizations have disciplinary powers, they
do not themselves determine a person’s competence. The
responsibility of deeming oneself as competent relies on the
individual as the ‘CP should be clearly satisfied in their own
mind that they could face their peers and demonstrate
competence in the commodity, type of deposit and situation
under consideration’ (SAMREC Code Clause 10).
It is up to a CP’s peers to ensure that the authors of
technical (Public) reports act in a competent and appropriate
manner. Complaints made with respect to the professional
work of a CP should be made to the SAMREC SAMVAL
Committee (SSC) (SAMREC Code Clause 11) or to the professional organization the author is registered with and the
complaint dealt with under the disciplinary procedures of that
organization.
To reiterate, being a member of a professional organization does not make a person ‘Competent’, the CP must
demonstrate their own competency applying to a code of
ethics, and if in doubt a person should either seek the
opinion of appropriately experienced peers or should decline
to act as a CP.

The SAMREC Code 2015 — some thoughts and concerns
The SAMREC Code update is designed to improve the
Code and eliminate possible contradictory reporting practices,
improve the usability of the SAMREC tables, and improve the
clarity of the Code. One of proposed changes to the Code is
the inclusion of an ‘If not – why not’ requirement. The
proposal is that every aspect of the checklist must be
answered so as to ensure that CPs adequately address all key
elements of the Code; where aspects are omitted, the professional is required to comment why these particular aspects
have not been addressed.
The South African Code for the Reporting of Mineral
Asset Valuation (SAMVAL Code) has also been reviewed over
the past two years with changes being made to keep it in line
with international best practice. One of the biggest issues
being dealt with by the South African Mineral Asset
Valuation (SAMVAL) Working Group is the conclusion that
the registration of Competent Valuators (CVs) was a necessity
and that registration be through a statutorily established
regulatory body (SERB). The SA Council of Property
Valuation Professionals (SACPVP), which is a SERB governed
by the IVS code of ethics, in principle is willing to house the
registration of CVs.
In addition to revisions to the SAMREC and SAMVAL
codes, a revision of the South African National Standard:
South African Guide to the Systematic Evaluation of Coal
Resources and Coal Reserves (SANS10320:2004) is also in
progress and is currently in a draft form. Interaction between
the SAMREC Working Group and the SANS10320 rewriting
committee is aimed at bringing about alignment between the
SAMREC Code and SANS10320.

  !!!!
In October 1997, five participating countries of the Council of
Mining and Metallurgical Institutes (CMMI) (Australia, South
Africa, UK, Canada, and USA) met in Denver, Colorado and
reached provisional agreement for definitions of Mineral
Resources and Mineral Reserves, as well as their respective
sub-categories Measured, Indicated, and Inferred Mineral
Resources and Proved and Probable Mineral Reserves
(commonly referred as ‘the Denver Accord’). One of the
outcomes of the Denver Accord was the finding that the
‘Possible Mineral Reserve’ category would not apply to
Mineral Reserve reporting. Only a Proved and Probable
Mineral Reserve may be declared under the SAMREC Code.
Yet in Canada, Preliminary Economic Assessments (PEAs)
are publicly reported and companies often provide results of
these assessment/studies. Under the SAMVAL Code, projects
(mineral assets) are often valued on the basis of Inferred
Mineral Resources with ‘Modifying Factors’ applied. The
author has even seen Exploration Results valued in this
manner. The author contends that the mineral industry often
treats Inferred Mineral Resources as Mineral Reserves
through the application of Modifying Factors in order to value
mineral assets, thus in essence creating a so-called ‘Possible
Reserve’.
In the same vein, Scoping Studies, which have applied
Modifying Factors to Mineral Resources yet do not guarantee
the conversion of these Mineral Resources to Mineral
Reserves, are often used to value a mineral asset. When these



990







VOLUME 115

valuations are reported, the necessary wording should be
provided warning the reader that there is no assurance that
these Mineral Resources can be converted to Mineral
Reserves.
In view of the fact that valuations are conducted on
modified Resources, often upgraded to ‘Possible Reserve’
category, perhaps it is time we accept what is done in practice
and revert to the old terminology of a ‘Possible Reserve’. The
author accepts that this idea will probably be rejected and
commentary regarding the Denver Accord will be raised.
However, perhaps it is time that ‘Possible Reserves’ be
reviewed once again. Alternatively, the mineral industry
should review the practice of reporting PEAs and Scoping
Studies to ensure that potentially optimistic results are not
prematurely reported under the guise of a PEA or Scoping
Study. Perhaps a review of the published results of PEAs and
Scoping Studies should be compared to the subsequent PFS
or BFS to determine the accuracy of the initial PEA/Scoping
Study when compared to the later, more detailed studies.
Applying cash flows to Scoping Studies for valuation
purposes, although supported by many CVs, must be viewed
with caution and CVs must appropriately discount the cash
flow to reflect the level of uncertainty associated with Scoping
Studies.

!!
The role of the JSE Reader is sometimes misunderstood. The
role of the JSE Reader is to ensure that a CPR complies with
the requirements of the SAMREC Code, Section 8, and Section
12 of the JSE Listing Requirements, not to validate the
potential of the project. However, it must be acknowledged
that there is an element of peer review in the process to
ensure that technical work conducted makes sense and is fair
and reasonable. This process is viewed positively by other
countries. However, the JSE Readers process is not without
its problems.
One of the dilemmas with the Readers review process is
that a CPR encapsulates a number of areas that may stretch
the capabilities of a single Reader. For example, the Reader is
required to be knowledgeable in mineral resources,
geotechnical engineering, mine engineering, ventilation,
metallurgical processes, and environmental, infrastructural,
marketing, governmental, and social aspects, as well as
valuation of mineral projects. It may be prudent to introduce
more than one Reader to conduct reviews of CPRs, thereby
improving the overall review process. This would lead to a
more robust review of CPRs and not just compliance to JSE
requirements. However, it must be recognized that ultimately
the responsibility for the CPR remains with the authors and
the CPs.

  
The SAMREC Code is meant as a minimum standard,
recommendation, and guideline for the public reporting of
Mineral Exploration Results, Mineral Resources, and Mineral
Reserves. Members of the GSSA and SAIMM are reminded
that they are required to comply with the SAMREC and
SAMVAL codes when reporting, regardless of whether they
may be working under the auspices of ECSA or SACNASP.
 

      

The SAMREC Code 2015 — some thoughts and concerns
One of the basic problems with public reporting is that
many reports are issued to companies without going through
a proper peer review process. Although these reports are
claimed to be ‘SAMREC compliant’, many in fact do not
completely comply with the reporting requirements of the
Code, and in many instances they do not meet the guidelines
of transparency and materiality. There are a number of
examples where public reporting is materially incorrect and
misleading to the public. It is this area of reporting that
requires immediate attention by the minerals industry.
Public Reporting of Mineral Exploration Results, Mineral
Resources, and Mineral Reserves should not be taken lightly
and should be undertaken with the proper due diligence that
the task demands. The mining community needs to actively
query CPRs that are not of the minimum standard. Mineral
exploration or mining companies also have a responsibility to
ensure that the reports issued comply with the codes as well
as the local or regulatory (e.g. JSE listing) requirements. It is
the responsibility of the CP and the CP’s peers to ensure
reports are compliant, balanced, and not misleading. If the
mining industry fails to do this, once again the industry will
be plagued by cases where the public is defrauded by
unscrupulous promoters, which may lead to litigation and
ultimately will harm the industry and the reputation of those
that practice in the minerals industry. The self-regulatory
process proposed should not be punitive, except in special
cases where fraud or deception is deliberate. Rather, the
industry needs to implement a coaching and mentoring
approach, thereby uplifting the overall standards of public
reporting.
CPs need to recognize the importance of delivering quality
documentation in terms of CPRs and public reporting.
Although there is always pressure to deliver cost-competitive
proposals to conduct technical reports, the CP must ensure
sufficient time is allocated to allow thorough reporting. The
CP must not remain silent on any issue for which the
presence or absence of comment could impact the public
perception or value of the mineral project. To promote this,
the re-write of the SAMREC Code has introduced an ‘If not –
why not’ reporting criterion.
Ongoing training for CPs and CVs needs to be actively
pursued by professional organizations, with the costs of such
training kept to a minimum. Mineral companies also must
acknowledge the importance of such training and must be
willing to free staff to attend these types of training courses.
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Haul roads can make money!
by A.T. Visser*

 
Almost 20 years have passed since the cutting-edge research by Thompson
and Visser on the design and management of opencast mine haul roads
was conducted in South Africa. This system is based on three principles,
namely the structural ability to support the ultra-heavy truck loads, the
selection of vehicle and environmentally friendly riding surface, and an
appropriate level of maintenance to counteract wear and tear. Obviously,
proper layout and geometry are essential.
These principles have been implemented worldwide, and it is useful to
review the lessons learned. The objectives of this paper are to present a
critical review of the status of mine haul road design and management,
and the impact that these principles have made on operations, particularly
the cost-effectiveness. The paper briefly reviews the principles of the haul
road design and management and the extent to which they are applicable.
Case studies of a number of implementations are presented to demonstrate
that the principles are sound and have been applied effectively. For
example, at an international operation the transport cost of coal was 40%
more expensive than anticipated in the feasibility stage, and this made the
mining operation uneconomic. Correction of this problem resulted in a
viable enterprise. Although designed for opencast operations, the
principles are equally valid for underground operations, and initial
development work will be discussed.
The main conclusions are that the research approach is valid and its
effectiveness has been demonstrated in a number of applications. The
anticipated financial benefit has been derived, and has made the mining
operations that used the principles more effective. Of major importance is
the application of opencast haul road design principles to the future thrust
of using driverless vehicles in opencast and underground mining, where
the road quality is not negotiable as there is no driver that can avoid
obstacles or severe road deterioration.
 
haul roads, structural design, performance, maintenance.

These principles have been implemented
worldwide, and it is useful to review the
lessons learned. The objectives of this paper
are to present a critical review of the status of
mine haul road design and management, and
the impact of these principles on operations,
particularly the cost-effectiveness. The paper
will briefly review the principles of the process
and the extent to which they are applicable.
Case studies of a number of implementations
will be presented to demonstrate that the
principles are sound and have been used
effectively. Besides the implementation on
opencast operations, the principles are equally
valid for underground applications, and initial
development work will be discussed.
The focus of the proper design of a haul
road system is the following:
 The provision of safe, world-class roads
for all road users (safety is nonnegotiable)
 Reduced truck operating costs due to
less stress on the drive train, tyres,
frame, and suspension, resulting in
extended component life
 Faster cycle times leading to higher
productivity and lower cost per ton
because of higher asset utilization
 More effective utilization of road
maintenance equipment through a
managed approach to routine road
maintenance.



Almost 20 years have passed since the
cutting-edge research by Thompson and Visser
on the design and management of opencast
mine haul roads in South Africa (Thompson
and Visser, 1996a, 1996b, 1998, 1999,
2000a). This system is based on three
principles, namely the structural ability to
support the ultra-heavy truck loads, the
selection of vehicle and environmentally
friendly riding surface, and an appropriate
level of maintenance to counteract wear and
tear. Obviously, proper layout and geometry
are essential.
 

      

The layout of the haul road network has to be
tailored to the mining requirements. This often
leads to a conflict in requirements, as the ideal
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layout in terms of vertical gradients and horizontal curvature
is not always achievable. The guiding principle should be
that the haul road should permit the haul trucks to operate at
maximum efficiency. The horizontal curves must be of the
largest possible radius to allow the trucks to travel at
maximum speed without causing undue damage to the road.
A limitation is the curve radius at switchbacks. Invariably
there is insufficient space to allow high-radius curves, and
the result is severe road damage as the truck wheels scuff
around the curve rather than rotate, leaving loose material on
the surface which affects traction and increases rolling
resistance. A major complication that has been encountered
is that switchbacks have a too small a radius when a larger
truck fleet is introduced, and there is no space to increase the
radius. The result is that the truck has to make a three-point
manoeuvre to negotiate the switchback. This is extremely
dangerous and affects productivity. At the time of planning
the mine layout all switchbacks need to be such that a larger
truck, which has a larger turning radius, can be
accommodated.
Trucks are happiest when an incline has a constant
gradient. Figure 1 shows (red line) a typical gradient out of a
pit across the various benches. At every gradient break,
which may range from 8% to 13%, the truck has to change
gear, and under load this places great strain on the drive
train. Every time the torque converter is engaged the wheels
spin momentarily and cause damage to the road surface.
Since all the truck will change gears in the same area, there is
a perpetual maintenance problem that cannot be resolved.
The solution is to ensure that the gradient is continuous and
uniform, as shown by the green line in Figure 1. This may be
readily achieved by overdrilling on the outer part of the
bench, so that the correct gradient can be constructed with
ease. As an example, considering a 380 t class of rear dump
truck, running up the ramp where the grade of the road
varies between 8% and 13%, with a 3% rolling resistance.
This road ‘design’ will allow a fleet of seven trucks to
transport 340 t per truck-hour. However, by removing the
grade-breaks (using a constant 10.3% grade from bottom to
top), 470 tons per truck-hour can be transported – an
increase of 38% or 500 000 t/a! If an annual excavation
target of 10 Mt were set, by using an improved road design
and construction guideline, the target could be achieved with
five instead of seven trucks.

Poor ramp grade design

Good ramp grade design

Figure 1—Incorrect (non-uniform) and correct (uniform) gradient
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At the mine planning stage a minimum cost approach is
often taken. This means that the road layout is designed to a
minimum standard, and this includes road width. Due
cognisance is not taken of the geotechnical considerations,
such as stability of the pit slopes. Serious problems have
been encountered when a rockfall or slip has resulted in
either a road being closed, or the road is narrowed such that
transport operations are impaired. Most opencast operations
have at least two haul road exits from the pit due to safety
considerations, and a road closure could have serious
implications. Where only a half-width of road is open to
traffic there is potential conflict and the accident risk is
increased, and productivity is affected as trucks have to wait
at the narrowing. Road width could also be a factor when a
larger truck type is introduced. It is safer to build the roads
wider than narrower so that potential complications are
minimized.
At a coal operation in South Africa, savings of about 1
million litres of diesel were made in the year following
improvement of the non-uniform gradients and curve radii,
without any change in the annual volume of material
transported. This is a direct saving and does not include
improvements in engine and tyre life. Excessive transmission
shifting on the laden haul will reduce engine, drive-train, and
wheel motor life. On the empty return trip, retarder
overheating will occur on the non-uniform gradient with
concomitant mechanical wear. These aspects demonstrate the
significant savings that can occur by optimizing the haul
road geometry.


The structural design principles are based on limiting the
vertical compressive strains in any layer of the road
pavement structure under the highest wheel loads. This is
computed using a multilayer linear elastic computer program.
The basis for this approach is from structural analysis of
public roads (Thompson and Visser, 1996a, 1997). From an
investigation of haul road structures, the limiting criteria and
the design approach using a dump rock structural layer
resulted in the comparison and benefits of the new approach,
as shown in Figure 2.
For comparative purposes, two design options were
considered; a conventional design based on the CBR cover
curve design methodology, and the mechanistically designed
optimal equivalent, both using identical in situ and road
construction material properties. A Euclid R170 (154 t
payload, 257 t GVM) rear dump truck was used to assess the
response of the structure to applied loads generated by a fully
laden rear dual-wheel axle. The assumption, based on multidepth deflectometer measurements on other roads, was that
no load-induced elastic deflections occur below a depth of
3 000 mm. The various design options are summarized in
Figure 2.
In the evaluation of both designs, a mechanistic analysis
was performed by assigning effective elastic modulus values
to each layer and a limiting vertical strain corresponding to a
category II road (2000 microstrain). In the case of the CBRbased design, from Figure 2 it is seen that excessive vertical
compressive strains were generated in the top of layers 2 and
3, which are typical gravel layers, whereas the rock layer is
buried under the weaker gravel layers. For the optimal
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Figure 2—Comparison of new mechanistic design method results with the old CBR method (Thompson and Visser, 2002)

These design procedures were developed based on
observations of existing haul roads, and monitoring the indepth deflections. Subsequent to the development of the
analysis procedures, at least 10 roads were constructed
following the mechanistic design method, and during the
extremely wet summers of 1996 and 2000, superior
performance and traffic load was reported compared with the
Limiting pavement layer vertical compressive strain
values for mine haul road structural design
10000
Limiting microstrains

mechanistic structural design, no excessive strains were
generated in the structure, due primarily to the support
generated by the blasted rock base. Surface deflections were
approximately 2 mm compared with 3.65 mm for the CBRbased design which, while not excessive, when accompanied
by severe load induced strains would eventually initiate
premature structural failure such as rutting and depressions.
The proposed optimal design thus provided a better structural
response to the applied loads than the thicker CBR-based
design and, in addition, did not contravene any of the
proposed design criteria.
Originally a single vertical compressive strain criterion
was used, but it was realized that, depending on the
importance and anticipated life of a road section, the
structural design has to be different even though the same
traffic volume is carried. The importance of a road section is
designated by road category, as shown in Table I, and the
structural strength in terms of the vertical compressive strain
is related to the road category and expected performance. The
daily traffic (kt) is adjusted by multiplying with the
performance index, and the permissible vertical strain is
shown in Figure 3. For an adjusted traffic volume greater
than 240 kt a vertical compressive strain of 900 microstrain
should be used. Most South African operations are in the
lower range of traffic volume, but many international
operations are considerably higher.

Category III Haul Road
Category II Haul Road
Category I Haul Road

1000

100
0

40

80

120 160 200 240

280 320

Traffic volume (kt/day) x performance index
Figure 3—Limiting vertical strain related to road importance and
category (Thompson and Visser, 2002)

Table I

Summary of haul road categories (Thompson and Visser, 2002)
Daily traffic volume1 (kt)

Required performance index2

Description

Category I

>25

7–9

Permanent high-volume main roads from ramps to tip.
Operating life at least 20 years.

Category II

8–24

5–6

Semi-permanent ramp roads, in-and ex-pit hauling roads on blasted
rock on in situ, medium traffic volumes. Operating life under 10 years.

Category III

<7

>4

Haul road category

Transient in- and ex-pit roads, low traffic volumes.
Operating life under 3 years.

1Traffic based on maximum dual rear wheel load of 2-axle 480 t GVM haul truck
2Based on acceptable structural performance of roads and maximum deflection under fully laden rear wheel, where 10=excellent performance, 1=unacceptably
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poor performance, following Thompson and Visser (1996)

Haul roads can make money!
previously existing roads. In one particular case, the
improved traffic load of the road meant that the planned
implementation of trolley-assist could be further delayed by
virtue of reduced road construction and improved hauler
productivity.
In many cases the improved quality response was
anecdotal. As part of the ongoing research, several of the
roads that were constructed were monitored and in-depth
deflections under haul truck loading were taken at two
mines. The latter procedure was fraught with problems since
on one mine it was difficult to drill a 40 mm hole through the
hard rock layer with many voids. Nevertheless, at the other
mine measurements were obtained that confirmed the
stiffness of the rockfill layer, but at the lower range of
previously determined values. Stress sensitivity was
confirmed, which meant that the higher the load the stiffer
the pavement structure. This is valuable information when a
larger truck fleet is introduced.
On the basis of the research a number of greenfield haul
roads were designed and constructed in South Africa as well
as in Botswana, Namibia, Brazil, Chile, and Australia.
Invariably the contractor will be of the opinion that it is ‘a
solid road’. As pointed out above, surface deflection of the
road under a haul truck is reduced. This means that the
deflection bowl in reduced in extent, and this in turn has the
result that the tyre does not have to climb out of the bowl,
which reduces fuel consumption.
In Thompson and Visser (1996a) it was demonstrated
that the design based on the mechanistic procedure was
28.5% cheaper than the old method on an actual tender for
variable costs, and 17.4% cheaper on total costs (including
preliminary and general costs). At Khomamani iron ore mine
in the Northern Cape a significant saving was made on the
main haul road construction compared with the budgeted
cost. This saving was applied to improve other parts of the
road system.
This design procedure has been applied at several mines
to investigate whether the haul roads are able to support
larger trucks than were then used, and if not, how the
deficiencies could be improved. This allowed planning for
larger trucks to proceed, without surprises when the trucks
arrived. The same procedures have also been successfully
applied in designing a route for a dragline to walk from one
mine to another. Without the theoretical understanding such
major undertakings would not have been possible.
Finally, the concept of a dump rock layer as a strong
structural layer (stiffness values were derived) has provided
a solution for underground haul roads. Underground tunnels
have an uneven footwall as a result of the drilling and
blasting technique, and significant quantities of water tend to
pond in the low points. This water causes fine material to be
pumped out through the concrete slabs under the action of
the heavy loads, leading to voids in the layers and faulting,
cracking, and potholing of the concrete wearing course. The
use of dump rock with minimal fines provides a layer that is
strong and water-resistant, and no pumping takes place.
Initial experimental sections have shown promise, and
further work is being planned.


The functional design is related to providing a user-friendly
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wearing course material. An ideal wearing course for mine
haul road construction should meet the following
requirements:
 The ability to provide a safe and vehicle-friendly ride
without the need for excessive maintenance
 Adequate traffic load under wet and dry conditions
 The ability to shed water without excessive erosion
 Resistance to the abrasive action of traffic
 Freedom from excessive dust in dry weather
 Freedom from excessive slipperiness in wet weather
 Low cost and ease of maintenance.
By examining what wearing course material properties
lead to defects, a specification has been developed for
wearing course materials selection as shown in Figure 4. The
guidelines are based on an assessment of wearing course
material shrinkage product (Sp) and grading coefficient (Gc),
defined as:

where
LS
= bar linear shrinkage
P425 = percentage wearing course sample passing
0.425 mm sieve
P265 = percentage wearing course sample passing 26.5 mm
sieve
P2
= percentage wearing course sample passing 2 mm
sieve
P475 = percentage wearing course sample passing 4.75mm
sieve.
Invariably, mine management wishes to know how to
benchmark their haul road network, and the effectiveness of
the existing materials. A procedure was developed to relate a
range of defects to provide a defect score (Thompson and
Visser, 2000a). Defects are evaluated according to the
severity of each defect and the areal extent of occurrence to
provide a sum of all the defect products as a defect score. The
defect score can be related to the need for maintenance, as it
was developed in conjunction with mine maintenance teams.
Figure 5 shows the influence of daily traffic (in kilotons) and

Figure 4—Wearing course selection guidelines (Thompson and Visser,
2000a)
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Figure 5—Predicted improvement in functionality for new wearing course material mix at 5 and 45 kt/day traffic volumes (Thompson and Visser, 2002)

 

      

road. This is unsuitable material and generates excessive
dust when dry. A further problem is that under normal
operations the truck is laden to the limit, again on the level.
The material will again spill onto the road. These situations
must be avoided. However, a properly loaded fully laden
truck may still cause spillage, and consideration should be
given to attaching movable flaps at the rear and sides to
counter this problem.
Whenever problems are encountered with the wearing
course material, one of the first solutions to be considered is
a chemical additive, as many marketers claim that the
product will improve the road quality. Figure 6 shows the
annual costs for the existing inferior wearing course gravel
when treated with water and with a chemical additive. Clearly
there is a reduction in cost. However, using better quality
gravel that meets the requirements results in significant
saving compared with the existing gravel treated with the
additive. However, a minimal reduction in cost is found when
applying the additive to the new wearing course gravel.
Chemical additives may be used to minimize road
maintenance or even minimize dust, and for managerial
reasons such as availability of water, since there are no
additional costs. Chemical additives that are mixed into the
upper 75 to 100 mm of the wearing course have been found
to be the most effective, with rejuvenating sprays applied
when necessary. Surface sprays form a thin layer on the
surface and tend to wear away rapidly under the abrasive
tyre action of dump truck traffic.
When dust control is necessary, the first question to ask
is the origin of the dust. Invariably, rejuvenating sprays are
applied when dust is visible, assuming that the road
generates the dust. If the dust is from spillage, then the
spillage should be removed, as further addition of palliative
results in a mix of dust and palliative. If the palliative is
bituminous, then a layer of bitumen mastic (bitumen and
dust) is formed which could become unstable and slippery
when hot. The dust should be removed. Sometimes a rotary
broom is used, but this has been seen to create large clouds
of dust which impair visibility and does not completely
remove the dust. A truck-mounted vacuum cleaner, as is
used on the diamond mines, is effective in removing the dust
rather than displacing it. On a semi-permanent surfacing,
which is the case when stabilizers are used on the surfacing,
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the effect of a substandard wearing course material compared
with the correct material. The maximum defect score on the
mine was 60, which dictated the maintenance frequency.
Interestingly, Komatsu adopted this procedure and trained
their field staff to provide the mine with recommendations
regarding haul road quality and how to improve productivity,
reduce costs, and get the best service out of the trucks
Use of the correct wearing course material resulted in a
significant improvement in the times between blading, from
3.5 days for the poor-wearing course material to 7 and 10
days for the improved wearing course material on roads
carrying 45 and 5 kt respectively. Besides determining the
defect score, the visual inspection of defects was also
correlated to rolling resistance by considering defects such as
potholes, corrugations, rutting, loose material, and stoniness
in the surface, which have an influence on rolling resistance.
Rolling resistance is an added resistance during motion as a
result of energy losses incurred through the wheel/road
interaction. A benchmark of 2.0–2.5% is considered as good,
and rolling resistance of 6% was encountered on some mines.
If the rolling resistance is higher than that used during
mine planning, the trucks are unable to achieve the expected
productivity. In one case a diamond mine initiated a prefeasibility study of block caving, since owing to the excessive
rolling resistance the trucks were unable to exit the 450 m
deep pit when fully loaded and partial loading had to be
resorted to. Replacement of the wearing course material with
one that met the functional requirements resulted in the
problem being solved, and block caving was postponed for a
further 100 m depth. After the successful solution of the
problem, the mine manager expressed his unhappiness since
a fleet of motor-graders was standing idle. The symptoms of
the problem, namely poor road quality and high rolling
resistance, were treated by increasing the maintenance
activity. By means of the correct design, significant savings
in maintenance cost and improved production were achieved,
resulting in increased profits.
When a special effort is made to obtain a suitable wearing
course material, spillage that can change the material
properties needs to be controlled. At one mine it was found
that liquid mud was loaded into a dump truck to try and
make the loading area operable. As soon as the truck moves
onto a gradient, large quantities of mud will be spilt onto the

Haul roads can make money!

Figure 6—Unit cost assessment of dust palliative options (Thompson and Visser, 2000b)

the maintenance procedures must be adapted, as a motorgrader loosens the surface material which then no longer has
a bond and generates loose material and dust.
A major problem on many mines that have a semipermanent surfacing is that vehicles with tracks are permitted
to travel on such haul roads. The tracks loosen the surface
material and causes immense damage. The tracks initiate the
formation of corrugations, and the only solution is to rip the
wearing course and reapply the stabilizer. Tracked vehicles
should be moved on a low-bed, or if they need to cross a haul
road tyres or old conveyor belting should be used. In some
cases a special tracked vehicle haul road is used, but this is
often not possible because of restricted space.
Haul roads and loading areas in the pit have been found
to be the most problematic in providing a truck-friendly
environment. The reason is that drilling takes place at the
pleasure of the drilling operator. The depth of a hole is
defined from the surface (bonuses are defined by the number
of holes), which may be uneven, rather than to a previously
defined level. The result is that the floor is uneven, and the
problem cannot be resolved by the use of a wearing course
material. The solution is to use modern technology such as
GPS to guide the drilling operations, to use the electronic
systems on dozers to provide an even floor, and to fill in
hollows (invariably filled with water) with a rock layer, and
to place a 100 mm wearing course layer. Inadequate
provision of a suitable riding surface results in excessive
truck damage, as shown in Figure 7. The poor road quality
resulted in the tie bar being bent, unwarranted repair costs,
and the loss of one vehicle in the fleet.

Real-time monitoring of actual vehicle response to road
conditions overcomes these limitations (Thompson et al.,
2004; Hugo et al., 2007). This is shown schematically in
Figure 8. Information on the conditions that a truck

Figure 7—Bent tie bar as a result of poor road quality


All types of infrastructure require restoration as a result of
wear and tear from use or climate. Haul roads are no
different. Typically a motor-grader is used and it starts at one
end of the network and completes the network without
cognisance of traffic volumes or use. Initially a scheduled
system of motor-grader maintenance was proposed, where
each road had a frequency of maintenance depending on the
type of wearing course, climate, and traffic. Operations at a
mine are generally highly dynamic with regular deviations
from the planned production schedule because of loader
unavailability or other reasons. This means that a planned
maintenance regime is not the most effective.



998







VOLUME 115

Figure 8—Real-time mine road maintenance system development and
integration with existing mine-wide communication, location, and truck
monitoring systems (Thompson et al., 2003)
 

      

Haul roads can make money!

Figure 9—Road defect density map for field trials at Grootegeluk Mine. Symbols represent defect magnitude (depth or height) (Marais et al., 2008)


The cutting-edge research that was conducted in the 1990s is
valid and its effectiveness has been demonstrated in a
number of applications. Focus on appropriate layout and
geometry, structural capacity, a user-friendly wearing course
material, and where necessary a semi-permanent riding
surface through the use of chemical additives, and a real-time
indication of road quality as sensed by the haul trucks has
generated the anticipated financial benefits. Mining
operations that use the principles have benefited by being
more effective. Of major importance is the application of
opencast haul road design principles to the future technology
of using driverless vehicles in opencast and underground
mining, where the road quality is not negotiable as there is
no driver that can avoid obstacles or severe road deterioration.

  
The original research was a team effort, and the inputs
provided by Professor Roger Thompson are gratefully
acknowledged. Validation work was performed by P.H. van
Rooyen, a final-year undergraduate student in the
Department of Civil Engineering at the University of Pretoria.
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experiences is relayed to dispatch, where the type of result
shown in Figure 9 is provided. It is immediately clear which
sections of the haul road network are being used and where
the most severe conditions are found, and these should be
targeted for maintenance. If the defects are such that a
motor-grader is able to rectify the situation this would be
used, otherwise a load of suitable material or other
techniques are applied.
Technology has advanced significantly since the original
work was performed. Electronic interfaces to a computer had
to be built to capture the required information, but nowadays
there are special plugs that allow extraction of the
information from the onboard computer directly into a
computer, and data is processed using standard software.
This approach is being applied in further studies in Chile, and
holds promise for focused maintenance interventions.
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Identification of key performance areas
in the southern African surface mining
delivery environment
by A.W. Dougall* and T.M. Mmola*

The global resources and commodities market has become highly
competitive. While southern Africa’s abundance of minerals resources is
still unrivalled, it has lost considerable dominance in terms of production
output. The sustainability of southern Africa’s mining industry is
increasingly becoming dependent on its ability to manage the performance
of its operations well. A valuable tool for monitoring and managing
performance is the use of key performance areas (KPAs) – which are those
areas of performance that are reflected explicitly or implicitly in the vision
and strategies of an organization and reflect the critical success factors of
the organization. This paper is a review of key performance areas in the
southern African mining delivery environment. The KPAs discussed in this
paper have been identified by comparing KPAs of the several mining
houses engaged in surface mining operations in southern Africa and then
extracting those KPAs that are common to most of them. Although the
authors support the view that each organization should develop KPAs to
specifically fit its needs, the study reveals that five KPAs – safety and
health, costs, product quality, fleet management, and delivery should form
a default list that covers the key areas that any organization should
consider when choosing KPAs. KPIs are those subsets of KPAs that we
measure in order to manage KPAs.
Keywords
key performance areas, delivery, performance measurement.

 
The global resources and commodities market
has become highly competitive. While
southern Africa’s abundance of minerals
resources is still unrivalled, it has lost
considerable dominance in terms of production
output. The sustainability of southern Africa’s
mining industry is increasingly becoming
dependent on its ability to manage the
performance of its operations well. A valuable
tool for monitoring and managing performance
is the use of key performance areas (KPAs),
which are ‘those areas of performance that are
reflected explicitly or implicitly in the vision
and strategies of the organization’ (Barker,
1997). The terms KPA and KPI (key
performance indicator) are often used
interchangeably – whether correctly or
erroneously is debatable. KPIs are ‘quantifiable
measurements, agreed to beforehand, that
reflect the critical success factors of an
organization’ (O’Neill, 2007). Each KPA
probably has multiple KPIs associated with it.
 

      

 
There are essentially three reasons to measure
performance:
 To learn and improve
 To report externally and demonstrate
compliance
 To control and monitor people (Marr,
2014).

* The University of Johannesburg, Johannesburg,
South Africa.
© The Southern African Institute of Mining and
Metallurgy, 2015. ISSN 2225-6253. This paper
was first presented at the, Surface Mining 2014
Conference, 16–17 September 2014, The Black
Eagle Room, Nasrec Expo Centre, Johannesburg,
South Africa.
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Synopsis

The state of implementation of that KPI will
determine where the organization is measured.
Mostly, an aggregation of all the KPIs for a
particular KPA determines the final KPA
measurement and status. It is the successful
measurement and management of KPAs and
their associated KPIs that will give southern
Africa the ability to compete successfully in the
current market and ensure its sustainability
going forwards. KPIs are those subsets of
KPAs which we measure in order to manage
KPAs.
This paper is a review of KPAs in the
southern African mining delivery environment.
The KPAs discussed in this paper have been
selected by comparing KPAs of several mining
houses engaged in surface mining operations
in southern Africa and then identifying those
that are common to most of them. The study
has relied on the judgment of the authors in
deciphering the different usage of the terms by
the different organizations in order to align
them with the proposed definitions in this
paper. Similarly, some of the KPAs are
extracted by virtue of them being reflected
implicitly in the vision and strategies of the
organization.

Identification of key performance areas in the southern African surface mining
The common focus of mining operations has been on
measuring performance to control and monitor people. While
this is an important reason for measuring performance, the
primary reason and therefore focus for any performance
measurement system should be to learn about current
performance and inform management on how to improve on
it. Another reason for collecting performance measurements
is to inform external stakeholders and to comply with
external reporting regulations and information requests
(Marr, 2014).
While there are many things that are measurable in a
mining operation, that does not make them key to the
organization's success. Measurements should be limited to
those quantifiable factors that reflect the organizational goals
and are essential to the organization reaching its goals. It is
also important to keep the number of performance measures
small just to keep everyone's attention focused on achieving
the same goals.


The authors support the view that each organization should
develop KPAs that fit its needs. These may be a direct extract
from vision statements if these have been recently developed
or re-validated. It sometimes helps to agree on a long-term
objective for each KPA, a sort of a mini vision statement. For
each KPA three to five KPIs (specific measures) can then be
identified. This is usually done by the senior management
team of the organization. It typically takes several sessions to
agree on a final list. After generating some candidate KPIs for
each KPA, the senior team members will typically take these
around to their teams and/or convene cross-functional
breakout sessions to review the list, add to it, and select the
most appropriate set of KPIs. This improves the quality of the
resulting measures and also increases buy-in.

The company performance is measured against the
following seven measures, or KPIs (KPAs):








Safety and health
Our people
Corporate governance
Footprint management
Corporate social investment
Innovation research
Production and sales.
The operational KPIs are:







Zero harm
Produce according to plan
Mine waste effectively
Containing our costs
Securing our logistics.

   
Anglo American has the following KPAs, which it refers to as
‘Pillars of Value’:





Safety and health
Environment
Socio-political
People.

Below follows a brief discussion of the identified KPAs,
which may form a default list that covers the key areas that
any organization should consider when choosing KPAs.

   
The case studies above reveal that the five KPAs are safety
and health, costs, product quality, fleet management, and
delivery. These are discussed in the following sections.

Case studies

#'%(#$ ('#"%

The KPAs discussed in this paper have been selected by
comparing KPAs of several mining houses engaged in surface
mining operations in southern Africa and then identifying
those that are common to most of them.

There is a strong cultural drive in Southern Africa to adopt a
system of ‘zero harm’. This goal reflects an eventual target
that the industry has set and taken a stepwise approach to
achieving. This is reflected in the current targets which,
despite the implied target of ‘Zero’, are in fact not zero. The
most common measures of safety in the southern African
surface mining environment are the lost time frequency rate
(LTFR) and the fatality frequency rate (FFR).
Matters of health have been identified in the Mining
Charter, which includes measurement of new cases of noiseinduced hearing loss (NIHL) and lung diseases.

  
Palabora is committed to the following strategic imperatives:
 Providing a safe and healthy work environment for all
employees and contractor employees
 Practicing sound environmental management to ensure
the sustainable biodiversity of the natural environment
within which it operates
 Acknowledging and respecting stakeholder interests
and concerns; and striving to be a leading corporate
citizen within the mining industry
 Supplying a high standard of quality products and
services – reliably and responsibly.





Kumba Iron Ore has what it refers to as ‘four strategic
pillars’, which are:





Delivering on growth projects
Capturing value across the value chain
Optimizing value of the current operations
Organizational responsibility and capability.
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With load and haul contributing to approximately 46% of
total mining costs on some operations (Accenture, 2009),
fleet management has been identified as a KPA in the
southern African surface mining environment. The costs can
be categorized into firstly, equipment costs, made up of fuel,
tyres and tracks, ground-engaging tools, and repairs and
maintenance, and secondly into operating labour costs.
Fittingly, research into this KPA has shown it to contain the
largest number of KPIs in the surface mining environment
(Appendix A). The KPIs to be measured may be
maintenance-related, where it is important to minimize
downtime (planned and unplanned) and increase availability.
 

      

Identification of key performance areas in the southern African surface mining
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In today’s increasingly competitive market it is important to
ensure that the quality of the product meets the requirements
of the client. This is particularly the case for a large number
of South Africa’s surface mining producers who, due to the
unique characteristics of the mineral deposits being mined,
serve niche markets and have to meet stringent client
specifications.
Mines need to ensure they meet market demand at the
correct product specification, which normally includes not
only volumes or masses to be delivered but also limiting or
quality criteria. In coal the proximates and the ultimate
elements or constituents of the coal, which is a fuel mineral,
made up of lithotypes (for example vitrain) and macerals (for
example vitrainite), is placed under the spotlight. (Dougall,
2010)
Quality will involve the type of coal, the rank of coal, and
often its grade or purity (ash content) or potential chemical
energy value (calorific value). The application or use of the
coal is critical and the dilution (such as moisture content) or
problematic qualities (abrasiveness) need to be controlled.
Fine coal is a production-related problem.
Quality influences the price attained for the delivery.
Penalties may be incurred if specifications are not met to
specific tolerances, having cost implications for the supplier.
The supplier’s reputation is also at stake. Middelburg Mines
use a system on their surface mining operation known as
CAVITY, which is focused on product specification on
qualities and acceptance or rejection by the customer
(Calorific value; Ash; Volatile matter; Index of Abrasivity;
Total moisture; and Yield). Middelburg also uses the A to G
Principle (Appendix B) to ensure they mine the correct
quality and do not contaminate it afterwards (Area; Barrels;
Contaminating triangles; Distance; Edge; Flow; and
Geological factors). Both ‘CAVITY’ and the ‘A to G’ are ‘aid to
memory’ acronyms to help reduce abrasiveness and
contamination, and hence improve control quality. (Dougall,
2010). Typical KPIs for metalliferous mines are grade, degree
of purity and physical characteristics, and ore dilution.

%
The sustainability of a mining operation is heavily dependent
on the ability to contain the costs of mining. Measuring and
 

      

reviewing costs against planned or budgeted spend will assist
efforts to reduce the cost of mining. The cost of mining can
be divided into the following categories: maintenance, labour,
operational and sundries. The major contributors are,
however, maintenance and labour cost, power and water
costs (Dougall, 2010). The maintenance costs will be made
up of equipment spares, fuel, tyres and tracks, groundengaging tools, and repairs. Labour costs will take into
account employees, contractors, and consultants. Operational
costs can be monitored by how effectively the mining of
waste is done so as to not negatively affect NPVs and can be
measured in tonnage or volume of waste mined or by using
stripping ratios. The cost variance against budgeted should
be minimized to improve the sustainability of mining.

'"&'!
A mining operation must be managed to meet the planned
production targets. Delivery is the ability to meet the required
production. It is the volumes or tonnages that need to be
produced to satisfy demand (Dougall, 2010). Production is
the KPI that measures if the operation is producing to plan,
which may be measured as mass of rock in terms of ROM
tons or volume of rock in bank cubic metres (BCM) produced
over a specified time period, e.g. BCM per shift or tons per
month (tpm). Productivity is also a useful measure of how
efficiently the planned production targets are achieved and
should be included as a KPI. This may be measured in terms
of unit output per employee, e.g. tons produced per manhour, or cost per unit mined e.g. rand cost per ton milled.
Important measures may be blast gains and dozer gains as
depicted in Figures 8a and b – Appendix C.

%'!(
The authors believe that the five KPAs discussed above
should form a default list that covers the key areas that any
organization should consider when choosing KPAs in a
surface mining delivery environment. In line with the idea
that the number of KPAs should be kept small, the KPAs
have been limited to five. However, other KPAs for
consideration, which will have varying degrees of importance
in terms of delivery from one operation to another and may
well be the concerns of corporate office, are:
 Environment—where it is important to monitor the
organization’s carbon footprint (CO2) and water and
energy usage
 People—measuring voluntary turnover, which is
defined as ‘the total of the number of employees who
resign for whatever reason plus the number of
employees terminated for performance reasons and that
total, divided by the number of employees at the
beginning of the year. Employees lost due to
Reductions in Force (RIF) will not be included in this
calculation (Sahu, 2007). Skills development,
transformation, and leadership are equally relevant
KPIs
 Community—CSI programmes such as housing and
education, small business enterprise development etc.,
with the Mining Charter setting clear targets. Some of
these KPAs might have a lesser bearing on operational
delivery but are becoming increasingly important to
sustainability of mining operations. In recent
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Availability is the measure of the time the equipment is
ready to produce and is normally only minimized by
downtime and/or non-utilization. It is also important to
measure equipment efficiency in terms of the entire cycle of
spotting, loading, travelling (loaded and empty), and
dumping time for haulage equipment and cycle time of
digging, swinging (loaded and empty), and dumping for
excavating equipment. Relocation time, which is the average
time spent in relocating equipment (e.g. the time it takes to
move a dragline from one cutting position to the next) is
often included. KPIs should also be in place to measure how
effectively the equipment is used (utilization) and how
efficiently it is used (matching equipment size and numbers –
measured by number of dumps to fill and machine waiting
time) to ensure equipment optimization. Logistics would not
be complete without haul road management and this may be
another focus of a KPI within the fleet management KPA.

Identification of key performance areas in the southern African surface mining
developments in South Africa’s mining landscape, there
has been an increase in sporadic community protests
that have disrupted mining operations. Amongst the
grievances being raised are demands for jobs, housing,
and greater investment in community infrastructure.
Mining companies therefore need to ensure that they
effectively include the community as an important
stakeholder in any mining operation.
The KPAs and related KPIs are summarized in Table I. A
comprehensive list of KPIs is given in Appendix A.

namely safety and health, costs, product quality, fleet
management, and delivery, which should form the basis of
any performance monitoring and measurement system on a
mining operation. It is the successful measurement and
management of KPAs and their associated KPIs that will give
southern Africa the ability to compete successfully in the
current market, and indeed ensure its sustainability going
forwards. This research has been an attempt to identify KPAs
and the authors are of the opinion that there is further
research scope to develop appropriate benchmarks and
benchmarking systems for the associated KPIs.


KPAs are essentially areas of interest due to their perceived
importance in the success of a mining operation. KPIs are the
identified factors that can be measured to determine how the
operation is performing in those areas of interest. However,
measurements on their own without the appropriate action
and response become meaningless. This is the point at which
performance management becomes vital with regard to KPAs.
A large number of surface mines in southern Africa use
contractors and subcontractors in their operations.
Management and information sharing becomes critical and
again KPAs can be used effectively in this regard. Frequently
contractors and subcontractors are paid a set amount for a
contracted time, which is not always based on productivity.
KPIs can be built into their contracts in ways to get
contractors on board for achieving KPIs on production
targets. One way to do this is to involve the contractors in
determining the KPIs from the onset.
Usually KPIs are based on tonnage, but this is not the
only option – lack of incidents/breakdowns, or staff efficiency
are other choices.

 
The research has identified five key performance areas,
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Average bucket weight
Average fuel use per machine
Average loading time
Average number of dumps per hour/day/week/month
Average number of loads per hour/day/week/month
Average payload

Table I

Key performance areas and their associated key performance indicators
KPA

Measure

KPI

Description

Safety and health

Zero harm
Occupational disease/ illness

LTFR
FFR
NIHL

Loss time injury frequency rate
Fatality frequency rate
Noise-induced hearing lossa

Product quality

Degree of purity and
physical characteristics

Grades
CAVITY

Quantity of metal in ore expressed as a percentage or ratio
Calorific value; ash; volatile matter; index of abrasivity; total moisture; and yield

Cost

Maintenance
Labour
Operational
sundries

Variance against budget

Delivery

Production

Mineral production
Waste mined
Dilution
Recovery
Yield
Unit output per employee

Fleet management

Maintenance

Productivity

Production
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Ratio of outputs to inputs for any given activity

Availability
Downtime
Utilization
Cycle time
Relocation time
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Average swing time
Cash operating costs per unit produced
Change time (time between cycles)
Cycle distance
Cycle time
Degree of purity and physical characteristics
Dilution of ore
Dump time
Efficiency of metallurgical recovery
Empty stop time
Empty travel distance
Empty travel time
Fatality frequency rate
Fuel (e.g. litres/hour)
Incident rate (accidents, etc.) per x hours
Lifting costs
Loaded stop time
Loaded travel distance
Loaded travel time
Loading time
Lost time incident frequency rate
Number of equipment failures per day/week/month/year)
Number of holes drilled per day/week/month/year
Payload
Percent (metal, etc.) in ore
Percentage uptime (of equipment, plant, etc.)
Production rate – bank cubic metres (BCM)/ hour (cubic
metres of material moved per hour)
Raw material substitution rate (percentage)
Reserve and resource replacement (percentage)
Tons of ore feed
Tons per hour
Tons per load
Total minutes lost per shift due to breaks
Unit variable costs
Utilization
Waste per ton
Waste recycling (e.g. tons per unit time)
Waste volume

Figure 1—Area
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Figure 2—Barrels
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Figure 3—Coal contaminating triangle

Identification of key performance areas in the southern African surface mining

Figure 4—Distance from highwall to void

Figure 7—Geological factors
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Figure 5—Edge of coal cleaning

Figure 8a—Blast profile showing blast gain

Figure 8b—Dozer operation resulting in dozer gain

Figure 6—Flow of muddy water to drains
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Safety aspects and recommendations
for surface artisanal mining
by S.M. Rupprecht*

Artisanal mining is a significant industry in sub-Saharan Africa,
accounting anywhere from 2% to 20% of a country’s gross domestic
products (GDP). Safety concerns in artisanal mining are often overlooked
due to the nature of the business, which is largely a subsistence
occupation. This paper presents some of the basic risks observed in surface
artisanal mining operations and provides basic safety recommendations
for artisanal mining operators to follow to prevent serious accidents or
fatalities. The most frequently cited causes of serious accidents are
subsidence of highwalls, misuse of explosives, lack of knowledge and
training, and obsolete and poorly maintained equipment.


surface mining, safety, artisanal mining, small-scale mining.

General nature of artisanal mining
The artisanal mining sector is largely informal,
labour-intensive utilizing little or no
machinery, yet provides an essential livelihood
(directly or indirectly) for many participants,
as well as forming an important source of cash
into many communities. Surface mining
hazards include highwall collapse or slumping,
rockfalls from pit sidewalls, mudrushes while
lashing rock, falls into unprotected pits, and
falls from pit benches. Mining is labourintensive and is generally conducted utilizing
hand digging methods e.g. shovels or chisels.
Artisanal mining varies from site to site, but is
generally well structured despite its
informality. Artisanal mining sites generally
have some inherent management structure and
extraction activities are often organized
through teams of about 10 to 20 diggers
(Figure 1) who cooperate in one pit; and who
are generally accompanied by supporting
crews e.g. transporters, rock crushers, mineral
washers, and waste disposal crews.
Artisanal mining is generally more
dangerous than large-scale modern mining
operations, as artisanal operations are
subsistence activities. The focus is on more
immediate concerns than the long-term
consequences of the activities. When miners
have no other source of income, they will
usually find ways to evade controls and carry
on working. It must be noted that the
 

      

Safety issues
Artisanal miners often operate in hazardous
working conditions. There are several major
health risks associated with artisanal mining:





Exposure to dust
Exposure to mercury or other chemicals
Effects of noise and vibration
Effects of overexertion and inappropriate
equipment.
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introduction of machinery is far beyond the
economic reach of most artisanal miners; and
therefore there is a general tendency for
workers to revert to more labour-intensive and
thus more risky mining methods.
The capacity of government to oversee the
artisanal mining sector is limited due to the
inability to cover the area under their responsibility, shortage of personnel, and lack of
capacity and technical knowledge. Artisanal
miners employ a wide range of skills and
abilities to exploit the varied deposits, but in
general there is a low level of understanding of
safe and compliant mining.
Three types of artisanal mining operations
typically exist: surface ‘pit’ mines,
underground workings, and alluvial mining
operations. This paper focuses on the safety
issues around artisanal surface mining and
looks at providing practical guidelines that
should be considered when conducting
artisanal or small-scale mining. The objective
of this paper is to propose a safe and realistic
approach to improving surface mining
conditions and increase health and safety
awareness among independent operator, in a
manner appropriate to local circumstances.

Safety aspects and recommendations for surface artisanal mining
Figure 6 and Figure 7 provide examples of benching in
artisanal mining. In these examples a dozer was used to
establish benches at the top of the mining pit. Figures 8, 9,
and 10 illustrate undermining of the highwall. The mining
areas in Figure 9 and Figure 10 have subsequently collapsed.
Figure 11 illustrates a severe highwall failure in which the
entire mining face collapsed.

Surface mining

Figure 1—Typical example of artisanal mining in Central Africa

The biggest concern with surface mining is the widespread
practice of undercutting steep pit walls to follow mineralized
veins without a stable highwall or bench. Surface mining
should be conducted utilizing bench mining (terraced)
methods. Access to the pit floor is frequently treacherous,

Figure 3—Typical highwall collapse

Figure 2—Rockfall in an artisanal open pit, Central Africa

Many accidents occur in artisanal mining. The five most
frequently cited causes are as follows:






Rockfalls (Figure 2), subsidence, and tunnel collapses
Lack of ventilation
Misuse of explosives
Lack of knowledge and training
Obsolete and poorly maintained equipment.

The following paragraphs describe some of the good and
bad practices observed during various site visits. Figure 3
represent typical examples of artisanal surface mining
operations in Central Africa where water is often employed to
saturate the soil and tunnels dug into the highwall facilitate
the collapse of the highwall. Although government
regulations require benching to be conducted, it is obvious
that no attempt is made to do so.
Figure 4 demonstrates unsafe surface mining practices
with a mining crew working adjacent to the edge of the
highwall. In this case, workers are exposed to the hazards of
falling over the edge or slumping of the highwall. Figure 5
demonstrates the use of benching to improve mining
conditions.



1008







VOLUME 115

Figure 4—Mining close to edge of highwall

Figure 5—Sketch illustrating poor and good mining practices (Walle
and Jennings, 2001)
 

      

Safety aspects and recommendations for surface artisanal mining

Figure 6—An example of benching

Figure 9—An example of creating a brow

Figure 10—An example of undermining into a highwall

Figure 7—Mining activities on bench

Figure 11—Example of a highwall collapse
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Figure 8—A schematic of unsafe mining under a brow (Walle and
Jennings, 2001)

with miners often carrying heavy loads (ore and/or
concentrate). Also mining may take place adjacent to
stronger, more competent rock, creating highwalls that
contain unstable blocks. As a general rule, workers should
not work closer to a highwall than 25% of the height of the
highwall (the ‘drop zone’). For example a bench height of 5
m would require a drop zone of 1.25 m. Note there may be
other considerations for increase the size of this drop zone
when applying highwalls above 5 m, for example considerations regarding shear plane failure or bench angles.

Safety aspects and recommendations for surface artisanal mining
The best way to remove this risk is through bench
mining. This can be done either by hand or by machinery
such as an excavator or dozer. The bench should be wide
enough to prevent rocks from dislodging from the highwall
face and rolling beyond the bench and into the pit, and to
enable persons or machinery to operate safely without the
risk of going over the edge.
Benches perform two important functions. Firstly, they
impart stability to a highwall. Where a highwall contains
geological discontinuities such as joint sets, faults, slips,
bedding planes, etc., benches can increase the stability of the
highwall. Secondly, where slumping of the highwall is a
problem, benches can prevent materials from falling into the
pit (Figure 12). The impact of falling rock is illustrated by the
following considerations.
A rock 75 mm in diameter (1.2 kg weight) falling some
33 m impacts with a force of approximately 450 kg. A
150 mm rock (9 kg) falling over the same height would result
in an impact force of over 3600 kg (3.6 t). A 300 mm rock
(78 kg) over a 20 m height would result in a force of
5800 kg (5.8 t).

General safety issues
The following general safety issues should be seen as ‘quick
wins’, which can be used to improve and communicate the
importance of safety within the artisanal mining community
(Figure 13). Notably, it is not recommended that all personal
protective equipment (PPE) is required for all tasks; rather
key areas should be identified for the implementation of the
appropriate PPE.

 First aid equipment to be readily available and visible
 Introduction of sanitation facilities within the mining
concession areas
 Requiring that PPE (Figure 14 and Figure 15) be worn
for the appropriate task being undertaken:
– Hard hats for underground workings
– Safety boots for all mining operations
– Eye protection for rock breaking duties
– Gloves when handling rocks and metal objects
– Dust masks for dusty areas.
 General training to identify key risks in mining,
including the use of suitable visual materials to
reinforce the identification of risk
 Conducting of safety checks before the commencement
of work and the use of a central reporting system to
highlight incidents or problems.
One way to reduce the risks associated with artisanal
mining is to introduce alternative methods and/or equipment.
However, for artisanal miners to adopt a new mining method
or process there must be immediate and obvious financial or
timesaving benefits. Miners must be able to understand and
trust the new methodology/technology. It is important that
any technology introduced is also reviewed in regard to
safety, as often attempts to mitigate an existing risk can
introduce a more serious risk.
The implementation of mining standards on artisanal
mining operations must be viewed in context of the working
environment. Artisanal mining is currently a subsistence
activity for most participants, thus safety standards may be
seen as interference and having an adverse effect on workers’

Figure 12—Potential accident situation due to falling rocks (left), and large rocks fallen from highwall

Figure 13—Artisanal mining without PPE
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Safety aspects and recommendations for surface artisanal mining

Figure 14—Recommended personal protective equipment (PPE)
(Walle and Jennings, 2001)

general safety compliance and performance. All participants
must understand that the transformation required will incur
costs, which need to be shared between owner, mineral
buyer, and government.
Based on a daily rate of US$5 and an excavation rate of
5 m3 per 10-hour shift, manual benching is not capitalintensive, requiring approximately US$6000 per month per
worker. However, the introduction of this method will
initially require strict supervision to ensure that the desired
mining sequence is achieved. Also, the change in mining
method will most likely result in an increase in payment to
the mineworkers, as manual labour requirements increase
with manual benching. Together with the introduction of
bench mining, standards must be put in place to ensure that
workers adhere to basic safety and health principles.

Training
Training should be based on ‘practical theory’ combined with
the practical application of the theory, i.e. ‘the doing’. The
following comments are relevant to establishing a training
programme for artisanal miners and associated parties.

income. Therefore, it is critical that mine operators realize the
importance of safety and seeking to balance productivity with
the need to improve working conditions. Standards must be
relevant, and the introduction of safety measures should be
seen as a process requiring buy-in from a number of
stakeholders; starting with the miners themselves and
including the mine owners if applicable, governmental
agencies, the community, and mineral buyers. Appropriate
minimum standards should be identified and progressive
improvement in working standards established by all parties
concerned. The implementation of mine health and safety
standards should be viewed as a process with immediate,
short-, medium-, and long-term goals.
Artisanal miners must be able to understand the benefit
of the proposed safety standards in order for changes to take
place. Initial standards must be realistic and achievable so
that immediate results can be seen, thereby encouraging the
miners to commit to and remain engaged in the process.
Unrealistic goals will result in noncompliance and failure. To
some extent mine operators will be required to enforce basic
safety standards. Failure to comply should result in corrective
action being taken by the government (government agencies)
and the threat of loss or suspension of the mining right.
Fines or other sanctions should be used as further motivation
to facilitate change.
It has been demonstrated that artisanal miners are willing
to adopt safety standards and better practices. Rewarding of
positive behaviour should be considered so as to create a
positive response and ‘jump-start’ the safety process.
Rewards could be in the form of salary increases, or increases
in the purchase price of the metal/concentrate, linked to
 

      

Figure 16—Artisanal miners
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Figure 15—Artisanal miners utilizing appropriate PPE

 Training should focus on practical work rather than
just demonstrations
 The training scheme should remunerate attendees to
the equivalent to what they could earn in full-time
employment,
 Mine operators and government officials should be
encouraged to attend short courses dealing with a wide
range of issues, including:
– Minimum standards in regard to health and safety
– Demonstrations, ideally by equipment manufacturers’ representatives, of equipment for modest
increases in mechanization of mines,
– Training in the area of finance (techno/
evaluations). The principle would be to develop an
understanding of the benefits of re-investing into
a mine, i.e. geological understanding of mineral
resources, mine planning, mining and processing
of the ore, and financial management are the
foundation of an operation that should assist in
promoting growth and improved profits

Safety aspects and recommendations for surface artisanal mining
 Mine operators should be assisted to understand the
basic concepts of surface mining
 Current working mines should be assisted to become
showcases of best practice, so that other miners can
observe the actual implementation of the theory. These
should not be training centres as such, but operating
mines that are implementing best mining practices
 A core technical team should be established to provide
support and assist miners in improving safety and
productivity. Initially, the cost of the team may need to
be supported by a funding mechanism (e.g. governmental agencies/departments, non-governmental
organizations (NGOs), purchasers, etc.) but in the
medium to long term, the costs of this technical support
should be funded by mine operators as a percentage of
earnings from the sale of concentrate
 Governmental agencies/departments, NGOs, and
mineral purchasers should assist in the promotion of
training programmes, i.e. short courses and best
practice mines so that artisanal miners, supervisors,
owners, and other associates mining can immediately
improve their technical skills in terms of safety and
mining.
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Conclusions and recommendations
Artisanal mining operations are often unsafe and do not
adhere to best practice. It is recommended that bench
(terrace) mining be undertaken to improve pit highwall
conditions and general safety in surface mining. Bench
mining can be undertaken utilizing picks and shovels and
wheelbarrows, with the potential to increase productivity
through the introduction of mechanization. Bench mining
utilizing picks and shovels should be the method of choice for
remote operations or concessions that have a limited life.
Mechanized mining utilizing dozers or excavators is currently
being practiced by some mines, but is applied only intermittently and unsystematically, and thus does not eliminate risk
of highwall instability.
Training by means of short courses and practical sessions
should help to improve mining standards, conditions, and
productivity. It is recommended that best practice mine sites
be established and used to promote safe mining practices.
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Mining complex geology, mitigation of float
dust, and developing autonomous machine
capability using horizon sensing technology
for coal seam boundary detection
by J. Duncan* and L.G. Stolarczyk*

Long before the environmental movement, coal miners were suffering from
occupational diseases that became apparent in the later years of service,
and especially during the retirement years. Chronic exposure to micro-fine
dust in the respirable range (‘float’ dust) causes various lung diseases,
referred to as coal mine dust lung disease. In the USA alone, 76 000 miners
have died of coal mine dust lung disease since early legislation recognized
the issue in 1969. Researchers believe that reducing float dust exposure
limits alone will not reverse the increasing incidence of coal mine dust
lung disease seen in the current generation of miners. Trace and
radioactive metals are concentrated in the thin boundary layers of the coal
seam (Roberts, 2013), and hence float dust includes silica and toxic trace
metals. The production and quality of coal is also significantly impacted by
the presence of these contaminants in the coal. In the combustion process,
the trace metals are oxidized and become incorporated in the fly ash and
flue gas. Since they are extremely water-soluble, they represent a
significant danger to health and the environment. Coal preparation plants
and power stations need to mitigate these contaminants as far as is
practical, but the simple fact is that most contaminants should have been
left un-mined.
This paper describes an innovative coal-cutting solution to the
longstanding technology gap in mining – the ability to measure uncut coal
layer thickness to the boundary rock layer. Because of constant changes in
geology, seam thickness, and seam undulation, the horizon sensor must be
located in the bit-block of the rotating cutter drum of the mining machine.
Contaminants in ROM coal must be minimized at the source – that is, at the
rock/coal crushing cone directly under the bit-tips of the cutting drum. Bittip distances to the rock boundary layer must be automatically controlled
in real time when mining in a complex and undulating coal bed. Horizon
sensing (HS) technology enables the mining machine’s cutting picks to
stop at a specified distance from undulating horizons of the boundary
rock. The thin contaminated coal layer can be left in situ, significantly
reducing the toxicity of the float dust. Preventing the metal picks from
striking quartz-containing boundary rock also reduces the occurrence of
methane ignitions. HS technology equipped with pick force vector sensing
can allow optimization of the cutting pick lacing pattern for minimum coal
and rock crushing, thereby reducing float dust. This technology may
enable the mining industry to convert from automated machine control to
autonomous during coal cutting and loading.
 
coal mining, float dust, longwall shearer, horizon sensing, selective
cutting, automation, health and safety.

  
The 1999 vision statement developed by the
Chief Executive Officers of the National Mining
Association (NMA) for the Mine of the Future
(MOF) and their prioritized Technology
Development Road Map, together with a 2010
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Section 11 National Research Council/National
Engineering Academy Study, confirmed that
boundary detection in coal and metal/nonmetal mining remains a mining technology
gap. The National Aeronautical and Space
Administration (NASA) Automated Coal
Extraction (ACE) programme determined in
1971 that a horizon sensor (HS) installed on a
rotating coal cutting drum and geological
vision ahead of mining technologies were
beyond the state-of-the-art.
Remote control of mining machines
assisted by ‘last cut’ machine control
algorithms has enabled machine operation
from a distance. The technology, when
augmented with helmet-mounted air filters,
has significantly improved machine operator
health and safety.
In idealistic coal deposits without
meandering paleochannels, faults, and other
types of anomalous seam geology, the
prevailing state-of-the-art is highly useful. In
the real world of sedimentary deposits,
meandering paleochannels and differential
compaction cause seam rolls, floor
‘horsebacks’, rapidly-thinning coal seams, and
fractured roof rock. Paleochannels, faults, and
dykes cause very high nonlinear stress fields
in the seam and boundary rock. The thin
boundary layers of a coal seam are commonly
contaminated by heavy metals and radioactive
elements that precipitate by biochemical
reduction during the deltaic or strandline peatcoal forming processes. Gradational deposition
is partly responsible for the higher density,
sulphur, and ash observed in the thin
boundary layer (Chyi and Chou, 1986).
Researchers now believe that heavy metals in
the cutting dust plume are a contributing

Mining complex geology, mitigating of float dust, and developing autonomous machine
factor in lung disease. These considerations are drivers for
leaving the thin contaminated boundary layers behind in the
mine. Additional arguments can be made that the horizon
sensing hardware must be mounted on the rotating coalcutting drum to look upward and forward for abandoned
hydrocarbon well casings (the cause of the Farmington Mine
explosion), loss of hydraulic pressure in the roof support
canopy (the cause of the San Juan Mine fire), and abandoned
mine entries (the cause of the Quecreek Mine water
inundation).

! !  !! ! !
 
Most likely, coal seams were originally lenticular deposits
with smoothly changing thickness. However, the seams have
been affected by tectonic events over time and have been
deformed considerably. The common deformations of coal
seams induced by earth movements include severe
undulations, sandstone intrusions, faults, and sudden
thinning, which change the shape and location of the
boundaries between the coal seam and the roof and/or floor
rocks. Geological exploration in advance of mine development
can identify some of the deformations, but the large spacing
between the exploration drill-holes or data-points makes
detection of localized (and very often more severe)
deformations impossible. These undiscovered deformations
often cause significant operational difficulties and economic
losses. There are numerous cases where such localized and
severe deformations have forced the abandonment of large
underground coal reserves and developed longwall panels. To
avoid cutting into the seam boundary rock in the case of a
meandering paleochannel seam roll, the machine’s automated
cut algorithm must begin at the downward floor cut ahead of
the paleochannel margin to safely mine through a differentially compacted seam anomaly. The ‘last cut memory’
horizon control algorithms are not useful for automated
control of shearers in an undulating seam environment. In
geologically disturbed environments, the shearer operator
needs to be within visual range of the machine.

indicates extracted coal roof and floor horizons where the
machine operator controls the vertical cut by observation of
the bedding plane ‘marker bands’. On approach to seam
disturbances caused by a paleochannel, the marker bands
vanish and the machine cuts through the contaminated coal
layer and sandstone intrusion. The yellow dashed line
illustrates the cut when the machine automation includes HS.
Because of microbial processes occurring during the seam
deposition (strandline, fluvial, or deltaic), the thin seam
boundary coal layer is contaminated with biochemically
reduced forms of heavy metals. Figure 2 illustrates the
physical, chemical, and thermal properties of a typical stratigraphic section within a coal seam and provides a layered
breakdown of contaminants such as mercury, ash, and
sulphur (Chyi and Chou, 1986).
Heavy metals and quartz in respirable dust cause lung
disease. Researchers now realize that lung disease may be
caused by heavy metals, as well as silica dust reactions,
which diminish the rate of oxygen transfer from lung tissue
into the bloodstream.
A serious environmental threat to the mining industry is
legislation declaring boiler fly ash toxic because of the reoxidation of heavy metals in the combustion process. From a
health and safety point of view, thin contaminated boundary
coal layers should be left behind in the mine.

 !   !!! 
Figure 1 illustrates a cross-section of the high-energy
cutbank region of a paleochannel. The red dashed line

Figure 1—Cross-section of the high-energy cutbank region of a
paleochannel

Figure 2—Stratigraphic cross-section illustrating contamination in a coal bed
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Mining complex geology, mitigating of float dust, and developing autonomous machine
Coal workers’ pneumoconiosis (CWP) is one of the worst
diseases among coal miners. The recent increase in CWP
cases in the US coal industry makes dust control in
underground coal mines imperative. Preventing the cutting
bits of the mining machine from mining into hard rock
containing quartz is one of the most important dust control
strategies employed in coal mining operations, and can
greatly benefit miners’ health and safety. Real-time detection
of the shape and location of the boundary between the coal
seam and the hard roof and floor rocks in localized
deformations in advance of the mining machines is the most
effective way to eliminate sparks and quartz dust.
More immediate to miners’ safety, cutting the severely
deformed coal seams without detailed knowledge of the
deformation boundaries present could affect roof conditions
and the explosiveness of the mining environment. For
example, mining machines cutting into unexpected hard roof
or floor rocks, such as sandstone, can produce incendiary
sparks with more than 0.25 mJ of energy, capable of igniting
methane and then coal dust. The ignition source for the
Upper Big Branch (UBB) mine explosion was longwall
shearer bits cutting into hard rock. Sparks generated by
cutting into quartz-containing hard rock in US coal mines
have caused numerous unreported short-duration methane
flames that did not develop into explosions or large fires due
to insufficient methane and coal dust present in the working
space. However, the most important aspect of preventing fires
and explosions in underground coal mines is to eliminate the
ignition sources, and cutting sparks are the most difficult
ones to prevent. Avoidance of cutting quartz-containing hard
roof and floor rock is an effective way to prevent cutting
sparks.
From a theoretical point of view, the ‘float’ dust
associated with the bit-tip crushing of coal and rock must
have been the ‘technical root cause’ of the UBB mine
accident. Reading the UBB accident report from an
engineering and applied science perspective, rather than a
regulatory point of view, leads to following questions:

vegetation. The marine and littoral environments are sources
of large quantities of sodium, chlorine, magnesium,
potassium, and sulphur (Chyi and Chou, 1986). Magnesium,
iron, and calcium may be trapped in coal as carbonates,
although generally seawater does not introduce much iron or
calcium. Much of the liquid contamination is squeezed out of
the coal as it is compacted and the rank increases. Peat-coal
deposits form in the delta swamp regions of river systems.
The upper floodplain, mud-water flow, and the subsiding
delta regions of a river system are illustrated in Figure 3.
Frequently, sequences of dry and wet periods during
burial create a gradational coal seam boundary layer with
higher ash density increasing from a mid-seam value of 1.3
to 1.4. Continuing argillaceous mudflow forms roof-rock
sealing shale and mudstone layers, which are impermeable.
In deltaic deposits, flooding through breaches in the levees
creates porous sandstone paleochannels that meander in the
sedimentary layers surrounding the coal seam. Deltaic
deposits typically have a contaminated layer at the top of the
coal layer. Often, the high-energy ‘cutbank’ or erosional
component of a paleochannel scours into the coal layer,
replacing coal with porous quartzite sandstone paleochannels
as illustrated in Figure 3.
Upper floodplain argillaceous mud-water flows into the
peat-coal swamp carrying oxides of trace elements.
Vegetation grows in the swamp region of the delta, forming
peat-coal. During the time sequences of mudflow, deposition,
and subsidence of the delta region peat-coal swamp, the
environment of the upper layer of peat-coal changes to an
oxygen-deficient, reducing condition. Acclamation of
anaerobic bacteria creates a reducing environment. Some
elements precipitate when encountering a reducing
environment in the swamp contaminating the upper peat-coal

(1) Where did the ‘float coal’ fines come from?
(2) Why did the autopsies report that the victims were
suffering from various stages of lung disease?
(3) Why were the pick and bit blocks excessively worn?
(4) What caused the ignition of methane on the face?
To combat the ‘float’ coal dust problem, the bit tip vector
force and bit-block lacing pattern can be optimized for
minimum coal dust generation only if horizon sensing and
vector force data are captured and analysed by the mining
machine in real time. All of the above questions, when
discussed in an engineering and applied science-based
forum, define the design specifications for coal seam
boundary detection that will significantly improve mining
health and safety.

  !! ! ! ! 

 

      

Figure 3—Delta region illustrating sand levees, breaching in a levee,
and meandering flow and splay deposits (upper). Illustration of a
meandering paleochannel (lower)
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Advances in mine health and safety depend on knowledge of
the gechemistry, biology, and the radio-geophysics of the
peat-coal forming environment. Coal beds are formed in
different sedimentary environments. The most common are
deltaic and strandline deposits of a transgressing sea.
Lagoons form behind coastal barriers and inland lakes
contain nutritious floor sediments (‘fire clay’) that support

Mining complex geology, mitigating of float dust, and developing autonomous machine
layer. Pyrite in coal typically forms from hydrogen sulphide
and iron and involves the bacterial reduction of sulphates to
hydrogen sulphide at pH values of 7 to 4.5, followed by
combining of hydrogen sulphide, elemental sulphur, and
ferrous oxide to form pyrite and water. The sulphate source
may be seawater or vegetation. Subsequent burial and
compaction greater than 5:1 forms a thin boundary layer of
coal contaminated with pyrite, sulphur, and heavy metals
such as mercury, uranium, arsenic, and radioactive
potassium (K34). The ensemble of these contaminates is
called ash (Chyi and Chou, 1986).

!! !!!
Differential compaction occurs in the stratified rock and coal
layers, resulting in fracturing, rolls, and rapid thinning of the
coal bed. The coal layers illustrated in Figure 4 exhibit face
and butt cleat structure, which significantly impacts gas flow
permeability and differential stress within the coal seam
(Bausov and Stolarczyk, 2007). This anisotropy in the
physical microstructure of the coal results in anisotropy of its
electrical properties such as dielectric constant, an important
variable in remote sensing and radiowave imaging.
One of the important characteristic of coal is its
microporous and highly fractured nature, which plays an
important part in many of the physiochemical properties of
coal, such as methane gas retention capacity and highly
adsorbing and absorbing properties. Trapped methane gas is
released during the mining process when the coal is fractured
and the micropores open, allowing transport of gas to the
atmosphere, and chemically adsorbed gas becomes available
for liberation into the microporous structure or fracture
system. The flow of gas stored in the microporous structure is
governed by Flick’s Law. The free gas in the fracture system
flows according to Darcy’s law. These two modes of transport
are interdependent. The physics of gas in coal during mining
is complex and conventional gasfield methods of reservoir
engineering analysis are not applicable.
The internal surface area of coal can be as high as 3×
109 cm2 per kilogram of coal, and 0.022 standard cubic
metres of methane per kilogram of coal can be adsorbed on
the internal surface area at the saturation pressure of over
10 000 kPa. Depending on the rank of the coal and integrity
of the overburden, the amount of methane adsorbed and
absorbed can reach as high as 28 times the volume of coal.
Each kilogram of coal fuels the generation of 8000 kJ of
electric power in a typical coal-fired power plant.

At atmospheric pressure, the most explosive concentration of methane in air is 9.5% by volume. Methane also
has a tendency to stratify and form horizontal layers near the
roof of mine workings where the ventilation velocities are too
low to prevent layering. This phenomenon occurs because
methane has a density of only 0.55 that of air. In many
instances, a ventilation air velocity of 0.5 m/s will prevent
layering, but in some circumstances this air velocity will be
insufficient as barometric pressure decreases. These changes
are created by approaching storm fronts, decreasing
barometric pressure as they pass.
Charles McIntosh of Eastern Illinois University conducted
the earliest detailed study of methane gas in coal seams in
the late 1950s. The rate of gas liberation during coal mining
depends upon the age, depth, and structure of the coal seam;
the mining technique; and the rank of the coal (the higher the
fixed carbon content of the coal, the higher the methane
liberation). Geologically induced nonlinear stress fields create
fractures, which along with the cleats, form pathways for gas
and water movement through the coal matrix. Cutting
machines are oriented to cut (fracture the coal) at an angle to
the butt cleats to maximize roof-rock stability. The
anisotropic gas-flow permeability is maximized when
horizontal production wells are drilled such that long face
cleats drain gas and water into a well.
Adsorbed (i.e., bound to the matrix, approx. 67%),
absorbed (pressurized cleat volume, approx. 27%), and
microfracture (free, approx. 6%) methane gas concentrations
range up to 62 m3/t, with a typical value being about
22 m3/t. The coal seam water content resides in fractures and
the cleat structure. During degassing, water is pumped from
the well to reduce pressure and facilitate gas flow. There is a
thermodynamic mass transfer problem that suggests acoustic
stimulation may increase the gas flow permeability.
Frequently, argillaceous cuttings or drilling mud ‘cake’ the
walls of the drill-hole, decreasing gas flow permeability.
Acoustic stimulation within degasification boreholes
increases gas flow permeability by a factor up to three.
Acoustic stimulation ahead of high-production-rate longwalls
will increase the degassing rate and reduce the potential for
methane ignition, especially if water is injected into the
acoustically enhanced permeability of the borehole walls. The
shale and mudstone layer bounding the coal seam seals the
coal bed from nearby porous sandstone freshwater aquifers.
The sealing layer of a coal bed is frequently scoured by an
overlying sandstone paleochannel, which creates a dangerous
margin of weak rock.

 ! ! ! !! 
!! 

Figure 4—Anisotropic dielectric constant and gas flow permeability
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Increasing moisture in the coal cleats increases both the
dielectric constant and electrical conductivity of the coal layer.
The anisotropic dielectric constant of the cleated coal depends
on the polarization of ions, sourced from the argillaceous
minerals, in the pores of the cleat. The electric field
component of an electromagnetic (EM) wave may cause
differing polarization of asymmetrically charged molecules
between the face and butt cleat structure, creating an
anisotropic dielectric constant. The bedding plane is
orthogonal to both the face and but cleat structure. The
relative dielectric constant of mid-seam coal is near 4. The
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relative dielectric constant is in the vertical direction and is
also near 4, except near the seam boundary. The thin
boundary layer frequently has a higher ash content,
increasing the relative dielectric constant toward 9.
The bedding planes are oftent observable in the ribs of
recently cut coal and are used as visual ‘marker bands’.
Machine operators use these marker bands in an attempt to
visually control the roof and floor cutting horizon of the
advancing machine. Visual guidance avoids cutting through
the contaminated boundary layer and into quartz-containing
boundary rock. The marker bands often vanish on approach
to a geologic disturbance, such as a paleochannel or fault
zone, or are obscured by cutting ‘float’ dust plumes. The
bedding plane can form because of ash plumes from volcanic
eruptions settling over the peat-coal region and changes in
the peat-coal depositional environment. The mudstone and
shale sealing layer has an electronic charge density and
electrical conductivity that are several orders of magnitude
greater than the mid-seam coal layer. The conductivity and
dielectric contrast form a natural waveguide for transmission
of quasi-transverse electromagnetic (quasi-TEM) waves. One
of the EM wave theory boundary conditions requires that the
electric field (E) components of the travelling quasi-TEM
wave be vertically polarized and terminate on the mobile
negative charge in the roof boundary rock and begin on the
positive charge in the floor rock, as illustrated in Figure 5.
The quasi-transverse EM seam wave (quasi-TEM) electric
field component, E, is polarized in the vertical direction and
the magnetic field component (Hy) is polarized horizontally
in the seam. The energy in this part of the EM wave travels
laterally in the seam from the transmitter to a companion
receiver. There is a horizontally polarized electric field
component (Ex) that has zero value in the centre of the seam
and reaches a maximum value at the interface between the
sedimentary rock and coal. Because of the boundary charge
illustrated in Figure 5, the Ex and Hy components are
responsible for transmission of the EM wave signal into the
boundary rock layer. The energy in this part of the EM wave
travels vertically and out of the coal bed (i.e., the coal seam is
a ‘leaky waveguide’). However, the transmission of low- and
medium-band frequencies ‘trapped’ within the coal seam
waveguide has been used to detect and image geologic
disturbances like those seen in Figure 5.

Energy in the EM wave ‘leaks’ into the fractured rock
overlying the seam, increasing the absorption rate. Thus,
weaker roof rock can be detected by mapping rapid increases
in attenuation rate (i.e., gradient) across the plan view of the
seam, including the developed entries. Fractures in the
boundary layer will increase the roof fall hazard (see
Figure 1).
Due to the EM waveguide behaviour, the magnitude of
the seam radiowave decreases due to absorption because of
two different factors, namely the attenuation rate and
cylindrical spreading of wave energy in the coal seam.
The cylindrically spreading factor is independent of the
conductivity of coal and is mathematically given by 10 log r,
where r is the distance in metres from the transmitting to the
receiving antenna. This factor compares with the nonwaveguide far-field spherically spreading factor of 20 log r.
Thus, at 100 m, the magnitude of the EM wave within the
coal seam decreases by a factor of only 10 in the waveguide
and by a factor of 100 in an unbounded medium. An
advantage of the seam waveguide is greater travel distance.
Another advantage is that the travelling EM wave remains
predominantly within the coal seam waveguide (i.e., the coal
bed), except when the sealing mudstone or shale laver is
fractured by an overlying paleochannel. Because energy
transmission is primarily within the coal bed, seam
anomalies can be detected with radio imaging method (RIM)
reconnaissance (i.e., cross-panel direct ray) and tomography
scans.
Tomographic mapping of paleochannels ahead of mining
can locate where ground control should be intensified by
roofbolting and installing screening and/or trusses.
Frequently, the roof rock fails when entries are driven under
margins of paleochannels. Roof-fall injures will be reduced
significantly when images of margins are mapped and
ground control measures are intensified. Measuring the Hy
field component will increase mine safety by locating
paleochannels crossing an entry. Over 500 longwalls have
safely mined through these anomalies with the assistance of
RIM transmission tomography (Stolarczyk, 2010).

 ! ! !!! 
The acoustical (pressure wave) resonance of the coal seam
depends on seam thickness and is typically in the region of
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Figure 5—Anomalies and electromagnetic field components found in a coal seam waveguide
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760 Hz. High nonlinear stress fields in the coal bed and
surrounding rock can be measured with suitable instrumentation and provide additional information for mining safety
purposes. Double-sideband acoustic waves are heterodyned
(i.e., generate sum and difference frequencies) when
transmitted through nonlinear stress fields (Stolarczyk,
2010). Detection of the heterodyne frequencies can be useful
in the in situ mapping of stress fields when pulling pillars in
the coal extraction process. Seismic wave reflection and
transmission in the coal seam waveguide have been used to
detect and image anomalous geologic structures. The wave
velocity is near 4000 m/s in the seam-bounding rock layers,
decreasing to 2500 m/s in the coal seam. The reflection
method has proven to be effective in detecting full-seam
faults ahead of mining.
Seismic imaging was developed to detect and map
geologic structure in coal beds. A seismic source applied on
the rib initiates both pressure (P) and shear (S) waves that
propagate in the coal seam because of contrasting acoustic
impedance between the boundary rock and coal. The
propagation velocity is approximately 4000 m/s in rock and
2500 m/s in coal. Most of energy propagates in the rock
layers, and not in the seam as in the EM case. Seismic
imaging is based on reflections from boundaries of
contrasting acoustic impedance. The detection and imaging
method is highly successful in detecting full-seam vertical
faults, but is problematic in detection of partial seam disturbances, such as scouring paleochannels.

!! !! ! !
! ! 



The river argillaceous mud-flow contains radioactive
potassium (K34). Higher concentrations are found in shale,
mudstone, and slate seam boundary rock, with 40 to 60
emissions per second in boundary rock compared to less than
20 per second in the coal bed. Because coal is a gammaabsorber, the boundary detection distance is limited. Bursts
of gamma emissions occur when the boundary rock is
crushed by a pick. Gamma emissions from sandstone
paleochannels are very low, causing an automated mining
machine to lose horizon control when most needed. Quartz
crystals are piezoelectric and generate bursts of electrical
charge with changes in pressure along their axes. Crushing
hard rock containing piezoelectric quartz generates electromagnetic radiation.

!  ! !!!  !
 !  ! ! 
Driven by many observations made at the Miners’ Colfax
Medical Centre in Raton, New Mexico, of coal miners retiring
from service and then undergoing a slow smothering death, a
revolutionary horizon sensor development and in-mine
demonstration programme was initiated in 1960. The 54-year
research and development phase of the HS product lifecycle
began with NASA Johnson Space Centre funding to develop a
sensor to measure, in real time, the thin ice layer build-up on
the liquid fuel tanks on the Space Shuttle booster rocket prior
to launch, which was the ‘technical root cause’ of the
Columbia Shuttle re-entry disaster. The US Department of
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Energy (DOE) Mine of the Future (MOF) programme,
responding to the technology roadmapping work undertaken
by the National Mining Association (NMA), achieved
prototype validation of the HS technology at a cost of approximately $1 million. Internal corporate funding totalling nearly
$10 million achieved prototype demonstrations of the HS
technology in a mining environment.
Many mining companies participated in the installation,
demonstration, and assessment of HS performance on 20
coal-cutting drums, six of which were high-production-rate
longwall mining systems. Shock and vibration levels were
measured in real time and found to average 26G and to reach
peak force levels of 100G (Duncan, 2004). Sandia National
Laboratories (SNL) assisted in the development of high-,
low-, and band-pass mechanical filters installed in the Mine
Safety and Health Administration (MSHA) approved
flameproof enclosure. The enclosure endurance of more than
18 months was validated at a maximum shock and vibration
level by SNL. The mining company's in-mine demonstration
expenses were not accurately determined; however, a conservative estimate is of the order of $200 000 per installation.
The Consol in-mine HS demonstration on the Robertson Run
Coal Mine longwall shearer was directed and independently
evaluated by Consol’s technical team. In-mine demonstrations were also conducted by Interwest Mining and Blue
Mountain Energy at the Deserado Mine, confirming that
rotating shearer drum pick dust, ignition control water spray,
and pick fracturing changed the dielectric constant of the thin
fractured coal layer, resulting in coal thickness calibration
problems (Duncan, 2004). The HS development and
evaluation team determined that a technical solution was well
beyond the state-of-the-art for ground-penetrating radar
(GPR) technology. At that point, the HS programme was
halted and the research phase investment continued with the
goal of solving the calibration problem caused by the varying
relative dielectric constant of the bit-fractured coal layer.
During the development of these various sensor platforms, a
number of patents were issued to the HS’s instrumentation
and methods of operation. Photographs of various HS installations are shown in Figure 6 (continuous miner and
longwall shearer).

!  ! !
A state-of-the-art radar technology was developed to combat
the calibration problem and demonstrated in the Consol and
Oxbow coal mines (Duncan, 2004). This work solved the
problematic geologic clutter (rapid spatial change in dielectric
constant) and very high reflection in the ‘early arrival time’
EM field components that engulf the ‘late arrival time’ EM
field components reflected from the coal-rock interface and
air- or water-filled abandoned entries.
The double-sideband gradiometer (DSBg) GPR technology
was developed initially under the NMA/DOE MOF
programme. Initial trials on a highwall mining machine and
horizontal drill string navigation collar enabled distance
determination relative to the seam boundary. With internal
and demonstration funding from DOE, the DSBg GPR resulted
in a validated prototype in the mining environment. The
DSBg GPR was successfully developed for detection of
abandoned mine entries with funding provided by the MSHA
(Stolarczyk, 2010). The six-year development of a spatial
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Figure 6—Horizon sensor on continuous miner drums (left) and on a longwall shearer drum (right)

Figure 7—Electromagnetic wave energy flow in the detection of an
object by double-sideband gradiometric radar with spatial clutter and
reflection elimination functionality
 

      

cutting depth and to acquire data for bit lacing to minimize
the production of fines. The K34 gamma emission burst
generated when the pick strikes the argillaceous boundary
can be detected by a gamma radiating sensor built into the
electronics. Quartz radiation emitted when boundary rock is
crushed may also be used to detect the boundary rock
interface.
It is often necessary to cut through the contaminated coal
layer and into boundary rock to allow machine clearance. Bit
blocks with piezoelectric sensors have been designed to
measure the bit tip force vector and can determine when the
bit intersects the rock interface. The rock cut depth can be
accurately controlled by the automation of the machine.
Dust produced by cutting drums is generated from rock
and coal that is crushed directly under the individual bits on
a rotating cutter head. The pick tip angle of attack, bit
penetration, and drum lacing pattern affect the generation of
fines and dust. A pick bit block, instrumented with
piezoelectric sensors, was developed in the NMA/DOE/MOF
programme in partnership with Colorado School of Mines
(CSM) engineers and trialled in their pick cutting force
measuring apparatus. The objective of the work was to
measure the pick vector force angle in real time. The work
suggested that reducing the number of picks on the drum and
increasing the spacing of the picks on the bit block would
reduce the production of fines and dust.
There are a number of patents that claim dust and fines
reduction methods (e.g., very smooth drum surfaces and
shaped picks). Coal fracturing is dependent on the cleat
geometry and micro-fractures induced by horizontal stresses
relative to the vector pick force angle and propagating
fracture angle. Coal fines generation is reduced when the next
pick intersects the propagating fracture. Measurement of
vector pick angle and uncut coal thickness data can be
transmitted by radio modem to the shearer.
The DSBg GPR with SCARE functionality will have the
capability of looking up through uncut coal to detect longwall
roof supports that have lost hydraulic pressure, and of
looking forward to detect abandoned hydrocarbon well
casings. The multiple-mode smart coal-cutting drum data can
be transmitted from the rotating drum to the mining machine
and processed. The acquired data enables optimization of
coal cutting for minimum fines generation.
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clutter and reflection elimination (SCARE) functionality may
have overcome the horizon sensor calibration issue observed
in most of the HS demonstrations.
The SCARE functionally was developed to suppress the
‘early arrival time’ (EAT) cluttering reflection from the pickfractured coal layer and detect the ‘late arrival time’ (LAT)
EM field components reflected from the coal-rock interface
and even a gradational boundary. The double-sideband
gradiometer (DSBg) GPR with SCARE functionality
suppresses the ‘early arrival time’ EM wave field components
(ER1) by up to 70 dB relative the ‘late arrival time’ field
components (ER2) from the coal-rock boundary interface
(see Figure 7) (Stolarczyk, 2010).
The suppression depth can be selected by the adjusting
the modulation frequency, which is one-half of the doublesideband frequency separation. The fracture suppression
depth is approximately equal to the pick length. By including
a bit force vector sensor in the bit block, the interface pick
rock boundary intersection can be determined to provide the
calibration needed in an automated machine to control rock

Mining complex geology, mitigating of float dust, and developing autonomous machine

Figure 8—Drum-mounted horizon sensor with spatial clutter and reflection elimination functionality

!  ! ! 
Advancement in the automation of coal-cutting machines will
benefit miner health and safety. Figure 8 shows the
integration of the RMPA sensor into the bit block. The
rotating cutting drums of continuous and longwall shearers
rotate at one revolution per second. The RMPA bit block
sensor has a 17-millisecond window to measure the
thickness of uncut roof and floor coal. The bit tip fractured
zone illustrated in Figure 7 exhibits a varying relative
dielectric constant, which causes the cluttering reflected EM
wave field components to vary in magnitude.
Data processing software for determining the bit block
lacing pattern will require bit pick vector force measurement
and filtering (i.e., Fourier and Laplace transform analysis)
between the time and frequency domains of the pick force
sensing signal. The nonlinear stress fields and fractures in
the coal layer cause the ‘strained’ pick to instantaneously
release energy, creating heterodyne acoustic band frequencies
signals that must be processed to determine the direction
cosines of the pick vector force. The pick intersection with the
coal-rock interface must be determined to achieve selfcalibration of the uncut coal layer thickness measured by the
HS, and the required depth of cut into the rock for machine
clearance.
The RMPA sensing and DSBg GPR with SCARE
functionality enables automation of the machine cut so that
the operator can be out of the ‘float’ dust plume. The DSBg
GPR with SCARE provides a signal-to-clutter (S/C) ratio of
13 dB. Conventional GPR cannot provide an S/C above -11
dB. Therefore to solve the technology gap that exists in
horizon sensing technology, conventional RMPA and GPR
technology needs to be replaced with DSBg with SCARE
functionality, and smart pick sensors implemented.

!
Coal fuelled the industrial revolutions in the UK and the USA
and is doing so in the rapidly developing countries. World
coal production is 10 billion short tons per year.
Environmental regulations have caused a rapid decline in US
coal demand, resulting in domestic production falling below
one billion tons per year. China is increasing coal production
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above four billion tons per year, taking economic advantage
of lower energy costs while creating enormous manufacturing
wealth. Coal beds exhibit stratified layers contain reduced
forms of heavy metals that when burned in boilers become
oxidized in the fly ash. Even though the modern Chinese
boilers produce far less gaseous emissions and ash than
boilers manufactured decades ago, the toxic oxidized forms of
heavy metals are soluble, making them mobile in the
environment. The heavy metals found in fish suggest that the
world’s oceans and river systems are being contaminated in
the process of wealth creation. Even if US coal production is
shut down, worldwide environmental contamination will not
change as world demand for coal-fired energy is increasing
faster than the US shutdown rate.
There are 500 underground coal mines in the USA.
Assuming there are three continuous mining (CM) machines
in each mine, the total number of CM machines with cutting
drums operating in the USA becomes 1500. Assuming that
the rest-of-the world market is twice the size of the US
market, the worldwide total is 4500 cutting drums requiring
advanced HS functionality. This advanced horizon sensing
technology must be an advanced radar device (HS-Radar) to
combat the known limitations of the current technology. The
HS-Radar will have a dramatic and positive impact on the
health and safety issues associated with dust, contaminants,
and ground control hazards for all coal miners.
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Owner versus contract miner — a South
African update
by S.M. Rupprecht*

  
Over the last decade in South Africa, there has been a significant increase
in the number of mining operations, both open pit and underground, which
use independent contractors to carry out mining activities. Often mine
owners will choose the contractor option without fully understanding the
consequences of undertaking this option. Traditionally, contract mining
has come at a cost premium of about 15% to 20% compared to an owner
mining scenario. However, due to the large number of junior mining
companies entering the mining arena in South Africa contract mining rates
have increased, with cost premiums as high as 50% being reported.
This paper looks at the merits of owner mining versus contract mining
and describes under what conditions it may be favourable to select the one
option over the other. In addition, the methodology of entering into
contract negotiations with the objective of establishing a fair and
sustainable relationship is discussed.
 
contract mining, owner mining, contract mining negotiations.


Over the last decade in South Africa, there has
been a significant increase in the number of
mining operations, both open pit and
underground, which use independent
contractors to carry out mining activities.
Surface mining, for example, may use
contractors to conduct drilling and blasting
operations or load and haul operations.
Underground mining may contract out work
such as shaft sinking, mining, support,
construction work, cover drilling, sweeping
and vampings. Common surface operations
such as mineral beneficiation, waste disposal,
security, and product transport may also be
outsourced to contractors.
Many companies have a business model
that utilizes contractors for the entire mining
cycle, maintaining a small head office to
provide direction and control. The difficulty
with this option is that often mining
companies will choose the contractor option
without fully understanding the implications.
This paper reviews some of the betterknown arguments about contract versus owner
mining, and offers advice for establishing and
managing the relationship between owners
and contractors.
 

      

Many junior companies have gone the route of
contract mining and processing, with the
mining company directing the business but
allowing contractors to conduct the day-to-day
operation of mining and/or processing. One of
the fundamental differences between junior
mining companies and large corporate mining
houses is the availability of expertise. This
plays an important role in deciding when to
use a contractor or to conduct owner mining. If
a mining company does not have the
necessary expertise then contract mining is a
prudent choice. For example, most platinum
producers will make use of contract mining for
open pit operations, as surface mining skills
are generally not available in-house.
The following project areas have been
identified by Dunlop (2004) as those that
should be reviewed when considering the use
of contract mining:
 Drilling – may require a specialist
contractor if not a straightforward
process
 Blasting – usually is not a core activity,
with low equipment utilization and
specialized skills
 Loading – can influence productivity,
operating costs, flexibility, and grade
control
 Hauling – a major cost area; fluctuating
fleet size (from year to year) may be a
factor
 Day works – if a project has a large day
works component, then owner mining
will be preferable
 Ground conditions – uncertainty would
make contracting out a more risky
proposition
 Water inflows – contracting out may
have a higher risk.
* University of Johannesburg, Johannesburg,
South Africa.
© The Southern African Institute of Mining and
Metallurgy, 2015. ISSN 2225-6253. This paper
was first presented at the, Surface Mining 2014
Conference, 16–17 September 2014, The Black
Eagle Room, Nasrec Expo Centre, Johannesburg,
South Africa.
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In the underground mining environment, contract mining
often offers a significant advantage in being able to achieve
high advance rates, generally higher than owner-operated.
Advance rates in current owner-operated mining in South
Africa are of the order of 60–100 m/month. Australian
contracting crews operating a jumbo drill rig underground
have reported advance rates of 200–300 m/month.
Development rates of this order justify contract mining.
In southern Africa many new projects are investigating
decline development rather than shaft development. Highspeed decline development, similar to shaft sinking, is an
area that mining companies generally lack the in-house skills
to pursue. Contractor mining becomes a suitable option by
possessing the necessary skills to conduct specialized work.
The following highlights areas where owners may elect to
make use of contractors:
 Projects in which owners do not have the necessary
skills or experience to carry out the work
 Projects that require specialized skills, such as shaft
sinking, decline development, and major construction
work
 Operations with variable production or stripping rates
where equipment requirements change on a regular
basis
 Short-term projects where the services of employees
would be required only for the limited duration of the
project
 Projects where contractors offer superior service
compared to the owner’s team
 Projects where the contractor can offer specialized
equipment or techniques
 Areas where full-time employment is not required, for
example office cleaning
 Non-core business activities.


Using contractors can provide a number of advantages to
mine owners. They offer economies of scale and scope
through access to capital equipment and human resources
both in mining and in technical areas such as mine
management, plant operations, mine planning, and materials
handling. This can result in optimized mining, plant, and
equipment utilization rates and labour productivity. Contract
mining may also minimize the owner’s capital exposure,
which allows the company to better utilize limited cash
(capital). In some cases the use of a mining contractor can
also serve to equip or re-equip mines with restricted capital
budgets.
Contract mining is fundamentally about managing risk.
Contractors manage risks around workforce availability,
occupational health and safety, and environmental incidents.
Contractors are also able to benchmark their operations
across a range of mines to maximize efficiencies. Contract
mining also provides a great deal of flexibility for mining
companies in that a contracting company is more able to
adapt to fluctuating market cycles. As demand picks up,
contractors are able to quickly add manpower and equipment
resources as production requirements increase. In times of a
slowdown it may be possible for the contracting company to
move resources to other operations, thereby reduce the risk
of retrenchments or equipment remaining idle.
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Hiring of contractors offers the benefit of lower administration cost and other cost-to-company charges such as sick
time and training. Contractors can save the time and expense
of sourcing and recruiting workers; recruitment can be
undertaken within days rather than weeks if sourcing
personnel internally. The management of the workforce also
lies mainly with the contractor, who will be required to
handle the day-to-day management of the workforce.


Two of the biggest concerns with the use of contractors are
the increase in costs and the loss of intellectual property.
Costs are discussed in more detail later in the paper. The loss
of intellectual property can affect operations in that continuity
of knowledge or decision-making can be lost when there are
changes in contractors. For example, geological knowledge
and mine planning are critical to mining operations yet this
information / knowledge can often be held with the
contractor(s), leading to inefficiencies as work is often redone
when previous knowledge and learning outcomes are lost
with the changes in contract personnel.

Recent South African experiences
The following sections discuss recent experiences in South
Africa around contract and owner operated mining projects.

("#) )( &!)"('&%)! )$$"(% !)&%&%)
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An example of a contractor vs. owner disputes is the 2005
Aquarius Platinum dispute with Moolman’s Mining. The two
companies disputed a R100 million foreign exchange
component of the rise and fall component of the contract. In
December 2005, Aquarius Platinum opted to rescind the open
pit contract with Moolman’s after Aquarius realized a R117
million loss for the year ending in June 2005. The dispute
continued until 2010 and when finally resolved, Aquarius
Platinum paid R86.8 million plus interest and legal fees to
Moolman’s for work that had been done but not paid for due
to the dispute. Although the dispute was finally resolved, a
great deal of resources were diverted from operational issues
to address the legal issues of the dispute.

("#) )$(")&%&%)&!'#!
In the past two years, a junior mining company listed on the
Johannesburg Stock Exchange (JSE) has replaced the mining
contractor on its opencast coal mine twice. Mining
commenced in May 2010 based on a contract mining
scenario; however, by June 2012 a new contractor was
appointed. A year later, the company entered into litigation
with and removed the second mining contractor, which is
subsequently claiming unpaid contract fees.
The above illustrate some of the pitfalls when one doesn’t
understand the risk of contract mining. The selection process
is important and both parties must fully understand the
importance of the mine company’s requirements, mine
planning, the production schedule, marketing requirements,
and the time it takes to reach steady-state production.
In March 2011, Wescoal, a JSE listed company, entered
into a dispute with its contractor mining company with the
mining contractor claiming that Wescoal fraudulently
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A third example of poor understanding of contract versus
owner mining is where another JSE listed company decided to
terminate the opencast drilling and blasting contractor’s
contract with the intention of improving drilling and blasting
productivity and reducing operating costs. In hindsight, the
company underestimated the technical requirements of
drilling and blasting and suffered from a number of technical
shortcomings. Pit floor and sidewall conditions deteriorated
due to poor drilling and blasting practices. Further difficulties
included large rocks, an increase in flyrock, and higher
operating costs associated with the drilling and blasting
activities.

Contract mining vs. owner mining
Recent negotiations with mining contractors that have been
involved with project development at the onset of the project
(scoping studies, prefeasibility studies) have proved that as a
project advances toward implementation there is an upwards
creep in the actual contract rate. The author has observed
contractor’s rate increase as much as 65% between a prefeasibility studies quotation and the actual contract price. In
such instances, project owners are often forced to pursue the
contractor scenario at unfavourable rates as the owner is not
set up to conduct owner mining, nor has sufficient lead time
or finances to purchase capital equipment.
It is obvious that there is no clear preferred choice as to
whether to use mining contractors. Clearly, like any business
arrangement, both parties need to enter into the contract with
their eyes wide open. The following sections investigate
where contract and owner mining scenarios are appropriate.
Some of the main issues are listed (after Kirk, 2000)
below that should be considered when considering whether
to use contractors or to conduct owner mining.







Safety
Corporate
Project-specific
Operational
Cost
Risk assessment.

(#'
Perhaps in the past contractors were seen to be elitist, aiming
at achieving the bottom line and paying little attention to
safety. This perception has changed with contracting
companies taking safety every bit as seriously as the mine
owners. In at least one instance a contract mining company
was selected due to its impressive safety record and the
safety and health administrative system it had to offer.
Owner mining, however, enables the owner’s team to have a
more direct role in establishing and controlling health and
safety issues.
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The decision whether to implement contract mining or owneroperated mining is a corporate decision. The corporate
structure of the mining company has an influence on the
choice of contractor or owner operated mining. Large
experienced companies whose core business is mining often
prefer their operations to be controlled and managed by the
owner’s team. For junior mining companies the option of
contract mining is quite common as juniors often lack
sufficient experience to carry out mining operations on their
own. In other situations, like joint ventures, it may be useful
to use contractors to make the agreement more amenable to
both parties.

 $#' !#&&
Project-specific issues regarding contractor or owner mining
are life of mine, mining rate and variability of the mining
rate, availability and experience of personnel, project
management issues, and financial limitations.
Contractors provide an advantage when a project has a
short life, as equipment is not fully utilized. A contractor is
better suited to supply equipment as required from its
internal equipment fleet whereas an owner-operated scenario
would need to purchase equipment for the full term of the
project life, regardless of the equipment utilization over the
life of the project.
Starting a new mine in a remote area poses challenges to
mining companies in that often the local available labour pool
does not have the necessary skills to operate large specialized
equipment. Contractors offer the ability to quickly deploy and
supply skilled, trained, and experienced personnel from their
internal human resource pool to remote locations and to
support the transfer of mining skills to local personnel.
In other cases contract mining may offer expertise that is
not always available within the owner’s team. This may be
due to a change in the owner’s mine design or mining
method i.e. surface versus underground or a change in the
style of mineralization.
When a project has labour issues, either a shortage of
skills or labour strife, a contractor can assist by bring in
existing crews from their labour pool. The size of this human
resource pool also allows contractors to respond to change in
the project’s requirements.
The downside to the use of contractors is that the owner
does not have direct control over mining activities or over
health and safety issues. However, if mining activities
represent the critical path for project implementation it may
be valuable to utilize contract mining to expedite progress,
albeit usually at increased costs. For example, utilizing
contractors to conduct pre-stripping activities and the
establishment of boxcuts.

# ('&$%("
Operational issues such as industrial relations, equipment
selection and flexibility, grade control, mine planning, and
production scheduling all play a role in the decision-making
process. Again, human resources and the availability of
technical skills play an important role in mining operations,
and labour relations are probably one of the most critical
issues to be considered. Although contractors are responsible
for managing their own labour, owners must be cognizant of
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overstated its coal reserves. Wescoal denied this, describing
the contract mining company as a disgruntled contractor that
was claiming R15.2 million without justification. Ultimately,
this claim was resolved in favour of Wescoal; however,
Wescoal’s share price dropped 50% during the dispute period,
costing the company both money and critical management
time (Wescoal, 2012).

Owner versus contract miner — a South African update
the fact that they are not immune to industrial action,
regardless of whether labour is employed by the contractor or
the mining company.
Grade control is also an area where owner mining tends
to be more diligent. Payment terms will often dictate how a
contractor will behave, and although tonnage drives mining
operations, quality is equally important. Mine planning is a
vital aspect to consider, as mining companies need to ensure
that mine planning and production scheduling address the
requirements of the life-of-mine plan and not just short-term
objectives, which may influence bonuses or other short-term
operational issues such as overburden stripping, stripping
ratios, and the establishment of boxcuts.
As previously discussed, a variable mining rate may
require a swing of equipment requirements, which may make
mining contractors best-equipped to resolve this situation.

$!'!)
A shortage of capital can also justify contract mining, as the
contractor’s operating cost / rate is inclusive of the capital
cost of the contract, thus owners are paying for the use of the
contractor’s capital equipment in a ‘pay as you go’ manner.
An added advantage is that as contracting companies
purchase equipment on a regular basis, they are usually able
to secure better commercial terms for equipment. Contractors
should also be able to deliver greater efficiencies with
effective work performance, thereby providing greater value
for the owner.
Costs should not be the only driving factor in the decision
process to use a mining contractor. ‘Cost plus’ contracts may
seem ideal as the owner views the contractor’s costs and pays
a premium on the operating costs incurred. However, inefficiencies may be hidden and owners should look beyond just
costs and ensure that other operational issues are also
addressed. For example, is the mining equipment being fully
utilized and is the mine plan optimized? Or, is the contractor
using what is readily available in the contractor’s yard?
Utilizing the wrong size equipment can lead to unnecessary
increases in the number of mining units, personnel, and
operating costs. Selection on a cost basis only may lead to
inexperienced or undercapitalized contractors coming on
board.
Once in operation, reversing a poor decision can lead to
major delays and issues. The opposite can also be true; the
author has experienced a mining contractor being squeezed
so hard by the owner’s team that in the end the contractor
became insolvent, leaving the owner with a three-month
period where no mining took place, which severely disrupted
the owner’s sales commitments and cash flow.

      
To be successful, the mine owner and the contractor must
understand each other's business and trust each other. Both
parties exist to make profit, and if either party fails to do this
the contract will fail. Contractors need to understand the mine
owner’s expectations, requirements, and quality constraints
in order to deliver the optimum outcome. Likewise, the owner
needs to understand the realities of mining, production, and
stripping consideration, and other operational issues. Owners
and contractors should establish and manage the relationship
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between both parties with the aim to remove barriers,
encourage maximum contribution, and allow both parties to
achieve success and optimize project outcomes.
Many mine owners have expressed the view that if there
is to be a progression towards improving relationships, there
are a number of shortcomings that contractors need to
address. For example, the contractor’s project staff must be
fully responsible for all aspects of the project and, in
particular, for the performance of subcontractors. The
contracting company needs to accept responsibility for the
selection, training, and performance monitoring of its staff.


Mine owners need to remember that contractor’s rates often
include a provision for perceived risk. Therefore, it is
important that the contractor’s risk is limited to performance
and availability specifications. For example, the contractor
cannot be held responsible for shortcomings in the geological
model, but would be expected to mine to a defined mining
width suitable to the equipment selection. The following
should be considered when appointing a contractor.

%&'('&$%)'$)'#%# )
Mine owners must consider the qualification of the potential
tenderers; for example, the size of the company and its ability
to fund the project. The experience of the company and local
knowledge is also important when selecting potential
contractors.

&'#)&!&'
It important that the potential contractor be offered an
opportunity to visit the project so that site conditions that
could influence the contract price can be observed. For
example, geotechnical and geohydrology are technical areas
that should be investigated prior to mining operations.

$#)$)$ 
It is important that the scope of work is clearly and accurately
defined in the tender document so that the contractor can
accurately price the job and prevent confusion and possible
conflict. The tender should, where possible, indicate variable
conditions such as rock hardness and haulage distances. A
detailed mine plan should be developed in order to achieve
the best and most accurate schedule of rates. A continually
changing mine plan and production schedule will make it
nearly impossible for a contractor to firmly commit to a longterm schedule of mining rates.
The following should be considered by both contractors
and mine owners:
 Clarity of definition and understanding of the project
scope of work
 A clear understanding of the risks of the project and an
appropriate allocation of the responsibility for
managing those risks
 A risk/reward sharing arrangement that rewards a
superior project outcome and attaches a financial
penalty to sub-optimal performance
 The issues of risk allocation and risk management are
constant topics between mine owners and contractors.
 

      

Owner versus contract miner — a South African update
The contract duration will influence the price of the contract.
A contract of three to five years is preferred, as this will allow
the mining company to replace the contractor for poor
performance, or alternatively allow the company to change to
owner-operated mining.

$%' (')(&('&$%
Along with financial adjudication, it is important that a
technical adjudication is also undertaken. Areas such as
mining experience (proposed mining method, drilling and
blasting expertise and grade control), quality of work and
cooperation, range of equipment, experience and labour
relations, safety and standards, and planning capability and
record-keeping should be considered when evaluating tender
documentation.

(#%')(%)#%("'&#!
Contract rates are generally quoted in terms of bank cubic
metres (BCMs) mined and payment made according to survey
measurements. Extra day rates are charged on an hourly
basis, and if not properly managed can lead to payment
disputes. Thus, it is important that the mine owner and
contractor both clearly define and understand the method of
measurement and payment.
Penalties are normally applied for poor work performance
by the contractor. Production shortfalls can normally be made
up in the following weeks or months; therefore it is important
that the contract is structured in such a way that encourages
the contractor to make up any production shortfall as soon as
possible.

!("('&$%
An escalation formula is normally based on nationally
published indices for fuel price, labour, spares etc. It is
important that a fair method is established to calculate
escalation in the contract.

$%' (')(%(##%'
A successful working relationship between a contractor and
mine owner often depends on the individual personalities of
the parties concerned. Continual conflict between the working
parties, e.g. site / contract manager and mine manager /
owner representative, will usually lead to poor operational
efficiencies.
Many existing contractual relationships, particularly
traditional types, lead to adversarial behaviour between the
parties, which have a negative effect on project outcomes.
The use of modern-day alliance models and the benefits to
the owner and contractor should be investigated. The goal of
mine owner and contractor should be to foster a strong work
relationship and establish a win-win situation for both
parties.
Contracts should be flexible enough to accommodate
small changes or variations in scope, sequence, or volume
without the need of variation orders or without the threat of
contractual claims. The quality of the contract document is
important as it can cost or save the company lots of money.
The use of a professional to assist with contract documentation should be seriously considered.
 

      

Most mine owners are prepared to consider forms of risksharing if it can be demonstrated that such a system will
benefit the project outcomes. However, in some instances
there is a degree of suspicion that needs to be overcome
before an open relationship can be formed between owner
and contractor.
Finally, common sense must prevail. Mines are unique in
nature and therefore implementation strategies will differ
from mine to mine. In commencing tender documentation as
much information as possible should be provided. The more
informed the contractor – the less risk, which should be
reflected in the overall price of the contract.

$%"&') #!$"'&$%
Mine owners and contractors often neglect the dispute
resolution clause in the contract, as no-one wants to
contemplate a dispute between owner and contractor,
especially at the beginning of a contract. However, it is
important to define conflict resolution in contracts, as there
are far too many examples of litigation lasting over a number
of years. It is not in the interest of either party to divert
resources to resolving conflict issues, and in the long run no
single entity can claim victory, as contract disputes can be
costly and time-consuming. Both parties should be prepared
for conflict, and creating a properly and well-defined
resolution structure could help to resolve issues without
seriously affecting the working relationship.

  
The South African working environment is constantly
changing, which has become more apparent with the 2014
platinum strike. The contractor model may be under threat
from the new demands of labour. Mining companies need to
ensure that contractors address worker and industrial
relations, especially in specialized high-risk work areas.
Contract mining may be viewed by unions as labour
brokering and could lead to labour disputes. The use of
contract mining should be a transparent decision process
with labour understanding the circumstances when
specialized skills are required

 
Contract mining can offer distinct advantages when properly
implemented and managed. However, owners must fully
understand when to use contract mining and when to pursue
owner mining. Regardless of the decision, it is important that
owners fully understand the technical and economic merits of
the operation. Mine companies must understand the mining
method, the production rate, equipment requirements, and
operating costs in an owner-operated scenario, i.e. a base
case for making an informed decision. In the future, South
Africa may need to become more sensitive to mine labour
when proposing contract mining and use contract mining
only where skill gaps exist.


DUNLOP, S.F. 2004. Contract versus owner mining – an update on Australasian
open pit mining practice. Mining Technology, vol. 113, no. 1. pp. 17–29.
KIRK, L.J. 2000. Owner versus contract mining. Global Mining Services, Perth,
Western Australia.
Wescoal. 2012. www.wescoal.co.za 
VOLUME 115







1025





http://dx.doi.org/10.17159/2411-9717/2015/v115n11a7

Positive risk management: hidden
wealth in surface mining
by J.A. Luckmann*


The purpose of this paper is to introduce an innovative approach to risk
management in surface mining operations, namely, positive risk.
Traditionally, risk management focused on mitigating losses (negative).
Positive risk, on the contrary, reverses the approach and focuses on
exploiting a project’s inherent benefits (positive).
The inability to accurately determine project objectives during the
project planning phase and the failure to achieve those objectives during
the execution phase is a major problem for any project management in the
mining environment.
The advance of computer aided design models for mine planning
enables mining engineers to examine various options within a very short
time. Employing positive risk management combined with drivers-based
risk management when evaluating these options provides an ideal
opportunity to investigate areas for improving the mining project’s profits.
Furthermore, harnessing positive risk returns during the planning phase
contributes immensely to the successful achievement of project objectives.
Mining has inherent business risks, which can appear overwhelming
when considering the risks associated with a mining project schedule, cost,
and safety or resources, etc. The question is – how to manage risks in a
surface mining environment, and what process methodologies, work
methods, processes, and standards should be used when considering the
surface mining risks. Applying the principles of positive risk management
to manage surface mining risks is not only relevant, but definitely
beneficial to mining projects and to the mining industry as a whole.
It would CERTAINLY be beneficial for risk managers and risk profes
sionals to understand the roles of positive risk ‘drivers’, also known as
‘propitious attractors’. Identifying, analysing, estimating, and
understanding the propitious attractors, their behaviour and their
influence on project risk events helps considerably during the planning
and execution phases. The theoretical and practical knowledge of both
sides of the risk – the downside risk (negative risk) and upside risk
(positive risk) – can add substantial value to any organization when
downside risk is adequately mitigated and upside risk is beneficially
exploited.
 
amalgamated risks, conducive risk events, risk drivers, integrated risks,
propitious attractors.

The ISO 31000 standard, ANZ4360
standard, and some risk professionals have
acknowledged the existence of risk drivers
(Standards Australia and Standards New
Zealand, 2009) and their influence on the
outcome of risk events.
If we scrutinize the behaviour of these risk
drivers we can observe two types of outcomes,
namely, the harmful impacts (Hodder and
Rigs, 1994) and the beneficial effects (Furash,
1995). Furthermore, it can be inferred
(Luckmann, 2014) that both these forces need
consideration during the risk management
process because of their opposing characteristics.
The intent of this paper is to define these
drives of risk (Alberts and Dorofee, 2009) and
to show how to control those forces that
beneficially influence the outcome (Simister,
1994).
With that in mind, our immediate attention
is to find an adequate and effective means to
measure and control the two risk types,
namely, the risk detrimentors (negative risk
drivers) and the propitious attractors (positive
risk drivers).
Therefore, this paper lays emphasis on
examining those factors that have harmful
and/or beneficial effects on the project
objectives.

 
Gaius Plinus Secondus (AD 23-79), stated in
his ‘Natural History’, ‘Solum certum nihil esse
certi’ (the only certainty is that there is
nothing certain). Peter L. Bernstein in his book
‘Against the Gods: The Remarkable Story of
Risk’ describes the history of risk and how
risk was through time (Troy, 1995). The



 

      

* CBS Australia (Pty) Ltd.
© The Southern African Institute of Mining and
Metallurgy, 2015. ISSN 2225-6253. This paper
was first presented at the, Surface Mining 2014
Conference, 16–17 September 2014, The Black
Eagle Room, Nasrec Expo Centre, Johannesburg,
South Africa.
VOLUME 115







1027



The risk management process is interwoven
with shadowy forces which usually influence
the outcome of a project, some being negative
and some positive. This paper attempts to shed
some light on the effects of the negative risk
events and the positive risk events and their
subsequent outcomes (Yang, Tay, and Sam,
1995).

Positive risk management: hidden wealth in surface mining

Figure 1—Positive and negative risk components

Figure 2—Classification of risk drivers

history of risk starts with a Hindu-Arabic numbering system
that reached the West in the beginning of the 13th century,
and could be described as the root of the modern conception
of risk as it is known today. The first study of risk began
during the Renaissance period. This was the time when
people broke free from previous ways of doing things and
accepted challenges to open new doors. New discoveries were
made, the Earth’s resources exploited, and new innovations
emerged.
In 1654, when the Renaissance was at its peak, Chevalier
de Méré, a French nobleman with a taste for both gambling
and mathematics, challenged the famed mathematician Blaise
Pascal to solve a puzzle about how to divide the stakes in an
incomplete game of chance between two players, one of
whom is ahead. The puzzle was set forth by Lucas Pacioli, an
Italian monk, some 200 years earlier. Pacioli was the inventor
of the double entry bookkeeping system, and he also tutored
Leonardo da Vinci in the multiplication tables.
The puzzle had confounded mathematicians since the day
it was posed by Pacioli, but it was taken seriously up by the
Chevalier de Méré. Not even the brilliant Pascal could solve it.
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Pascal has to turn to another famous mathematician,
Pierre de Férmat, for help and the outcome of a joint project –
what could be considered a seventeenth-century version of
the game of ‘Trivial Pursuit’ – was the discovery of the theory
of probability. With their solution, Pascal and Férmat created
the first practical art of the modern world. Their audacious
intellectual leap allowed people for the first time to make
forecasts and decisions with the help of numbers. In one fell
swoop, the instruments of risk management that had served
from beginning of the human history – the stars, the snake
dances, the human sacrifices, and genuflections – were
rendered obsolete. The modern investor’s mantra, the
tradeoff between risk and reward, could now become the
centerpiece of the decision-making process.
Pascal and Férmat made their breakthrough during a
wave of innovation and exploration so powerful that it has
been unmatched even in our own era. As the years passed,
mathematicians transformed probability theory from a
gambler’s toy into a powerful instrument for organizing,
interpreting, and applying information. As new ideas came
along, better quantitative techniques of risk management
were developed that could serve as the foundation of modern
risk management theory.
By 1725 the English government was financing itself
through the sale of life annuities, which were developed by
competing mathematicians devising tables of life
expectancies. Also in 1725, Swiss mathematician Jacob
Bernoulli posited the law of large numbers and the process of
statistical inference.
In 1730, the French mathematician Abraham De Moivre
discovered the standard deviation and proposed the structure
of normal distribution.
A few years later in 1738, Daniel Bernoulli, Jacob’s
Bernoulli nephew, defined expected utility. Even more
importantly, he propounded the idea that ‘the utility resulting
from any small increase in wealth will be inversely proportionate to the quantity of goods previously possessed’. With
that innocent-sounding assertion, Bernoulli combined
measurement and intuition into one quantitative concept, hit
upon the idea of risk aversion, and laid the groundwork for
the basic principle of portfolio management in our own time.
In 1754 an English minister, Thomas Bayes, made a
striking advance that demonstrated how to make better
informed decisions by mathematically blending new
information into old information. Bayes’s theorem focused on
the intuitive judgment we have about the probability of some
event and how we try to understand how to alter those
judgments as actual events unfold.
Another discovery, regression to the mean, was made by
the English amateur statistician Francis Galton in 1875.
Whenever we make any decision based on the expectation
that matters will return to ‘normal’, we are employing the
notion of regression to the mean.
In 1952 Harry Markowitz, a young graduate from
Chicago University, demonstrated the application of
quantified diversification to portfolio management
(Luckmann, 2001). This explained why ‘putting all one’s
eggs in one basket’ is a very risky strategy and why diversification is a much better risk aversion technique. Markowitz’s
theory quickly revolutionized corporate finance business
decisions, including those made on the Wall Street Stock
Exchange.
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In 2008, PMI (USA) in ‘A Guide to the PMBoK’ (Fourth
Edition) introduced the concepts of positive and negative
risk, and finally on 15 November 2009 the International
Standards Organization (ISO) in Geneva, Switzerland
introduced the definition of the positive and negative risk
events in the ISO 31000 standard.


#"!" "!$$"$## $$!# "! $!$ # "#
 An effect of uncertainty on objective
 Objectives can have different aspects (such as financial,
health and safety, and environmental goals) and can
apply at different levels (such strategic organizationwide, project, product and process)
 Risk is often characterized by reference to potential
events (par. 2.17 of ISO 31000) and consequences
(2.18) or a combination of these
 Risk is often expressed in terms of a combination of
these consequences of an event (including changes in
circumstances) and the associated likelihood (2.19) of
occurrence
 Uncertainty is the state, even partial, of deficiency of
information related to, understanding or knowledge of
an event, its consequence, or likelihood.

#"!" "!$$##! $#!#$$! #$$
 "$# $$" !#
 An event can be one or more occurrences, and can have
several causes
 An event can consist of something not happening
 An event can sometimes be referred to as an incident
or accident
 An event without consequences (2.18) can also be
referred to as a ‘near miss’, ‘incident’, ‘near hit’, or
‘close call’.

#"!" "!$$" "$  $#$ "! $!$"
##! $"!$$#!#""$!!#
 Propitious attractor can be one or more attractors acting
together, or can be a set of forces acting on a risk
(conducive) event beneficially
 A force or set of forces always acting in the upside
direction
 Propitious attractor always acting in the opposite
direction to risk detrimentors.

#"!" "!$$!#  "#$"$##! $!# "! $  $"
$ "$# $!#  "#$!#$$#$ #
 Negative risk events always produce a negative
outcome
 Negative risk event can be driven by one or more risk
detrimentors.


Eratosthenes (276 BC -194 BC), Greek astronomer, the
‘Father of Measurements’, calculated the Earth’s circumference around 240 BC.
Eratosthenes used the lengths of shadows to figure out
how high in the sky the Sun was in a certain place on a
certain day. He knew of another place where there was no
shadow at all on the same day, which meant that the Sun
was straight overhead. He measured the distance between
the two places, and then used geometry to calculate the
radius.

!# $$###!
‘As far as the propositions of mathematics refer to reality,
they are not certain; and as far as they are certain, they do
not refer to reality.’ Albert Einstein, Nobel Prize winner.
‘Although this may seem a paradox; all exact science is
based on the idea of approximation. If a man tells you he
knows a thing exactly, than you can be safe in inferring that
you are speaking to an inexact man.’ Bertrand Russell, Nobel
Prize winner.

#$###! 
There are just three reasons why people think that something
cannot be measured (Hubbard, 2010). Each of these reasons
is actually based on misconceptions about different aspects of
measurement:
The definition of measurement itself is widely
misunderstood. If one understands what ’measurement’
actually means, a lot more things like conducive events and
propitious attractors become measurable.

 # $$###!
The thing being measured is not well defined; some sloppy
and ambiguous language gets in the way of measurement.

#"!" "!$$"$# "#! $#$ "! $!$"
##! $"!$$$!!#
 Risk detrimentor can be one or more detrimentors, or
can be a set of forces acting together
 A force or set of forces always acting in the downside
direction
 Risk detrimentors always acting in the opposite
direction to propitious attractors.

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

 

      

Figure 3—Influence of drivers on objectives
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 Conducive event always results in beneficial outcome
 Conducive event can be driven by one or more
propitious attractors.

Positive risk management: hidden wealth in surface mining
# $$###!
Many procedures of empirical observation are not well
known. If people were familiar with some of these basic
methods, it would become apparent that many things thought
to be immeasurable are not only measurable but may already
have been measured.

#"!" "!$$###! $
A quantitatively expressed reduction of uncertainty based on
one or more observations.

  "$$ $###!
The origin of probability theory lies in physical observations
associate with game of chance.
The probability of an event is the number of outcomes
favorable to the event, divided by the total number of
outcomes, where all outcomes are equally likely.
The calculation of the probability (Ash, 2008) of
occurrence must employ the use of data as a critical part of
the methodology.
The probability of occurrence is one of the two critical
aspects that determines whether a risk is worthy of
management (Yang, Tay, and Sum, 1995) or control.
The importance of the Monte Carlo risk measurement is
the replacement of single-point deterministic values in a
project plan with ranges to reflect uncertainty (Grey, 1995).
Any type of project plan includes fixed values for each
element, task or activity, describing the duration, costs, or
resources level and allowing the overall project duration, cost,
or resources requirement to be simply determined.
The Monte Carlo method is a technique for analysing
phenomena by means of computer algorithms that employ, in
an essential way, the generation of random numbers.
The Monte Carlo simulation is performed by taking
multiple random iterations through the risk model, sampling
from input ranges. Each iteration generates one feasible
outcome for the project, calculated from a sample of values
drawn from the input data.
Multiple iterations produce a set of results reflecting the
range of possible outcomes for the project, which reveal the
best-case scenario, the worst case, and all circumstances
between.









#! $###!
In 1948 Claude Shannon published a paper titled ‘A
Mathematical Theory of Communication’ which laid
foundation for information theory.
Shannon proposed a mathematical definition of
information as the amount of uncertainty reduction in a
signal, which he discussed in terms of the ‘entropy’ removed
by a signal.
To Shannon, the receiver of information could be
described as having some prior state of uncertainty. That is,
the receiver already knew something and the new
information merely removed some, not necessarily all, of the
receiver’s uncertainty.
The receiver’s prior state of knowledge or uncertainty can
be used to compute such things as the limits to how much
information can be transmitted in a signal, the minimal
amount of signal to correct for noise, and the maximum data
compression possible.
In 1951 Solomon Kullback and Richard Leibrer
introduced minimum cross-entropy principle (MinEnt). The
Kullback-Leibrer measure is a purely mathematical concept
that defines an oriented measure of distance between two
probability distributions.
The Kullback-Leibrer (K-L) information divergence
(better known as information gain or relative entropy) can be
used as a measure of the information gain in moving from a
prior distribution to a posterior distribution.
For discrete probability distributions P and Q, the K–L
divergence of Q from P is defined as:

In words, it is the expectation of the logarithmic
difference between the probabilities P and Q, where the
expectation is taken using the probabilities P. The K-L
divergence is defined only if P and Q both sum to 1 and if

Figure 5—Illustration of the Kullback-Leibler (K-L) divergence for two
normal Gaussian distributions (Adapted from Kullback and Leibler,
1951. On information and sufficiency)

Figure 4—Risk measurements schedule
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Results are usually presented in a form of an S-curve, a
plot of the range of possible outcomes against the cumulative
probability of attaining a

VOLUME 115

 

      

Positive risk management: hidden wealth in surface mining

For distributions P and Q of a continuous random
variable, K-L divergence is defined to be the integral.

where p and q denote the densities of P and Q.
More generally, if P and Q are probability measures over
a set X, and P is absolutely continuous with respect to Q,
then the K-L divergence from P to Q is defined as

In 1957 Edwin Jaynes introduced maximum entropy
principle (MaxEnt), which is the method of statistical
inference when information about a problem is presented in
terms of averages, such as mean or variance.
Central to the MaxEnt thesis is the principle of maximum
entropy, which states that given certain ‘testable information’
about a probability distribution, for example particular
expectation values, but which is not in itself sufficient to
uniquely determine the distribution, one should prefer the
distribution that maximizes the Shannon information
entropy.

This is known as the Gibbs algorithm, having been
introduced by J. Willard Gibbs in 1878 to set up statistical
ensembles to predict the properties of thermodynamic
systems at equilibrium. It is the cornerstone of the statistical
mechanical analysis of the thermodynamic properties of
equilibrium systems.
A direct connection is thus made between the equilibrium
thermodynamic entropy STh, a state function of pressure,
volume, temperature, etc., and the information entropy for
the predicted distribution with maximum uncertainty
conditioned only on the expectation values of those variables:

kB, Boltzmann's constant, has no fundamental physical
significance here, but is necessary to retain consistency with
the previous historical definition of entropy by Clausius
(1865).
However, the MaxEnt school argues that the MaxEnt
approach is a general technique of statistical inference, with
applications far beyond this. It can therefore also be used to
predict a distribution for ‘trajectories’ over a period of time
by maximizing.
 

      

 
! #
Two round concrete lined shafts of 5 m and 6 m diameter
restarted the sinking operation process; the principal shaft PA
from the 182 m level and the auxiliary shaft PX from the 141
m level.
Due to a fatal accident the shaft sinking operation was
terminated by Court order, except for dewatering of the
principal and auxiliary shafts to avoid flooding.
As a result of the recommendations made by the accident
investigating commission, the Court allowed the resumption
of shaft sinking operations in both shafts.
However, over a year of delays and new safety measures
imposed by the Court order made a severe impact on the
shaft sinking operational performance.

#
Three months after the shaft sinking operation was resumed,
the performance was significantly below that prior to the
accident. Therefore, it was necessary to commission a team of
risk specialist to assess and review the project risk
management on site.

"$#
The risk model of the underlying dynamics of the risk
detrimentors and propitious attractors was constructed to
depict their influence on the risk events.
This risk model was developed by CBS Australia. The
purpose of this model was to accommodate the lowest WBS
levels to create suitable base, thus enabling more accurate
identification of the risk drivers and propitious attractors.
On the work package level, threat drivers and propitious
attractors were identified more accurately and measured
exactly.
The centrepiece of this model was an introduction of
three-dimensional approaches to measurement of the risk
events, where the value to lose (VTL) was balanced with the
value to gain (VTG).
In order to enhance the risk assessment process the
coefficient of ignorance calculation and the factor of
remaining uncertainty were also used to enhance the risk
measurement and control.
Risk events on component, task, and work package levels
were simulated using Palisade Software @RISK 6.2, based on
the Monte Carlo method (Schuyler, 1994).
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for all i (absolute continuity).
If the quantity 0 ln 0 appears in the formula, it is
interpreted as zero because,

This ‘information entropy’ does not necessarily have a
simple correspondence with thermodynamic entropy, but it
can be used to predict features of non-equilibrium thermodynamic systems as they evolve over time.
This uncertainty reduction point of view is what is critical
to business. Major decisions made under a state of
uncertainty, such as whether to approve large information
technology (IT) projects or new product development, can be
made better, even if just slightly, by reducing uncertainty.
Such an uncertainty reduction can be worth millions.
So a measurement does not have to eliminate uncertainty
after all. A mere reduction in uncertainty counts as a
measurement and possibly can be worth much more than the
cost of a measurement.

Positive risk management: hidden wealth in surface mining
The integrated risk assessment model is depicted in
Figure 6.

Table I

List of risk events on the element level

"$"#! "" "!
Identification of risks encompassed (Frigenti and Kitching,
1994) the process of finding, recognizing (Hulett, 2013) and
describing both risk events on the four risk breakdown
structure (RBS) levels. Threat drivers (risk detrimentors) and
opportunity drivers (propitious attractors) were accurately
identified (Luckmann, 2014) on the lowest RBS level. The
risks events on the first RBS level (element level) are depicted
in Table I.
The risk events from the second RBS level (task level) are
presented in Table II.
The risk events description on the third RBS level
(activity level) are given in Table III.
The risk events (threats) description on the fourth RBS
level (work package level) is given in Table IV.
The risk conducive events (opportunities) description on
the fourth RBS level (work package level) are given in
Table V.

"$!"
Risk events (negative and positive) were subjected to
analysis on the fourth level of the risk breakdown structure
(RBS).
The risk analysis on the first RBS level, the element level,
provided number of negative risk events and positive risk
events in the project.
Risk analysis on the second RBS level, the task level,
clearly indicated the magnitude of the value to lose (VTL) and
extent of the value to gain (VTG).
Risk analysis on the third RBS level, the activity level,
ascertained the size of VTL and VTG and depicted the set of
risk drivers and the set of propitious attractors.
Analysis of risk drivers (Alberts and Dorofee, 2009) and
risk events on the fourth RBS level, the work package level,
depicted the risk drivers and risk events and described
(Luckmann, 2014) how those drivers and events were
measured by the use of Monte Carlo simulation method.
Propitious attractors and favourable events analysis on
the fourth RBS level, the work package level, portrayed the
propitious attractors and favourable events and how those

Risk#
A
B
C
D
E

RBS

Element

Risk event

WPSO
WPWS
WPEF
WPRA
WPCC

Sinking operation
Work stoppages
Equipment failure
Research activities
Court constrain

Schedule overrun
Schedule overrun
Schedule overrun
Schedule overrun
Schedule overrun

Table II

List of risk events on the task level
Risk#
A1
A2
A3
A4
A5
A6
A7

RBS

Task

Risk event

WPSO1
WPSO2
WPSO3
WPSO4
WPSO5
WPSO6
WPSO7

Drilling
X-Charging
Evacuation
Ventilation
Mucking
Grillage
Concreting

Time overrun
Time overrun
Time overrun
Time overrun
Time overrun
Time overrun
Time overrun

Table III

List of risk events on the activity level
Risk#
A2.1
A2.2
A2.3
A2.4
A2.5
A2.6
A2.7

RBS

Activity

Risk event

WPSO2.1
WPSO2.2
WPSO2.3
WPSO2.4
WPSO2.5
WPSO2.6
WPSO2.7

Open plastic sleeve
Bring explosive
Insert explosive
Close plastic sleeve
Bring detonators
Insert detonators
Connect detonators

Time overrun
Time overrun
Time overrun
Time overrun
Tme overrun
Time overrun
Time overrun

Table IV

List of risk events on the work package level
Risk#

Risk events (threats)

B1.1.1T
B1.1.2T
B1.1.3T
B1.1.4T
B1.1.5T

Setting of opening of plastic sleeve
Opening of plastic sleeve
Inserting explosive stick
Setting to close plastic sleeve
Closing

Table V

List of conducive events on the work package level
Risk#
B1.1.1CE
B1.1.2CE
B1.1.3CE
B1.1.4CE
B1.1.5CE









Improved setting of opening
Improved opening of plastic sleeve
Improved inserting explosive stick
Improved setting to close plastic sleeve
Improved closing plastic sleeve with explosive stick

attractors and favourable events were measured. Application
of the Monte Carlo simulation method indicated where the
random numbers were generated by the Fibonacci generator
(pseudo random generator).

Figure 6—Expected beneficial value
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The risk drivers at the pessimistic zone and propitious
attractors at the optimistic (propitious) zone are depicted in
Figure 7.

"$# "!
The risk-negative events and risk-positive events (Aven,
2011) were evaluated on the fourth RBS level by the use of
Monte Carlo simulation techniques.
In both cases VTL and VTG were computed. The risk
model for the Monte Carlo simulation is given in Figure 8.
The threat drivers were simulated by Monte Carlo random
generators (Luckmann, 2001) and the propitious attractors
were subjected to application of the Fibonacci random
generator (Froot, Scharftein, and Stein, 1994).
The coefficient of remaining uncertainty (Kapur and
Kesavan, 1992) was simulated and results are presented in
Figure 9.

Figure 8—Risk measurements: positive events (green) and negative risk
events (red)

""!$$# 
Twelve favourable risk events (positive) and twelve
propitious attractors were identified as economically viable
and to be beneficially exploited. It was recommended that the
client create the beneficial response plan (BRP) and
implement it.
Seventeen negative risk events and seventeen risk
detrimentors were posing serious impact on the shaft sinking
operation, and generation of a risk response plan (RRP) was
recommended. These negative risk events were mitigated and
the magnitude of the risk detrimentors was substantially
decreased.

 
Rising costs and fierce competition in the global market
require incessant search for new opportunities and novel
approaches to risk management.
From this case study, it becomes evident that risk
detrimentors acting on the negative risk events can be
measured, controlled, and mitigated.
The results also indicated that a new unexploited source
of project time and cost savings lies inherently in the positive
risk (favourable events).

Figure 9—Entropy coefficient of ignorance

The propitious attractors and favourable events can also
be measured and beneficially exploited.
The examples presented in this paper demonstrate the
potential opportunities that can be exploited by putting in
place positive risk methods to tap an entirely unexploited
domain in the project risk management.
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Figure 7—Risks drivers at propitious zone
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Determining settlement rates and
surface stability using in situ density of
backfill as a proxy for displacement
by D. Fenn*, A. du Kanda†, and D. Dukhan†

 
settlement, subsidence, mine backfill, undisturbed backfill core, sonic
drilling, bulk density, surface infrastructure construction over backfill.


In coal mining, it is normal mining practice to
backfill the newly mined-out voids with the
excavated waste rock and soils. As there is no
requirement for the mining companies to
uniformly compact the spoil or accurately
monitor surface or inter-backfill displacement,
these backfilled voids are prone to differential
compaction and consolidation settlement. They
are therefore avoided as sites for future
surface infrastructure work, especially for
linear structures such as roads, railways, and
power lines.
Eskom planned to construct a new 400 kV
power line from Hendrina to Gumeni , which
would cross several areas of backfill in the
heavily mined areas around the Witbank
Coalfield.
 

      


Initially, applied geophysics was to be used,
but both literature sources and experts in these
fields concluded that it would probably not
yield useful data as the ‘noise’ generated by
the very heterogeneous soils mix could be
greater than the difference in the material
properties being measured.
Since geophysics and monitoring could not
be used, an innovative methodology was
derived that used in situ dry density, obtained
from essentially undisturbed core from the
backfill, as a proxy for settlement. This was
based on the assumption that that the increase
in soil density over time and depth could be
measured sufficiently accurately to allow for a
correlation between the backfill age, depth,
and settlement to be found.
To the authors’ knowledge, this has never
been attempted before, mainly due to the
practical difficulties of drilling undisturbed
samples from an open cast mine backfill
material that ranged from solid sandstone
boulders and cobbles to shales and clays.
Most drilling methods would either require
fluid flushing or would not be able to penetrate
the soil mass to the depth required. Only sonic
drilling offered the promise of triple tube
wireline drilling without the need to flush or
even rotate.

* Applied Rock Engineering cc working on behalf of
GIBB Engineering and Architecture.
† Eskom Line Engineering Services.
© The Southern African Institute of Mining and
Metallurgy, 2015. ISSN 2225-6253. This paper
was first presented at the, Surface Mining 2014
Conference, 16–17 September 2014, The Black
Eagle Room, Nasrec Expo Centre, Johannesburg,
South Africa.
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Gibb Consulting Services was contracted by Eskom Line Engineering
Services to conduct an investigation to determine the absolute
displacement to date and infer the current rate of displacement of
unsurveyed colliery backfill.
At the test site, where a 400 kV power line is to be constructed, neither
the surface nor the backfill material had been monitored and it was not
possible to state whether the surface will be subject to future settlement
that may compromise surface infrastructure. Therefore indirect methods of
estimating current and future displacements needed to be found to act as a
proxy for a comprehensive long-term settlement monitoring exercise and
provide a reasonable estimate for the settlement that has occurred in the
decades of mining.
The innovative solution was to recover essentially undisturbed core
from backfill using a sonic drill rig and use the measured dry density
values from the samples as a proxy for the rate and absolute displacement
in the backfill.
The success in obtaining an essentially undisturbed backfill core and
the clear relationship of the backfill density with age and depth allowed
the conclusion to be issued that the power line infrastructure can be
constructed over the backfill; with a warning that once the water table
recovers after mining ceases some collapse settlement may occur.
With this method, the amount of settlement can be predicted and, if
proven conclusively, provides a way to confidently release huge areas of
currently waste ground for future surface infrastructural development.

Since no survey monitoring data was
available, Gibb Consulting Services was tasked
with developing methodologies for estimating
current and future displacements in the
backfill, which would substitute for a longterm settlement monitoring exercise.

Determining settlement rates and surface stability using in situ density
The Sonic Drill Section of Boart Longyear International
was approached for their opinions and guidance due to their
experience in this field.
Their enthusiasm and insight was invaluable to the
success of this project. Experienced drillers from Europe were
used for the duration of this project. A novel addition to this
project was to use transparent Perspex inner tubes, so the
core could be inspected in the field and methodology
adjustments made immediately.
Another area where partners to this project were instrumental to its success was the Optimum Colliery personnel
who unstintingly constructed roads, removed overburden,
gave up their time, knowledge and databases and smoothed
out a thousand potential problems and without whom this
project could not have been a success.
Optimum was chosen as a site due to its repetitive
geology, unvarying hydrology, and long mining history of
consistent dragline opencast mining method. This
consistency reduced the number of variables, allowing a full
graph of the settlement versus depth and age to be produced.
Finally, the completed, waxed, and sealed sample cores
were transported for testing to SoilLab in Pretoria, who are
acknowledged to be the leading soil testing laboratory in
South Africa.
The dry density test results were compared to backfill
displacement measurements obtained from the literature
locally and internationally. The comparison included
empirical calculations for expected settlement, and these were
compared to the results of the core density analysis and
recent survey profile levels from Optimum Colliery.

High-frequency mechanical oscillations, developed in a
special drill head, are transmitted as resonant vibrations,
along with a rotary action, through the tooling to the bit. The
vibratory action fluidizes the soil particles, destroying their
shear strength, pushing the particles away from the drill bit
and along the sides of the drill string.
With the outer casing left in place to hold the borehole
open the 3.0 m core barrels were extracted (Figure 2) and the
1.5 m long Perspex sample tubes were immediately sealed
with wax (Figure 3).
It became apparent that much beyond 40 m depth,
especially in the more sandstone- (boulder)-rich formations,
some water had to be used to reduce barrel friction and cool
the bit, flushing away part of that sample. Drilling muds were
considered in order to reduce this effect, but this idea was
rejected to prevent sample contamination. Total core loss was
estimated to be less than 5% of the total core, thus not
affecting the overall quality of the data.


Researchers have investigated and attempted to predict soil
(backfill) settlement for decades, with various levels of
success.


After comparing various drilling methods, it was realized that
only sonic drilling would produce core samples that were
essentially undisturbed and not affected by flushing, contamination, and excessive core loss (Figure 1).
One of the advantages of sonic drilling is its ability to
continuously core unconsolidated and some consolidated
formations with a minimal amount of disturbance and
compaction.

Figure 1—General overview of the DB 320 sonic drill rig in drilling
configuration. The drill is carried on one rubber-track-mounted selfdriven vehicle and all the equipment, including drill steel and casing, is
carried on a second similar vehicle
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Figure 2—Removing the drill bit. Note that in sonic drilling parts of the
drill column are added and removed while the drill string is flat,
resulting in a very controlled sample extrusion. Also note the voids
within this dry, non-clayey and essentially undisturbed sample

Figure 3—Capping the lower end of the sample tube end as it emerges
from the drill steel, labelled with depth and drill direction and sealed.
The top end is sealed with wax, capped and labelled. Note the small
stones and voids
 

      

Determining settlement rates and surface stability using in situ density
crushing at highly stressed contact points, increasing the dry
density of the material. Compressive stresses within a body
of fill are concentrated at the contact points between material
fragments.
The Sowers method (Sowers, Williams, and Wallace,
1965) is currently the most widely used and accepted method
for estimating settlement in the geotechnical engineering
community. It separates the calculation of primary and
secondary settlement. Equation [1] calculates primary
settlements in each distinct layer.

s = α (log10 t2 – log10 t1

In the literature survey, all relatively successful attempts
to investigate and predict the settlement of backfill involved
the monitoring of actual settlement profiles over years, and
even decades.
Internationally, a number of rehabilitation guidelines
have been produced and in 2007 the South African Chamber
of Mines (COM) sponsored a new set of guidelines. It allows
the mining companies to produce backfilled ground that is
suitable for agricultural use, but does not require the mine to
produce an engineered, compacted soil suitable for
engineered structures such as buildings, roads, or pylonsuspended power lines. Nor does the ground need to be
subject to rigorous surveying, although surface profiling is
becoming more common.
Until recent times, there was little pressure to produce
expensive engineered backfill, as land use and land costs
were not an issue. However, today the pressures for redevelopment are increasing, while the availability of unmined
ground, especially for linear structures (roads railways, and
power lines), is decreasing. As more opencast coal operations
coalesce, this will add to this pressure.
An important fact underpinning this investigation was
that the backfill composition was relatively unknown;
especially with regards to compaction and soil parameters
such as friction and cohesion.
Figure 5 (Day, P., 2013) summarizes the various forms of
settlement. Initially, during the backfilling, immediate
settlement occurs without altering the mass of the backfill.
Soon thereafter, volume changes occur during consolidation
settlement as the excess air and water pressures dissipate.
This trends into a more gradual creep stage, which was the
main settlement stage that was planned to be measured in
this project. Finally, if the water table recovers, post-mining
collapse settlement could occur, accelerating the creep
process. This stage could not be measured in the investigation as the water table had not recovered.
Creep and (post-mining) collapse settlement are
irreversible and are the most significant forms of settlement
affecting any structures built on the fill.
Hill (1994) stated that the mechanism for creep
settlement is one of gradual rearrangement of the material
fragments, resulting in a reduction in void ratio due to
 

      

where s is the creep settlement expressed as a percentage of
the fill height (creep strain) that occurred between times t1
and t2 from the beginning of the period of creep settlement,
and α is the creep compression rate parameter.
Difficulty arises in determining the time at which creep
settlement began (tzero), with layers placed first clearly
beginning to settle before the placement of later layers.
Sowers, Williams, and Wallace (1965) took this time to be
the date when half the fill was completed.
Note that these investigators were working with a variety
of materials, most of which were laid over a period of time,
usually months or even years. In the case under investigation
and for normal dragline mines, the creation of the low-wall
backfill is very quick, occurring over a matter of hours or
days. Therefore the issue of where tzero starts is null. In this
investigation, it was assumed throughout that the age of the
backfill was the same as the mining date, which was only
recorded to the nearest month.
Other authors examining the behaviour of creep
settlement in rockfills include Soydemir and Kjaemsli (1979)
and Clements (1984). Soydemir and Kjaemsli examined the
post-construction performance data for 23 rockfill dams, and
observed both displacement/time and displacement/dam
height relationships. In an attempt to combine these
relationships, equations were produced for the
displacement/dam height relationship for different time
periods of the form:

S= βH

[2]

where S is crest settlement, H the dam height, and β and 
constants dependent upon the time period for which
settlement is to be estimated and the method of dam
construction, as shown in Table I.

Figure 5—Forms of settlement in a mine waste dump (Day, P., 2013)
with section of the graph pertaining to this investigation highlighted
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Figure 4—Even with every care taken, not everything goes as to plan.
Here the crew is recovering a broken drill steel. Note that even in this
situation, the core inside was essentially undisturbed

[1]

Determining settlement rates and surface stability using in situ density
Table I

β and δ values for settlement/dam height relationships
Membrane-faced (dumped rockfill) and sloping core dams

Membrane-faced (compacted rockfill) dams

After initial impounding (2 years)

10 years service

After initial impounding (2 years)

10 years service

5.0 x 10-4
1.5

1.0 x 10-3
1.5

1.0 x 10-1
1.5

3.0 x 10-1
1.5




This investigation hoped to overcome the difficulties
inherent in making absolute measurements of settlement in
models by directly measuring the densities in the material
and relating these to assumed, calculated, and measured
settlements.
The investigation would be considered a success if the
data resulted in density versus age and depth graphs that
were comparable to graphs of measured displacement against
age and depth.
When utilising Sowers Method the following variables
were utilised, each variable chosen after careful consideration
and comparison to the existing circumstance (Table II).
The results in Table III were found for settlement as a
percentage of backfill height (H). Furthermore, expected
settlement was found for all boreholes across the various
mine backfill ages.
It can be seen from the initial results obtained using
Sowers’s method that over extensive periods (Figure 6) the
rate of settlement decreases or stabilizes as the void ratio
decreases with weathering of the backfill and with the filling
of the voids during collapse settlement. Note that the Sowers
equation is not able to accurately predict the initial
settlement.
Figure 7 shows that displacement monitoring over long
periods yields actual displacements at those points monitored
(Hills, 1994). Note that the only dragline operation
measured, Clockfields (point 8 in the figure), showed by far
the most settlement and the highest rates of settlement when
compared with engineered and compacted backfills. This is a
dragline-made backfill that has similar ground properties to
those found at Optimum Mine – depths of 20 m to 50 m,
uncompacted dry mudstone and clay fill.
Significantly, the curves for density shown in the Results
section of this paper are very similar to the curve for
Clockfields at a depth of around 40 m. The curves indicate a
rapid initial displacement for Clockfields and increase in
density for Optimum, tapering off at around year 2 or 3 and
trending into a flat line at around year 4 for Clockfields and
year 5 for Optimum Mine.

the best results without affecting compaction), which reduced
the value of the data obtained. However, as these holes were
situated close to the proposed power line, they provided
valuable data on actual conditions at the site.
The Klipbank array of holes was drilled roughly along a
line in the direction of the face advance. Therefore the holes
yielded samples that were very similar in nature, but differed
in age (Figure 8).

Table II

Example of variables used in empirical calculations
S
t1
t2
h
B
H

Creep settlement (as a percentage of fill height)
Creep coefficient (assumed)
Fill time (months)
Settlement time (months)
Depth to coal
Bulking factor
Initial backfill height

Output
0.8
1
Variable
45
1.4
63

Table III

Results of predicted settlement analysis using the
Sowers method
Age of backfill
(years)

Age of backfill
(months)

Settlement
(%)

Settlement
(m)

12
24
48
72
120
168
180
300

0.86
1.10
1.34
1.49
1.66
1.78
1.80
1.98

0.54
0.70
0.85
0.94
1.05
1.12
1.14
1.25

1
2
4
6
10
14
15
25

  
Table IV shows the boreholes drilled and the ages and depths
of backfill in the respective logs.
Boreholes BHA and BHB were drilled 20 m apart as a
control to determine if they yielded similar results for similar
drilling conditions, which was found to be the case. They
were not used as part of the data-set as the ground and
drilling technique differed from the other boreholes (practice
was to vary rotation and flushing to establish the most
efficient drilling method, with the finding that 45 r/min gave
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Figure 6—Predicted settlement over time using the Sowers method. In
reality, the settlement rate will continue to drop close to zero in time,
probably around 20 to 25 years in Optimum Colliery’s case, until water
table recovery leads to post-mining collapse settlement
 

      

Determining settlement rates and surface stability using in situ density

Figure 7—Displacement monitoring over long periods yields actual displacements at those points monitored ( Hills, 1994)

Borehole locations, depths, and age of the fill
recovered
Borehole ID Backfill age
(years)

BHA
BHB
BH01
BH02
BH03
BH04
BH05
BH06

21
21
1
4
5
7
11
14

Location

Pullenshope
Pullenshope
Klipbank
Klipbank
Klipbank
Klipbank
Klipbank
Klipbank

Depth of hole No. 2A coal seam
elevation
m
masl
40.5
33.0
54.0
73.5
82.5
81.0
51.0
46.5

1552
1552
1553
1553
1549
1546
1545
1545

Hills (1994) and Hills and Denby (1996) found that
settlement profiles often do not match the profile of the
underlying ground surface, with the settlement profile
tending to be displaced away from the pit walls; which they
considered was probably due to lateral shear movements in
the fill. For this reason, the sides of backfill were avoided to
negate this variable.
The backfill density was initially determined using the
wax density method, where representative samples of each
borehole were extracted from the protective Perspex inner
tubes and coated with paraffin wax. The waxed sample was
 

      

weighed in air and water, and the bulk density, dry density,
and specific gravity were calculated.
Dry density values were obtained for each borehole with
this method, samples being taken from varying depths and
lithologies across each borehole. A number of dry density
values were compared at various depths within each
borehole. Dry density values across all the boreholes at
comparable depths were cross-checked to determine if the
density altered with age.
Through the use of transparent sample tubes it was
proved visually that the sonic drilling produced essentially
undisturbed core by volume and density (Figure 9). However,
many of the sand-rich samples were seen to have a short
unfilled section at the top of the tube. This ’core loss’ was
ascribed to:
 Friction from the Perspex ‘dragging’ the drier material
down the tube. This effect has been reported by others,
especially when using Shelby tubes and other more
friction-based sampling methods
 Hard, unweathered rocks could be pushed to one side
instead of being cored. To reduce this effect, a uniform
minimal drill rotation of 45 r/min was used throughout
 Drill fluid washing away the fine material. In the test
holes, up to 100% of the sample was lost to flushing,
highlighting the need to dry drill. Note that even using
the sonic drill, which should keep drill fluid separated
from the sample, this was still problematic
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Table IV

Determining settlement rates and surface stability using in situ density

Figure 8—Borehole profile for BH 1 to BH 6 and geological boreholes, showing the contour surface elevations in January 2010 and January 2013

Figure 9—A typical 1.5 m long sonic drill sample. To the left is clay fill material, with gravel fill in the middle and completely weathered sandstone boulder
fill to the right. Note the many voids and laminations within the sample

 The shaking and vibrations from the drilling action
 Actual voids within the material, especially under large
boulders. Two short voids were reported in BH 2, both
around 30 cm long. The material above then slid down
the tube, leaving core loss at the top.
It was not possible to determine which of the above
reasons were responsible for the drill core loss and to what
extent. Therefore the following policy was adopted: all
suspect core was rejected where the core recovery was less
than 90% or where water was used as flushing and recovery
dropped below 66% or was ‘wet’. Since it could not be
determined if the ‘core loss’ or ‘gap’ was due to actual loss or
compaction, it was decided that it would be treated as 50%
loss and 50% compaction. This was applied equally to all
samples and did not alter the shape of the output graphs or
unduly affect the conclusions.
Initial results considered the stratigraphic composition of
each borehole log as per British Standard 5930 ( British
Standards Institute, 2007) separating hard rock such as
sandstone and softer materials such as shale within each
borehole. Material was initially tested according to geological
consistency at certain predetermined depths. It was expected
that density would slowly increase over time and with
increasing depth due to creep settlement. However, the
results indicated that the density of the backfill at any given
depth did not alter appreciably over time, which was
unexpected.
It was found that the more consolidated material samples
had been selected for the wax density tests rather than the
less consolidated, loose backfill. It was therefore decided that
supplementary testing would be needed, using an alternative
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method of sampling, which would provide a more representative set of data.
The second series of laboratory tests was conducted on
complete 1.5 m long samples, disregarding the soil
composition. These were dried in an oven and then weighed
to determine their dry density for a larger sample volume
than was possible by the wax density tests. This was
considered to be more representative of the backfill as each
1.5 m run of core contained a variety of particle sizes and
took into account the natural voids. Using this method,
utilizing the simple principle that dry density is equal to the
dry mass divided by the volume of the sample, another set of
results was produced.
Figure 10 shows that the density from around 5 m below
surface to 47 m increased with depth, as expected. However,
while a straight line may have been expected, the graph
depicts two distinct data-sets. The first set near surface from
5–9 m was highly variable, possibly due to the amount of
surface disturbance over the years, suggesting that this
method cannot provide reliable results near the surface. The
second data-set shows that the in situ density increased
gradually with depth, as expected. The density at the last
data point (47 m) was slightly lower than expected, possibly
due to greater levels of weathering encountered at this point,
erosion due to footprint rainwater, or the effects of autocompression, which is described in more detail later in this paper.
The graph, while raising questions, suggested that the
results from the measurement of dry density of larger dried
samples could be used to describe the settlement process and
warranted further attention.
 

      

Determining settlement rates and surface stability using in situ density

The principal aim of testing was to define a correlation
between age of backfill, depth of backfill, and density,
whereby density or changes in density would act as a proxy
indicator of settlement. The results indicated that the
densities could be separated according to depth below
surface:





Near surface, within 9 m
Shallow depths, between 9 m and 30 m
Medium depths, from 30 m to 50 m
Large depths, from 50 m to 80 m (the maximum
drilled).

Note that recently, the seam being mined dipped so that
only the very young samples were located at the deepest
depths. This explains the lack of medium to deep data from
the older, shallower holes.
The dry density analysis at 5 m delivered the results
shown in Figure 11.
As expected, due to repeated surface disturbance such as
levelling and backfill compaction as part of the rehabilitation
process, the correlation R2 between age and density was only
0.143. This indicates that densities attained using this
method at shallow depths cannot be utilized as an accurate
method to predict rate of settlement.
The soil behaviour and densities of samples at shallow
depths between the 9 m and 30 m levels are of more
significant interest, typified by the results from 24 m. This
depth represents the bulk of backfilled material in older coal
mines in South Africa.
Figures 12 demonstrates the expected steep initial
settlement with increasing density for around the first five
years after mining, followed by a much slower creep phase.
These results correlate well with the published literature for
monitored settlements in mine backfill in both rate and
magnitude.
The older backfill often appeared in the results to exhibit
a slight loss in density. This is possibly due to the rainfall
infiltration washing away fine material or the boulders
weathering over time. It is not thought to be due to an
upwards (heave) movement caused by the clay fraction
swelling, and if found to be consistent in other investigations
can be treated by a suitable correction factor and hence
discounted.
The pattern for densities obtained up to 39 m depth
(Figure 13) appears to conform to the previous pattern for
shallow depths, but with only a single ‘young’ hole
 

      

R2 = 0,14318

Figure 11—Dry density versus time at 5 m depth (‘Set 1 - near surface’)

R2 = 0,30913

Figure 12—Density attained for soils at 24 m (‘Set 2 - shallow depth’)

Figure 13—Density versus age attained for soils at 39 m (‘Set 3 - medium
depths’)
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Figure 10—Density versus depth from approximately 5–47 m. This stage
of the graph was expected to contain the creep stage of the settlement,
but not the initial settlement experienced earlier

exhibiting a very low density (possibly a core loss error in the
laboratory as the sample tube appeared full when drilled).
The remaining data from samples ranging from 4 to 21
years in age shows a more consistent density in a range from
around 1800 to 2200 kg/m3. This is close to the average
expected density range of the in situ sandstone-shale mix
prior to mining and indicates that the creep phase at this
depth is largely complete by around 5 years.
Most of the solid overburden was between 35 m and 45
m in depth. However, the topography sloped gently upwards,
increasing the strip ratio and depth of solid overburden in the
final few mine cuts.
Finally, deep sample densities, where samples were taken
from depths greater than 50 m below surface, were
evaluated. It should be noted that due to site topography and
drill depths the range of samples available at this depth was
small, therefore while reasonable conclusions were found the
sample set size was limited.
The investigation was able to source limited data from
50 m to 80 m depth, and only in backfill aged from 2 to 4
years. This data was used to compare the density trends
attained at depth (Figure 14). These graphs show that the

Determining settlement rates and surface stability using in situ density
R2 = 0,15087

similar in shape, it strongly suggests that this method mimics
the graph that would be produced by monitoring, thus
satisfies the criteria for declaring this method and investigation a success.

 

initial settlement reaches densities very close to that expected
for the host rock mass prior to mining. This is a very high
initial settlement, possibly indicating that the deeper backfill
had suffered high initial compression.
The high initial compression with densities equivalent to
the initial in situ rock mass could be attributed to a
combination of four factors:
 Assuming the dragline bucket collects newly blasted
material high up from the muckpile and traverses on a
flat trajectory, the material dropped onto the lower
levels of the low wall would have high velocity impact
leading to lower initial void ratios
 Infiltration of fines from the overlying backfill
 Some or much of the lower level of the new low wall
spoil would have been thrown by the blast, thereby
having a high kinetic energy and resulting in a low
void ratio
 Autocompression from the >40 m waste overburden
would provide over 1 MPa of pressure, leading to a
reduced void ratio.
Whichever of the four factors are predominant, the results
suggest that the initial compression is relatively high in the
lower portion of the deep backfill, and the resultant creep is
correspondingly reduced.
This view is supported by Scott (1989), who noted that
many other researchers have observed a linear relationship
between autocompression and log time (Leigh and Rainbow,
1979; Riker et al., 1978; Hankins, 1984). This type of
settlement continues longer in the top layers of spoil, since
here ground stresses are not large enough to accelerate
settlement (Ferguson, 1984).
From the above results and corresponding analysis it can
be seen that backfill material at depths between 10.0 m and
40.0 m can be considered as the key or vital elements to be
taken into account when considering creep settlement. It is
within these bounds that the most significant change in
material density and compaction occurs; therefore it follows
that materials within these limits will contribute the most to
creep settlement and its effects on surface.
Figure 15 shows a conceptual graph of expected and
realized densities at various depths and ages, based on
collected data. In other cases, the backfill may exhibit slightly
different values, but is expected to follow the general pattern.
Note that in this investigation, post-collapse was not
measured. Once the water table recovers it would be expected
in the creep settlement stage. Figure 15 should be compared
to the theoretical graph shown in Figure 5. As they are very
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Density (kg/m3)

Figure 14—Density versus age attained for soils at 79 m (‘Set 4 - deep
depth’)

A methodology that is rugged and simple in concept and
execution has been demonstrated to describe the settlement
in a non-engineered and uncontrolled dragline-produced coal
mine backfill. Significantly, the method does not rely on
detailed knowledge of the backfill composition or on actual
displacements based on years or decades of laborious
measurements, with the results being available within days
of the final drilling programme.
The main finding is that the graph produced from
comparing the dry density of sample versus age and depth
closely mimics the graphs produced from actual survey
monitoring data.
As expected, the method is unable to produce meaningful
data close to ground surface (<9.0 m) as this ground has
been disturbed repeatedly due to rehabilitation work. It could
be that this material has not been compacted by the fill above
it and is therefore highly variable in void content.
Between 9 m and around 30 m, the dry density was
initially low at around 1100 kg/m3, but rapidly undergoes
initial consolidation to around 2200 kg/m3, peaking at year
five. Thereafter, the rate of consolidation slows and creep
settlement continues more gradually as described in the
literature.
Between 30 m and 50 m there appears to be autocompression and reduced subsequent creep. This indicates that
the main area of interest lies above this height. The graphs
produced of measured density versus depth within this range
mimic the settlement graphs produced by various authors for
dragline fill.
From 50 m to the bottom of the fill at 80 m, the graphs
show very high autocompression levels and little or no
subsequent compression. This indicates that the settlement
expected in dry conditions will be minimal and there will be
little benefit in costly monitoring or digging out the
uncompacted backfill and replacing it with an engineered
compacted backfill from these depths.

1

5

10

15

Time (Years)

Figure 15—Conceptual summary graph showing expected densities at
various depths and ages
 

      

Determining settlement rates and surface stability using in situ density
It should be noted that the area under investigation has
been mined continually by dragline for the entire 21-year
period and the backfill should therefore be considered not to
have suffered from post-collapse settlement as the fill has
always been drained, except for footprint rainwater
infiltration. The amount and rate of post-collapse settlement
that will occur when mining ceases and water table recovers
were estimated using published empirical methods, but could
not be verified in this investigation. This should be taken
into account prior to any design decisions based on this
work.
Many other interesting factors were found in this investigation, but owing to space constraints cannot be discussed at
length in this paper. For example, by comparing the height of
the current backfill against the original height of the in situ
rock and coal, the bulking factor of the backfill after creep
settlement was found to be 1.2, which is in line with values
from the literature.
Models of expected settlement profiles were generated
from published empirical formulae and were compared to the
investigation results.
The investigation indicates that the creep phase of the
backfill settlement was largely complete by the fifth year.
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Due to the successes of using density as a proxy for
settlement it is recommended that this method is repeated on
sites where long-term survey monitoring data is available. It
should then be possible to determine the accuracy and
repeatability of the method and perhaps a direct correlation
factor between settlement and density can be found. This
could lead to this method being used as a simple proxy to
determine settlement in unsurveyed backfill.
Future data should be compared to the current
conclusions to update the validity and usefulness of this
method to determine the settlement amount and rate by
comparison of material density with age. Other test sites may
have more variable geology, mining, and backfill/compaction
sequencing, thus complicating the data obtained.
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This investigation shows that density of mined backfill can
be used as a proxy for settlement when correlated with age
and depth of recovered core samples. This is demonstrated by
good correlation between the graphs produced and the data
suggested by the existing literature and empirical calculations
(comparing Figures 5 and 15).
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Observed spatial and temporal
behaviour of seismic rock mass
response to blasting
by K. Woodward* and J. Wesseloo†

!!
Seismically active mines generally experience an increase in seismic
hazard due to rock mass instability following blasting. Re-entry protocols
commonly include measures to limit the spatial and temporal exposure of
personnel to increased seismic hazard induced by blasting. The
management of periods of increased seismic hazard requires the
development of re-entry protocols for a unique mining environment.
Identifying mining conditions that may result in significant seismicity
following blasting relies on retrospective analysis, which is often focused
on seismicity occurring within a certain period after blasting and within a
certain radius of the blast in the broader context of site-specific
experience.
The analysis of seismicity without considering blasting times and
locations allows for the relationship between seismicity and blasting to be
investigated without prior assumptions concerning dependency. To
achieve independent analysis, seismicity that is clustered in space and
time (referred to as a seismic sequence) must be identified by assessment
utilizing only seismic parameters. An automated algorithm is implemented
that assesses the timing, location, and quantity of seismicity to identify
seismic sequences, represented by the time of the first event and mean
location of all events in the sequence.
The relationship between sequences and blasts is assessed by
calculating the distance and time from each sequence to the closest blast
in space and time. Establishing an independent classification between
sequences and blasting provides insight into the unique cases where
seismic sequences are remote and/or delayed with respect to blasts and
identifies cases when sequences exhibit a weak relation to blasting. The
nature of seismic responses to blasting has direct implications for the
management of the increased seismic hazard associated with seismic
sequences.
The approach presented in this study contributes to the management
of seismic hazard by providing empirical support for the relationship
between seismic sequences and blasting. These relationships indicate the
portions of sequences that can and cannot be practically managed using
tactical approaches. Furthermore, the analysis of sequences reveals the
nature and evolution of rock mass responses to blasting. These results
have implications for the extent of spatial or temporal re-entry restrictions
required for the optimal management of time-dependent rock mass
response to mining.

factors can vary significantly depending on the
mining environment, and include rock mass
characteristics, geological structures, mining
methods, mining sequence, and in situ and
mining-induced stresses.
Increased rates of seismicity are spatially
controlled within the mining environment,
commonly exhibiting spatial clustering
associated with sources of seismicity (pillars,
abutments, faults etc.) and rock mass failure
surrounding localized stress changes.
Assessment of the spatial and temporal
characteristics of seismicity contribute to
understanding the timing, location, and
magnitude of seismic hazard, which operations
aim to manage using various strategic and
tactical approaches (Hudyma, 2008; Cho et al.,
2010). Elevated rates of seismicity in a mining
environment are commonly observed following
significant changes in stress conditions,
lasting in the order of hours to days (Kgarume,
Spottiswoode, and Durrheim, 2010; Vallejos
and McKinnon, 2008).
Management of increased seismic hazard
associated with an elevated rate of seismicity
aims to reduce seismic risk through
minimizing workforce exposure (Vallejos and
McKinnon, 2008; Penney, 2011). This tactic
requires an exclusion period and volume to be
defined for various mining conditions,
commonly referred to as a re-entry protocol.
Re-entry protocols are site-specific time and
space limitations that aim to minimize
workforce exposure to elevated seismic
hazard. These protocols are developed using a
number of retrospective methods and validated
using reactive analysis.

" !
blasting, mining-induced seismicity, clustering, seismic sequence.

Seismicity in a mining environment exhibits a
range of spatial and temporal behaviour due to
varying contributions of, and complex
interplay between the factors that contribute to
a seismic response (Hudyma, 2008). These
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Observed spatial and temporal behaviour of seismic rock mass
The iterative sequence identification method presented in
this paper allows responses to be assessed independently of
blasting information. This allows the space-time relationship
between seismicity and blasting to be assessed, contributing
additional information to the development of re-entry
protocols centred on the location and time of blasting. The
method aims to identify various permutations of seismic
responses to blasting. However, it does not attempt to
address directly the seismic hazard and risk associated with
these responses.
The mine that is considered in this study is a sublevel
and open stoping operation that blasts at the end of 12-hour
shifts. The size of development blasts is approximately 350 t
while the size of production blasts ranges from 1000 t to
10 000 t.

""  !"!  ! ""
!
Site-specific experience of personnel plays a significant role
in the management of seismic risk following blasting through
contributions to re-entry decisions. Hudyma (2008) suggests
that subjective decisions based on local experience form the
basis of workplace closure and re-entry practice. This topic is
also discussed by Larsson (2004), outlining that most
standard re-entry procedures require the contribution of
experience from ground control engineers and management
to final decisions. Vallejos and McKinnon (2008) found, in a
survey of 18 seismically active mines, that re-entry protocols
in over 70% of these mines were based on local experience,
due to variation in seismic responses over a range of mining
environments. Penney (2011) notes that expected re-entry
times (derived from retrospective analysis) are considered
minimum requirements, with site experience contributing to
justifying extended re-entry times. Examples of such cases
are continued elevated seismicity, irregular seismicity, or the
occurrence of a significant magnitude seismic event late in
the re-entry period.
Although valuable insight gained through site experience
is important in managing seismic hazard, there are clear
dangers associated with relying too heavily on unquantified
personal impressions and interpretations. Mendecki (2008)
discusses this topic in a broader context, suggesting that the
use of human judgment to reduce complexities in the
assessment of probabilities associated with seismic hazard
may be subject to limitations of experience, interpretation,
and motivational biases. An indispensable tool to combat
over-reliance on subjective approaches is the use of
quantitative techniques to assess the seismic response to
blasting.
The use of retrospective assessment of seismicity
clustered in space and time to develop re-entry protocols
originates mainly from the study of aftershocks following
large earthquakes. For the purpose of this paper, seismicity
that is temporally transient and is closely related in space and
time to preceding seismicity is referred to as a seismic
sequence.
Seismic sequences have been studied in a wide range of
mining environments and have been well described by the
Modified Omori Law (MOL), originally developed in crustal
studies (Omori, 1894; Utsu, 1961). Additional assessment
methods have been implemented, such as the analysis of
seismic parameter rates, event rates, and cumulative event
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counts. Studies that have investigated the temporal
characteristics of seismic sequences following blasting or
large-magnitude events include those of Malek and Leslie
(2006), Heal (2007), Kgarume (2010), Vallejos and
McKinnon (2010), Naoi et al. (2011), and Penney (2011).
Spatial behaviour of seismic responses with time is
variable, with the seismicity either being constrained to the
location of the stress change (Heal, 2007; Plenkers et al.,
2010) or in some cases becoming spatially widespread over
time (Kgarume, 2010; Eremenko et al., 2009). Hudyma
(2008) notes that seismic responses are spatially related to
blasting, although the original seismic response may cause
seismicity associated with additional rock mass failure
processes (e.g. fault deformation).
Generally, in a mining environment, identification of
seismic sequences is based on an initial stress change related
to blasting or large seismic events. Analyses are performed
by implementing variations of a simple space-time window
surrounding blasts or large-magnitude events to define an
ensuing seismic sequence. Figure 1 illustrates the
implementation of a space-time window with a radius and
period defining the boundary for consideration in the
respective domains. The events that occur in this volume and
time period are included in the sequence (blue circles), while
those that fail one or both of these criteria are excluded from
the sequence (green circles).
This approach requires an accurate point in space and
time to define the origin of a space-time window. The portion
of sequence events captured depends on the space-time
window size. Larger windows include a greater portion of
‘false’ background events, while a smaller window may
exclude sequence events (Molchan and Dmitrieva 1992).
Baiesi and Paczuski (2004) noted that while space-time
windows can omit sequence events, the method generally
performs well for large earthquakes.
This sentiment appears to be shared throughout the
mining industry, evident from the widespread application of
space-time windows to assess seismic sequences. Examples
in mining where a space-time window is used to assess
seismicity after blasting or large seismic events include Heal,
Hudyma, and Vezina (2005), Heal (2007), Kgarume (2010),
Kwiatek (2004), Richardson (2002), Hudyma (2008), and
Eremenko et al. (2009).

Figure 1—Representation of a seismic sequence definition using a
space-time window following a blast or seismic event (orange), with
respect to included events (blue) and excluded events (green). The
spatial domain shows the location of events with respect to an analysis
volume (top). The temporal domain shows the timing of events with
respect to an analysis period (bottom)
 

      

Observed spatial and temporal behaviour of seismic rock mass
The use of space-time windows centred on the location of
a blast or large seismic event may be adequate for many reentry applications. However, the definition of spatial and
temporal limits used in analysis can be sensitive to variation
in seismic occurrence. The location of sources of seismicity
may significantly influence the location of seismic responses
and result in a spatial offset to blasting. Moreover, temporal
variation may occur due to time-dependent stress redistribution such as the occurrence of a large seismic event within a
response. Spatial and temporal variation results in re-entry
criteria becoming increasingly dependent on the broader
analysis of seismicity and site-specific experience to manage
seismic hazard with tactical approaches.
Figure 2 illustrates the sensitivity of analysis to the
definition of a space-time window for a well-located seismic
database. For an individual blast, a space-time window of
radius 75 m is implemented for spatial (3D view) and of 4
hours duration for temporal analysis (time series). Relatively
few events pass this criterion, which results in the
interpretation of a weak seismic response (Figure 2a). By
expanding the radial criterion to 100 m, additional events are
included in the analysis, which indicates a strong spatial and
temporal response that may be related to a geological
structure (Figure 2b). Increasing the radial criterion further to
125 m (Figure 2c), more events are included in the response
to blasting. This response has a strong planar orientation and
a consistent temporal decay, which may indicate that blasting
has altered stress conditions of the fault, resulting in
deformation.
There is a significant difference between the tactical
management of a low seismic hazard response (e.g. a few
small events) and a high seismic hazard response (e.g. larger
events generated by geological structures). The latter
response requires increased spatial and temporal exclusions
to account for higher seismic hazard following blasting. In
addition to the outcomes for re-entry protocols, the

interpretation of these responses may have broader
implications for mining operations. Examples include the
management of future mining sequences that may result in
similar seismic responses, planning of production to account
for longer re-entry requirements, and optimization of ground
support requirements. The definition of the space-time
window for individual responses can significantly influence
outcomes of the re-entry analysis; therefore, an assessment
of the space-time characteristics of seismicity is essential for
the management of seismic hazard.

"" !!  !"!
In the discussion of spatial and temporal characteristics of
seismic sequences it is necessary to clearly define two
causative modes of seismicity derived from the study of
naturally occurring tectonic earthquakes and seismicity
caused by human activities (McGarr and Simpson, 1997;
McGarr, Simpson, and Seeber, 2002; Hudyma, 2008):
 Induced seismicity—causative stress changes are
greater than or proportional to the resultant seismic
response. For example, a localized response to stresses
induced by blasting
 Triggered seismicity—causative stress changes are
significantly less than the resultant seismic response.
For example, remote seismic response from geological
features to stresses induced by blasting.
Understanding when and where induced and triggered
modes of seismicity occur has important implications for the
appropriate management plan. This information may be used
to help understand when and where seismic responses can be
expected relative to the extent of induced stresses. Assessing
this information with respect to the rock mass characteristics,
induced stresses, stress transfer mechanisms, and seismic
responses can give further insight into how and why these
modes of seismic responses occur. Improved and verified
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Figure 2—Example of a seismic response following blasting which shows the potential for analysis interpretation to be sensitive to the definition of spatial
criteria used to define events following blasting. Three radial distances are considered, increasing from 75 m (Figure 2a) to 125 m (Figure 2c), resulting in a
greater portion of the response being captured in space (3D view) and time (time series). As a result, an increasingly comprehensive interpretation of rock
mass failure can be achieved (possible interpretation)

Observed spatial and temporal behaviour of seismic rock mass
understanding of rock mass response to mining is important,
not only for the short-term management of seismicity but in
contributing to longer term management strategies.
Identifying seismic sequences is an ambiguous task that
is largely dependent on the study aims (Molchan and
Dmitrieva, 1992). The reliable detection of seismic sequences
depends on the contrast between a seismic sequence’s spatial
and temporal properties compared to background seismicity.
If it is assumed that seismic sequences are finite periods of
seismicity clustered in space and mixed with background
seismicity, it becomes impossible to completely separate the
two without error (Molchan and Dmitrieva, 1992).
Sequence identification becomes increasingly involved
when aiming to account for complexities in a mining
environment. The practice of blasting at designated times
(typically at the end of working shifts) inevitably results in
seismic sequences overlapping in time and separated in
space. Furthermore, blasting in similar spatial locations may
result in sequences overlapping in space but not in time.
Additionally, stress redistribution mechanisms may result in
a significant degree of variability in the space-time
relationship to an initial stress change. In a mining
environment where several blasts may occur simultaneously,
it may not be possible to associate a seismic sequence with
any one major stress change (Heal, 2007). Comprehensive
seismic sequence identification methods should allow for the
recognition of remote and/or delayed sequences that may
overlap in space or time without relying on a known
significant stress change.
The most appropriate solution for sequence delineation
aims to maximize the number and completeness of seismic
sequences identified while minimizing the number of
background events that by chance form false sequences
(Molchan and Dmitrieva, 1992). Automated algorithms that
assess spatial and temporal relationship between seismic
events present an attractive option to extract information
concerning timing and locations of seismic sequences. The
study of seismicity related to mining and earthquakes has
resulted in a number of approaches to the assessment of
sequences.
Temporal identification methods include the assessment
by Bottiglieri et al. (2009) of a ratio between standard
deviation and average value of the successive interoccurrence time within a non-overlapping time window.
Additionally, Frohlich and Davis (1985) assess a ratio
between the occurrence time of the origin event and the
following and preceding events to determine if a sequence of
events is generated by a stationary Poisson process to a
certain confidence. These methods, and other solely temporal
methods, do not consider the spatial distribution of the
seismicity and, therefore, seismicity that occurs dispersed
throughout space is considered equally with seismicity that
exhibits strong spatial clustering.
Depending on the application and focus of analysis, it
may be sufficient to represent the spatial and temporal
characteristics of clustered seismicity by a single numerical
value, for example, Single Link Cluster and Thirulamai
Mountain metrics (Cho et al., 2010; Kijko and Funk, 1996;
Matsumura, 1984). The use of a single measure of seismicity
has been avoided in the identification of seismic sequences,
as these methods do not allow full flexibility when a contrast
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in spatial and temporal correlations exists. Conceptually,
metrics will result in the same measure for the following
cases:
1. A strong temporal correlation, although a weak spatial
correlation
2. A strong spatial correlation, although a weak temporal
correlation
3. A moderate spatial and temporal correlation.
The use of metrics is undesirable due to the inherent
nature of routine mining activities that may cause multiple
simultaneous sequences throughout the mining volume
(metric correlation case 1). Furthermore, multiple sequences
may be induced in the same spatial volume due to the
progressive nature of blasting (metric correlation case 2).
Spatial and temporal attributes of seismicity must be
considered independently to allow full flexibility when
considering non-seismic causation and remote or delayed
sequences.
Several reviewed methodologies also make assumptions
pertaining to the statistical nature of sequences, for example,
power-law distributions of magnitude, Modified Omori Law
(MOL) decays, Stationary Poisson processes, or Ergodic
periods (Molchan and Dmitrieva, 1992; Frohlich and Davis,
1985; Baiesi and Paczuski, 2004; Cho et al., 2010).
Earthquake aftershock occurrences have been shown to
follow these statistical observations, which have in some
cases been shown to be applicable to a mining environment
(Hudyma, 2008; Vallejos and McKinnon, 2010).
Suboptimal identification methods may result from the
adoption of parametric approaches that do not appropriately
represent the spatial and temporal attributes of seismicity.
The identification of seismic sequences should minimize
unnecessary assumptions concerning event distributions and
associated parameters. Assuming a spatial or temporal event
distribution is valuable in subsequent analysis to delineate
and quantify sequences once a sequence has been identified.
Spatial and temporal modelling provides additional
information concerning the attributes of seismicity. For
example, temporal modelling of sequences with the MOL
allows for the quantification and delineation of timedependent seismicity that follows a power law decay.
Assuming this temporal distribution of events following the
identification of a seismic sequence allows for the structured
assessment of suitability of fit and parametric uncertainties.
A method for identifying sequences of seismicity is
implemented, giving consideration to the requirements
identified for an algorithm to be effective in a mining
environment. The following considerations were identified
from a review of the relevant literature:
 Avoid the use of information outside of the seismic
database. This allows for the independent assessment
of the influence of changes in stress conditions on the
spatial and temporal occurrence of seismicity
 Account for spatial or temporal superimposition. The
approach should identify sequences that overlap in
time (for example, blasting multiple areas of the mine
concurrently) or space (for example, stationary sources
of seismicity)
 Disregard magnitude of events. Stress changes may be
due to large seismic events; however, they may also be
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a result of blasting and other mining activities. A large
seismic event may not initiate a sequence and,
therefore, should not influence the identification of a
sequence
 Avoid single measures of clustering. Allow flexibility to
define clusters with different space-time characteristics
and avoid misrepresentative correlations between
events
 Avoid the use of statistical distributions. Seismic
sequences may be variable or have short space and
time scales and, therefore, may not conform to
statistical distributions
 Maximize the number of sequences identified while
minimizing the number of false sequences identified.
The method should be insensitive to the degree of
spatial and temporal clustering with respect to the
characteristics of background seismicity.

 " "  " "! !"  " 
" !"! !" ""!
Relatively complex algorithms are required to identify and
delineate seismic sequences while addressing all of the
previously stated considerations for the mining environment.
The development and documentation of such a method falls
outside the scope of this paper. This study provides a limited
overview of the methods used to assess seismic sequences
associated with the rock mass response to blasting. The
following sequence identification method aims to be as
simple as possible and, where practical, take into account the
previously stated considerations. The critical aspects of the
algorithm are discussed in further detail following the
method description. The implemented method is summarized
in five iterative steps:
(a) Ensure a clean and consistent seismic database
(b) Identify the sequence trigger event based on
predefined threshold settings. This method
implements a combination of space-time windows
and moving averages
(c) Model events following the sequence trigger using a
MOL (Omori, 1894; Utsu, 1961; Vallejos and
McKinnon, 2010)
(d) Exclude adequately modelled events from the dataset

(e) Repeat steps (b) and (c) for increasingly sensitive
threshold settings in order to capture weaker
sequences. These steps are repeated until no
additional sequences can be identified.
The result of this analysis is the definition of a sequence
‘trigger’. This trigger has the time of the first event that forms
part of the sequence. The trigger location is determined from
the mean spatial occurrence of all events that have been
modelled by the MOL. Figure 3 shows the definition of a
typical sequence trigger for a number of events clustered in
space and time. This resultant trigger is represented by a
cross and illustrated with a table view (left), cumulative
event count time series (centre), and 3D view (right).


The algorithm requires the definition of an initial triggering
space-time window and an additional modelling space-time
window (radial distance and period). This approach improves
the accuracy of the initial identification of potential sequences
by identifying where and when sequences exhibit the
strongest clustering in space and time. The use of a secondpass space-time window allows the modelled sequence to
include a wider range of events that are likely to be
associated with the process. The selection of these
parameters is related to the typical temporal and spatial
scales observed in mining. Triggering time windows consider
a period of tens of minutes, while the triggering space
window is defined by the scale of clustering in the mining
environment.
The delineation of a modelled sequence considers the
spatial and temporal attributes of seismicity. A simple
approach defines sequence events as those occurring within a
time interval that is suitably modelled using the MOL, and
within a fixed spatial distance from the mean location of the
sequence trigger. The spatial distance aims to capture the
vast majority of spatially related events and represents the
spatial scale of the source of time-dependent seismicity.
The use of fixed spatial distances assumes that events are
contained within a spherical volume around the sequence
trigger. This assumption is not ideal, as seismicity may
cluster as complex geometric shapes. Furthermore, the use of
fixed distances is assumed to represent the scale of seismic
sources. This assumption may be invalid, as sources of
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Figure 3—A trigger is defined to be the first event in the sequence with a mean location that is calculated from subsequent events

Observed spatial and temporal behaviour of seismic rock mass
superimposed. Three theoretical cases of sequence occurrence
are illustrated in Figure 5 using synthetically generated
seismic data:

Figure 4—Seismicity occurring over 12 h and related to development
blasting (approx. 10 m), production blasting (approx. 40 m), and
delocalized stress redistribution (> 100 m)

seismicity evolve during the progression of mining. The
definition of distance windows does not consider source
parameters, as the spatial extent of clustering is controlled by
the scale of seismic sources rather than individual events.
While in some cases the scale of seismic sources may be
related to the scale of a causative process (e.g. a large event
caused by a faulting mechanism), a correlation between
source parameters and spatial extent of clustering is not
applicable for all rock mass failure mechanisms observed in
the mining environment. Sequence delineation can be
improved significantly by implementing comprehensive
approaches to spatial and temporal modelling.
Despite these major assumptions, the use of fixed spatial
distances for spatial delineation is typically effective, as
spatial scales of seismicity are related to distinct rock mass
failure processes, for example, development blasting (approx.
10 m), production blasting (approx. 40 m), and delocalized
stress redistribution (> 100 m) (Figure 4).





As previously outlined, this method implements an iterative
approach that requires the systematic relaxation of the
number of events that are required to define a sequence.
Multiple passes are taken until no additional sequences can
be identified or modelled. An iterative approach allows the
algorithm to detect sequences that are spatially or temporally

1. Case 1—sequences occur separately in space and time
(blue events)
2. Case 2—sequences occur in the same space, although
offset temporally. After an initial sequence occurs
(orange events), any significant increase in event
occurrence (red events) causes the initial sequence to
be truncated at this time. Additional iterations detect
the delayed increase in event rate, which is identified
and modelled
3. Case 3—sequences occur simultaneously in time,
although offset spatially. During the occurrence of an
initial sequence (light green events), another sequence
occurs elsewhere in the volume considered (dark
green events). During the initial pass, one of these
sequences is identified and modelled with an
additional iterations identifying and modelling the
second sequence.
An iterative approach is taken to improve the overall
consistency of sequence identification by allowing for rules
based on the number of clustered events to specify
identification order. In effect, the algorithm prioritizes
sequences containing more events over sequences containing
fewer events, while still allowing relatively smaller sequences
to be identified. This functionality is important when
considering the scale of responses that may be present within
a data-set and accounting for cases where smaller sequences
may exist within larger responses. Smaller sequences are
identified only if the larger responses cannot be adequately
modelled, which prevents inconsistent segmentation of larger
sequences.
Figure 6 shows the use of event count criteria to achieve
an iterative functionality through application to synthetically
generated seismic data. A case is considered where three
sequences occur with similar event count relative to the
background rates. The iterative approach identifies the three
sequences separately, despite the second and third sequences
occurring within the same initial modelling time window (24
hours) after the first sequence (left). Moreover, the use of

Figure 5—An iterative approach accounts for several spatial and temporal cases of sequence occurrence, illustrated by a time series of the cumulative
number of events (top) and 3D view (bottom) for synthetically generated seismic data. Individual sequence separate in space and time (blue); two
sequences occurring in the same space that are offset in time (red and orange); and two sequences occurring at the same time that are offset in space
(green)
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Observed spatial and temporal behaviour of seismic rock mass

Figure 6—Time series of the cumulative number of events (grey), sequence triggers (crosses), and sequence events (coloured events) for synthetically
generated seismic sequences and background seismicity. The iterative approach ensures three sequences separately, despite the second and third
sequences occurring within the same initial modelling time window (24 hours) after the first sequence (left). A decreasing count criterion ensures the
largest sequences are considered first in the case of insufficient contrast between the seismicity being modelled (right)

"! !" ""!  !
Analysis of the space-time occurrence of seismic sequences
can be combined with sources of additional information to
achieve further insight into seismicity. Information may
include the seismic database, for example, magnitude of the
event preceding a sequence, or information pertaining to
mining operations, for example, blasting records or volume
mined.
Analysis of seismic sequences makes an essential
contribution to the tactical and strategic management of
seismic hazard through an improved and validated
understanding of the conditions that may result in a seismic
sequence. Although there are broad applications for different
kind of analyses, this paper focuses on the relationship
between seismic sequences and blasting in a mining
environment. For this purpose, we define four cases that
characterize the space-time relationship between the location
and timing of the sequence and the location and time of the
blast (Table I).
The relationship between sequences and blasts is
arbitrarily defined by considering the spatial influence of
blasting, scale of sources of seismicity in the mining
environment, timing and location accuracy of blast records,
and performance of the seismic array. For example, a
sequence must occur more than 50 m away from a blast to be
considered ‘remote’ and 1 hour after a blast to be considered
‘delayed’. Sequences occurring outside 200 m or 6 hours are
considered ‘remote or delayed’. An example of sequence
classifications is shown in Figure 7, displaying cumulative
 

      

count with time and a perspective view of seismicity for a
given period. Three distinctly different responses are shown:
 Local and immediate sequence—a sequence occurs on 3
February at 6:30 am (green arrow and markers). This
sequence is closely related to blasting

Table I

Descriptions of the four cases characterizing the
relationship between a seismic sequence and a
blast based on the space-time relationship.
Conceptual diagram of cases is shown by an
initial stress change represented by an orange
splash, initial seismic sequence represented by
red circles, and delayed/remote seismic
sequences represented by green circles
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decreasing count criteria ensures that the largest sequence is
considered first, and therefore if these sequences cannot be
separated with confidence they will be modelled as a single
sequence.
To illustrate this case, the first sequence is modified to
have a larger event count relative to the second sequence
(start shown with an arrow), resulting in an insufficient
contrast between the two sequences, and hence these
sequences are modelled as one (right). Note that the location
of these events is not considered in this example; however, if
the second sequence were separate in space, the iterative
approach would allow this sequence to be identified
separately despite a seemingly weak temporal occurrence.

Observed spatial and temporal behaviour of seismic rock mass

Figure 7—Cumulative count plot (top) and a perspective view of seismicity (bottom). Data over this short period illustrates the variable space-time
relationship between sequences and blasting

 Remote sequence—a sequence occurs on 3 February at
6:30 pm (blue arrows and markers). This remote
sequence is identified at the same time as a blast, but
130 m away. The occurrence of a remote instability
associated with blasting justifies the extension of
spatial re-entry exclusions
 Delayed sequence—a delayed sequence occurs with a
large event (brown arrow and markers) following a
local and immediate sequence to blasting (green arrow
and markers) associated with blasting. The occurrence
of a delay sequence indicates further stress
redistribution and justifies the extension of temporal
re-entry exclusions.

  



The assessment of the sequence classification proportionality
determines what percentage of identified sequences fall into
each classification and provides an indication of the sources
of seismicity that may be present in a particular mining
environment.
Table II provides the proportional counts of sequence
classifications for two Western Australian mines. At Mine 1
(a narrow-vein stoping operation), a significant majority
(78%) of all sequences occur locally and immediately after
blasting with low proportions of remote or delayed responses
to blasting. These conditions can be analysed using the
traditional ‘time after and distance from blasting’ approaches.
In comparison, Mine 2 (a sublevel caving operation)
experiences only 32% of all sequences locally and
immediately after blasting, indicating that sequences are
influenced by relatively more complex stress conditions. This
interpretation is supported by 16% of all sequences occurring
remotely and immediately after blasting (compared to none
for Mine 1), indicating that volumes of rock mass close to
failure may be influenced by remote blasting. As a result,
Mine 2 may require an approach to re-entry protocols that
places greater emphasis on spatial aspects of seismicity; in
particular, the responses of geological and geometrical
defined sources of seismicity.
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Table II also provides an indication of the remote and
delayed sequences that occur for each of these cases. At Mine
1, 18% of sequences are not associated with any specific
blasting. However, at Mine 2, 47% of sequences occur
outside blasting space and time. Seismic hazard associated
with these sequences cannot be managed with re-entry
protocols, and therefore an increased emphasis on other risk
mitigation approaches may be required for Mine 2.
The proportional measure of the sequences provides an
indication of the proportion of spatially and temporally
clustered seismicity that is closely related to blasting and,
therefore, can be expected to be captured using re-entry
protocols. Sequences that are not directly related to blasting
will likely require management using extensive tactical
methods (e.g. increased spatial and/or temporal exclusions)
and complementary control approaches. Even if the
underlying seismic hazard associated with remote or delayed
sequences is similar to that for local and immediate
sequences, seismic risk will be elevated if these cases are not
accounted for by the tactical management of hazard.
Furthermore, proportional representation indicates to what
degree geological structures and/or stress redistribution
mechanisms may influence the management of seismic
hazard following blasting.

    



The progressive influence of mining can be examined
through the accumulation of individual sequences over time
based on the specific sequence classifications. Figure 8 shows

Table II

Proportional counts of sequence classifications for
two Western Australian mines
Case

Mine 1
Mine 2

Local and
immediate

Remote and
immediate

Local and
delayed

Remote and
delayed

78%
32%

0%
16%

4%
5%

18%
47%

 

      

Observed spatial and temporal behaviour of seismic rock mass

Figure 8—Cumulative count of each individual sequence classification over time. Trends have been drawn for local and immediate sequences (green) and
remote and delayed sequences (red) for periods with distinct relative rates of occurrence. Remote and immediate (blue) and local and delayed (brown)
sequences follow consistent linear trends

 Period 1—‘typical’ mining of the established regions in
the mine, resulting in proportional generation of
seismic sequences closely related to blasting (green)
and independent sequences (red) (Figure 8)
 Period 2—several new headings are mined, which are
oriented perpendicular to the major principal stress
direction and in close proximity to geological features.
There was a strongly disproportional generation of
seismic sequences with significantly more independent
sequences (red) occurring relative to those closely
related to blasting (green) (Figure 8)
 Period 3—the headings mined in the previous period
continue to be developed deeper in the mine. The
disproportional generation of seismic sequences that
was evident from the previous period resumes with
more independent sequences (red) occurring relative to
those closely related to blasting (green). The
discrepancy between the number of independent and
blasting-related sequences is not as great as the
previous period (Figure 8).
These trends provide an indication of the underlying
trends in the spatial and temporal relationship between
sequences and blasting and provide inference concerning
how the rock mass, particularly geological features, responds
to an evolving mining environment. This relationship is
essential for understanding how well the seismic hazard can
be practically managed by tactical techniques such as re-entry
protocols. Furthermore, this information may prove valuable
in developing long-term management strategies that seek to
minimize similar mining conditions in the future. This could
be achieved through actions such as modifying the extraction
sequence or increasing ground support in specific areas to
reduce the risk from seismic sources that do not respond
exclusively to blasting.
 

      





Retrospective assessment allows for increased confidence in
the observation of specific sequence relationships with
respect to the mining environment. Consistent occurrence in
space and time of remote and immediate sequences reduces
the probability that remote and delayed sequences have been
misidentified. Furthermore, consistency allows for increased
confidence in the conditions that may result in specific
seismic response and hence have the potential to improve the
tactical and strategic management.
Figure 9 illustrates a case of spatially concentrated remote
and immediate sequences that are associated with production
and development blasting. There are a significant number of
cases of these sequences that centre consistently on a volume
of rock mass largely devoid of blasting. Furthermore,
sequences are spatially constrained by a volume of rock mass
that is defined by a geological contact and the mining
geometry, which also experiences high rates of ‘background’
seismicity along with remote and delayed sequences.

Figure 9—Plan view of remote sequences associated with a geological
and geometrical defined source of seismicity (blue crosses), production
blasts (orange), and development blasts (purple)
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trends in the relative rate of occurrence between sequence
classifications, which are described by three periods related to
the progression of mining. Remote and immediate and
delayed and local sequences occur consistently over the time
period considered. However, the interpretation is restricted
due to the limited data.

Observed spatial and temporal behaviour of seismic rock mass
The occurrence of sequences and high background rates
indicates that the volume of rock mass experiences a stress
state close to failure. However, the observation of remote and
immediate sequences highlights the potential for blasting to
influence remotely the stability of this source of seismicity.
Seismicity occurring within this volume of rock mass
indicates that rock mass stability is sensitive to stress
changes 50 m to 200 m away, regardless if the sequence is
associated with development (350 t) blasts or relatively larger
production blasts (1000 t to 10 000 t).
This rock mass has experienced an extended period of
stress state close to failure. Ongoing rock mass failure may be
evident from significant background seismicity and the
occurrence of seismic sequences, which indicates that a
complete yielding process has not occurred and, therefore,
remote responses could be expected in the future.
Volumes of the rock mass that respond remotely to
blasting require further consideration in the management of
seismic risk. This is particularly important if the seismic
source poses a high risk and is significant to operations; for
example, a fault in close proximity to active workings. In the
case of remote responses, re-entry exclusion zones are
required to consider the location of blasting with respect to
sensitive spatial sources of seismicity in order to ensure that
exposure of personnel to seismic hazard is minimized across
the entire mining environment. The management of remote
sequences should be emphasized when sources of seismicity
exhibit signs of experiencing a stress state close to failure; for
example, strong responses to blasting and high rates of
background seismicity.
Figure 10 examines a prominent source of seismicity over
a three-year period. Plotted on a time series is the cumulative
event count (left), daily event rate (right), and sequences that
have been identified. Furthermore, the figure is annotated
with counts of sequence identification during periods of
generally similar event rates. In this volume of rock mass, the
vast majority of seismic sequences occur during two periods
of heightened event rates. Concurrently during these times, a
number of local and immediate sequences after blasting are
identified, along with several remote and immediate and
remote and delayed responses. Management of seismicity

may be improved by combining the assessment of re-entry
protocols with medium- to long-term trends in seismicity,
such as previous responses to blasting and background rates.



   

Seismicity that is clustered in space and increases abruptly
after a time delay from blasting is identified to be a delayed
sequence. Delayed sequences have not been observed to
occur without an initial local and immediate seismic response
to blasting. Two hypothetical physical mechanisms of rock
mass failure are proposed that may result in a delayed
response following blasting.
The first physical mechanism may result from a timedependent rock mass failure that contributes to a population
of seismic events with a self-similar magnitude distribution.
Despite a relatively consistent failure process, variability in
the generation of seismicity arises due to further stress
redistribution associated with the large event or causative
process. A significant increase in the rate of seismicity is
observed after the initial sequence, which may be a result of
inherent variability associated with this process. Figure 7
provided an example of a blast resulting in a local and
immediate response (green cross); however, after some time
delay there was a response identified with a large event
(brown cross).
The second physical mechanism requires the timedependent initiation of a failure process in addition to the
initial time-dependent rock mass failure. The observed
response will be a superimposition of the seismicity
associated with these two processes. Assuming both
processes are the result of the same initial stress change, the
additional failure process must be relatively aseismic for a
period to observe a delayed seismic response.
Hypothetically, the two physical mechanisms are
distinguishable by testing the self-similarity of events
through the analysis of seismic source parameters. The initial
and delayed sequences must be delineated spatially and
temporally in order to test the self-similarity of events. This
study focuses on the identification, rather than the
delineation, of sequences and therefore, the investigation of
the fundamental nature of delayed responses falls outside the
scope of this work.

Figure 10—Cumulative event count (left), daily event rate (right) and identified sequences from a prominent source of seismicity over a three-year period.
The figure is annotated with counts of triggering during periods of high event rates
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Observed spatial and temporal behaviour of seismic rock mass
The major difference between the two physical
mechanisms is that the delayed sequence in the first
mechanism is due to variability of a single rock mass failure
process. In contrast, the second mechanism involves two (or
more) underlying processes that result in a seismic response
superimposed in space and time. In the latter case, as one or
more processes contribute to the generation of seismicity, the
self similarity of events may not be maintained, i.e. the onset
of a second process may result in relatively higher/lower
seismic hazard for a given event rate. Figure 11 illustrates
the two contrasting physical mechanisms using theoretical
cumulative event counts over time. A response associated
with the first physical mechanism contributes solely to the
observed seismic response, with temporal variability resulting
in a delayed sequence being identified (left). In contrast, the
second mechanism results in an initial and a secondary
response (associated with a fault), which contribute to the
superimposition of sequences observed (right).
An observed example of a delayed seismic sequence is
illustrated in Figure 12. An initial sequence is located close to
blasting in space and time (green cross). A new sequence
occurs after 4½ hours due to a spike in event rate that locates
close to the first sequence (green cross and brown cross).
This second response is considered a local and delayed
sequence. Irrespective of the underlying mechanism, re-entry
management may be required to consider an increased
temporal exclusion period due to a renewal of elevated
seismic hazard.

!!
Retrospective analysis of the spatial and temporal
characteristics of seismicity, together with site-specific
experience, underpins the development of re-entry protocols
forming the basis for the management of seismic hazard after
blasting. Assessment of seismicity clustered in space and
time requires the consideration of a number of aspects
unique within a mining environment to identify seismic
sequences. To satisfy these considerations, a sequence
identification method has been developed and applied to real
and synthetic seismic data.
Seismic sequences have been classified according to their
space-time relationship to blasting and discussed with respect
to implications for tactical and strategic management of
seismic hazard:

 Local and immediate—the sequence occurs close to
blasting in space and time. Seismic response to blasting
that can be captured by distance and time from blasting
re-entry criteria
 Local and delayed—the sequence occurs close to
blasting, although after a time delay. Seismic response
to blasting that can be captured by distance from
blasting re-entry criteria; however, additional
considerations are required to determine the temporal
extent of the response
 Remote and immediate—the sequence occurs after
blasting, although remotely in space. Seismic response
to blasting that can be captured by time after blasting
re-entry criteria; however, additional considerations are
required to determine the spatial extent of the response
 Remote and delayed—the sequence occurs after and
remote to blasting. Seismic sequences are not closely
related to blasting, and therefore an increased
emphasis on other management techniques of seismic
hazard is required.
The relative numbers of sequences belonging to these
classifications provide an indication of the degree of rock
mass inhomogeneity and/or stress redistribution mechanisms
that may influence the spatial and temporal relationship
between blasting and sequences. Furthermore, the relative
rates of sequences belonging to local and immediate and
remote and delayed classifications are linked to the
progression of mining, revealing an evolution in seismicity
over time. From this analysis, it was evident that the relative
numbers of sequences belonging to the four classifications
may not be constant for mining environments over space or
time.

Figure 11—Two physical mechanisms illustrated using theoretical
cumulative event counts over time for Mechanism 1: temporal variability
of one initial response and Mechanism 2: superimposition of initial and
fault responses
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Figure 12—Shown are the cumulative events count, event rate, and time of sequence identifications (left). The modelled events and mean sequence
location are shown with respect to mine surveys and blasting (right)

Observed spatial and temporal behaviour of seismic rock mass
Analysis of seismicity clustered in space and time reveals
the type and evolution of seismic responses to blasting and
may benefit the tactical and strategic management of seismic
hazard by:
 Providing empirical support for existing re-entry
protocols
 Indicating if seismic responses to mining are variable in
space and time
 Indicating the required approaches for managing
seismic hazard by assessing the:
– Proportion of sequences that can be practically
managed using tactical approaches
– Portion of sequences that requires extensive
tactical methods through the extension of spatial
or temporal restrictions
– Portion of sequences that cannot be practically
managed using tactical approaches.
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A proposed approach for modelling
competitiveness of new surface coal
mines
by M.D. Budeba*, J.W. Joubert†, and
R.C.W. Webber-Youngman*

Cost estimation for surface coal mines is a critical practice that affects both
profitability and competitiveness. New mines require these costs to be
estimated using available information before a project begins. The
competitive advantage of a new mine depends on it being both efficient
and cost-effective. Low-cost producing mines have a higher chance of
survival in a low-price environment than do high-cost producers. The
competitiveness and profitability of a coal mine is based on the costs of
production and the supply position on the cost curve. There is no single
method of cost estimation, and the available methods consider only one or
a few variables, leaving out multiple variables that could significantly
affect the estimation of mine costs. Mining companies are thus searching
extensively for a method that will increase accuracy in the estimation and
evaluation of mining projects
This paper highlights the shortcomings of the available approaches
and proposes a data envelopment analysis method to develop a frontier for
effective surface coal mines, and the use of a parametric method for
modelling the costs and productivity of new mines to ensure effective
competitiveness. The models will extend the capability of estimation and
the accuracy of estimates using the efficient decision-making units, by
considering the optimal mine-specific and external variables affecting
costs.
 
cost estimation, competitiveness, surface coal mine, DEA.


Coal contributes 25% of the world’s primary
energy needs, after fuel oil, which contributes
35%. The world energy demand, estimated
over the period 1990 to 2030, is expanding at
a cumulative annual growth rate (CAGR) of
1.7% (Schernikau, 2010, p. 14). This
emphasizes the need for enhancing the
production of existing mines, as well as
opening new mines in order to increase the
supply of coal.
According to the 2011 International
Energy Agency report, coal demand is
projected to increase at a rate of 2.8% from
2010 to 2016. The demand will be driven
primarily by countries outside of the
Organisation for Economic Co-operation and
Development (OECD, led by China and India,
whose economies are growing rapidly. For
example, China’s demand for coal for power
stations is projected to grow at a CAGR of
5.2%.
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Mines are the only source of coal. Coal can
be mined either by surface or underground
mining methods the choice of which depends
on both technical and economic evaluation
results. Generally, a near-surface coal deposit
is mined using surface mining methods, and a
deep deposit by underground methods.
Mining of coal begins once the mineable
coal reserve is determined; depending on the
chosen method, coal reserve is an input to the
mine operations, and the output incudes coal
which is stockpiled at the mine then supplied
to the power station. For surface mines in
particular, the other outputs include waste
rock that deposited in waste dumps or in the
mined-out areas. Coal for export undergoes
cleaning in a washing plant to remove the
organic matter and other impurities that may
affect its quality in order to upgrade it to the
requirement of the market. The entire
operation can be presented in a simplified
process as indicated in Figure 1.
New surface coal mines can consider
supplying coal to three types of markets, viz.
local markets, export markets, or a
combination of both local and export markets.
Costs have to be estimated for a new mine to
evaluate its competitive position compared
with existing producers. Cost estimation has to
be done using available information.
Cost estimation practices affect the
decisions made regarding new mine projects,
and underestimating or overestimating costs
can result in poor decision-making that may
lead to considerable financial losses through,
e.g., overcapitalization of the project, adverse
effects on the share price, lower than expected
return on investment, non-delivery on project
expectations, capital items purchased affecting
outputs, and high operating costs delaying
positive cash flow.

A proposed approach for modelling competitiveness of new surface coal mines
Coal Reserve
Mining Operations

Coal stockpile

Waste rocks

Mine mouth/
Local market

Beneficiation

Cleaned Coal
stockpile

Port/Export market

Figure 1—A simplified surface coal mine structure and operations

Cost estimation involves prediction of the capital and
operating costs. Capital cost estimates in mining include, for
example, estimating equipment costs, pre-production
stripping costs, and working capital and other fixed costs.
The operating cost estimates involve costs that will be spent
in production. These include costs of drilling, blasting,
excavation, hauling, administration, and beneficiation. Cost
estimates are used, for example, in mine planning for
determining the optimal pit size with the highest net present
value (Leinart and Schumacher, 2010). When this optimal pit
is mined, it should generate a profit.
Cost estimation is a challenging practice that is affected
by project uncertainties which, if poorly considered, could
result in a wrong project evaluation. Such uncertainties
include stripping ratio, seams with complex metallurgical
characteristics, mines located in isolated regions, lack of
access roads, electricity and water supplies, unfavourable
climate, and the challenges of mountain topography (Shafiee,
Nehring, and Topal, 2009; Shafiee and Topal, 2012). To use
but one example, any significant change in the stripping ratio
affects the cost of stripping (Jaeger, 2006). The
aforementioned are but some of the issues affecting the
competitiveness of new mine investments.
Investing in projects or resource companies, given the
volatility of commodity prices, calls for consideration of the
project’s position on the cost curve (Rudenno, 2009, p. 135).
The cost curve is a plot of costs versus the cumulative
production rates of mines in production. The curve is used by
existing mines to determine their competitive position relative
to other mines producing the same commodity.
To illustrate the application of a cost curve to determine
mine competitiveness, Figure 2 shows an example of two
mines, A and B. Mine A is at the lower point of the cost curve
and mine B is at the higher position. Needless to say, mine A,
operating at low level on the cost curve, has a better chance
of economic survival during times of low commodity prices
than the high-cost producers.
New mine operators desire to be on the low portion of the
cost curve. A new mining project’s competitiveness in the
market depends on both monetary and non-monetary factors.
New mines are faced with problems of combining technical
design and economic parameters to generate value for the
stakeholders (Mohnot, Singh, and Dube, 2001). When the
operation begins, most mine management teams are focused
on minimizing costs instead of being efficient and planning
effectively in order for them to be competitive.
There is no unique method for cost estimation in mining
projects. Mining companies are thus searching
comprehensively for a method that will increase accuracy in
the estimation and evaluation of mining projects (Shafiee and
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Topal, 2012). The available cost estimation approaches are
limited to investigating one or a few variables, while ignoring
other independent variables that might affect the cost
estimates.
Hager (2012) suggests that a simplistic investment model
is required to help determine the costs and competitive
position of a new mine among existing producers. The model
should consider unique project-specific variables and
challenges, such as, for instance, the remoteness of the mine
and the business environment in which it will operate.
Dehghani and Ataee-pour (2012) state that mining
companies do not know, with absolute certainty, how much
they will be able to spend tomorrow, let alone next month or
next year. Costs should thus be estimated using a method
that will incorporate the effect of deposit-specific variables
(such as quality and geography) as well as other external
variables (such as policy and inflation) affecting costs during
operation.
It is the aim of this paper to develop and propose an
approach using data envelopment analysis (DEA) to develop
models that can be used to create a frontier for efficient
performing mines, then use the efficient mines to develop
models for predicting productivity and effective costs for new
mines, assuring competitiveness. The models should also
assist investors in carrying out comparative analyses and
making sound investment decisions in the present
competitive business environment.

 
A new mine can operate only once the economic feasibility
study indicates that the project will be profitable. These
mines require their costs to be estimated using the available
information, and a decision is then made, based on the costs
and other factors affecting profitability, on whether or not to
proceed with development.
Some authors have discussed variables affecting costs in
surface coal mines. Gordon (1976) asserted that: physical
conditions, costs of the labour, capital resources, regulations,
technical progress, and price changes all produce shifts in the
costs of mining over time, regardless of the specific mining
conditions themselves.
Schneider and Torries (1991) state that the cost of
producing clean coal of a specific quality depends on a
combination of geological conditions, that is, the quality of
the unprocessed coal and the cost of beneficiating the coal.
Haftendorn, Holz, and Hirschhausen (2012) also suggest

Figure 2—Illustration of the position of two mines on a cost curve
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Most approaches to cost estimation require that a production
rate be estimated first. The production rate used in some cost
estimation approaches was proposed by Taylor in 1977, and
is known as Taylor’s Rule. This method is presented in
Equation [1]:

Tons per day = 0.014 x (Expected tons)0.75

[1]

Another method for production rate determination is that
of multiple economic analyses. This involves a series of
production rate iterations and computing the cost of each.
The production rate that results in the maximum net present
value (NPV) is hence chosen for the mine. This technique
requires the iteration of each scenario of production rates in
order to determine the one generating the maximum NPV
(Leinart and Schumacher, 2010).
The available approaches for surface mining cost
estimation can be grouped into the following categories:
statistical approaches, online methods, and comparative and
itemized methodologies. The approaches range from
estimating the cost of an individual piece of equipment to the
average and total costs of mining.

   
Capital and operating cost estimation approaches in this
category include O’Hara models; multiple regressions based
on principal component analysis; an econometric model; and
the use of single-variable regression models included in
mining cost estimation handbooks. Examples of these
handbooks include: CAPCOSTS, for mining and mineral
processing equipment costs and capital expenditures;
CANMET, for estimation of pre-production and operating
costs of small underground deposits; and a cost estimation
handbook for the Australian mining industry (Sayadi,
Lashgari, and Paraszczak, 2012).
O’Hara methods can be represented as a set of equations.
Equation [3] shows the main equations estimated by O’Hara
in 1980 (Shafiee and Topal, 2012).

Capital cost (US$ m) = $400 000
(tons mined and milled daily)0.6
Stripping cost (US$ m) = $800
(millions of tons of overburden soil)0.5
Stripping cost (US$ m) = $8500
(millions of tons of overburden rock)0.5
Equipment cost (US$ m) = $6000
(tons of deposit and waste mined daily)0.7

which can be rewritten in general form (Long, 2009) as:

+$5000 (tons of deposit and waste mined daily)0.5

C = bT a

Maintenance cost (US$ m) = $150 000
(tons of deposit and waste mined daily)0.3

[2]

where C is the capacity in metric tons per (the production
rate), a and b are coefficients to be estimated, and T is the
reserve tonnage.
Long (2009), in his review of Taylor’s Rule using 1195
mines as a data-set, obtained different model coefficients,
that is, the elasticity of capacity denoted by a was found to be
less than the 0.75 originally suggested by Taylor. Two
criticisms were also raised during the re-evaluation of this
model, namely the fact that it is an inhomogeneous model
because it was developed from mines producing different
commodities, and also it is not deposit-specific. The
relationship between the reserve and capacity is inelastic in
nature, as opposed to the original assumption of elasticity.
The possibility of changes in technology was also not
assessed in this model. For example, certain deposits may
require specialized technology in order to be extracted and
processed, and this can, in turn, affect the estimates of the
production rate.
 

      

[3]

Labour cost (US$) = $58.563
(tons of deposit and waste mined daily‐0.5
+$3.59 (tons of deposit and waste mined dail)‐0.3
Supplies cost (US$) = $13.40
(tons of deposit and waste mined daily)‐0.5
+$41.24 (tons of deposit and waste mined daily)‐0.3
+$0.90 (tons of deposit and waste mined daily)‐0.2
The equations express cost as a dependent variable, and
production rate as an independent variable. These models
were prepared in the 1980s, and therefore should be updated
to accommodate the escalation of costs using cost indices that
have been computed based on general inflation in the US
economy. The index updates mining costs such as mine and
mill labour, machinery, and heavy equipment (Shafiee and
Topal, 2012).
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that the main factors affecting mining production costs are
geological. These factors include the seam thickness,
inclination, and the nature of the rock hosting the seam.
On the other hand, Smith (2012) highlights one aspect in
creating sustainable value in a mineral and metal company as
being knowledge of the fixed physical nature of the mineral
asset, such as the type and nature of mineralization, depth
below the surface, shape, extent and dip, and surface
topography. This makes for optimal efficiency and technical
solutions for mining and recovery, and hence maximizes
cash flow.
The International Energy Agency report on the world
energy outlook (IEA, 2011 p. 52) indicates that the future
costs of coal production will depend on inputs such as fuel
and steel prices, exchange rates, the geological conditions of
the coal deposit, as well as environmental and land
legislation in coal exporting countries. These are also factors
that cause variations of costs from one country to another. In
addition, the lack of affordable labour and emission penalties
also affect the economic viability of mining.
Supply costs of coal for the international market depend
on a combination of mining costs, domestic transport costs,
and port handling costs, also known as free-on-board (FOB).
These costs measure the mining company’s competitive
position for export relative to other producers and suppliers
of coal. Looking at the supply costs in particular, it is
therefore imperative to understand how the deposit’s unique
characteristics, economic variables, and environmental
regulation influence the cost estimates for new projects,
whether producing coal for export, domestic consumption, or
both markets.

A proposed approach for modelling competitiveness of new surface coal mines
Conversely, O`Hara models, when applied to estimate, for
example, the costs of mining two deposits of equal reserve
size with different geological conditions, obtain the same
answer for the two deposits. This is unrealistic since factors
affecting mining costs, like intrinsic characteristics of the
deposit such as depth, dip, and quality, are not taken into
consideration. Shafiee et al. (2009) also highlighted another
shortcoming of O’Hara models with regard to the expansion
of the equations according to the lifespan of the mine.
As mentioned above, CAPCOSTS, developed by Mullar
and Poullin in 1998, CES, prepared by US Bureau of Mines
(USBM), and the cost estimation handbook for the Australian
mining industry are some of the available handbooks for cost
estimation in mines. They are based on single-variable
regression models. The general equation used in each of the
aforementioned can be written in the form indicated in
Equation [4].

Y = A(X)B

[4]

where Y is the cost to be estimated, A and B are coefficients
to be estimated, and X is an independent variable such as
capacity or horsepower.
Leinart and Schumacher, (2010) and Sayadi et al. (2012)
argue that most of these cost estimation models use single
regression to estimate mineral industry costs. The other
significant variables are overlooked, making these models
obsolete, and updating them may result in substantial errors.
Long (2011) conducted a study for estimating costs for
porphyry deposits. The author found that capital cost
depended on the mineral processing rate, stripping ratio, and
the distance from the nearest railroad. These factors should
therefore be considered before commencing mining
construction. In terms of the operating cost, the stripping
ratio was the only variable affecting the cost, which best
explains the stripping account for up to 40% of operating
costs. Long (2011) also suggests that the next step is to test
the relationship of the variables and costs for other types of
deposits that use different mining and mineral processing
methods.
Multiple linear regression, based on the principal
component analysis method, has been used in estimating
capital and operating costs for individual types of equipment
such as backshoes, loaders, and shovels (Oraee, Lashgari,
and Sayadi, 2012; Sayadi et al., 2012). According to this
method, cost is estimated by considering bucket size, digging
depth, dump height, machine weight, and horsepower. The
estimation procedure first omits the correlation between
independent variables, which can influence the final cost
estimates, by using principal component analysis, and then
estimates the capital and operating costs of the equipment.
Shafiee et al. (2009) and Shafiee and Topal (2012)
proposed a model for estimating total operating costs. The
Shafiee et al. model is indicated in Equation [5].

EOC = 8.744955 + 0.041556 DAT +
1.658269 SR ‐ 0.000459 CC ‐ 0.041408 PR

[5]

—2

R = 95%
F = 60.7
where EOC is the estimated operating cost (cost per tonne),
DAT is the deposit thickness (in metres), CC is capital cost
(million dollars in 2008 terms), PR is the daily production
rate (kt), and SR is the stripping ratio. The model has ±20%
accuracy as compared to real data used and has significance.
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The model uses a few of the many variables identified by
scholars such as Gordon (1976) and Schneider and Torries
(1991) that affect the operating costs of coal mines. The
inclusion of more variables identified will improve accuracy
of cost estimates.
Another cost estimation approach is the Australian Coal
Cost Guide, an internally generated cost guide providing a
standard for coal cost estimation in Australia. It applies to the
Australian environment, and was developed based on
Australian coal mines. If this guide is used by other
countries, cost variations will need adjustment (Shafiee and
Topal, 2012).
Cost estimation in coal mines has also been highlighted
by Chan (2008), who discusses Coalval, a tool that was
developed by the US Geological Survey (USGS) for the
valuation of coal properties. Chan (2008) argues that the tool
does not consider characteristics such as the geology of the
seam, which is one of the variables affecting mining costs.

   
This approach includes the Mine and Mill Cost Calculator and
Mine Cost. The Mine and Mill Cost Calculator utilizes an
InfoMine equipment cost database which tabulates equipment
costs in the USA. This database can be used to calculate the
predicated cost of equipment for the specific project. Mine
Cost is a second online method that consists of spreadsheets
and curves for capital and operating costs. Online methods
simply estimate the total mining cost of a specific mine, but it
is not clear how the costs are obtained. These methods
simply generate the final total cost estimates (Shafiee et al.,
2009; Shafiee and Topal, 2012).

  
This involves the study of an existing mine with similar
characteristics and operational conditions to the mine whose
cost is to be estimated. The average operating cost is
modified. There is no clear guideline for the cost adjustment
reflecting the condition of the mine under evaluation. It is
also termed an analogous method of cost estimation,
suggesting a comparison between similar operations, but care
must be exercised since accounting practices also vary
(Hustrulid and Kuchta, 2006).

  
According to Darling (2011), three major steps are
considered in the itemized method of cost assessment.
Firstly, a conceptual mine plan should be developed using the
available information, covering pit outlines, haul routes,
depth of waste dump, and process plant location. Secondly,
parameters of materials involving capital should be
estimated. And thirdly, the itemized method requires the
estimator to apply known unit costs for labour, equipment
operation, and other facilities in order to finalize the cost
estimates.
The above approach can, however, lead to inaccurate
estimates because some costs (for example, the operating
costs for equipment for a new project) require quotes from
the original equipment manufacturer (OEM). The equipment
cost is affected by the conditions in which the machine is to
operate (Hoskins and Green, 1977, p. 79). Using the OEM
can thus be a source of error in estimation. Adjusting cost to
local condition is very optimistic and has not been
standardized as yet.
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Forecasts have progressively deviated from actual costs and
productivity in existing operations. Studies and examples on
cost and budget estimates have indicated overruns or
underruns in mining companies for decades.
Bullock (2011) analysed cost variation of eight different
studies, the smallest study involved 16 projects and largest
one involved of 60 projects covering period 1965–2002. The
author found that the average minimum overrun of 22% and
the highest of 35% for all studies. The study that involved
60 projects showed, 58% of the projects had overrun ranging
between 15% to 100%.
Van Aswegen and Koster (2008) conducted a qualitative
study of the South African mining industry. Questionnaires
were sent to 144 middle and senior managers and directors
of leading mining and consulting companies; 49% responded.
It was found that there was a gap between feasibility study
estimates and actual figures during project execution, with
cost deviation, schedule deviation, number of project scope
changes, and accuracy of prediction of operational
performance as contributing factors. Cost deviation
contributed significantly to this gap at 98.5% followed by
schedule deviation (97.1%), number of project scope changes
(92.8%) and accuracy of prediction of operational
performance (89.9%).
In mine planning, forecasts have not been met and
returns on investment are lower than predicted. The majority
of projects (80–90%) will exceed the budget cost and will not
deliver the expected benefits (Lumley and Beckman, 2009).
More often, the planned production rate has not been
achieved due to technical deficiencies in the planning process,
planner’s optimism, and ‘strategic misrepresentation’
(deliberate deception).
Considering case studies carried out by Lumley (2011),
many mines assume mining production rates that are higher
than the best practice. For example, in Australia, a shovel
underperformed by 7% in 2008, resulting in under-recovery
of coal by 996 000 tons. Lumwana Copper Mine in Zambia is
another example of a mine exhibiting poor performance. The
mine expected to achieve full production from 2009, but did
not meet this deadline. This failure is attributed to the fact
that there was an overestimation of equipment hours
(Lumley and Beckman, 2009).
Cost overrun examples can be observed when the final
project capital cost is related to capital cost estimate in the
feasibility study. For example, 60 mining projects studied for
the period 1980–2001 had an average cost overrun of 22%,
with half exhibiting over 20% overrun. The reason for these
results was established as being largely due to optimism and
poor cost estimation (Noort and Adams, 2006). Other
examples of mining cost overruns have been summarized by
Noort and Adams (2006), as indicated in Table I.
Approximate of 70% of mining megaproject overspent by
more than 25% relative other projects with similar scope
(competitiveness), besides cost overruns, schedule overruns,
and operational problems, within two years of start-up
(Merrow, 2011; PWC, 2012).
The examples discussed indicate how mining projects,
both new and operational, are failing to meet target
production rates and reveal cost estimation problems. The
 

      

reasons for this have been identified as poor estimation
techniques, optimism, and technical problems. A new
methodology – which takes into account the deposit
characteristics, mine operation location, as well as the
influence of legislation and economic factors – is thus of
paramount importance. This methodology will enable the
estimator to improve cost and competitiveness before the
project moves into production.

 
 
The competitive advantage of a new mine depends on its
being both technically efficient and cost-effective. Measuring
the relative efficiency of each mine helps to understand the
best-performing mines. New mines will not survive in the
current business environment unless they are competitive.
Data envelopment analysis (DEA) is proposed for
determining the efficiency of surface coal mines. Thereafter,
the application of a parametric method is proposed to develop
models predicting the productivity efficiency and effective
production costs for new mines. The method will be used to
determine the frontier of efficient mines among the operating
mines in a given coal production region.
DEA is a nonparametric method for measuring the
efficiency of an operation, and was introduced by Charnes,
Cooper, and Rhodes in 1978 (Cooper et al., 2007). DEA
involves multiple inputs and outputs of decision-making
units (DMUs) that use similar inputs and generate similar
outputs in the construction of an efficient frontier, which is
an envelope determined by the Pareto-efficient DMUs
(Joubert, 2010). For example, a DMU can be a mine among
mines producing a specific commodity; these mines should
have similar inputs such as number of employees, size of
equipment, and operating hours per shift; and the output can
be tons of ore produced. In DEA methodology, the quantity of
inputs used and outputs generated may vary from one DMU
to another.
DEA uses a linear programming technique to determine
the piecewise frontier of efficient DMUs. DEA does not need
a pre-defined function when determining efficiency, but
instead uses the data of each DMU to determine the relative
efficiency.

Table I

Cost overruns (Noort and Adams, 2006)
Project

Company

Feasibility

Actual/
forecast overrun

Ravensthorpe/Yabilu
Expansion

BHP Billiton

A$1.4 billion

30%

Spence (Chile)

BHP Billiton US$990 million

Telfer

A$1.19 billion

17.50%

AMC

A$1.3 billion

30%

Newmont

A$866 million

100%

Inco

US$ 1.45 billion

15%

Oxiana

A$350 million

51%
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Stanwell Magnesium
Boddington

10%

Newcrest

Goro (Indonesia)
Prominent Hill
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DEA has been successfully applied since its inception. For
example, it has been used in evaluating the performance of
various operations, including production planning, airport
performance, agricultural economics, bank performance,
research and development performance, and other
applications (Li et al., 2012). Selective examples on the
application of DEA in coal mine investment efficiency
evaluation have been identified by Fang et al. (2009) and
Reddy et al. (2013), and these are presented in Table II.
The studies indicate successful application of the DEA in
the coal mining industry. However, most of the applications
have ignored inputs of non-discretionary variables such as
the influence of inflation, exchange rate, inclement weather,
and labour issues. For competitiveness, the efficiency score
should include the influence of these variables and the set-up
of the market structure, which includes the supply of coal to
domestic power plants. In addition, both domestic and export
markets should be investigated.

Consider a set of n DMUs using similar type of inputs to
generate similar type of outputs, for each DMUj, j = (1...n)
using m inputs xij and generating s outputs yrj. The inputoriented envelopment model for determining the efficient
DMUs under the assumption that same amount of change in
inputs results to same amount of change in outputs, also
known as constant return to scale (CRS), is computed using
the generic envelopment model in Equation [7].
min 
[7]
subject to

Inputs

   

Weighted sum outputs
Weighted sum inputs

Efficiency =

Decision Making Units
(DMU)

Figure 3—The input-output relationship for a DMU (after Emmanuel,
2011)

F
Input X2/Y

According to Farrel (1957), ’When one talks about the
efficiency of a firm one usually means its success in
producing as large as possible an output from a given set of
inputs. Provided all inputs and outputs were correctly
measured, this usage would probably be accepted.’ Efficiency
therefore refers to the use of inputs to produce maximum
outputs. Efficiency can be illustrated by Figure 3, which
shows an example of the decision-making unit consuming
two inputs to generate two outputs.
According to Talluri (2000), efficiency can be expressed
by Equation [6].

Outputs

[6]

A
B

For illustration purposes, consider A, B, C, D, E, and F as
an envelope of efficiently operating mines referred to as
decision-making units (DMUs) in Figure 4. This envelope is
also known as a envelope. The efficient DMUs are A, B, C,
and D. DMUs E and F are weakly efficient because they use
excess inputs which can be reduced to the level of B and D
respectively while still producing the same outputs. A is
technically an inefficient DMU.

A’
C

E

D

Input X1/Y

Figure 4—Efficiency frontier for an input-oriented DEA model

Table II

Selected DEA applications in coal mining investment efficiency evaluation (Fang et al., 2009; Reddy et al., 2013)
Study

Data

Inputs variables

Outputs variables

Kulshreshtha and
Parikh (2002)

Opencast and underground coal
mining firms in India in 1985–1997

Opencast mining: mining machinery,
cranes, dumpers, man-shifts

Opencast mining:
Overburden removal

Underground mining: mining machinery,
rope haulage, man-shifts

Underground mining: coal.

Wei and Wang
(2005)

10 listed Chinese coal companies in 2003

Total assets per share
Net assets per share
Operating costs per share

Earnings per share
Operating profit per share.

Ran and Hui
(2006)

16 listed Chinese coal companies in 2005

Total capital
Number of employees
Operating cost

Net profit
Operating profit.

Reddy et al.
(2013)

Benchmarking of coal mines
(opencast mines)

Wage costs (wages paid to employees)
Store costs (explosives, spares and other maintenance items)
Other costs (capital equipment, depreciation)
OBR cost (overburden removal).

Production (coal).
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A proposed approach for modelling competitiveness of new surface coal mines
In the above:  is the efficiency score, xio is the amount of
inputs of the DMUs under evaluation, yro is the total outputs
of DMUs under evaluation, I is the vector of inputs, R is the
vector of outputs, and J is the vector of number of DMUs.
Equation [7] is solved n times equal to the number of DMUs.
If variable return to scale is considered the condition  = 1
is added in Equation [7]

  
The methodology for modelling involves the use of identified
variables from different sources in the literature. These
variables will be categorized as external, resource
characteristic variables, and production variables. These will
form the inputs and outputs in the stage of DEA
formulations. Figure 5 summarizes the development of the
DEA models formulation, productivity, and effective cost
models for competitiveness of new coal mines. Data will be
collected from coal-producing regions; the sources of data
include available mine databases, publically available annual
reports, and technical papers published about coal mine costs
and performance. The efficient frontier will be computed by
applying the models developed and the use of the coal mines
data-sets collected. Each surface coal mine will be regarded
as a DMU in this research. The models for predicting
production and effective costs of a new mine will be
developed from the envelope of efficient mines. The scenario
evaluation of a new mine will be conducted considering a
new mine.


The increasing demand for energy drives the supply of
energy sources. Coal is one of most important sources of fuel.
It is therefore expected that new mines will be established in
order to increase the supply of coal and thus meet the
demand. However, new mines will not be opened unless the
economic evaluation is done accurately and the projects are
proved to be profitable. Cost estimation is a critical
component of the economic evaluation of mines, and
underestimation or overestimation can result in the project
being terminated.
Available methods do not fully capture the project
characteristics and all the variables affecting cost, hence cost
estimates at present do not adequately reflect project-specific
variables.
This study describes and proposes the use of data
envelopment analysis in the evaluation of efficiency and the
development of benchmarks of efficient surface coal mines,

DEA Model
formulation

based on a mine project's controllable and non-controllable
variables. The benchmark surface coal mines will be used to
develop predictive models of cost and productivity, which
should in turn help to position a new mine in a competitive
environment on the cost curve. The models should assist in
the strategic planning of new surface coal mines, ultimately
resulting in their competitiveness. These models are also
beneficial to investors, assisting them in choosing the most
lucrative project from the wide range of multiple projects with
different characteristics, locations, and economic variables.
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Figure 5—Methodology for the development of a competitiveness model for a new surface coal mine
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Development of a fuzzy model for
predicting the penetration rate of
tricone rotary blasthole drilling in open
pit mines
by L. Kricak*, M. Negovanovic*, S. Mitrovic†, I. Miljanovic*,
S. Nuric‡, and A. Nuric‡

Rotary drilling with rolling tricone bits is the most widely used method for
drilling large-diameter blast-holes in large surface mining operations. This
drilling method is applicable to a wide range of soft to hard rock materials.
This paper presents a fuzzy model for predicting the penetration rate of
tricone rotary blast-hole drilling. The model is based on data obtained
during the drilling of blastholes in rocks with various uniaxial compressive
strengths in the Veliki Krivelj open pit mine, Bor, Serbia. The model was
developed using the fuzzy logic toolbox of MATLAB with the Mamdani
inference system. The fuzzy model was tested with 23% of the total dataset. The results obtained show the high reliability of predicting the
penetration rates. Although there are possible limitations in applying the
model to other open pit mines because of differences in rock properties, the
prediction methodology applied in this paper can be used in many other
predictions of the penetration rates.
&$ !
tricone rotary drilling, penetration rate, fuzzy model, blast-hole.
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According to Tamrock, rotary blast-hole drill
operations depend on four important elements:
 Torque in the drill string drive sufficient
to turn the bit in any strata encountered
 A high bit loading capability (pulldown
force) sufficient for optimum penetration
 An air volume sufficient to remove chips
generated during the drilling and to
provide cool air to the drill bit bearings
 The selection of the proper type of bit for
the material being drilled (Tamrock,
1984).
The effects of rock mass parameters on the
choice of the type of tricone bits were
investigated by Kricak (1997).
Today there are a number of rotary blasthole drill rigs designed for use in soft and hard
rock formations with a wide range of drilling
parameters adaptable to specific drilling
conditions. Drills have large size and high
weight and their masts are sturdy enough to
withstand high forces generated by the
pulldown mechanism and stresses due to
vibration that develop in the rotary head.
Rotary rock drills essentially comprise a power
source; a string of pipes which transmits the
 

      

 Tungsten carbide inserts, which are
pressed into the softer steel material
with an interference fit to hold an item
in place
 A cone thrust button, made of a wearresistant material, which takes the axial
bearing loads
 An outer cone shell with inserted land
and cone grooves
 A cone bore with internal ball and roller
bearing races.
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load; and rotation and flushing air supplied to
a bit with steel teeth or tungsten carbide
inserts, which in turn acts upon the rock
(Jimeno et al., 1995). The components in a
rotary blast-hole drill string are a tricone bit,
stabilizers, drill pipes, shock absorbers, and
crossover subs (Gokhale, 2003). The basic
function of a tricone bit is to crush the rock
formation using teeth or edges, allowing the
drill-hole to advance in a specific direction.
During this process, the bit undergoes very
heavy wear and tear, and it must therefore be
made of high-quality material. There are two
types of tricone bits: steel-tooth tricone bits
and tricone bits with tungsten carbide inserts.
The first type of bit has teeth made entirely of
steel and fabricated by milling; such bits are
mostly used in softer rock formations.
Tungsten-carbide-inserted bits are used in
harder and more abrasive rock material.
Figure 1 shows a tricone bit with tungsten
carbide inserts produced by Atlas Copco (Atlas
Copco, 2009), which makes up the cutting
elements of the rock bit and comprises:

Development of a fuzzy model for predicting the penetration rate of tricone rotary blasthole drilling in open pit mines
An alternative equation given by Praillet (1984) is
[2]

Figure 1—Elements of a tricone rock bit (Atlas Copco, 2009)

&%& #$%" &
The rate of penetration is the rate of advance of the bit
through the rock (Sharma, 2012). It is an important
parameter in any drilling process. Gokhale (2003) has
defined three groups of factors that affect the rate of
penetration, as a result of formation fracturing in the process
of drilling:
 Factors associated with the method of drilling, such as
the feed force, rotary speed, percussion blow energy,
and the number of blows per minute, as applicable
 Factors associated with the engineering properties of
intact rocks, such as the strength of the rock in terms
of compression, tension, shear, toughness, and
abrasiveness
 Factors related to the flushing process, such as the
medium of flushing and efficiency of flushing.
The penetration rate of the drill bit is of primary interest
to drilling operators, because operators usually do not have
the equipment needed to estimate the penetration rate on site.
More reliable predictions are given by drill bit and drill rig
manufacturers or rock testing laboratories according to their
own experience and test work.
Because the penetration rate directly affects the
production capacity, the rate is particularly important in open
pit mine planning, where there is a need to choose
appropriate equipment according to the rock properties.
To predict the penetration rate, many authors have
suggested different empirical equations. Bauer (1971)
modified an earlier equation (Bauer, 1967) by introducing
another parameter, namely the rotary speed, given by
[1]
where p is the compressive strength (thousands of pounds
per square inch), F/d is the unitary feed force (thousands of
pounds per inch of diameter), and n is the rotary speed
(r/min).
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where p is the uniaxial compressive strength (MPa), W is
the weight on the drill bit (kg), d is the diameter of the drill
bit (m), and n is the rotary speed (r/min).
Modern drill rigs are automated and equipped with
sophisticated instrumentation for adjusting the drilling
parameters in response to changes in rock mass
characteristics. At the same time, there is the possibility of
‘measuring while drilling’. Measurement while drilling or drill
monitoring is a technique of characterizing rock masses
during drilling using drill performance parameters (Sharma,
2012). Companies such as Aquila Mining Systems (Aquila
Mining Systems, 2004) and Modular Mining Systems
(Modular Mining Systems, 2002) have developed monitoring
systems with a global positioning system (GPS) device to
provide the operator with the precise locations of boreholes
and other useful information about changes in geology,
unusual rock strata features, and machine defects. The
material recognition system developed by Aquila Mining
Systems (Aquila Mining Systems, 2004) is equipped with
vibration sensors and pattern recognition software that
determine the downhole geology while drilling.

&"&##" #&"$&%"#"$& "#%&" $ "& #
The Veliki Krivelj open pit copper mine is located about 9 km
from Bor in eastern Serbia. It is the largest copper mine in
Serbia and is owned by Copper Mines Bor, part of Copper
Mining and Smelting Complex Bor (RTB Bor).
The Veliki Krivelj copper deposit belongs to the largescale porphyritic class of deposits, which are characterized by
stockwork mineralization and a zonal arrangement of
hydrothermal alteration. The porphyritic copper
mineralization is situated in a zone of hydrothermally altered
andesite rocks, which is over 2 km in length and has a
maximum width of about 700 m (average width of 400 m)
and dips to the southwest (Bugarin et al., 2012). The deposit
has features typical of porphyritic deposits located in
volcanogenic calc-alkaline complexes.
Mining operations comprise drilling, blasting, loading,
transporting, dewatering, and other auxiliary operations. The
drill-hole diameter in production bench blasting ranges from
251 to 311 mm for a drilling angle of 90°. The drilling
operation is carried out with rotary drill rigs and rolling
tricone bits. Blast-holes are loaded with ammonium
nitrate/fuel oil and slurry as blasting agents for dry and wet
blast-holes, respectively. Blast-hole charging is mechanized
with bulk loading trucks. The mixtures are made on the spot
and are pumped into the blast-holes. Explosive charges in the
blast-holes are in the form of continuous columns without
decking. Drilling cuttings are used as stemming materials.
Explosive charges are initiated by a Nonel system and
boosters. After blasting, the muckpile is loaded with shovel
excavators and transported by trucks to the processing plant
or waste dump, depending on the rock type.
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Fuzzy set theory was introduced in 1965 by Lotfi A. Zadeh
(Kirschfink and Lieven, 1999). It may be regarded as a
generalization of either classical set theory or of dual logic
(Kirschfink and Lieven, 1999). Fuzzy logic is an aspect of
fuzzy set theory that is used particularly to handle ambiguity
and uncertainties (Ghasemi et al., 2012). Fuzzy logic can
provide a simple way to reach a definite conclusion from
vague, ambiguous, imprecise, noisy, or missing input
information (Kaehler, 1998).
The fuzzy logic system includes fuzzification, a
knowledge base, a fuzzy inference system (FIS), and a
defuzzification process. Fuzzification is the process where the
crisp values of both input and output variables existing in the
real world are transformed into fuzzy values by using
membership functions.
There are different types of membership functions that
can be applied in practice, such as triangular, trapezoidal,
Gaussian, bell-shaped, sigmoidal, and S-curve waveforms
(Bai et al., 2006).
A triangular membership function is defined as

[3]

where the parameters {a, b, c} (with a <b < c) are the
parameters of the linguistic value that determine the x
coordinates of the three corners of the underlying triangular
membership function, and x is the range of the input
parameters.
The knowledge base includes the definition of the
linguistic variables and their terms (fuzzy sets) and the
(fuzzy) production rules and represents all the ‘knowledge’
for the solution of the given problem (Kirschfink and Lieven,
1999). Fuzzy rules are formed on the basis of previous
experience and acquired knowledge.
The FIS, also known as the decision-making unit,
performs inference operations on the rules (Ghasemi et al.,
2012). The fuzzy inference process combines membership
functions with the control rules to derive the fuzzy output
(Bai et al., 2006). The most commonly used FISs are the
Mamdani fuzzy model, Takagi–Sugeno-Kang (TSK) fuzzy
model, and Tsukamoto fuzzy model. The differences between
these FISs relate to the consequences of their rules. The
model developed in this paper is based on Mamdani's fuzzy
inference system.
An example of a Mamdani inference system (Knapp,
2004) is shown in Figure 2. The computation of the output of
this FIS given the inputs, involves six steps:
1. Determining a set of fuzzy rules
2. Fuzzifying the inputs using the input membership
functions
3. Combining the fuzzified inputs according to the fuzzy
rules to establish a rule strength
4. Finding the consequence of the rule by combining the
rule strength and the output membership function
 

      

5. Combining the consequences to obtain an output
distribution
6. Defuzzifying the output distribution (only if a crisp
output (class) is needed).
Defuzzification is a process of converting the fuzzy
output value into a crisp value. A crisp value is extracted
from a fuzzy set as a representative value. This is the
opposite process to fuzzification. Because crisp values are
usually needed in practical applications, the process of
defuzzification is necessary.
There are many methods of defuzzification: methods
employing the centroid of an area, bisector of an area, mean
of maxima, smallest of maxima, and largest of maxima. The
most widely used defuzzification method uses the centroid of
an area described by

[4]

(Jang, 2013), where A(Z) is the aggregated output
membership function.
The application of fuzzy logic in solving problems from
the real world in many fields has been described by Ghasemi
et al. (2012), Grima and Babuska (1999), Gokceoglu,
(2002), Gokceoglu and Zorlu (2004), Iphar and Goktan
(2006), Tzamos and Sofianos (2006), Fisne et al. (2010),
and Ghasemi et al. (2011).

"$&#%
     
Input variables were collected during the drilling of two
blasting rounds. A total of 64 measurements were made.
Within the same blasting field, different types of rock were
found with values of uniaxial compression strengths listed in
Table I.
The blast-holes were drilled with a rotary Bucyrus-Erie
45 R drill rig. The technical specifications of the rig are given
in Table II.
The blast-hole diameter was 97/8 inches (251 mm).
During the drilling, the feed force, rotary speed, and pure
drilling time were recorded as well as the depth of each blast-

Figure 2—An example of a Mamdani inference system (Knapp, 2004)
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Table I

Values of uniaxial compression strengths of different types of rocks within the blasting fields (Mitrovic, 2005)
Rock type

Uniaxial compression strength (MPa)

Quartz diorite porphyrite
Pyroclastic rocks
Hornblende biotite andesite

42.52
31.2
84.7

Table II

Technical specifications of the Bucyrus Erie type 45-R rotary drill rig (Bucyrus-Erie, 1966)
Hole diameter range

171–279 mm

Electric power standard - 3 phase, 60 Hz, 2400/4160 V (for 50 Hz power)

Pipe diameter

197 mm (hole diameter - 251 mm)

Air compressor - AC motor

112 kW

Drill rig weight

68 040 kg

Rotary drive - DC motor

37 kW @ 460 V

Dimensions
Length mast (9.91 m) down

16.28 m

Hoist propel - AC motor

56 kW

Hydraulic oil pump - AC-TEFC Motor

19 kW @ 460 V

Length mast up

10.97 m

Compressor water pump - AC-TEFC motor 0.7 kW @ 460 V

Height mast up

17.53 m

Compressor radiator fan - AC-TEFC motor 3.7 kW @ 460 V

Height mast down

4.37 m

auxiliary compressor - AC motor

5.6 kW @ 460 V

Lighting and control

120 V
0.19 kW @ 460 V

Pulldown and hoist
Bit loading to

31 752 kg

Lube gear motor - AC TENV motor

Drill feed rate

0–2.13 m/min

Transformer capacity

Hydraulic hoist

24 948 kg

Standard machine: 3 single phase 75 kVA dry type 225 kVA total

Electric hoist

9 843 kg

Mounting - heavy-duty crawler type

Air compressor - Allis-Chalmers model 12-L rotary vane

Length of crawlers

5.59 m

Water cooled

rated at 982

Width over treads with (914 mm) treads

4.90 m

Compressor capacity

27.8 m3/min free air at 2.81 kg/cm2 Mast - lattice construction, end-mounted

Rotary

Raising and lowering

Two hydraulic cylinders

Maximum drilling speed at rated torque 84 r/min

Drilling angle (9.91 m mast)

Up to 30° off vertical in 5° increments

Table III

Statistics of data collected on site
Parameters
Hole length
Pure drilling time
Feed force
Rotary speed
Uniaxial compression strength
Penetration rate

Unit

Symbol

Min.

Max.

Average

St. dev.

m
min
kN
r/min
MPa
m/min

l
t
F
n
σc
V

8
10
200
59
31.2
0.53

20
33
255
76
84.7
0.91

13.74
20.49
224.29
66.84
41.81
0.68

4.67
6.96
12.5
3.95
20.55
0.10

hole. These values differ depending on the rock type. The
penetration rate was estimated by dividing the blast-hole
depth by the measured pure drilling time. The statistics of the
collected data are given in Table III.


As already mentioned, the fuzzy model for the prediction of
the penetration rate of tricone rotary blast-hole drilling is
based on the Mamdani algorithm. It was developed using the
MATLAB fuzzy logic toolbox (R2011a) (Jang and Gulley,
2002). The model has five input variables and one output
variable, collected during the drilling of blasting rounds in the
open pit mine. Input variables are the hole length (HL), pure
drilling time (PDT), feed force (FF), rotary speed (RS), and
uniaxial compression strength (UCS). The output variable is
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the penetration rate (PR). Fuzzification is realized using
triangular membership functions. The membership functions
and their parameters are presented in Table IV.
Figures 3 and 4 show a graphical representation of the
triangular membership functions of the input variables: HL,
PDT, FF, RS, and UCS.
The graphical representation of the triangular
membership function of the output variable (i.e. the PR) is
presented in Figure 5.
About 77% of the collected data was used to construct
118 fuzzy rules. Previous experience and knowledge were
also very useful in this construction. The final process of
defuzzification, where each result in the form of a fuzzy set
was converted into a crisp value, was realized employing the
centroid-of-area method.
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Table IV

Membership functions and their input and output parameters
Variables

Linguistic variables

Range

Linguistic values

Parameters

Input

Hole length (HL)

[8 20]

Low

[8 8 12]

Medium

[9 13.7 19]

Pure drilling time (PDT)

Feed force (FF)

Rotary speed (RS)

Uniaxial compression strength (UCS)

Output

Penetration rate (PR)

[10 33]

[200 255]

[59 76]

[31.2 84.7]

[0.53 0.91]

High

[16 20 20]

Low

[10 10 16]

Medium

[13 20 27]

High

[23 33 33]

Low

[200 200 210]

Medium

[205 224.3 237]

High

[232 255 255]

Low

[59 59 64]

Medium

[62 66.84 71]

High

[69 76 76]

Low

[31.2 31.2 35]

Medium

[33 41.81 62]

High

[55 84.7 84.7]

Low

[0.53 0.53 0.6]

Medium

[0.58 0.68 0.78]

High

[0.75 0.91 0.91]

Figure 3—Graphical representation of triangular membership functions
of the input variables hole length (HL) and pure drilling time (PDT)

Figure 6 shows the fuzzy rule viewer of the fuzzy model.
As seen in Figure 6, when entering certain values of input
parameters (HL, PDT, FF, RS, and UCS), the fuzzy model
provides a proper value of the output variable – the PR.
Figures 7 and 8 show the MATLAB Surface Viewer
representation of the PR versus RS and FF and the PR versus
the UCS and FF, respectively.

 

The fuzzy model was tested with approximately 23% of the
total data-set. Data with different values of input parameters
was chosen from both blasting rounds to increase the
representativeness. The graph presented in Figure 9 shows
the difference between the measured and predicted values of
 

      

the penetration rate. The coefficient of correlation between
these two sets of data is 0.72. The results show the high
reliability of the fuzzy model in predicting the values of the
penetration rate, considering the number of data.
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Figure 4—Graphical representation of triangular membership functions
of the input variables feed force (FF), rotary speed (RS), and uniaxial
compression strength (UCS)

Development of a fuzzy model for predicting the penetration rate of tricone rotary blasthole drilling in open pit mines

Figure 5—Graphical representation of a triangular membership function
of the output variable – the penetration rate (PR)
Figure 8—Surface viewer – penetration rate (PR) versus uniaxial
compressive strength (UCS) and feed force (FF)

Figure 9—Difference between the measured and predicted values of
penetration rate
Figure 6—Fuzzy rule viewer of the fuzzy model

Figure 7—Surface viewer – penetration rate (PR) versus rotary speed
(RS) and feed force (FF)

#!!!#$%
The fuzzy model proposed for predicting the penetration rate
is obtained from five important input parameters: hole length,
pure drilling time, feed force, rotary speed, and uniaxial
compressive strength. The last parameter characterizes the
working conditions, whereas the others are related to drilling
technology. The results obtained in model testing, presented
in Figure 9, show the high prediction reliability of the model.
The practical application of this model is the setting of drilling
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parameters and the optimization of the penetration rate,
especially in early phases of planning drilling operations in
open pit mines with similar working conditions and drilling
technology. It should be noted that the quantity of the
collected data directly affects the accuracy of the prediction.
Therefore, the fuzzy model should be subjected to further
modification and adaptation as the number of collected data
increases.
Limitations of the model are related to the application of
the model in other open pit mines in the cases where the
drilling technology or the rock properties are quite different.
Nevertheless, the methodology applied in forming this model
is applicable in many other cases. The fuzzy model was
formed without another important parameter – the diameter
of the tricone bit – because the data was collected for blasting
rounds where the diameter of tricone bits was the same. In
other cases, the fuzzy model must include the diameter of the
tricone bit as another input variable.
Despite the noted limitations, the proposed model can be
used to predict the penetration rate of tricone rotary blasthole drilling in open pit mines where the properties of rock
formations vary widely within the same blasting round.

$%!#$%!
The penetration rate is an important parameter in tricone
rotary blast-hole drilling. It directly affects the efficiency and
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productivity of the whole mining operation. Therefore,
adjusting all factors that affect the rate of bit penetration to
obtain optimal penetration for the given working conditions
is an essential part of drilling operations. There are many
empirical equations for prediction of the penetration rate.
More reliable predictions are given by drill bit and drill rig
manufacturers or laboratories for rock testing according to
their own experience.
The application of fuzzy modeling presented in this paper
provides a method for the reliable prediction of the
penetration rate of tricone rotary blast-hole drilling. The
accuracy of prediction of 72% is relatively high considering
the number of measurements. It is obvious that the proposed
fuzzy model can be improved upon with more data obtained
from further drilling operations.

%$&&&%
The authors thank the Serbian Ministry of Education, Science
and Technological Development for their support of the
present study and the Project of Technological Development
TR33003.

GOKCEOGLU, C. 2002. A fuzzy triangular chart to predict the uniaxial
compressive strength of Ankara agglomerates from their petrographic
composition. Engineering Geology, vol. 66, no. 1–2. pp. 39–51.
GOKCEOGLU, C. and ZORLU, K. 2004. A fuzzy model to predict the uniaxial
compressive strength and the modulus of elasticity of a problematic rock.
Engineering Applications of Artificial Intelligence, vol. 17, no. 1.
pp. 61–72.
GOKHALE, B.V. 2003. Blasthole drilling technology. Multi Fields, Mumbai, India.
GRIMA, M.A. and BABUSKA, R. 1999. Fuzzy model for the prediction of
unconfined compressive strength of rock samples. International Journal of
Rock Mechanics and Mining Sciences, vol. 36, no. 3. pp. 339–349.
IPHAR, M. and GOKTAN, R. M. 2006. An application of fuzzy sets to the
Diggability Index Rating method for surface mine equipment selection.
International Journal of Rock Mechanics and Mining Sciences, vol. 43,
no. 2. pp. 253–266.
JANG, J-S.R. 2013. Fuzzy inference systems.
http://xa.yimg.com/kq/groups/22940872/1444236568/name/cHAPTER+4
.pdf [Accessed 1 July 2013].
JANG, J-S.R. and GULLEY, N. 2002. Matlab Fuzzy logic toolbox. The
MathWorksInc.

&& &%&!
AQUILA MINING SYSTEMS. 2004. Aquila Mining Systems Products. Montreal,
http://www.aquilamsl.com/frameset2.html [Accessed 1 July 2013].
ATLAS COPCO. 2009. Blasthole Drilling in Open Pit Mining. 1st edn. p.155.
www.atlascopco.com/blastholedrills [Accessed 1 July 2013].
BAI, Y., ZHUANG, H., and WANG, D. 2006. Fundamentals of fuzzy logic control –
fuzzy sets, fuzzy rules and defuzzifications. Advanced Fuzzy Logic
Technologies in Industrial Applications, XXV. Springer. 334 pp.
BAUER, A. 1967. Open pit drilling. Proceedings of the 28th Annual Mining
Symposium, Duluth, MN. pp. 175–180.

JIMENO, C.L., JIMENO, E.L., and CARCEDO, F.J.A. 1995. Drilling and Blasting of
Rocks. Balkema, Rotterdam.
KAEHLER, S.D. 1998. Fuzzy logic - an introduction, Part 1. Encoder.
Seattlerobotics, http://www.seattlerobotics.org/encoder/mar98/
fuz/fl_part1.html [Accessed 1 July 2013].
KIRSCHFINK, H. and LIEVEN, K. 1999. Basic Tools for Fuzzy Modeling. Heribert
Kirschfink, Aachen, Germany. http://citeseerx.ist.psu.edu [Accessed 1 July
2013].
KNAPP. 2013. Fuzzy inference systems.
http://www.cs.princeton.edu/courses/archive/fall07/cos436/HIDDEN/Kna
pp/fuzzy004.htm [Accessed 1 July 2013].

BAUER, A. 1971. Open pit drilling and blasting. Journal of the South African
Institute of Mining and Metallurgy, vol. 71. pp. 115–121.

KRICAK, L. 1997. Research on the influence of rock mass parameters on the
choice of the type of tricone bits. PhD thesis, Faculty of Mining and

Bucyrus-Erie Company, South Milwaukee, Wisconsin, USA.
BUGARIN, M., MAKSIMOVIC, M., and LJUBOJEV, V. 2012. Reserves of copper and
gold in exploration - exploitation field RTB Bor. Serbian Journal of Mining
Engineering, no. 3. Mining and Metallurgy Institute, Bor. pp. 1–16.
doi:10.5937/rudrad1203001B
FISNE, A., KUZU, C., and HUDAVERDI, T. 2010. Prediction of environmental
impacts of quarry blasting operation using fuzzy logic. Environmental
Monitoring and Assessment. [Epub ahead of print]. DOI:
10.1007/s10661- 010-1470-z
GHASEMI, E., ATAEI, M., and SHAHRIAR, K. 2011. Prediction of roof fall rate in
coal mines using fuzzy logic. Proceedings of the 30th International
Conference on Ground Control in Mining, University of West Virginia,
Morgantown, WV. pp. 186–191.
GHASEMI, E., ATAEI, M., and HASHEMOLHOSSEINI, H. 2012. Development of a fuzzy

Geology, University of Belgrade, Serbia (in Serbian).
MITROVIC, S. 2005. Model for managing the explosion effect in order to get the
required fragmentation of the muck pile. PhD thesis, Faculty of Mining
and Geology, University of Belgrade, Serbia (in Serbian).
MODULAR MINING SYSTEMS. 2002. ProVision™ Drill Technical Bulletin.
http://www.mmsi.com
PRAILLET, R. 1984. Consideraciones de un Fabricante de Máquinas de
Perfóracion. Canteras y Explotaciones, September 1984.
SHARMA, P.D. 2012. Measurement while drilling (MWD) and image analysis
systems. Today's most useful and cost-effective tools for mining industry,
mining and blasting. http://miningandblasting.wordpress.com/ [Accessed
1 July 2013].
TAMROCK. 1984. Handbook on surface drilling and blasting. Painofaktorit,
Finland. pp. 260.
TZAMOS, S. And SOFIANOS, A.I. 2006. Extending the Q system’s prediction of

model for predicting ground vibration caused by rock blasting in surface

support in tunnels employing fuzzy logic and extra parameters.

mining. Journal of Vibration and Control. doi:

International Journal of Rock Mechanics and Mining Sciences, vol. 43,

10.1177/1077546312437002

no. 6. pp. 938–949.

 

      

VOLUME 115








1071



BUCYRUS-ERIE. 1966. Bucyrus Erie 45-R Rotary Drill. Instruction Manual,

http://dx.doi.org/10.17159/2411-9717/2015/v115n11a12

Uncertainty determination in rock mass
classification when using FRMR
Software
by F. Samimi Namin*, M. Rinne†, and M. Rafie*

Rock mass classification systems constitute an integral part of empirical
underground excavation design. One system that is commonly used to
classify rock mass is the Rock Mass Rating, or RMR, system. The RMR
system has evolved over time to better reflect the perceived influence of
various rock mass factors on excavation stability. While the introduced
modifications have enhanced the applicability of this classification system,
there are still areas that cause potential ambiguity. The RMR system cannot
deal with input data ambiguities, uncertainties, and vagueness. To deal with
the uncertainty, a Fuzzy Rock Mass Rating (FRMR) has been developed. This
study aims to describe the main concept of the fuzzy approach, which is
implemented in the FRMR to classify rock mass. The FRMR considers the
uncertainty associated with the input data (uncertain variables) used in rock
mass classification. The Gol-e-Gohar (GEG) area 3 iron ore deposits in the
south of Iran were chosen as the case study for investigating the
applicability of FRMR. The results of this study show that the FRMR
software tool can easily be used for rock mass classification, even if
uncertain input parameters have been used. FRMR consists of three parts,
each of which is suitable for certain conditions.

rock mass classification; RMR; FRMR; geotechnical uncertainty; fuzzy logic.

 
Nowadays, rock engineering classification
systems, which constitute the backbone of the
empirical design approach, are widely
employed in both civil engineering and mining
engineering. Rock mass classifications have
recently been quite popular and are being used
mostly for the preliminary design and planning
purposes of projects. According to Bieniawski
(1989), a rock mass classification scheme is
intended to classify the rock masses, provide a
basis for estimating deformation and strength
properties, supply quantitative data for support
estimation, and present a platform for
communication between the exploration,
design, and construction groups.
The requirements for building the type of
system that can adequately solve rock
engineering problems include the following:
 A supervised classification system must
be adapted to fit the specific project at
hand
 The reliability of the classes to handle
the given rock engineering problem must
be estimated
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In practice, none of the existing
classification systems fulfil the requirements
mentioned above and, thus, do not constitute a
true classification system capable of solving
rock engineering problems. According to
Williamson and Kuhn (1988), ‘no
classification system can be devised that deals
with all the characteristic of all possible rock
material or rock masses’. Riedmuller and
Schubert (1999) further note that the ‘complex
properties of a rock mass cannot sufficiently
be described by a single number’.

* Mining Engineering Department, University of
Zanjan, Zanjan, Iran.
† Geoengineering, Department of Civil and
Environmental Engineering, Aalto University,
Espoo, Finland.
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Metallurgy, 2015. ISSN 2225-6253. Paper received
Jun. 2015.






1073



 

 The classes must be exhaustive and
mutually exclusive (i.e. every object has
to belong to a class and no object can
belong to more than one class)
 The principles of the division into
classes must be established based on
suitable indicators
 The indicators should be related to the
different tools used for the design
 The principles of the division into
classes must be flexible so that
additional indicators can be incorporated
into the scheme
 The principles of the division into
classes have to be updated to take into
account the experiences gained during
the construction phase
 The uncertainties or quality of the
indicators must be established so that
the probability of classification can be
estimated
 The system should be practical and
robust and provide an economic and safe
design.

Uncertainty determination in rock mass classification when using FRMR Software
Rock masses are complex materials that exhibit different
properties. Hence, they are divided into uniform structural
regions. Quantitative rock mass classification systems are
based on the experiences of engineers and designers and
enable them to communicate with one another (Singh, 1999).
An RMR classification system, also known as a
geomechanics classification system, was first proposed in
1973 and later modified based on new experiences (tunnel
projects) and changing standards. Despite the changes made
over the years, the system remains the same in principle
(Bieniawski, 1989).
The RMR system has been used in many tunnel projects
as one of the main indicators for defining the support or
excavation classes (Stille and Palmstrom, 2003).
Bieniawski developed a Rock Mass Rating (RMR) system
based on six parameters: (1) the uniaxial compressive
strength of intact rock (UCS), or test point load strength
index; (2) the Rock Quality Designation (RQD); (3) the joint,
or discontinuity, spacing (JS); (4) the joint condition (JC),
including its filling, aperture, alteration, persistence and
roughness; (5) the groundwater condition (GW); and (6) the
joint orientation (JO). He assigned numerical rating values for
all these parameters. Based on the value of the RMR,
Bieniawski divided the whole universe of rock masses into
five classes and then assigned a stand-up time for each class
(Hudson and Harrison, 2005).
The sum of the rating that corresponds to the five main
parameters is referred to as the ‘basic RMR’ (Figure 1).
However, the total RMR is obtained by adjusting the basic
RMR to account for the influence of the joint orientation on a
specific excavation face.
Like many other classification systems currently being
used in engineering geological practice, the RMR often
involves criteria whose values are assigned in linguistic
terms. Practitioners and educators are familiar with the
difficulty of capturing and communicating the experience and
underlying assumptions of experts when trying to express
the various states or levels of a classification criterion in
linguistic terms. What do experts actually mean when they
use terms related to approximation and possibility? How can

Figure 1—RMR classification for characterization and design purposes
(Aydin, 2004)
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we ensure that these terms mean the same thing in every
instance and to every practitioner or expert? How can we
utilize this fuzziness in expert opinion and the decisionmaking process? A fuzzy set approach reveals not only the
basis for the experts’ evaluations; it also makes them more
objective, particularly through the process of setting
functional expressions for the way in which the assigned
values are perceived, believed, supported, or confidence in
the values is assigned. In RMR processes, subjective (or nonrandom) uncertainties result from: (a) use of qualitative
(linguistic) terms (as the input value for some criteria) whose
meanings vary from one expert to another; (b) predetermined
and sharp class boundaries, whereas the rock mass quality is
gradational in nature; (c) prescribed rating (or weighting)
scales representing the contribution (importance) of each
criterion to the overall quality of the rock mass (assuming the
overall quality is characterized perfectly by the criteria being
used, and in all geological settings and applications); and (d)
the reliability of the input value (quantitative and linguistic)
for each criterion. Fuzzy set theory enables a soft
classification approach to account for these uncertainties by
allowing the expert (of a rock engineering project and/or a
particular engineering geological environment) to participate
in this process in several ways. A number of researchers have
described the uses of fuzzy sets for rock mass classification.
For instance, Hamidi (2009) has applied fuzzy set theory to
rock engineering classiﬁcation systems that analyse RMR and
RME. Basarir (2007) has presented a fuzzy logic-based
rippability classification system that highlights the limitations
of blasting, direct ripping, and a rippability classification
system in general. Furthermore, Jalalifar (2011) has predicted
the rock mass rating using fuzzy logic while paying special
attention to the discontinuities and groundwater conditions;
he established the RMR by considering underground water
from a non-fuzzy and fuzzy standpoint. Finally, Samimi
Namin et al. (2004) used fuzzy logic to propose a method for
investigating the changes in the strength and support system.


Fuzzy mathematics permits the ‘uncertainty’ surrounding the
assessment of parameters to be included. Also, the
application of this technique in rock mass classification is
straightforward and direct, because fuzzy numbers may be
assigned easily to the parameters in a rock mass
classification scheme (Hudson and Harrison, 2005).
Fuzzy set theory is a generalization of ordinary or
classical set theory. It consists of mathematical tools
developed to model and process incomplete and/or gradual
information, ranging from interval-valued numerical data to
symbolic and linguistic expressions (Dubois and Prade,
2000).
We briefly summarize the findings by Ross (1995) and
Klir et al. (1997) below to facilitate the discussion of fuzzy
rock mass classifications.
Fuzzy theory started with the concept of fuzziness, and
Zadeh (1965) first expressed it in the form of fuzzy sets.
Fuzzy set theory provides the means for representing
uncertainty using set theory. A fuzzy set is an extension of
the concept of a crisp set. A crisp set allows only full
membership or no membership to every element in a universe
of discourse, whereas a fuzzy set allows for partial
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membership. The membership or non-membership of an
element x in the crisp set A is represented by the
characteristic function of μ(A), which is defined by
Equation [1]:

(El-Shayeb et al., 1997). Among the aforesaid models, the
Mamdani model is used most often for algorithms. The
Mamdani fuzzy algorithm takes the following form (Iphar
and Goktan, 2006):
[1]

[2]
where U refers to the universe of discourse defined for a
specific problem. If U is a finite set U = {x1, x2,…, xn}, then a
fuzzy set A in this universe U can be represented by listing
each element and its degree of membership in the set A as:
μA(x) = {μA(x1)/x1, μA(x2) / x2, …, μA(xn) / xn}.

   
An element of the variable can be a member of the fuzzy set
through a membership function that can take values in the
range of 0 to 1. The membership function (MF) is determined
by people with experience. The membership functions have
different shapes: triangular, trapezoidal, piecewise-linear,
Gaussian, bell-shaped, and so forth. In this study, triangular
and trapezoidal membership functions are used (Figure 2).
Points a, b and c in the triangular MF represent the x
coordinates of the three vertices of μA(x) in a fuzzy set A:
(a: lower boundary and c: upper boundary, where the
membership degree is zero, b: the centre, where membership
degree is 1). When an element belongs to a definite set, the
fuzzy membership model (gradual membership degree) gives
the fuzzy sets flexibility for modelling commonly used
linguistic expressions, such as ‘the uniaxial compressive
strength of rock is high’ or ‘low water inflow’, which are
frequently used in rock engineering classification systems.

     
The Fuzzy Inference System (FIS) is a well-known computing
system that is based on the concepts of fuzzy set theory,
fuzzy if–then rules, and fuzzy reasoning (Ross, 1995).
Several types of FIS have been employed in different
applications. The most common models are the Mamdani
fuzzy model, the Takagi– Sugeno–Kang (TSK) fuzzy model,
the Tsukamoto fuzzy model, and the Singleton fuzzy model

Figure 2—Triangular, trapezoidal, and bell-shape membership functions
 

      

where x1 and x2 are the input variables, Air and Bi are
linguistic terms, r = 1, 2, …, i are fuzzy sets, i is the output
variable, and k is the number of rules. Figure 3 provides an
illustration of a two-rule Mamdani FIS, which derives the
overall output ‘z’ when subjected to two crisp inputs, ‘I’ and
‘y’ (Jang et al., 1997). The ‘x’ and ‘y’ inputs represent the
crisp values. For a set of disjunctive rules, the following
equation gives the aggregated output for ‘k’:

where μCk, μAk, and μBk are the membership functions of
output ‘z’ for rule ‘k’, input ‘x’, and input ‘y’, respectively. It
has a simple graphical interpretation, as shown in Figure 3.
In Figure 3, the symbols A1 and B1 refer to the first and
second fuzzy antecedents of the first rule, respectively. The
symbol C1 refers to the fuzzy consequent of the first rule and
A2 and B2 refer to the first and second fuzzy antecedents of
the second rule, respectively, C2 refers to the fuzzy
consequent of the second rule. The minimum membership
value for the antecedents propagates through to the
consequent and truncates the MF for the consequent of each
rule. Then, the truncated MFs for each rule are aggregated. In
Figure 3, the rules are disjunctive so the max aggregation
operation results in an aggregated MF that is comprised of
the outer envelope of the individually truncated membership
forms from each rule. If a crisp value is needed for the
aggregated output, an appropriate defuzzification technique
should be employed to the aggregated MF (Ross, 1995).
There are several defuzzification methods, including the
Centroid of Area (COA), or Centre of Gravity, method, the
Mean of Maximum method, and the Smallest of Maximum
method (Grima, 2000). In Figure 4, the COA defuzzification
method is used to obtain the numeric value of the output.

Figure 3—The Mamdani FIS (El-Shayeb et al., 1997)
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Fuzzy sets generalize this concept to partial membership
by extending the range of variability of the characteristic
function from the two-point set {0, 1} to the whole interval
[0, 1]:

Uncertainty determination in rock mass classification when using FRMR Software
The second, or complete fuzzy option, should be used
when the area changes a great deal, when the measurements
are not done carefully, or when there is not enough input
data to represent the whole area (Figure 6).
With the last option, quality fuzzy, there is no need for
any input and the user specifies the quality of each input
parameter and the ultimate RMR is a known beforehand. This
option is useful for obtaining an entire view of the RMR
without spending a great deal of time and money (Figure 7).

Table I
Figure 4—Various defuzzification schemes for obtaining a crisp output
(Jang et al., 1997)

In this study, we apply the COA method to the
defuzzification process because the calculations are easy to
perform. The COA defuzzification method in a continuous
domain is defined by the following equation:

where ZCOA is the crisp value for the z output and μA(z) is the
aggregated output membership function.

Rating of RQD during RMR classification
Levels

Very Bad

Bad

Average

Good

Very Good

RQD
Score

0–25
3

25–50
8

50–75
13

75–90
17

[90–100
20

Table II

Rating of RQD when using a fuzzy set
Levels

Very Bad

Bad

Average

Good

Very Good

RQD
Score

0–25
3–7

25–50
8–12

50–75
13–16

75–90
17–19

90–100
20

  
The main problem when classifying the RMR is that we do
not have a clear idea of the relationship between the levels of
the abovementioned parameters, especially near the
boundary conditions. In general, we can say that classifying
the parameters in this way does not take into account the
ambiguity of the boundary conditions because this kind of
classifying is based on classic sets. For the most effective
parameters in classifying the rock mass and expressing the
quality of rock mass, the RQD should be between 0 and 100
and the rock mass divided into five levels: ‘Very Bad’, ‘Bad’,
‘Average’, ‘Good’, and ‘Very Good’. The different levels
express the quality of the rock mass. The percentage of RQD
specifies the boundaries of these levels (see Table I)
According to Table I, the RQD cannot be divided in this
way near the boundary. For example, if the RQD is 89%, it is
assigned to the ‘Good’ level, whereas when the RQD is 90%,
it is assigned to the ‘Very Good’ level.
Table II shows that all RQDs that are at the same level
have the same effect on the RMR. In other words, we expect
that if the RQD increases, the RMR will also increase. This is
not true when classifying the RQD using the Bieniawski
classification system.

Figure 5—Semi-fuzzy option in FRMR

  
The Fuzzy Rock Mass Rating (FRMR) software tool classifies
rock mass in indefinite situations. This software acts in three
ways: semi-fuzzy, complete fuzzy, and quality fuzzy, as a
means of specifying the RMR.
When the initial parameters are completely correct and
reliable, and the area being examined does not change a
great deal, the semi-fuzzy option shows good results
(Figure 5).
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Figure 6—Complete fuzzy option in FRMR
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Figure 7—Quality fuzzy option in FRMR


Unlike crisp (ordinary) sets, fuzzy sets have no sharp or
precise boundaries. As a result, the degree of membership
A(x) of elements x to a fuzzy set A depends upon their
positions (or compatibility) with respect to the centre (or the
central concept). An element’s position within a fuzzy set is
determined by the degree of belief (or support) that the
element belongs to that set. Thus, a fuzzy set is uniquely
characterized by a membership function that expresses this
support between 0 and 1.
Although Bieniawski’s rock mass classification system
often involves criteria whose values are assigned in
membership, sharp class boundaries are a subjective
uncertainty in rock mass classification. Fuzzy set theory
enables a soft approach to account for these uncertainties.
Actually, fuzzy sets make them more objective, particularly
through the process of constructing membership functions.
Because it is difficult to assign a number to the RMR
parameter in the boundary zone between the classes, a fuzzy
set can be used. An applied fuzzy set is shown in Table III.
Table III shows adjusted ratings and new floors, which
are related to the ‘point load strength index’ and the ‘UCS’.
The parameters have been divided into seven categories:
(1) Very, Very Bad (VVB), (2) Very Bad (VB), (3) Bad (B),
(4) Average (A), (5) Good (G), (6) Very Good (VG), and (7)
Very, Very Good (VVG). The rating for each parameter can be
obtained by using Table III. We used the related fuzzy sets to
obtain the membership degree of each parameter. The fuzzy
diagrams used for this model have been determined based on
personal experience.
The fuzzy diagrams for the ‘UCS’ and the ‘point load
strength index’ are presented in the Figures 8 and 9.
Table IV shows the adjusted and rated new levels that are
related to the other parameters.

Figures 10 through 17 show the fuzzy diagrams for the
‘RQD’, ‘spacing joint’, ‘filling’ (hard rock), ‘filling’ (soft rock),
‘aperture’, ‘roughness’, ‘persistence’, and ‘water condition’.
For the classification, we have divided the parameters
into five floors: (1) ‘Very Bad’ (VB), (2) ‘Bad’ (B), (3)
‘Average’ (A), (4) ‘Good’ (G), and (5) ‘Very Good’ (VG).
Based on the fuzzy set diagram of the RQD (Figure 11),
in order to calculate the rating of RQD, 75% of the
membership degree with a value of 0.5 needs to belong to
class A and G and the membership degree with a value of
zero must belong to the other classes (VB, B, VG). The fuzzy
RQD is calculated as follows:
0*3(Very Bad)+0*8(Bad)+0.5*13(Average)+
0.5*17(Good)+0*20(Very Good)=15
The rating of RMR shown in Table V has been obtained
in two ways: firstly, using classic RMR (Bieniawski, 1989);
and secondly, using RMR fuzzy sets.
When a mistake is made in determining the value of
RMR, the solution involves one of two options:
(1) Determining the type and amount of maintenance
necessary
(2) Determining the time of installation and maintaining
stability.

Figure 8—Fuzzy set diagram of the UCS

Figure 9—Fuzzy set diagram of the point load strength index

Table III

Parameter

VVB

Point load strength index
Uniaxial strength
Rating

 

<5
1

5–25
2

      

VB

B

A

G

VG

VVG

1-2
25–50
4

2-4
50–100
7

4-6
100–150
10.5

6-8
150–200
12

8-10
100–200
13.5

>10
>250
15
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Uncertainty determination in rock mass classification when using FRMR Software
Table IV

The RQD, discontinuity conditions, groundwater status, and classification ratings for the RMR
Parameter

Very Bad

Bad

Average

Good

Very Good

RQD
Rating

<25
3

25-50
8

50-75
13

75-90
17

90-100
20

JOINT SPACING (cm)
Rating

<6
3

6-20
8

20-60
10

60-200
15-19

>200
20

PERSISTENCE (m)
Rating

>20
0

10-20
1

3-10
2

1-3
4

6

APERTURE (mm)
Rating

>5
0

1-5
1

0.1-1
4

<0.1
5

0
6

ROUGHNESS
Rating

0-2
0

2-4
1

4-6
3

6-10
5

>10
6

Rating

Soft filling
>5mm
0

Hard filling
<5mm
2

Without filling
>5mm
2

<5mm
4

6

ALTERATION
Rating

Crushed
0

Much alteration
1

Moderate alteration
3

Little alteration
5

Without alteration
6

WATER CONDITION
Rating

Flowing
0

Dripping
4

Wet
7

Damp
10

Completely dry
15

FILLING

Figure 10—Fuzzy set diagram of the RQD

Figure 13—Fuzzy set diagram of the filling (hard rock)

Figure 11—Fuzzy set diagram of the spacing

Figure 14—Fuzzy set diagram of the aperture

Figure 12—Fuzzy set diagram of the filling (soft rock)

Figure 15—Fuzzy set diagram of the persistence
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Uncertainty determination in rock mass classification when using FRMR Software
To determine the RMR in the Gol-e-Gohar mine and use it
for different purposes, such as determining the geotechnical
parameters of the rock mass or the stability of the slope, it is
important to first ascertain that the RMR for the different
mineral walls and waste material is calculated separately.
Table VI shows the calculations for each part of the mine
(Shahriar et al., 2003).

 
Figure 16—Fuzzy set diagram of the roughness

Figure 17—Fuzzy set diagram of the water condition

Table V

Classic RMR and RMR based on the fuzzy sets
Input parameters
Point load test
RQD
Joint spacing
Water condition

Description

Classic RMR

RMR fuzzy sets

4.5 (MPa)

12

7*0.2+10.5*0.8=9.8

%75

17

13*0.5+17*0.5=15

9.6 (cm)

8

8*0.8+3*0.2=7

Damp

10

10

Roughness

2

0*0.5+1*0.5=0.5

Persistence

2

6*0.2+4*0.2=5

Aperture

3

Filling

20

1

7 (mm)-hard rock

Alteration

4

None

6

Total

67

58.3

The main elements of a fuzzy algorithm are the input–output
sets and the if–then rules. With this software tool, the
Mamdani FIS was applied to the input parameters to select an
appropriate RMR. The model includes nine input variables:
(1) the UCS or point load strength index; (2) the RQD; (3) the
spacing of the discontinuities; (4) the aperture of the
discontinuities; (5) the filling of discontinuities; (6) the
alteration; (7) the condition of the groundwater; (8) the
persistence of the discontinuities; and (9) the roughness of
the discontinuities. In general, the model includes three
output variables: (1) the FRMR basic diagram and its
membership; (2) the basic FRMR; and (3) the adjustment
FRMR. The FRMR diagram includes eight levels: VVB, VB, B,
A, G, VG, VVG, and E. These are shown in Figure 18.
In the model, triangular and trapezoidal membership
functions were developed for the input variables because of
their simplicity. For the input variables, the homogeneity of
discontinuities was selected as a crisp set due to its
qualitative nature and the lack of a sharp boundary for
classification.
The other stage of the FIS involves constructing the if–
then rules. The RMR rating system has nine main
parameters, each including five levels (except for the aperture
diagram). The permutation of the input parameters with the
different levels is equal to 1 562 500. The number of if–then
rules is 1 562 500 ((5^8)*4).
The overall structure of the Mamdani fuzzy inference is
shown in Figure 19.
The rule for FIS is as follows. If







UCS is B
RQD is VG
JS is M
Aperture is VB
GW is G
Persistence is G

Table VI

Input parameters and RMR walls in Gol-e-Gohar mine

Point load test
RQD
Joint spacing
Persistence
Aperture
Roughness
Filling (mm)
Alteration
Water condition
Rating

 

Ore

West

East

South

North

West

East

South

North

2.3
50
57
2.3
2
4.2
Soft (4.5)
Moderate
Wet
49.9

2.3
50
57
2.3
2
4.2
Soft (4.5)
Moderate
Damp
52.9

2.3
50
57
2.3
2
4.8
Soft (4.5)
Moderate
Wet
50.5

2.3
50b
57
2.3
2
4.8
Soft (4.5)
Moderate
Damp
53.5

3.2
80
85
2.3
2
4.2
Hard (5.5)
Moderate
Wet
58.9

3.2
80
85
2.3
2
4.2
Hard (5.5)
Moderate
Damp
61.9

3.2
80
85
2.3
2
4.8
Hard (5.5)
Moderate
Wet
59.5

3.2
80
85
2.3
2
4.8
Hard (5.5)
Moderate
Damp
62.5
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Waste
Walls

Uncertainty determination in rock mass classification when using FRMR Software





Roughness is G
Filling is VG, and
alteration is VG, then
SCORE is G.

The last stage of the FIS is to select the defuzzification
method. Aggregating two or more fuzzy output sets yields a
new fuzzy set in the basic fuzzy algorithm. In most cases, the
result, which is in the form of a fuzzy set, is converted into a
crisp result via the defuzzification process. In this study,
therefore, the COA method is employed for the defuzzification
process because it is easy to perform the calculations with
this method. The fuzzy set diagrams that have been used for
this type of software are shown in Figures 20–28.

Figure 22—Fuzzy set diagram of the groundwater

Figure 23—Fuzzy set diagram of the RQD

Figure 18—Fuzzy set diagram of the FRMR

Figure 24—Fuzzy set diagram of the roughness

Figure 19—Mamdani fuzzy inference for the FRMR

Figure 25—Fuzzy set diagram of the filling (mm)

Figure 20—Fuzzy set diagram of the UCS (MPa)

Figure 26—Fuzzy set diagram of the persistence (mm)

Figure 21—Fuzzy set diagram of the joint spacing
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Figure 27—Fuzzy set diagram of the aperture (mm)
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Figure 28 —Fuzzy set diagram of the alteration

The example provided above makes this software option
more clear. Table VII shows the entrance parameters.
According to Figure 28, when the RQD is 75% it belongs
to two levels: ‘A’ and ‘G’. Table VII shows the level of the
other entrance parameters.
According to the number of levels for the entrance
parameters, eight rules (permutation of the input parameters
with different levels) should be considered. Figure 29 shows
the calculations for the fuzzy inference model.

 
1. If the (UCS is A) and the (RQD is A) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is VG) and the (roughness is G) and the
(GW is VG), then the (FRMR is G)
2. If the (UCS is A) and the (RQD is G) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is VG) and the (roughness is G) and the
(GW is VG), then the (FRMR is VG)

First, 23 boreholes from a single area during the first
stage are used, and then the number of boreholes from the
same area is increased to 80.
The input parameters and final RMR results are presented
in Table VIII.
Table VIII shows that the number of holes during the first
stage is much less than the number of holes during the
second stage. The RMR for the region is calculated using the
system proposed by Bieniawski (1989), which is different
from the real RMR for the region. During the first stage, we
used the semi-fuzzy part of the software and calculated the
RMR as 72. During the second stage, we used the complete
fuzzy part of the software and calculated the RMR as 73.
According to the size of the region and dispersion amount of

Table VII

RMR parameters for the GeG mine

UCS
RQD
Spacing
Filling
Aperture
Persistence
Roughness
GW
Alteration

Input

levels

100
75
44
8
3
.4
7
.03
2

A,G
A,G
A
>5
A
VG,G
G
VG
VG

3. If the (UCS is A) and the (RQD is A) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is G) and the (roughness is G) and the
(GW is VG), then the (FRMR is G)
4. If the (UCS is A) and the (RQD is G) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is G) and the (roughness is G) and the
(GW is VG), then the (FRMR is VG)
5. If the (UCS is G) and the (RQD is A) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is VG) and the (roughness is G) and the
(GW is VG), then the (FRMR is VG)

7. If the (UCS is G) and the (RQD is A) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is G) and the (roughness is G) and the
(GW is VG), then the (FRMR is G)
8. If the (UCS is G) and the (RQD is G) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is G) and the (roughness is G) and the
(GW is VG), then the (FRMR is VG).
Figure 30 shows an example of the plan view for the
boreholes. To show the ability of the software to predict the
rock mass classification, the RMR is calculated in two stages.
 

      

Figure 29—Fuzzy inference rule based on the FRMR overview

Table VIII

Input parameters and RMR for two stages
First stage

Second stage

RQD
61
58
UCS
139
153
Joint spacing
190
133
Water condition
VG
VG
Roughness
10
3
Aperture
0.5
4
Persistence
7
18
Alteration
VG
VG
Filling
Hard rock, less than 5 (mm) Hard rock, less than 5 (mm)
RMR basic
72(“VG”)
73(“VG”)
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6. If the (UCS is G) and the (RQD is G) and the (spacing is A)
and the (filling is more than 5) and the (aperture is A) and
the (persistence is VG) and the (roughness is G) and the
(GW is VG), then the (FRMR is VG)

Uncertainty determination in rock mass classification when using FRMR Software
the rock mass, the previously mentioned number of holes
could represent the region. Finally, we used the complete
fuzzy option. The RMR basic value was 73 during the second
stage and belonged to the ‘VG’ level. During the first stages,
the RMR basic value could be considered representative of
the whole region if it is calculated while considering the
complete fuzzy part and by comparing the results (the RMR
basic value for the second stage certifies this fact).
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The economics of exhaustible mineral
resources—concepts and techniques in
optimization revisited
by C. Hutton*

The last commodities supercycle (2003 to 2011) was characterized by a
belief in volume at any cost, where absolute output was deliberately
prioritized over productivity considerations. This practice fuelled overoptimistic forecasting and planning, which in turn contributed to the
economic crisis that followed. The sudden collapse of commodity prices
has resulted in mining companies scrambling to find the right balance
between optimizing current operations and preserving sufficient flexibility
to grasp future opportunities. The runaway costs of building and operating
mines have almost squeezed out profit margins, while lower ore grades are
inflating production costs. Mining companies therefore need to look at the
business with fresh eyes, and develop strategies to attract equity capital as
traditional approaches are simply not working anymore. This is especially
so in the context of a dwindling investor base that continues to demand
greater returns, despite a significantly lower appetite for risk. This paper
revisits the micro-economic concepts and demonstrates how pressure from
shareholders to prioritize output contributed to spiralling costs and value
destruction. Practical techniques are described to model cost curves to
optimize a Mineral Resource endowment and address the need to rightbalance a business and preserve agility.
Keywords
production prioritization, economies of scale, u-shaped cost curves,
optimal rate of production, maximum Mineral Resource utilization,
sustainable gains, and sustainable shareholder returns.

Introduction
Henry Lazenby (2014) for the Mining Weekly
writes, ‘Bruised and battered, the global
mining industry today is undergoing a sea
change. Practices and policies that might have
worked wonders in the past are not as relevant
today, and new approaches to running
profitable mining operations need to be found.’
One significant practice the mining industry
had during the last commodities supercycle
(2003 to 2011) was chasing volume at any
cost; absolute output was deliberately
prioritized over productivity considerations
(Goldsmith, 2013). Lazenby contends that in
the face of falling and volatile commodity
prices, many mining majors ‘across all
commodity groups are currently grappling with
sagging profits and low company valuations.
This is often regarded as the result of the
industry’s “sins” of the past, when companies
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Synopsis

were in pursuit of growing their output at all
costs in a high commodity price environment.’
Lee Hodgkinson, KPMG’s Canadian mining
industry leader and quoted by Lazenby, says
that ‘mining companies are now trying to find
the right balance between optimizing current
operations and preserving their agility to grasp
future opportunities. The runaway costs of
building and operating mines have almost
squeezed out profit margins [whilst] lower
grades of ore are inflating production costs.
Mining companies need to look at the business
with fresh eyes, and develop strategies to
attract equity capital as it seems clear that
some of the traditional approaches to the
mining business are simply not working
anymore.’
It is the intention of this paper to challenge
the practice of chasing production and to
provide an alternative practice in support of
miners ‘looking to optimizing current
operations whilst preserving their agility to
grasp future opportunities.’ To address this
issue the micro-economics of a mining
business are revisited, integrating multifarious
concepts to consider the optimal economics of
exhaustible mineral resources. Minnitt (2007)
states that the challenge of the past has been
that while much has been written on the
subject of classical economic concepts,
adoption has been slow and limited. Minnitt
concedes that in the past, academic literature
on the subject did not provide much in the way
of usable concepts and techniques, and
consequently practitioners relegated these
concepts to academia with no practical
application in the real world. Moreover, in a
related publication he suggests that the subject
matter is often shrouded in ‘complex

The economics of exhaustible mineral resources
mathematics that detracts from its value and as a
consequence has not been as widely applied as might
otherwise be the case’ (Minnitt, 2004). Considering the need
for miners to ‘look at the business with fresh eyes’ and
Minnitt’s concerns about the lack of usable concepts, this
paper seeks to address both challenges in pursuit of the
optimal economic extraction of an exhaustible mineral
resource.
To do justice to this subject matter it is necessary to
address it in three parts, namely:
 Part 1—Prioritizing of the rate of production
 Part 2—Modelling the rate of production
 Part 3—Integrating the rate of production with
economic mineral resource modelling.
Part 1 explores the prevailing hypothesis that increasing
output will deliver continuing economies of scale compared to
the alternative hypothesis of Minnitt et al. that considers Ushaped cost curves implying an optimal level of production,
while Part 2 addresses Minnitt’s lamentations that the tools
and techniques were not available at the time of writing his
paper and therefore adoption of his hypothesis was slow if, at
all. The techniques articulated rely on accepted econometric
techniques and empirical data-sets. Part 3 focuses on
incorporating the U-shaped cost curves in an integrated
model to consider both the cost curve and an orebody’s ‘DNA’
exemplified by a grade-tonnage curve to estimate the
maximum value creation over the life of the orebody.

Prioritizing the rate of production
The stagnation of commodity prices through the 1980s and
1990s discouraged producers from investing in capacity
expansions. During the following decade global commodity
prices soared, driven by strong demand from emerging
economies, with the boom exceeding that of the 1970s in
both duration and magnitude (Connolly and Orsmond, 2011).
Mining companies responded rapidly by prioritizing capacity
expansions to capture greater market share. This narrative
soon translated into ‘Go Big or Go Home’ as the prevailing
rationale dictated that in addition to capturing a greater
market share, increased scale also promised enticing
productivity gains that were simply too good to forego.
Shareholders soon started rewarding those stock companies
that could articulate growth strategies and large project
pipelines. Examples of this strategy included Anglo Platinum,
who advised in 1999, that its ‘board has made the decision to
increase its production from the 1999 calendar year base of
some 2 million ounces to 3.5 million ounces by the end of
calendar year 2006.’1 As recently as 2013, Endeavour Mining
expanded the Tabakoto mill from 2000 t/d to 4000 t/d, while
BHP Billiton was considering further expansions at the
world’s largest mine, Olympic Dam.
Fast-forward to 2015, and mining companies that had
been riding the ‘supercycle’ of higher commodity prices
supported by demand from emerging markets now find that
their profit margins are being eroded by falling commodity
prices and out-of-control cost inflation. Their response has

1http://www.angloplatinum.com/investors/invest_sub/press_def.asp?/Cet

egoryID=5&Related=True
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been to announce aggressive cost reduction programmes that
include reducing headcount, closing unprofitable operations,
and deferring capital expenditure to reduce cash costs. While
these actions ‘might be effective in reducing controllable cash
costs in the near term’, Goldsmith (2013) cautions that in the
long-term, ‘sustainable gains which depend on strong
underlying improvements in the efficiency of operations and
invested capital may be compromised.’ Ernst and Young
(2013) bemoan that ‘the same investor base who so long ago
was pushing for growth and rewarded those that had the
most attractive growth pipeline, now has a lower appetite for
risk but at the same time is still is demanding greater
returns.’ To be successful at restoring investor confidence,
miners will need to more fully understand the potential
impact of macro- and micro-events … and consider new
approaches to running profitable mining operations if they
are to continue to survive and thrive (Lazenby, 2014)

Two schools of thought
While it is accepted that there is no single panacea for driving
sustainable profitability, one significant factor often
overlooked is the cost of not challenging the prevailing
hypothesis of the micro-economics of the business of mining.
Two key classical micro-economic concepts have been
contested during this last supercycle. While miners embraced
the concept that increasing rates of production would yield
greater productivity and profitability, academics warned that
prioritizing mass production at all costs had a fatal flaw.
Minnitt (2007) articulates the case for diseconomies of scale
being realized, maintaining that beyond a critical level of
production total unit costs begin to rise, eliminating any
further gains and risking diminishing returns. In this section
the two hypotheses will be considered.

Support for prioritizing production at all costs
Rudenno’s (2008) work supports the notion of continued
economies of scale as production output is successively
increased. He derived what he describes as ‘power’ cost
curves from a data-set of 95 mining development projects
located in 33 countries. The data-set includes base metal,
precious metals, coal, uranium, and iron ore projects. An
example of one of these power curves is shown in Figure 1.
An equation describing the regression curve in Figure 1 is:

U$/ton = 86.76 × T 0.851

[1]

where T is in Mt/a.
Similar curves with best-fit regression lines have been
derived for capital costs, mining costs, and processing costs,
differentiating between opencast and underground mining
operations. These regression equations have been applied by
Rudenno to determine expected capital investment
requirements and associated total unit costs at different levels
of production. While Rudenno cautions that this tool
represents an average that requires refinement, it
nevertheless implicitly supports the hypothesis that
continuing economies of scale can be achieved with increased
levels of production. To demonstrate this, Rudenno’s
equation (Figure 1) is used to derive the classical microeconomic curves illustrated in Figure 2. (The micro-economic
theory concepts of average total costs (ATC), average fixed
costs (AFC), average variable costs (AVC), and marginal
costs (MC) are well established in academic literature.)
 

      

The economics of exhaustible mineral resources
Empirical evidence

Figure 1—An example of Rudenno’s power curves

In Figure 2, as the rate of production (described on the
horizontal axis) is increased, the ATC continue decreasing,
implying continuing economies of scale. The benefits of
adopting this hypothesis are seemingly obvious in that as
higher volumes are mined, so lower ATC translate into
increased profit margins which in turn translate into
increasing shareholder returns. Most significantly in a rising
price environment, this benefit is amplified as increased
output/sales also attract increased revenue, compounding
profit margins already inflated from gains realized through
economies of scale. This hypothesis provided a compelling
argument in support of ‘Go Big or Go Home’, and miners who
prioritized production during the last supercycle were
rewarded by the market accordingly.

Miners have been exhorted to better understand the macro
and micro events contributing to the industry’s costs inflation
if they are to survive. Minnitt (2007) has implicitly proposed
that a significant part of a mining enterprise’s inflation can
be attributed to rising costs related to increased production
that extends beyond an optimal level of production, and that
profitability is compromised beyond this optimal level. The
2003 to 2011 supercycle can be considered a useful global
‘experiment’ for testing the robustness of the hypothesis that
significant benefits can be achieved by prioritizing
production, as exemplified by Rudenno’s curves.
Gravelle et al. of PwC (2014) published a report in which
the financial performance of the world’s top 40 miners was
consolidated. Figure 5 illustrates that for the period 2004 to
2013, revenue increased at a compound annual growth rate
(CAGR) of 11%, which was attributed to both rising
commodity prices and an expansion in output. On the cost
frontier, total costs increased on a CAGR basis of 12%, while

Support for an optimal rate of production
Minnitt (2007) proposed an alternative hypothesis of cost
response in relation to increases in production. He
reproduced an S-curve after Pappas and Hirschey (1985) and
Sesink-Clee (1991), describing the theoretical relationship of
cost to varying rates of production in absolute terms and
illustrated in Figure 3. If q is the rate of production the total
cost, with fixed costs (FC) of 20, is given by Equation [2].

Total cost = 20 + 8q ‐ 2q2 + 1/3q3

Figure 2—Rudenno’s power curve showing decreasing average total
costs, average fixed costs, and average variable costs as production
rates increase

[2]

ZAR2

With a commodity price of
15 per ton, the total
revenue (TR) is given in Equation [3].

[3]

The equations are illustrated in Figure 3 indicating that
the cost curve is not linear in nature but rather concave.
The total cost (TC) curve indicates that beyond nine units
of production, profits are negative and therefore no further
economic benefits can be achieved by further prioritization of
output. To compare Rudenno’s curve with those of Minnitt et
al., the cost curves illustrated in Figure 3 are reduced to unit
costs consistent with classical micro-economic curves and
illustrated in Figure 4.
The underlying hypothesis of these curves is clearly
evident and suggests that an optimal rate of production exists
(4.5 in this example), beyond which point diseconomies of
scale are realized. The challenge, however, is that while the
theoretical basis has been demonstrated by Minnitt (2007),
no empirical evidence was presented to support this
hypothesis, as in the case for Rudenno.

2ZAR: South African rands

 

      

Figure 3—Absolute cost and revenue curves total costs (Minnitt, 2007)

Figure 4—Classical micro-economic costs curves
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Total Revenue = 15 x q

The economics of exhaustible mineral resources

Figure 5—Revenue and cost profiles for PwC top 40 mining companies
(PwC, 2014)

operating costs on a CAGR basis rose at a slightly lower
CAGR rate of 10%, albeit matching the trend in revenue. The
steady increase in operating costs can conceivably be
attributed to the general rise in costs as a result of
competition for high input factor costs.
The divergence in total costs and operating costs
evidenced in the cost trends for the period is the result of
escalating non-cash line items such as depreciation,
amortization, and impairment, which escalated by over
7000% on a CAGR basis for the period. Despite being a noncash item, these costs impact on shareholders’ returns insofar
as they reduce profits legally available for distribution while
cash remains unavailable for distribution. It is often stated
that only cash costs are relevant, but it is argued that any
barrier to shareholders’ claims to cash should be considered
with equal merit. One technique now being invoked to reduce
the depreciation and amortization charge is to impair assets
and thus mask the redundancy of previous investment
activity. Since miners were encouraged to increase capacity
and invest in new mining projects it is not surprising that
depreciation and amortization would also increase, but
perhaps not at the rate reflected.
Despite the upward trend, the profitability of the top 40
miners illustrated in Figure 6 for the period 2004 to 2011
was significantly less than what shareholders could have
expected had yields been maintained or improved. Since
increasing output was based on the premise that greater
economies of scale would be achieved – implying improved
productivity – financial yield metrics should have registered
positive trends too. Counter-intuitively, free cash flow (FCF),
return on equity (ROE), and return on assets (ROA),
illustrated in Figure 7, all trended downwards for the most
part of the commodity boom. Although profitability ‘bubbles’
can be seen, these benefits were wiped out when massive
impairments were raised in the accounts of miners, which in
turn caused a free-fall in their respective share prices – all
well documented. Invoking the total shareholder return (TSR)
metric for a period extending beyond 2011 will most likely
diminish the exuberance of the short-term gains posted and
provide a more sobering assessment of the strategy to
prioritize production. That said, these profitability trends
belie the fact that any productivity gains anticipated by
prioritizing production were simply not realized, and if
anything, contributed to a macro and micro environment that
conspired to inflate costs exponentially.
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In short, the empirical evidence does not support the
hypothesis of continuing economies of scale as output is
increased. If anything, the progressive overall increase in
production caused price disequilibrium in the macro
environment for both input factors and ultimately the
precipitous fall in commodity prices as inventory stocks
reached saturation. Any gains to shareholders evaporated,
making a mockery of the notion of sustainable long-terms
gains. Treadgold (2015) cites Citigold, who state that
companies such as Rio Tinto are ‘digging their own graves’
with overproduction. Treadgold also writes that undeterred
by the evidence, the mining industry ploughed ahead in what
has now become a self-destructive race to the bottom as big,
low-cost miners chase market share so they can claim the
title of ‘last man standing’.

Comparing the implications of the alternative
hypotheses
It can be demonstrated that the prevailing hypothesis in the
mining industry, best articulated by Rudenno’s work, may
have been a significant contributor to the sustained erosion
of margins and profitability. Using Rudenno’s information, a
financial model was constructed to compare the effects and
implications of the two cost hypotheses described. By way of
demonstration, Figure 8 illustrates two curves; the first
assumes constant economies of scale in line with Rudenno’s
work, and the second, with an arbitrarily selected level/point
of cost inflexion, implies diseconomies of scale in line with
Minnitt et al.
A number of metrics are detailed in the spreadsheet in
Figure 8, the critical metrics being net present value (NPV),
internal rate of return (IRR), capital investment, and total
average cost (TAC). Three points of measure are illustrated:
A, B, and C.

Figure 6—Cost profiles for PwC top 40 mining companies (PwC, 2014)

Figure 7—Profitability profiles for PwC top 40 mining companies (PwC,
2014)
 

      

The economics of exhaustible mineral resources

Figure 8—Continuing economies to scale versus economies followed by diseconomies of scale

Discussion
Consulting houses called upon to assist miners in this
predicament report that the tendency is to focus on
productivity improvement, cost control, capital allocation,
improved portfolio planning, innovation and efficiency, and
the leveraging of available resources. In short: repackaged
consulting products with new spin. This paper, however,
challenges a fundamental paradigm against the backdrop of
the empirical evidence presented by PwC (2014). With the
benefit of hindsight it is difficult to see how increased output
achieved the investment returns anticipated by miners and
 

      

shareholders alike. From the evidence it seems that
increasing output had the opposite effect on investment
returns, as highlighted in the previous section, and that
ignoring diseconomies of scale can result in unfulfilled
expectations and cause miners to invest in over-capacity that
can never deliver the anticipated financial returns as
envisaged by the ‘Go Big or Go Home’ advocates. It is argued
that while it may be tempting for some miners to rationalize
the causal relationship of industry inflation in macroeconomic terms, concluding that they had little or no control,
more astute miners may wish to reconsider the insights of
Minnitt et al. If this is indeed so, perhaps miners should be
considering more fundamental questions such as:
 How to best extract maximum economic value from
existing exhaustible resources in a sustainable manner
that achieves the right balance between optimizing
current operations and still preserving their flexibility
to grasp future opportunities?
 How do miners optimally manage lower grades of ore
contributing to production cost inflation in addition to
cost increases related to micro- and macro-economic
forces?
 How do miners minimize the pressures of having to
replace good orebodies with new discoveries?
 How do miners determine optimal levels of production
to ensure that investment activities yield maximum
yield and avoid overcapitalization and redundancy?
 How do miners weather the commodity cycle and
preserve profit margins so as to avoid a repeat of
record impairments and keep non-cash costs in check
in order that profits can be distributed to shareholders
without reverting to impairment strategies?
 How to profitably extend the life of existing projects to
maximize value considering that miners exploit
exhaustible resources?
It has been established that Minnitt et al’s hypothesis
implies that expanding the capacity of production units to the
point where diseconomies of scale are realized serves only to
compound inflationary effects as unit costs start rising
independently of industry cost pressures. Miners typically
respond to rising costs by high-grading their ‘endowments’,
and more so when commodity prices start falling. This
reaction inevitably leads to a vicious spiral as a high-grading
strategy shortens mine life; and shortened mine life can
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In this example and at a rate of production of 90 kt/
month, point A reflects superior economic metrics when
compared to point C. By comparison, point A anticipates a
NPV10% of US$389 million, an IRR of 103%, and a TAC of
US$70 per ton. In contrast, point C reflects a NPV10% of
US$322 million with an equivalent IRR of 92% and TAC of
US$83 per ton. Considering these two outcomes, point A
undoubtedly represents superior returns and a rate of
production that should therefore be adopted. Surely the case
for prioritizing production is made?
If, however, the U-shaped cost curve of Minnitt et al. is
operative, an alternative set of economics will be realized for
a rate of production of 90 kt/month and represented at point
B. The corresponding NPV10% at point B is US$189 million
with an equivalent IRR of 59% and TAC US$112 per ton. The
metrics of point B are less compelling than the metrics of
point C, and herein lies the rub.
Firstly, adopting point A’s level of production in favour of
point C’s level of production requires a greater capital
investment. Secondly, if shareholders are advised that the
returns of point A are to be expected, when in fact the returns
of point B will be realized, management’s credibility will
suffer. Thirdly, the profit anticipated at point A will be
diminished to almost half in this example, implying that an
opportunity cost is foregone when compared to point C.
Furthermore, while lower profits are registered, commodity
output is greater comparing points B and C, feeding surplus
product into the macro-economy, which arguably will
contribute to price reduction and further reduce profitability.
Point C represents an optimal level of production achieving
the highest level of profitability while at the same time
delivering less product to market and thereby enabling
equilibrium price stability.

The economics of exhaustible mineral resources
result in smaller mineable reserves, which in turn results in
premature exhaustion of mineral resources, leading to a
further round of impairments and accelerated depreciation
charges.
The author therefore agrees with Goldsmith (2013), who
warns that miners’ ‘… reaction of headcount reductions and
expenditure curtailment might be effective in reducing
controllable cash costs in the near term, but that long-term
sustainable gains depend on strong underlying improvements
in the efficiency of operations and invested capital.’ To
achieve this the author echoes Lazenby’s advice that in order
for mining companies to survive in an increasingly hostile
environment, ‘mining companies need to look at the business
with fresh eyes … as it seems clear that some of the
traditional approaches to the mining business are simply not
working anymore.’
Part 2 of this paper will look at tools and technique to
apply Minnitt et al’s hypothesis to empirical data-sets to
establish a foundation for an integrated modelling technique
for mineral resources that will provide miners with the tools
to optimize operations while at the same time giving them the
flexibility to take advantage of commodity cycle
opportunities.

Modelling the rate of production
In Part 1 of this discourse namely, revisiting the economics of
exhaustible resources, the case for considering Minnitt et al’s
(2007) U-shaped cost curve hypothesis was presented and
compared to that of continuing economies of scale with
increased production exemplified by Rudenno’s (2008) work.
Empirical evidence of the world’s top 40 mining companies,
sourced from PwC, does not support the hypothesis of
continuing economies of scale as pursued by miners during
the past decade. Considering yield trends (return on equity
and return on assets) it is hard to see how shareholder value
creation was a priority, as these metrics trends declined on
average during the supercycle (2003 to 2011) for the top 40
mining companies. Since this was not the expected outcome,
Minnitts et al’s (2007) hypothesis of diseconomies of scale
was revisited and the implications of a U-shaped cost curve
considered. Minnitt et al’s hypothesis provides a compelling
case for the micro-economic effects affecting and amplifying
cost inflation during the decade long supercycle.
The challenge for miners has been the ability to apply
Minnitt et al’s (2007) hypothesis. Minnitt conceded that in
the past, academic literature on the subject did not provide
much in the way of usable concepts and techniques and
consequently practitioners relegated these concepts to
academia with no practical application in the real world.
Moreover, in a related publication he suggests that the
subject matter is often shrouded in ‘complex mathematics
that detracts from its value and as a consequence has not
been as widely applied as might otherwise be the case’
(Minnitt, 2004).
Minnitt’s challenge is now embraced and this section
endeavors to describe practical techniques in applied microeconomics in deriving U-shaped costs curve from empirical
data-sets. A graphical format is relied upon in an effort to
demystify the mathematics and to demonstrate that these
concepts and techniques are easily applied using modern
desktop computing.
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Curve fitting and the selection of a functional form
The econometric technique of regression analysis is invoked
to assist with deriving the classical curves. It is perhaps
useful to pause for a moment and consider the frame of
reference in the application of the econometric techniques and
principles relied upon by the author. According to Studemund
(1992), econometrics is the quantitative measurement and
analysis of actual economic and business phenomena. He
explains that econometrics attempts to quantify economic
reality and bridge the gap between economic theory and
business reality using techniques that bridge the gap between
useful concepts and practical methodologies. To this end,
Studemund dedicates an entire book to the science of singleequation linear regression analysis (SLRA). While this is an
exhaustive work, summarizing the basic principles advanced
by Studemund is useful in that it provides a common frame
of reference. The first and most significant step after
considering the quality of the empirical data-set in SLRA is
the selection of the functional form. In selecting an
appropriate functional form, the following guidance is
provided by Studemund:
 Theoretical considerations usually dictate the form of a
regression model;
 The basic technique involved in deciding on a
functional form is to choose a shape that best
exemplifies the underlying economic or business
principles and then to use the mathematical form that
produces that shape
 The choice of a functional form is a vital part of applied
regression, requiring a good understanding of
economic theory and common sense.
A second and important point of reference that the author
offers is the concept of ‘linear’ regression. While linear
regression is often thought to be a linear construct (a straight
line). it is significant to consider that many different
‘nonlinear’ functional forms are used in linear regression,
including exponential, semi-log, polynomial, and inverse
expressions among others in addition to the straight line.
Linear regression therefore refers to an equation that is linear
in its coefficients rather than linear in its variables. This
important note is significant as it provides the basis of the
technique described below. A quadratic function, for example,
can therefore be used in SLRA to describe a particular
econometric function and still honour the rules of linearity.
When considering micro-economic theory and Minnitt et al’s
hypothesis, the U-shaped cost curve can be described by a
quadratic equation that can be used in an SLRA construct.
For the purposes of this paper these principles are accepted,
but for fuller discourse of this field of study the reader is
referred to Studemund (1992).
To scientifically apply SLRA, Studemund outline the
following steps:
1. Model specification (functional form)
2. Data collection (sufficiently descriptive, sufficiently
granular)
3. Estimation and evaluation of the equation (Excel
regression tool)
4. Results (interpretation based on common sense).
This framework is adopted and described below to derive
Minnitt’s U-shaped cost curve based on an empirical data-set.
 

      

The economics of exhaustible mineral resources
Derivation of u-shaped cost curves from empirical
data
Model specification
Kohler (1992) describes three micro-economic functional
forms, namely: constant economies to scale, continuous
economies to scale and economies/diseconomies to scale,
with the latter option defining U-shaped cost curves. In Part 1
of this discourse two functional forms were considered and
compared, namely: continuous economies to scale best,
described by Rudenno’s work, and economies/diseconomies
described by Minnitt et al. Constant economies is not
considered as empirical data, suggesting that mining costs do
indeed benefit from increased output, but perhaps not
without regard to Minnitt et al’s hypothesis.

Data collection
The empirical data used was sourced from a reputable mining
company and describes the production rate and cost per ton
data for the period 2004 to 2006 for a single mine. Before
using this data it was normalized to account for inflation,
with the base year being 2006. This data is plotted on the
theoretical curve in Figure 9.

based on the theoretical understanding after Minnitt et al.
The derivation of this curve is relatively simple given the
principles of SLRA and desktop computing. The standard
Excel regression toolkit was used to derive the regression
equation. The polynomial functional form selected is based
on economic theory after Studemund (1992).

Results
In this ‘real world’ example, the average cost curve is
intersected by the marginal cost curve at a rate of production
of 265 kt/month. Considering the plotted data points from the
data-set (green circles), the inference is that economies of
scale can still be achieved by increasing the rate of
production to 265 kt/month. In the context of this paper, 256
kt/month is the optimal rate of production beyond which
diseconomies of scale will be realized, implying that beyond
this point of production, unit costs will start rising.

Estimation and evaluation of the equation
Figure 10 describes four key steps in the derivation of the
cost curve based on an empirical data-set. The table
formulated in Step 4 is similar to Minnitt’s construct and is
graphically illustrated in Figure 9. The average cost curve
with its marginal cost curve are plotted reflecting the classical
economic curves described by scholars after Minnitt (2007)
and Kohler (1992). Steps 1 and 2 illustrate the normalization
of unit cost data collected for the period 2004 to 2006, while
Step 3 adopts a polynomial expression, namely x2 + x + c,

Figure 9—Derived average cost and marginal cost curves from
empirical data
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Figure 10—Summary of SLRA steps applied

The economics of exhaustible mineral resources
Discussion
Minnitt (2007) bemoaned the fact that miners were slow to
adopt classical micro-economics for two reasons: the tools
and techniques were unavailable; and the concepts were often
shrouded in complex mathematics. It has been conclusively
demonstrated above that this is no longer the case and that
provided historical costs have been retained, miners can very
easily apply the technique outlined. Importantly, and having
demonstrated the techniques and tools and how accessible
these are, it is probably worth considering Studemund’s
cautionary remarks with regard to black-box thinking and
the importance of critical evaluation. Studemund states that:
‘… Any good econometrician is one who can diagnose faults
in a particular approach and can figure out how to repair
them. The limitations of regression analysis must be fully
perceived and appreciated when using the technique and its
findings ... [which can largely be overcome by] a good
understanding of economic theory and common sense.’ It is
probably appropriate to state too that in the world of
estimation it is common sense to understand that results are
approximations with inherent windows of error, and
therefore this technique seeks to achieve results that are
approximately correct rather than precisely incorrect – to
invoke an old proverb.
This technique has not, however, been without its critics.
Some mining practitioners have suggested that Studemund is
incorrect in his position that economic theory should dictate
the functional form and that the functional form should
rather be determined by considering the data and its spread.
The illustration above (used to demonstrate the technique)
exhibits data that posts to the left of the point of inflexion of
the average cost curve, and no data-points are exhibited to
the right of the point of inflexion. As a consequence, some
mining practitioners have been quick to dismiss the
technique as flawed on the basis that the curve seemingly
does not honour the data.
While the issue of data not exhibiting to the right of the
point of inflexion may cause some practitioners some unease,
it is argued that incomplete data-sets should not be the single
justification for dismissing this technique. Indeed, when
considering Studemund’s work and the widely used
technique of SLRA notwithstanding Minnitt et al’s work, it is
argued that this technique has the necessary theoretical and
applied support. Moreover, consideration should be given to
the fact that this curve represents a pre-2011 data-set, and is
likely to now exhibit data-points beyond the point of
inflection, assuming the interpretation of the empirical data
supplied by PwC is correct.
Despite this argument it is conceded that there may be
continued reluctance by mining economists to adopt Minnitt
et al’s hypothesis and the techniques described above until
sufficient examples of data-points to the right of the inflexion
point are forthcoming. Post the recent commodity supercycle
and considering that the prioritization of production did not
realize the anticipated results and financial returns (when
considering the empirical data presented by PwC), perhaps it
is now an appropriate time to re-run this technique on larger
data-sets to provide practitioners with the required comfort.
Mining companies that are looking at the business with fresh
eyes and who are willing to challenge some of the traditional
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approaches may wish to reconsider the causal relationship
between increasing production and anticipated economies of
scale.
A second topic of importance is the consideration that the
above analysis has only considered costs with respect to, and
related to, ore tons. While it can be easily argued that the cost
per ton of ore is the appropriate metric to understand input
costs, consideration has to be given to cost per output of the
commodity mined, namely: cost per ounce, cost per pound
etc. Failure to consider both cost metrics may also lead to
results that do not yield desired outcomes. The challenge is
probably best explained as follows.
Whilst costs are generated by volumes of ore tons mined,
the ultimate measure of performance is cost per unit of
commodity mined. To confirm this, most (if not all) industry
cost curves exhibited by market analysts consider only the
cost per unit of commodity produced. It is therefore worth
highlighting that this metric is complicated by the fact that
some producers who may be cost-inefficient on a cost per ore
ton basis are saved by virtue of mining a high-grade ore
deposit. Cost efficiency and cost discipline therefore can only
be measured on a cost per ore mined/processed basis rather
than on the cost per unit of commodity produced. Not to do
so is to disguise the opportunity cost of ill-discipline.
To illustrate this concept attention is drawn to Figure 11,
which attempts to explain the dilemma graphically. For
example, if one had two identical gold deposits (or copper,
nickel, etc.) and one was high grade while the other low
grade, and both produced the same output or rate of
production, then the low-grade deposit would post a higher
cost of production as compared to the higher grade deposit
using the US$/ounce metric. Perversely, the lower cost
producer could be the more cost-efficient miner when
measured on a cost per ore mined/processed basis. Four
different scenarios can be determined given this construct.
Figure 11 illustrates the issue:
 Frame (1) depicts reductions in unit costs for both ore
tons produced and the cost per unit of commodity. Both
trends are negative sloping, implying that true
economies of scale are being achieved
 Frame (2) illustrates where diseconomies of scale are
being realized as both metrics show a positive trend,
being the scenario that miners would wish to avoid
 Frame (3) describes a scenario where production tons
are prioritized at the expense of commodity tons – in
essence the deposit is not being managed to achieve
the maximum shareholder returns. Possible reasons
could be that either that significant dilution is being
realized or the average mined grade of the deposit is
suboptimal
 Frame (4) depicts the mirror image of scenario 3 and
could be the result of high-grading the mineral
endowment to drive short-term cash flows at the
expense of life of mine and sustainable long-term
returns.
By extension of this logic and referencing metrics from
the integrated modelling technique, presented below, it can be
demonstrated that increasing the grade without consideration
to reducing the rate of production is harmful to future
returns. In column 1 (Figure 12) and having applied the
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Figure 12—Cost scenarios

hypothesis of continuing economies of scale, it is anticipated
that 12.7 thousand ounces of gold per month (kozpm) will be
produced at an operating cost (including royalty fees) at
US$78.64 per ton and an associated US$ 556.92 per ounce. If
the reality is that a U-shaped cost curve is operative and
keeping the same rate of production and grade constant, the
metrics realized will be US$123.08 per ton and US$871.62
per ounce(column 2). If in fact this is the reality then
typically miner will raise the cut-off grade to increase the
average grade in an effort to reduce unit costs – being costs
per ounce in this case (column 3). This strategy does not
affect the cost per ton, which remains at US$123 (column 4).
However, the cost per ounce falls from US$871.62 to US$
691.14. This is typically termed high-grading and is a useful
strategy to generate near-term cash flows but is not without
long-term consequences. High-grading affects life of mine,
and in this example it is almost halved from over 6 years to
just under 4 years with present values increasing only
marginally (column 3) from US$412 million to US$462
million. Increased NPV is often cited as a good enough reason
to support a particular strategy, but this should always be
considered in the context of alternative strategic outcomes. It
is noteworthy that the practice of high-grading results in
similar economic metrics when mining at a rate of 30 kt/
month (ktpm) (column 5), but with the exception that mining
at 30 kt/month leads to a longer life of mine and is therefore
a superior strategy to high-grading. High-grading also
introduces another significant business risk, namely that the
shorter the life of a deposit the greater the risk with respect to
replacing it with a similar or better deposit, notwithstanding
that additional development capital investment is required.
High-grading is therefore not a sustainable strategy and is
harmful to shareholder returns even if it generates higher
near-term cash flows. Given this example, the only feasible
and sustainable strategy would be to reduce the rate of
production (assuming that a U-shaped cost curve is
operative) to harness economies of scale and increase
 

      

Integrating the rate of production with economic
mineral resource modelling
Guzman and Bhappu (1995) concluded that net present value
(NPV) and internal rate of return (IRR) criteria were the most
commonly used metrics for mining investments while
payback period was a secondary, albeit important,
consideration. NPV is a rigorously definable concept that
maximizes the total wealth and is therefore the most suitable
elementary objective to be maximized in the estimation of the
economically optimum production capacity. It is, however,
recommended that the assessment of a proposed mining
venture should be supplemented by the measures of wealth
growth, payback period, and payback time lag. In considering
Minnitt et al’s (2007) hypothesis it was noted that the author
considered that the discussion by Minnitt on economies of
scale was divorced from determining cut-off grade and
therefore determining the maximum grade and payability of
an exhaustible resource. It was shown that two cost metrics
prevail as they relate to cost in mining economics, namely:
cost per ore unit and cost per unit of commodity produced.
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Figure 11—Cost per ounce vs. cost per ton of ore processed

profitability. Column 4 illustrates that the average mined
grade of 4.75 g/t is lower than the high-grading strategy of
5.54 g/t and yet produces a higher present value as a result
of lower unit costs; US$92.64 per ton and US$606.68 per
ounce.
PwC, quoted in Part 1 of this paper, was critical of shorttermism and stated that while ‘miners’ current survival
actions may be effective in reducing controllable cash costs in
the near term, long-term sustainable gains which depend on
strong underlying improvements in the efficiency of
operations and invested capital may be compromised. The
discussion relating to Figure 3 can be summarized below in
Figure 4. Frame 1 represents true economies of scale as both
metrics (ore unit costs and commodity unit costs) fall in
tandem. Frame 2 illustrates the scenario where diseconomies
of scale are realized and should be avoided. Frame 3
represents a strategy where cost per unit of ore reduces
whilst the cost per unit of commodity rises. This typically
happens when miners focus on driving the unit cost of ore
production down at the expense of grade and is perhaps the
most unprofitable strategy as the reduction in grade causes
the production cost of the commodity produced to spiral,
thereby negatively impacting on revenue. Frame 4 describes a
high grading strategy described above where the unit cost of
the commodity produced reduces whilst the unit cost of ore
mined spirals upwards.
This discussion with respect to Minnitt et al’s work
highlights the fact that if economies of scale are considered
without regard for the commodity being mined, then
achieving economies of scale for every ore ton mined may
result in an outcome illustrated in Frame 3 of Figure 4, being
the least desirable outcome after Frame 2. Minnitt et al’s
framework does not consider this and assumes a fixed grade
and mineral endowment. Previous work by Minnitt (2004)
does consider the optimization of the cut-off grade, but he
does not integrate the two concepts. In Part 3 a framework is
presented integrating the derivation of the optimal cut-off
grade with the concept of economies of scale and adopting a
U-shaped cost curve.

The economics of exhaustible mineral resources
Optimizing one without regard for the other will – in the
author’s opinion – lead to a suboptimal result in maximizing
NPV. What is required is a formulation that considers both
these metrics and demonstrates how present value and then
NPV can be maximized. Van Heerden (2015) offers a
modelling concept that resonates a simple yet sophisticated
outcome. Van Heerden demonstrates the underlying gradetonnage curve which can be used to compute the profit
maximizing cut-off grade that is peculiar to a specific mineral
resource. However, by combining both Minnitt’s and Van
Heerden’s work into a single integrated modelling tool, the
author believes that a superior outcome is achieved in the
economic modelling of a mineral resource.

Three-dimensional optimization modelling of an
exhaustible resource
At the heart of this integrated technique is the use of a gradetonnage curve to determine the optimal moments that can be
supported by any given resource. It is argued that the
signature of any geological deposit is measured by a gradetonnage curve, which is useful to incorporate into an
economic model. Grade-tonnage curves (Figure 13) are
commonly generated by resource scientists using accepted
estimation techniques such as kriging. Secondly, it is also
assumed that the estimation technique allows for the
construction of a grade-tonnage curve.
A grade-tonnage curve (GTC) graphically profiles the
cumulative distribution of grade to tonnages and shows at
lower cut-offs (Point A) that utilization of an exhaustible
resource is high with a corresponding high payability and by
implication rates of development are low as selectivity is low,
but the opposite is true at high cut-off grades (Point B)
(Minnitt, 2004). Importantly, the life of mine for the latter is
shorter than for the former proposition defined by the cutoffs. While it is beyond the scope of this paper, save for
completeness of thought, it should be noted that the slope of
the GTC is affected by both the natural grade dispersion as
well as the selected support size used in the estimation. This
point is an important consideration when invoking this
technique in optimizing the rate of production using orebody
economics, as it may influence the selection of mining

method, which in turn will have an effect on the rates of
production.
Considering the dilemma between the costs of a unit of
ore versus the cost of a unit of commodity mined as
discussed earlier, the challenge is to determine the optimal
trade-off between grade mined and payability of the mineral
endowment. Simply put, miners have to consider the best
trade-off between exploiting the endowment (Point A) versus
Point B (illustrated in Figure 13) with the objective of
maximizing NPV. Too high an average grade of production
will result in a shortened economic life of a deposit, while too
low a grade will result in suboptimal returns on investment
since that longer life investments are affected by the discount
rate.
The determination of the point where the highest grade
can be mined for the longest period of time speaks to optimal
valuation moments and maximum economic utilization. By
integrating macro-economic concepts in the determination of
an optimal ‘cut-off’ for an exhaustible resource, the
maximizing moments can be easily demonstrated with a view
to balancing the trade-offs between Points (A) and (B).

Model integration detail explained
Figure 14 depicts a spreadsheet representation of a gradetonnage curve in the first instance. It illustrates a simple
spreadsheet model integrating the U-shaped cost curve in the
determination of an optimal cut-off grade to maximize the
average grade mined for the maximum life and in so doing,
maximize the NPV of a mineral endowment. The example is

Figure 13—Grade-tonnage curve

Figure 14—Economic optimization of an exhaustible resource
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The economics of exhaustible mineral resources
based on a real-world data-set for a gold mine in Africa and
explains how the grade-tonnage curve and U-shaped cost
curves can be integrated into a single economic model.
In column 1 of Figure 14 the ‘cut-off’ grade, defined as
the minimum grade defining the cumulative tonnage of a
resource, is recorded. In column 2 the cumulative tonnage of
the mineral resource corresponding to the cut-off grade in
column 1 is described. Column 3 describes the in situ tenor
(in this case gold ounces) corresponding to the cumulative
tonnage, while column 4) describes the cumulative per cent
or payability of the mineral resources at varying cut-offs.
Column 5 shows the corresponding average grade of the
cumulative mineral resource at the corresponding cut-off
grade. Columns 1 to 5 contain data that is typically generated
by an estimation technique used by geostaticians describing
the mineral endowment.
Typically at this point the resource is then handed over to
engineer a mining reserve. It may be useful to revisit the
definitions of a Mineral Resource and Mineral Reserve and to
indicate that these concepts do not imply that the definition
of a Mineral Reserve represents the value maximization of a
mineral endowment. A Mineral Resource is typically defined
as the mineralization and natural material of intrinsic
economic interest which has been identified and estimated
through exploration and sampling and that has reasonable
prospects for economic extraction. Mineral Reserves may
subsequently be defined by the consideration and application
of technical, economic, legal, environmental, socio-economic,
and governmental factors. By this definition, the reserve does
not have to represent an economically optimized outcome to
deliver maximum shareholders returns; rather it merely has
to show reasonable economic returns.
It is argued that in many instances optimal economic
moments are not considered and a Mineral Resource is often
simply converted into a Mineral Reserve without regard for
determining optimal moments to achieve maximum
sustainable returns. It is argued that if micro-economic
concepts are not integrated with an ore deposit’s ‘DNA’
represented by a grade-tonnage curve, it is unlikely that a
mineral endowment has been optimized.
To this end the construct, column 6 onwards in Figure 14
describes how optimal economic moments can be determined
without the noise of complicated mathematics. Assuming a
gold price of US$1300 per ounce, the quantum revenue
moments along the grade-tonnage curve can be computed
and represented in column 6. Column 7 represents a royalty
rate applied and is self-explanatory, while operating costs

(column 8) are considered static through the grade-tonnage
curve for a fixed production rate. Column 9 represents the
operating profit, which is the difference between revenue and
costs, namely column 6 less columns 7 and 8. The life of
mine is computed by dividing the cumulative tonnage at
varying cut-off grades with the selected rate of production
and is represented in column 10. Multiplying the life of mine
with monthly profit, life-of-mine profit is calculated (column
11). Finally, column 12 describes the life-of-mine profits at a
discounted rate. This then represents the basic mechanics of
an integrated model invoking micro-economic concepts with
the concept of a grade-tonnage curve to determine optimal
moments for maximum economic utilization of an
exhaustible resource.
The spreadsheet presented in Figure 14 can be reduced to
a graphical representation as illustrated in Figure 15. The
profit maximization curve representing columns 1, 5, and 11
in Figure 14 determines the optimal life-of-mine moments. In
this instance, the life-of-mine profits are shown to optimize
at a cut-off grade of 2.1 g/t with a corresponding average
grade of 4.75 g/t where the present value of operating profits
is at an optimum.
The cost of capital is excluded from consideration as this
model considers the marginal cost of production in order to
determine optimal moments and so avoids unduly escalating
the cut-off grade, which will in turn reduce the payability and
even feasibility of developing the mineral endowment. By
determining the maximum present value and then deducting
the capital investment estimate, the maximized NPV can be
determined. In practice the present value determined in this
equation represents the operating profits before capital
deductions in the valuation model. The outputs of this model
are then integrated in a standard valuation model
incorporating capital investment, working capital, taxation
etc. to determine the maximum net free cash flow (NFC).
The integrated model allows mining economic
practitioners to test the impact of key variables on the
optimal economics and to consider how a derived cut-off is
influenced by variables such as the rate of production, unit
cost of production, and the commodity price in a single
integrated manner. Figure 16 illustrates how the rate of
production influences the optimal cut-off grade considering
that the cost of production is a function of a U-shape cost
curve. The three black profiles represent varying cut-off
grades for varying rates of production as a function of
varying costs. The underlying cost hypothesis is a critical
influence.
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Figure 15—Graphical representation of optimal life-of-mine profits

The economics of exhaustible mineral resources

Figure 16—Influences of commodity price and cost on cut-off grades

For the sake of completeness – and superimposed on the
illustration – are optimal cut-off points that are influenced by
the commodity price assumed. The model is therefore able to
assist practitioners in understanding the influence of
changing commodity prices on the optimal cut-off and
therefore payability of the mineral resource endowment. In
this example, gold prices of US$1000, 1300, and 1500 per
ounce were applied, with the highest commodity price
yielding the lowest cut-off grade and the lower commodity
price yielding the higher cut-off grade.
The integration of all these concepts, namely commodity
price, endowment grade, rates of production and economies
of scale, and concomitant costs, can therefore be succinctly
modelled. Given this framework, miners no longer have to
consider the economic utilization of a mineral endowment in
a segmented way. Rather, the optimal moments of a Mineral
Reserve can be rapidly derived from the Mineral Resource
and the impacts of key variables on the payability of the
endowment comprehended.
While the illustration in Figure 16 describes how relevant
moments of optimization can be displayed, Figure 17
presents a three-dimensional construct. The critical variables
and the interplay between them, namely the rate of
production, the cut-off grade, and the optimal life-of-mine
present value, are clearly illustrated.
As an aside, it is worth highlighting that the cut-off grade
(z-axis) declines and then increases. This is the result of the
U-shaped cost curve assumed in this modelling. By way of
demonstration, Figure 18 illustrates that as economies of
scale are being induced through increased output, so cut-off
grades fall in tandem with unit cost of production. In the
event that diseconomies of scale are realized as hypothesized
by Minnitt (2007) and in order to maintain profitability, cutoff grades would have to rise as production rates continue
increasing. The slope of cut-off grades required to maximize
cash returns at varying levels of production is seen to mirror
the cost curve in Figure 18 and is consistent with the same
effect in Figure 17.
This value surface in Figure 17 presents a succinct
summary illustrating how the rationale of integrating the
production rate as influence by the U-shaped cost curve and
grade signature represented by a grade-tonnage curve
influences the determination of maximum valuation for a
mineral resource. This modelling represents an important tool
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in the process of engineering value maximization and
provides a critical framework when proceeding with
feasibility studies of any commodity endowment.

Discussion
Although the author is at ease following Studemund’s
guidance with regard to selecting a functional form on the
basis of theoretical considerations and the arguments of
Minnitt et al. to adopt a U-shaped cost curve, industry
practioners will likely be convinced only when data-driven
analysis can be presented to confirm Minnitt et al’s
hypothesis. While PwC’s empirical evidence may cause some
practitioners to at least pause and consider the relevance of
the U-shaped cost curve, the more skeptical will likely be

Figure 17—3D modelling of present value, cut-off grade, and
production rate

Figure 18—Cut-off grade response to cost curve hypothesis
 

      

The economics of exhaustible mineral resources

Figure 19—Alternative cumulative grade-tonnage curves
 

      

is primarily achieved as investment on redundant capacity is
saved, and profit margins are maximized regardless of the
commodity cycle – thus enabling a mining business to
generate surplus cash flows, giving them a significant
competitive edge. Those mining businesses that prudently
manage the cycle through optimal management of their
mineral resource endowments will have the financial muscle
to take advantage of cheap assets sales in the downturn and
generate alpha returns during the up-cycle.

Conclusion
Part 1 of this paper explored the prevailing philosophy in the
mining and investment industry; that increasing output will
deliver continuing economies of scale and therefore chasing
volume at any cost was deliberately prioritized over
productivity considerations. This practice was supported by
the work of Dr. Rudenno, who published ‘power’ curves to
estimate capital and operating costs at varying rates of
production. The underlying assumption of theses curves was
that ‘bigger is better’ as larger operations yielded lower unit
costs of production and therefore, by implication, higher
profit margins. Empirical evidence from the world’s top 40
mining companies (after PwC) suggests that this practice did
not produce the anticipated bottom line returns. In fact, the
data shows that during the period profitability trends were
negative rather than positive. Schizophrenically, the same
investor base that not too long ago was pushing for growth
and rewarding those miners with the most attractive growth
pipeline is now demanding greater discipline around capital
allocation, cost control, and productivity. Treadgold (2015),
writing for the Mining Journal, crows that institutional
investors started to blow the whistle two years ago that an
over-production crisis was brewing – just two years ago! Yet
despite being scapegoated by institutional investors, miners
continue to take their cue from the very same quarters that
now decree that the panacea to the industry’s ills is to incur
massive impairments, retrench staff, curtail or defer long-lead
capital investments, and instill greater cost discipline. PwC’s
sober insight, in contrast, is at risk of being drowned by the
cacophony: ‘This reaction of headcount reductions and
expenditure curtailment might be effective in reducing
controllable cash costs in the near term, but long-term
sustainable gains depend on strong underlying improvements
in the efficiency of operations and invested capital.
Accordingly, productivity has become one of the most
important topics as the industry aims to restore and sustain
shareholder value.’
Using an integrated model it has been shown that
ignoring the concept of the U-shaped costs curve leads to
over- capitalization and higher cost operations at the top end
of production, ultimately decimating shareholder value.
Mining companies need to find the right balance between
optimizing current operations while preserving their
flexibility to grasp future opportunities. There is no longer
any doubt that prioritizing production is a costly strategy,
and the well-documented fallout has shown it to be a deadly
endgame for many miners and investors alike. Minnitt et al’s
powerful argument in support of a production optimum
should be a key consideration for any miner looking to revisit
their business strategies and prevent a re-run of recent
events.
VOLUME 115
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convinced only when sufficient data-sets are forthcoming to
prove the hypothesis. The author has little doubt that this
can be achieved by interrogating the databases of mining
companies for the period 2003 to 2011, considering that
production rates were prioritized and costs have spiralled
out of control. It is argued that although macro-economic
rationalizations may be relied upon to explain spiralling costs
during the supercycle, to ignore micro-economic phenomenon
will be to repeat the same outcomes in the next supercycle.
While miners await the next commodity boom, a useful
application of this integrated methodology is that alternative
mining methods can be quickly assessed on the overall value
proposition. Considering that miners are moving into an
environment where orebody discoveries are larger but at
lower grades, understanding how to maximize value by
balancing the trade-offs will distinguish the truly good
management teams from the rest of the pack.
By way of example, understanding the effect of the
slope of alternative grade-tonnage curves may dictate that
an alternative mining method(s) with alternative cost profiles
be considered to achieve maximum value. For example,
Figure 19 illustrates two cumulative grade-tonnage curves.
The impact of an increasing cut-off grade on available
mineable tons is clearly illustrated; namely that the reduction
in mineable tons on curve CTC1 is significantly less than that
for curve CTC2.
CTC1 would suggest that mining engineers have the
flexibility to consider significantly more mining
methodologies, while CTC2 limits alternative mining methods
as a result of its sensitivity to an increasing cut-off grade.
CTC1 can sustain high volume or lower volume or more
selective mining methodologies, whereas it is argued that
CTC2 would only support high-volume mining methods.
In addition to this consideration, it is also worthwhile
noting that since new orebody discoveries typically bear
lower grades, understanding how a mineral endowment’s
‘DNA’ influences maximum economic utilization is a priority.
Typically, lower-grade deposits require higher volume mining
methods, and not considering the cumulative tonnage profile
may lead to significant opportunity cost.
By considering this integrated approach, mining
companies that find the right balance between optimizing
current operations and preserving their flexibility to grasp
future opportunities are better able to develop strategies and
articulate more favourable value propositions to attract equity
capital and return shareholder value on a sustainable basis
through the commodity cycle. Practically, capital preservation

The economics of exhaustible mineral resources
Part 2 of this paper addressed Minnitt’s concerns with
respect to barriers to adoption by practitioners. Given modern
desktop computing and the application of standard singleequation linear regression analysis (SLRA), this technique is
now highly accessible. While this paper represents a first step
to advance Minnitt et al’s thinking, there is no doubt that
with greater adoption and acceptance, this technique will
evolve and develop and become an important part of a
miner’s toolkit. Much can still be learned about the
application of the U-shaped cost curves in designing and
operating mines – and even a portfolio of mines; but to
achieve this, further empirical data needs to be acquired and
analysed. Nevertheless, given the institutional backlash, this
is arguably an ideal time to re-introduce Minnitt et al’s work
into the debate.
Minnitt et al’s hypothesis is even more useful if
integrated with mineral resource modelling. Part 3 of this
paper addresses a significant potential weakness that arises if
micro-economic modelling ignores mineral resource
modelling. Focusing only on achieving economies of scale
with respect to ore tons being mined and processed may fail
to capture economies of scale related to a targeted
commodity, e.g. copper, gold, platinum etc. A key
complication in mining mineral resources is that the
‘commodity’ mined is not the ‘commodity’ sold. Figure 16 has
highlighted the dangers of ignoring the modelling of both ore
mined and the commodity being targeted for sale.
Consequently, the author describes an integrated modelling
technique that considers both a mineral resources gradetonnage curve and its micro-economic cost curves as
advocated by Minnitt et al. The optimal rate of production,
being the key determinant of the lowest unit cost of
production, is shown to be a key determinant of the optimal
cut-off grade of a mineral resource, as illustrated in Figure
18. The significance of this is that determining the optimal
cut-off grade establishes the maximum cash flow that a
mineral resource can yield. This modelling technique
highlights that the cost of production is as important an
influence on the cut-off grade determination as the price of
the commodity.
In the words of Treadgold (2015), ‘Undeterred by the
evidence, the mining industry ploughed ahead with
expansion projects in what has now become a self-destructive
race to the bottom as big low-cost miners chase market share
so they can claim the title of ”last-man-standing”’. So the
question is this: will management teams continue chasing
rainbows, undeterred by the evidence, or will they look at
their business with fresh eyes and challenge traditional ideas
and develop strategies that will attract and reward
shareholders with sound business philosophies that are
sustainable in the long-term and through the cycles?
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Rock engineering aspects of a modified
mining sequence in a dip pillar layout at
a deep gold mine
by Y. Jooste* and D.F. Malan†

Scattered mining was practised on Kusasalethu Mine (previously
Elandsrand Gold Mine) prior to 1998, but at deeper mining levels it was no
longer feasible, since it would have resulted in unacceptably high stress
levels and energy release rates. Longwall mining was not adopted at these
depths as the mine required a more flexible mining method owing to the
highly variable grade and the presence of geological structures. A mining
method was developed that consisted of dip stabilizing pillars for regional
support, as well as bracket pillars to clamp geological structures. A strict
sequence of extraction was followed and this, together with the particular
layout, was called the ‘sequential grid mining method’. This method
addressed two key problems, namely negotiating adverse geology and the
erratic grade of the Ventersdorp Contact Reef (VCR) orebody. However, a
significant drop in production rates resulted in the need for alternatives
and improvements to the original mine design. Modifications to the design
were proposed in order to increase production rates, and an investigation
to consider the rock engineering implications of these modifications was
conducted. The study indicated that the modified method, called the
‘multi-raise mining method’, appears to be feasible and might address
some of the production problems that were experienced with the original
sequential grid design. An analysis of actual seismic data showed no
significant differences between the original sequential grid mining and the
implemented multi-raise mining. The numerical modelling of the mining
layouts showed slightly higher interim energy release rates (ERRs) and
average pillar stress (APS) levels during the extraction process. The final
values are nevertheless identical to that of the original sequence. The
study also investigated the use of a modelled moment method to analyse
future seismic trends. The study illustrated that the expected seismic
trends will be very similar for the multi-raise method compared to the
original sequential grid mining method. This study is nevertheless
considered of a preliminary nature and ongoing monitoring and analysis
of seismic data at the mine is required to verify the response of the rock
mass to the modified sequence and increased extraction rate. In particular,
future work needs to investigate the effect of mining rate (advance rates
in individual panels as well as volume of mining in particular raise lines)
on the level of seismicity.
Keywords
deep mine layout, sequential grid mining, sequence of extraction, mining
rate.

Evolution of deep gold mine layouts
The deep mining layouts in the gold mines of
South Africa evolved gradually over time in an
attempt to control the rockburst problem. In
the early decades of the 20th century, decline
shafts were used to gain access to the goldbearing reef. Scattered mining with mine pole
or mat pack supports, often supplemented with
pillars and sand fill, was used with
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Synopsis

considerable success in shallow mining areas.
Rockbursting, mainly caused by remnants at
deeper levels, became a serious problem
during the 1940s. Longwall stoping was first
introduced at ERPM Mine to reduce the
problems related to mining-induced seismicity.
Hill (1942) showed that more than 90% of the
seismicity that occurred on ERPM could be
linked to the ‘isolated pillars’ left behind by
the scattered mining layouts. He proposed that
these pillars could be largely avoided by
implementing the ‘longwall’ mining method.
This was subsequently implemented at Crown
Mines and ERPM.
The longwall layouts seemed to be largely
successful, except for large damaging seismic
events that still occasionally occurred. This
was particularly problematic when mining
through or in close proximity to geological
structures, and became worse as the mining
depths increased. A few years later, stability
pillars where introduced. The advantages of
these pillars were described by Cook and
Salamon (1966). Studies conducted by Deliac
and Gay (1984) and McGarr and Wiebols
(1977) showed that the occurrence of
rockbursts was significantly reduced in the
mining areas protected by the stability pillars
compared with areas where no pillars were
used. Salamon and Wagner (1979) argued that
large seismic events are likely to occur
infrequently and that the level of seismicity in
areas protected by stability pillars will be lower
than traditional longwall faces without pillar
protection. Unfortunately, the rockburst
problem in the mining industry did not
disappear with the introduction of the modified
layouts. Hagan (1987) noted that the
rockburst fatality rates escalated to
unacceptable levels in the late 1970s at
Western Deep Levels Mine.

Rock engineering aspects of a modified mining sequence in a dip pillar layout
The energy release rate (ERR) concept was introduced in
the 1960s and is essentially a measure of stress
concentration. The expected correlation with seismicity and
mining conditions was illustrated by a number of workers
(e.g. see Jager and Ryder, 1999). ERR cannot be used to
estimate the rockfall hazard, but it is quite useful when
considering the situation with regards to rockbursts. Various
studies conducted in deep longwall mines indicated that the
rockburst problem is related to the average energy release
rates in the stopes.
 Joughin (1966) reported the first results relating the
incidence of rockbursts at Harmony Gold Mine to ERR
 In 1979, Salamon and Wagner reported similar results
for the East Rand Proprietary Mines (ERPM)
 At Western Deep Levels, Heunis (1980) conducted a
detailed investigation over a period of 4 years. This
also showed a strong correlation between ERR and the
incidence of rockbursting.
The success obtained at ERPM and Blyvooruitzicht mines
with pillars resulted in a systematic pillar design being
implemented at Western Deep Levels in 1979 to assist with
the rockburst problem (Tanton, McCarthy, and Hagan, 1984).
A series of breast-mining panels made up a so-called
‘Christmas tree’ shape longwall. The longwalls were mined
both east- and westwards. Strike-orientated barrier pillars
approximately 35 m in width were left between the major
longwalls. The layout attempted to maintain the face stresses
as low and as uniform as possible during the extraction of
the entire working area. The ERR criterion was used as an
aid in the assessment of average stress levels at the working
faces, as well as indicators of possible seismic incidence in
geologically undisturbed mining situations (Hagan, 1987).
The strike stability pillar layout has advantages and
disadvantages when compared to the scattered mine layout.
The disadvantages of the longwalls with strike stability
pillars are as follows (Frusso-Bello and Murphy, 2000):
 Minimal advanced off-reef development results in
inadequate information regarding geological structures.
Planning of the mine is therefore problematic
 The majority of geological structures are being mined
through, which results in a large amount of off-reef
mining operations
 Geological structures with large throws cannot be
negotiated and new development is required to access
the reef. This increases costs significantly
 The method is development-intensive.
The advantages of the longwalls with the strike stability
pillars are as follows:
 No remnants or additional pillars will be formed that
need to be mined in the future
 The access development is protected against high
stresses as it is positioned in overstoped ground
 Faster access to reef is possible and revenue can
therefore be generated quicker
 Mining operations can be concentrated, and this makes
management and logistics of the mining activities
easier
 Better ventilation control can be achieved. This is
always a problem in the scattered mining environment.
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Migration to sequential grid layouts
In recent years, deep-level mines situated in the West Rand
region of the Witwatersrand goldfields adopted layouts that
incorporate the systematic use of dip stabilizing pillars. This
layout is largely motivated by its flexibility for mining an
orebody that is disrupted by geological structures, situations
where the reef grade is erratic, and with the occurrence of
damaging seismic events associated with the geological
structures. The other major contributor to the selection of the
sequential grid method in preference to the mini-longwall
method is the stability of the pillars (dip versus strike pillars).
Lenhardt and Hagan (1990) showed that strike stability
pillars on the Carbon Leader Reef (CLR) were prone to failure.
The dip pillar stability concept was applied by Murie (1980)
to a section of Kusasalethu Mine (70 to 73 level) and he
found that the ERRs were reduced by 50% compared to the
scenario where only bracket pillars were used to clamp
geological structures. Applegate and Arnold (1990) were the
first to propose the 30 m wide dip stability pillars spaced 200
m (170 m skin-to-skin spacings) apart that would result in
approximately 85% extraction. By early 1990, the design was
implemented from 76 to 85 level. Part of the initial mine
design was the incorporation of bracketing geological
structures to address the seismic hazard associated with
these geological structures. The key principles of the proposal
were that all significant geological structures must be
bracketed and dip stabilizing pillars should be located in lowgrade areas where possible.
A key aspect is that Applegate (1991) showed that the
ERR levels can be controlled when following a specific
sequence of mining. This is achieved by keeping leads and
lags to 10 m or less as far as is practically possible. As the
overall face configuration is bottom panel leading, the 10 m
lead / lag rule will assist in maintaining the overall face shape
required to limit the ERRs associated with the top panels.
The mining sequence of the original sequential grid
method can be described as follows:
 Overall sequence is mining outwards from the shaft on
strike, moving from raiseline to raiseline to the eastern
and western boundaries of the mine (dip towards the
south)
 Deeper levels will be started up later than the shallower
sections, resulting in a V-shaped down-dip mining
configuration
 Mining at each new raiseline proceeds first towards the
shaft to form the next pillar
 If the pillar formation is completed, mining commences
on the opposite side of the raiseline, mining away from
the shaft towards the next pillar position.
The sequence of the sequential grid mining method is
shown in Figure 1. It is during the second mining stage for
each raiseline that stope spans reach their maximum size, but
as the mining proceeds in the direction of the solid ground,
the effect of the large span is minimized. This, together with
the use of backfill, will assist with a decrease in closure rates
and ERR levels.
The original decision to implement the sequential grid
mining method at Kusasalethu Mine was based on the
following factors (Handley et al., 2000):
 Less off-reef development, thus less capital required
 

      

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Figure 1—Typical sequential grid layout (Handley et al., 2000)

A few negative aspects are nevertheless associated with
the sequential grid layouts (Handley et al., 2000):
 The strict mining sequence that is required to obtain
the grid format can result in the lack of flexibility in
mining and planning
 The strict sequencing of the panels can result in lower
production rates
 Sequential grid mining requires a higher upfront capital
input to establish more mining faces compared to
longwall mining
 The long-term potential stability of the dip stability
pillars is still unknown. On 18 May 2008, for example,
a magnitude 3.1 seismic event occurred in the back
area on an old dip stabilizing pillar at Kusasalethu
Mine.
 

      

The problems listed above need to be resolved before the
sequential grid layout can be claimed to be the preferred
mining method in the deep mining environment. One key
question at Kusasalethu Mine was whether the design can be
altered to increase production rates without increasing the
rockburst hazard. This problem was investigated in this
paper. The revised method proposed for the mine will be
referred to as multi-raise mining and is discussed in more
detail in the next section.

Modifications to the sequential grid at Kusasalethu
Mine
To address the issue of slow production rates, a change to the
original design was proposed where multiple raises are mined
simultaneously. The multi-raise mining method differs from
the sequential grid method mainly by the number of
raiselines that are being mined on a specific mining level.
Stoping therefore occurs in a number of raiselines
simultaneously on the various mining levels. The major
advantage of this method compared to the sequential grid
method is that the extraction rate is higher, resulting in a
decrease in the extraction time of a specific mining block due
to increased flexibility of the mining plan. Although multiple
raises are mined on the same level simultaneously, the other
sequential grid rules as discussed above still apply. Figures 2
and 3 illustrate the difference between multi-raise mining
and the sequential grid sequence. The coloured blocks
indicate the mining areas that are mined out per mining step,
while the white block represents solid ground. Of importance
here is the increase in the extraction rate between the two
mining sequences and that the V-shaped down-dip
configuration is not achieved by multi-raise mining.
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 Improved flexibility with respect to mining and
planning. This is important for a variable grade
orebody
 Grade recovered is better due to improved selection of
mining locations
 An improvement in the reduction of seismicity due to
bracketing of geological structures
 Strike stabilizing pillars require ventilation slots, which
involves dangerous mining. This will not be necessary
for the sequential grid mining as the dip pillars form
natural ventilation areas
 Strike gullies are more stable as the gullies are not
developed parallel to the stabilizing pillars
 Sequential grid mining requires that the development
remains ahead of the mining. This will ensure that
improved geological information is available.

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Seismic activity at Kusasalethu Mine
Figure 2—Multi-raise sequence. The coloured blocks indicate the
mining areas that are mined out per mining step, while the white block
represents solid ground. Note that the block is mined out in 18 steps,
whereas 20 steps are required for the traditional sequential grid
sequence (Figure 3)

Kusasalethu Mine is situated on the far southern section of
the West Rand goldfields (Figure 4). It forms part of the
central portion of the greater Witwatersrand Basin and mines
the Ventersdorp Contact Reef (VCR). The hangingwall is
Ventersdorp lava, which is characterized by a uniaxial
compressive strength (UCS) of approximately 300 MPa. The
footwall is competent quartzite, (UCS 180–250 MPa) which
extends to a depth of approximately 430 m below reef on the
eastern boundary and about 550 m below reef on the western
boundary. This high-strength zone enables haulages and
most of the other related development to be sited in the
footwall without problems.
As early as 1983, the first seismic network was in
operation at Kusasalethu Mine. A second system, which was
developed by the Western Deep Levels Rockburst Prediction
Project, was installed in 1987. The expanded seismic network
covered approximately 15 km2 of the mine’s lease area. The
network recorded on average 200 seismic events per day. The
current Institute of Mine Seismology (IMS) seismic network
on Kusasalethu Mine consists of 17 operational seismic
stations. Expansion of the seismic network is currently
underway with the installation of four additional seismic
stations between 88 and 105 level. A large number of seismic
events have been recorded since the IMS network became
operational at the end of 1992. The current database extends
from 1996 and consists of 837 024 seismic events with
magnitudes between -3.0 and 4.0 ML. Figure 5 shows the
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Figure 3—Traditional sequential grid sequence. The coloured blocks
indicate the mining areas that are mined out per mining step, while the
white block represents solid ground

locations of all seismicity with ML ≥ 3.0 since 1996. On
average, approximately 8000 seismic events per month are
recorded.

Comparison of the two mining methods
To investigate the differences between the two mining
methods, a numerical modelling study was conducted and
actual seismic data from the mine was analysed. Of particular
interest was whether the modified method will lead to higher
ERR levels and whether an increase in seismic activity could
be detected from the actual seismic data collected at the mine.
It should be noted that this preliminary study focused only on
an idealized layout with no geological structures to obtain an
improved understanding of the modified layout. For actual
layout design, the effect of geological structures needs to be
investigated in future and ESS modelling will also be
required.

Numerical modelling
Numerical modelling was conducted to compare the pillar
stress changes and ERR levels between the multi-raise
sequence and the original sequential grid sequence. The
numerical modelling was conducted using MINSIM 2000 and
the following input parameters were used. These are similar
to those used by Appelgate (1991) when he investigated the
original sequential grid mining layout:
 Grid size – 10 m
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Figure 4—Locality of Kusasalethu Mine (formerly Elandsrand Gold Mine)

Figure 5—Locations of all ML ≥ 3.0 seismic events at Kusasalethu Mine since 1996

Two numerical modelling parameters, average pillar
stress (APS) and energy release rate (ERR), were computed
to compare the two mining sequences. Figure 6 depicts the
location were the APS and ERR values were obtained from
the numerical modelling results. Two areas were identified
where numerical results were computed: the red hatched
rectangle (in the middle of the mining layout) depicts the
total pillar area and the black arrow depicts the smaller top
pillar area. As the two mining methods resulted in a different
sequence in the block being mined, it was decided to monitor
this ‘centre’ pillar area first to compare the two techniques
and obtain initial indications of possible abnormally high
 

      

stresses as the mine layout progresses outwards to the
boundaries of the block in question.

A comparison using energy release rates (ERRs)
The ERR concept was introduced in the 1960s and it is a
useful measure of stress concentrations ahead of stope faces.
ERR takes into account the effect of depth and the geometry
of the mined-out areas and is related to the convergence that
occurs in the stopes. Figure 7 shows the average ERR values
for the total pillar area (red rectangle in Figure 6) for both the
sequential grid and multi-raise sequences. Figure 8 shows
the average ERR values obtained for the top part of the pillar
indicated by the black arrow in Figure 6.
The following can be noted from the results obtained
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 Poisson’s ratio – 0.2
 Young’s Modulus – 70 GPa.

Rock engineering aspects of a modified mining sequence in a dip pillar layout
when computing the average ERR values for the total pillar
and top part of the pillar (Figures 7 and 8).

Figure 6—Locations where APS and ERR values were computed. The
coloured blocks indicate the mining sequence. Each block is half a
raiseline between levels and the white areas in between are stabilizing
pillars

 The two mining sequences result in a similar trend of
rapid increasing ERR values when the mining is still in
close proximity to this pillar. This rate decreases
gradually as the mining moves away from this central
pillar
 The maximum ERR value (58.2 MJ/m2 for the total
pillar and 43.4 MJ/m2 for the top part of the pillar) is
obtained during step 12 for the sequential grid
sequence and during step 9 for the multi-raise
sequence. The value for the top part of the pillar is less
than that for the entire pillar as the top part is situated
next to the solid abutment which reduces the stress in
this part of the pillar compared to further away from
the abutment. The maximum values for the two
sequences in Figures 7 and 8 are identical as the final
mined geometry is similar. This is to be expected as
with elastic modelling, the final results are pathindependent for identical final geometries
 The average ERR value obtained in the initial steps is
slightly higher for the multi-raise method compared to
the sequential grid mining. This is not unexpected, as
mining is more rapid for the multi-raise method and it
results in higher stresses on the pillars and increased
closure earlier in the mining sequence. The difference
in ERR is nevertheless small. The maximum difference
for the two sequences was obtained during step 5 for
the entire pillar (5.9%) and step 4 when considering
when considering only the top part of the pillar (8.1%).

A comparison using average pillar stress (APS)
APS is commonly used as one of the parameters to design
and assess the stability and performance of pillars. If the
mining layout is regular, tributary area theory can be used to
determine the APS value for a specific pillar (Jager and Ryder,
1999):
Figure 7—ERR as a function of mining step for the sequential grid and
multi-raise sequences. This plot is for the total pillar

Figure 8—ERR according to mining step for the sequential grid and
multi-raise design. This plot is for the top part of the pillar
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[1]

where qv is the virgin stress and e the extraction ratio. The
APS as computed by the numerical modelling program
MINSIM 2000 is shown in Figures 9 and 10 for the top pillar
and the total pillar area respectively (see Figure 6). Napier
and Malan (2011) illustrated that care should be exercised
when calculating APS values using boundary element
programs. The APS values computed by these codes are
dependent on element size, and for large element sizes the
APS can be significantly underestimated. Ideally, the APS
should be computed for two different element sizes and a
more accurate value can then be obtained by extrapolation to
a ‘zero’ element size. For the purposes of this study, the
absolute APS values were not required, but only consistent
values for comparison between the two mining sequences.
Only one set of simulations for each mining sequence was
therefore completed using an element size of 10 m.
The following can be noted from the simulated APS
results:
 

      

Rock engineering aspects of a modified mining sequence in a dip pillar layout
numerical modelling. A few examples applicable to the South
African gold mining industry include Ryder (1988), Wiles et
al., (2001), Hofmann (2012), and Scheepers et al., (2012).
For this current study, a method was used to estimate the
moment tensor of the deformation associated with each
mining step. For this method, the mining area is enclosed in
a box or sphere which plays the role of the source volume.
Assuming all deformation associated with a particular mining
step is associated with one seismic ‘event’, one can estimate
the resulting moment from the changes in the elastic
displacements and tractions on the elements of the box or
sphere. The method was recently described by Malovichko et
al. (2012). This technique was also recently further explored
by the IMS numerical modelling unit. In summary the method
involves the following steps:

Figure 10—APS as a function of mining step for the sequential grid and
multi-raise sequences (total pillar area)

 The difference between the two design methods when
comparing the APS on the centre pillar is minimal. Both
mining sequences result in similar trends of increasing
APS
 The APS value obtained during the early mining steps
is slightly higher for the multi-raise sequence than for
the sequential grid sequence. For the top part of the
pillar (Figure 9), a maximum difference for the two
sequences was obtained during step 4 (4.5%). For the
entire pillar area, the difference was less at 3.0%,
which occurred during step 5
 The maximum APS value (335.4 MPa for the top part
of the pillar and 386.4 MPa for the entire pillar) was
reached during step 12 for the sequential grid sequence
and during step 9 for the multi-raise sequence. As
expected, the top part of the pillar had a lower APS
value as it is adjacent to the solid abutment.

A comparison using modelled moment estimates
For a given change in mining configuration, various attempts
have been made in the past to estimate seismic hazard using
 

      

 Define a sphere around the mining volume of interest
that contains all the material subjected to deformation
or dislocation associated with a mining step. This
volume must be small enough to capture the elastic
stress and strain change caused by the mining, but
large enough to ensure that the material outside can be
assumed to be a linear elastic material
 Discretize the sphere surface using small flat elements.
The elements must be small enough to ensure the
constant-traction and constant-displacement
approximation for each element gives accurate results,
but large enough to ensure practical solution times
 Run the numerical simulation for the state before and
after the mining step and compute the changes in
tractions and displacements at the centroids of the
elements on the sphere
 Calculate the moment tensor as per Malovichko et al.
(2012).
The seismic moment that is calculated is referred to as the
modelled moment for each mining step. The results of the
modelled moment analyses for the Kusasalethu mining
layouts were calibrated using the seismic history of the mine
and the IMS in-house numerical modelling program, ISM.
Figures 11 and 12 show the location of the eight modelled
moment areas selected to analyse the two different sequences
described above. The same blocks were used to compare the
two mining methods, so the block selection is considered a
reasonable first attempt to compare the two sequences.
Figures 13 and 14 illustrate the modelled moment results
for each selected area for both of the mining methods. From
these results it is deduced that:
 The three areas (blocks 2, 3, and 8) with the largest
modelled moment at the end of the mining cycles are
the same for both of the mining methods, with
modelled moments ranging between 2.0 and 2.5
 The three areas with the largest modelled moment are
also the three largest areas that include the most
mining
 The other five areas (blocks 1,4,5,6, and 7) have very
similar modelled moments at the end of the mining
cycle.
 All the blocks follow a similar path to the final step,
with the multi-raise method reaching higher
magnitudes earlier on. This is due to the shorter
extraction time compared with the sequential grid
layout.
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Figure 9—APS as a function of mining steps for the sequential grid and
multi-raise sequences. These values are for the top part of the pillar

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Figure 11—Modelled moment locations (blocks 1 to 4)

Figure 13—Sequential grid modelled moment for the eight different
blocks

Figure 12—Modelled moment locations (blocks 5 to 8)
Figure 14—Multi raise modelled moment for the eight different blocks

In summary, when comparing the results obtained using
the modelled moment method, little difference can be noticed
between the two mining sequences. The only difference is
that larger magnitudes can be expected earlier on with the
multi-raise method due to the shorter extraction time.

Seismic data and production analyses
The multi-raise mining method was implemented from
raiseline 35 between 98 and 102 levels at the end of 2006.
Figure 15 shows the western section of the mine where the
multi-raise mining method was implemented together with all
seismic events with ML ≥ 2.0 since 2000 until March 2009
with the Mmax=3.1. Only two seismic events with ML ≥ 3.0
were recorded in the area, the last of these occurring on 31
July 2002.
Figure 16 shows the larger magnitude events with ML ≥
2.0 that occurred in the area from 2000 until 2009. The
migration of the seismic activity in a southern direction
coincides with the general trend in mining. The colours
representing the seismic activity in this plot are based on
annual intervals as portrayed in the legend.
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The time series depicting the occurrence of seismic
activity with ML ≥ 0.0 for the period 2000 to March 2009 is
shown in Figure 17. The distribution is based on yearly
intervals and the following important features emerge from
this representation of the seismic activity:
 There has been a general decrease in seismicity since
2005, with a peak in 2008. This is closely related to the
production, which follows a similar trend as can be
seen in Figure 18
 The decrease in activity for 2009 is due to the fact that
the data-set represents only the first three months in
2009.

Production data
Production data dating back to July 2002 was obtained for
the area selected in Figure 16. Production information prior
to this is unfortunately not available. The production and
associated seismicity for the 7-year period were analysed to
determine if any changes in the seismic response could be
attributed to the subsequent changes in mine design (change
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Figure 15—Location of all seismic events recorded by seismic system since 2000 with ML ≥ 0.0

Figure 16—Location of all seismic events recorded by seismic system since 2000 with ML ≥ 2.0

from sequential grid to multi-raise sequence). The production
figures (m2) since July 2002 were firstly compared with the
number of seismic events recorded with ML ≥ 0.0 i.e. activity
rate. The two series are compared in Figure 19. The following
points emerge:

Seismic hazard estimation
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 A correlation in the downward trend is visible from the
end of 2003 until July 2006
 From July 2006 until March 2009, the production rate
is much higher than the associated seismic response,
but the two series appear to follow the same trend
 Visual examination of the two series reveals a
reasonable correlation up to March 2009. Beyond that,
the production data and seismicity appears to show a
strong negative correlation.

Probabilistic assessment of the seismic hazard involves
specifying the likelihood, maximum magnitude, location, and
nature of seismic events that might have damaging effects on
underground working areas and attempts to estimate the
peak acceleration of the ground movement close to
underground infrastructure. Seismic hazard is defined as the
probability of occurrence of a seismic event or ground motion
exceeding a specified level within a given period of time
(Jager and Ryder, 1999). The occurrence of mine tremors is
not strictly a random process. A statistical approach to the
analysis of seismic events provides a reasonable basis for
seismic hazard assessment to assist in estimating expected
losses or assessing different mine designs.

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Figure 17—Activity per year since 2000 for all seismic events with ML ≥ 0.0 (up to March 2009)

Figure 18—Production per year from 2003 to 2009

Observations indicate that seismic events induced by
mining activities show some of the same characteristics as
those noticeable in crustal seismology. One of the relations
that are readily applied between both fields of seismology is
the frequency-magnitude relation that was introduced by
Gutenberg and Richter:
[2]
where n is the number of seismic events with magnitude m,
and a and b are intercept and slope parameters for the
logarithmic relationship. Numerous papers have been written
on this frequency-magnitude relation and they all show that
the relation holds for virtually all magnitude ranges. Criticism
of the relation is centred on its unsatisfactory behaviour for
the larger magnitude seismic events, where it overestimates
the likelihood of occurrence. The maximum magnitude



1106







VOLUME 115

capable of occurring in any active mining area can be
estimated by either of two methods, namely a deterministic or
a probabilistic approach. We used a visualization software
package developed by Hamerkop Scientific Services to portray
the results of maximum magnitude based on a probabilistic
approach.
One of the basic elements in assessing seismic hazard is
to recognize seismic sources that could affect the particular
location at which the hazard is being evaluated. These
sources are often called seismogenic sources. Defining and
understanding seismogenic sources is a key component of
seismic hazard analysis and requires knowledge of the
regional and local geology as well as past seismicity.
Earthquake hazard parameters such as maximum expected
magnitude (Mmax), activity rate, and b value of the
Gutenberg-Richter relation are evaluated for each
seismogenic zone.
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Figure 19—Production (m2) compared with the number of seismic events (ML ≥ 0.0) per month since July 2002

 Mining has a dynamic nature and changes constantly
in space and time. This method cannot be extrapolated
over very long periods of time without analysing the
mining direction and volume. These are two of the
variables that can cause differences in the hazard
calculated for a particular mining area
 The method is used comparatively between similar
geotechnical areas in which at least one of the areas
has previously been mined out. In other words, you can
‘forecast’ what might happen for a particular mining
area when a similar area has been mined out in the
past. Method of mining, mining rate, and geology play
an important factor when comparing and selecting
mining areas for analysis
 The method is applicable to a single source mechanism
and therefore all source mechanisms as discussed
beforehand need to be identified for a particular
geotechnical area. There is a distinctive bimodal
distribution for seismic events with different source
mechanisms. It is therefore important to understand
the different sources of seismicity in a region before
interpreting the result obtained from the hazard
estimation. The choice and size of the selected area
must be geologically similar to the mining area of
interest
 The method requires a consistent and reliable database.
For example, no changes to software programs should
be made that might result in source parameters being
calculated differently. Loss of periods of seismic data
will influence the results obtained by the seismic
analyses
 

      

 The selection of the mining area and the time period for
the seismic hazard estimation can be problematic. Care
should be exercised when the selection of the area is
done to ensure that an acceptable log-linear
distribution is obtained that will not result in the overor underestimation of the seismic hazard. The lack of
an acceptable log-linear distribution often highlights
possible errors in the choice of mining area or time
period
 The hazard estimation results obtained from the
analysis are averaged over the time period of the
analysis and more hazardous time periods, within the
period selected, cannot be identified.
To identify and determine the seismic hazard associated
with a specific mine design, the seismicity of the area in
question needs to be determined prior to the change in
mining method, as well as for a significant time period after
the method was changed. The two analyses can then be
compared to determine if the changed mine design resulted in
any significant changes to the response in seismicity. The
area as shown in Figure 20 was used to select the two areas
where the two mine sequences were implemented.

Seismic analysis of the sequential grid layout
The probabilistic seismic hazard according to the program
Korhaan was determined for the top of the west section of
Kusasalethu Mine as depicted in Figure 21. Figure 22 shows
all seismic events with ML ≥ 2.0 for time period October 2004
until December 2006, with the largest event being a ML = 3.1.
A relatively good Gutenberg-Richter relation is obtained from
the seismic data-set available. The data-set is a bit sparse for
magnitudes larger than 1.8, and a peak is visible for
magnitudes between 2.0 and 2.2. The results obtained from
the seismic assessment for the original sequential grid
sequence are shown in Figures 22, 23, and Table I.
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In the application of statistical estimations of seismic
hazard on Harmony Gold mines, several assessments have
been carried out over a period of time. The following
limitations of the methodology have been identified (Kijko,
1997; Stankiewicz, 1998a, 1998b, 2000; Ebrahim-Trollope,
2001):

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Figure 20—Two areas selected for seismic hazard estimation. The ‘modified sequential grid layout’ is referred to as the multi-raise sequence in this paper

Figure 21—Location of all seismic events recorded by the seismic system between October 2004 and December 2006 with ML ≥ 2.0 for the top of the west
mine

Seismic analysis of the multi-raise sequence
The probabilistic seismic hazard was determined for the
bottom of the west section of Kusasalethu Mine as depicted in
Figure 20. Figure 24 shows all seismic events with ML ≥ 2.0
for time period January 2007 until March 2009, with the
largest event being a ML = 2.7. The results obtained from the
seismic assessment for the change in design (multi-raise) are
shown in Figures 25, 26, and Table I. A relatively good
Gutenberg-Richter relation is obtained from the seismic dataset available. The data-set has the same trend as for the
original design for the larger magnitude events and is a bit
sparse from magnitude larger than 2.5. A peak is visible for
magnitudes between 2.0 and 2.5.
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Table I compares the seismic hazard of the original
sequential mining sequence with the multi-raise mine
sequence. The results obtained from the current study reveal
no significant differences between the two mining sequences
in terms of the relevant maximum magnitude and return
period for seismic events with ML ≥ 2.5 seismic hazard
parameters. The number of seismic events with ML = 1.0
shows a 33% increase for the multi-raise mine design when
compared to the sequential grid mine design.

Effect of mining rate
From the preceding analysis, it appears that the multi-raise
mining sequence will not have adverse effects on the mine
 

      

Rock engineering aspects of a modified mining sequence in a dip pillar layout

Figure 22—Gutenber-Richter relationship – sequential grid mine design

Figure 23—Seismic hazard estimation – sequential grid mine design

 

      

Table I

Comparison of seismic hazard between sequential
grid and multi-raise mine design

Time period

Sequential grid

Multi-raise

1/10/2004–1/7/2007

1/7/2007–1/4/2009

Largest event

2.6

2.7

Mmax expected

2.9

2.9

Return period of ML =1.0

4 per month

6 per month

Return period of ML = 2.5

1 per year

1 per year
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stability when compared to the original sequential grid
method. A factor not considered, however, is the effect of
mining rate. As the multi-raise mining sequence utilizes
more attack points per level, the overall volume of mining is
larger for a similar period. This can be seen in Figures 2 and
3, where an area can be mined out in five steps whereas nine
steps are required for the same area if the sequential grid
mining rules are followed. Unfortunately, very little
information is available in the literature on the effect of
mining rate. Some basic mining rules are often applied in the
industry, such as slow mining rates in remnants and
restricting the number of crews in particular raiselines prone
to seismicity. This effect of mining rate has never been
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Figure 24—Location of all seismic events recorded by seismic system since 1996 with ML ≥ 2.0 for the bottom of the west mine

Figure 25—Gutenberg-Richter relationship for the bottom section of the west mine (multi-raise sequence)

properly quantified, however. Malan et al. (2007) describe
the time-dependent behaviour of the fractured rock mass
when conducting closure measurements in deep gold mine
stopes. The presence of this time-dependent behaviour
implies that mining rate will play a role in the response of the
rock mass. Figure 27 illustrate closure measurements
conducted at Kusasalethu Mine in 1999. Although the
brittleness of the rock mass is clearly illustrated by the large
jumps in closure at blasting time, noticeable time-dependent
rock movements were recorded between successive blasts.
Malan et al. (2007) also conducted inelastic numerical
modelling with a time-dependent constitutive for the failed
rock. This illustrated that the position of the stress peak
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ahead of the face will be a function of mining rate, and high
rates may lead to stress peaks close to the face and a higher
risk of strain-bursting (Figure 28). The effect of different
volumes of mining over a larger area is not clear, however.

Conclusions
A study was conducted to compare the original sequential
grid mining sequence with a new multi-raise sequence. The
layout geometry for these methods is essentially similar, but
higher production rates are possible with the multi-raise
sequence as it allows for simultaneous attack points on the
same level. A study of the seismic data for adjacent mining
areas where the two methods were used found no significant
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Figure 26—Seismic hazard estimation – bottom section of west mine (multi-raise sequence)

Figure 27 – Continuous closure measurements collected at Kusasalethu Mine in the 8817VCRPAN-E5 panel in 1999. Note the prominent time-dependent
closure between successive blasts (after Malan and Van Rensburg, 1999)

Figure 28—Simulated effect of mining rate on the nature of the stress peak ahead of the stope face (after Malan et al., 2007)

 

      

values for the two mining methods are similar as the final
geometries are identical. The interim ERR and dip pillar APS
values are slightly higher for the multi-raise sequence as the
volume of extraction is more rapid. The numerical models
were also used to conduct a modelled magnitude assessment.
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differences in terms of the seismic response. A numerical
modelling study of the two methods illustrated only small
differences in the simulated energy release rates (ERRs) and
average pillar stress (APS) levels during the extraction
process. As to be expected with elastic modelling, the final

Rock engineering aspects of a modified mining sequence in a dip pillar layout
This also showed no significant differences in the anticipated
seismicity for the two mining sequences. Based on the study
and the data available at this stage, it is concluded that the
multi-raise mining sequence has no adverse effects on the
mine stability when compared to the original sequential grid
method. This work is nevertheless considered as being of a
preliminary nature and ongoing monitoring and analysis of
seismic data at the mine is required to verify the response of
the rock mass to the modified sequence and increased
extraction ratio. In particular, future work needs to
investigate the effect of mining rate (advance rates in
individual panels as well as volume of mining in particular
raiselines) on the level of seismicity.
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Classification of roof strata and
calculation of powered support loads
in shallow coal seams of China
by X. Liu*, G. Song*, and X. Li*

According to the overlying rock strength and thickness of 10 shallow coal
seams in China, the strata are classified into four types: weak and
laminated strata (hereinafter referred to as WL), weak and massive strata
(WM), strong and laminated strata (SL), and strong and massive strata
(SM). The four types of strata, together with longwall panel height (M),
panel length (L), and seam depth (H) are factors that influence the loads
on hydraulic power supports. Principal component analysis was used to
study the seven influencing factors. It turns out that seam depth (H) is
multicollinear with WL, WM, SL, and SM. Thus the enumerated seven
factors are divided into two models. In Model 1, six factors; panel height,
panel length, and layer thickness of the four type strata are involved. In
Model 2, three factors; panel height, panel length, and seam depth are
included. Using multivariate regression analysis, two equations to
calculate loads on supports are obtained for each model. The equations
were applied to shallow coal seams. The equation of Model 1 is more
accurate than that of Model 2, but Model 2 could be further used in deep
coal seams. The equations were coded through VB programming to
simplify the calculation.
Keywords
shallow coal seam; panel length; mining height; seam depth; principal
component analysis.

Introduction
To ensure coal production in the long term, the
focus of coal mining has been gradually
shifted to the western areas of China in recent
years due to rich coal resources in this region.
Most of the coal seams in this area are shallow
but the support loads are abnormally high. In
these circumstances, the chock loads
estimating methods used in the past do not
work. If the rated working resistance of a
support is larger than needed, the shield is
unable to fully perform, while a lower working
resistance would lead to accidents like shield
crushing or even casualties. This problem is
frequently found in shallow coal seams such
as Shenfu-Dongsheng, Yulin, Tuha, Lingwu
etc. (Zhang, 2011). Thus, to ensure safety and
efficiency during mining, the estimation of
support loads and selection of supports are of
great significance.
Many investigators have carried out
research in this field, and the concepts of
typical shallow seam and sub-shallow seam
have been developed (Singh et al., 2008;
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[1]
where  is the average density of the overlying
rocks, and H is the seam depth.
These investigations have put paid to the
notion that the mine pressure in shallow coal
seams is low. However, some of the investigations of mine pressure in shallow coal seams
still focus only on the characteristics of strata
behaviour. Estimation of support loads is
based on empirical formulae and should be
investigated in more detail. In the paper, the
factors that affect mine pressure are analysed
by principal component analysis and equations
to calculate support loads are obtained, which
might be helpful during the calculation of
support capacity and selection of a support
system.

Overlying strata classification
Strata classification
Strata are complex and differ in terms of
homogeneity, thickness, and strength, and
hence behave differently during failure.
Investigators have established many models
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Synopsis

Huang, 2002). Generally, a shallow coal seam
is 150 m or less in depth and the ratio of
overlying rock layer thickness to the thickness
of the zone of collapse is less than 1. Theories
of short voussoir beam and step beam were
developed based on geometric features and
structures of broken roof rocks. According to
these theories, the collapsed zone is classified
into two zones; the caved zone and fractured
zone, instead of typically three zones (caved
zone, fractured zone, and continuous
subsidence zone over gob) in medium-deep or
deep coal seams. The pressure on powered
supports can be calculated by Equation [1].

Classification of roof strata and calculation of powered support load
and hypotheses to interpret mine pressure behaviour during
mining. The hypotheses of strata structure mainly involve the
thickness and strength of strata. To analyse the failures of
strata and the source of mine pressure, strata structures are
always simplified as arch, beam, plate, shell, or a
combination of these (Zhang and Hou, 2007; Hou, 2008;
Huang, Zhang, and Dong, 2009). Tan (2007) investigated
the elastic modulus and thickness of strata, and derived
Equation [2] to describe the separation of strata.
[2]
where E1 and m1 are the elastic modulus and thickness of the
lower stratum, and E2 and m2 are the elastic modulus and
thickness the upper stratum. Qian proposed Voussoir Beam
Theory and Key Strata Theory based on a series of studies
(Qian and She, 2003). He concluded that the loads over the
stratum can be calculated by Equation [3].
[3]
where (qn)1 is the stress offered to the stratum by the
superjacent strata; hn are the thicknesses of the coal measure
strata layers; n and En are strata layer density and elasticity
modulus, respectively. Thus, different layers and composite
layers (layer thickness and strength) would generate
different values of mine pressure.
Based on the previous investigation, it is necessary to
classify roof strata according to their strength and layer
thickness. Specifically, the ratio of strata strength to coal
strength and ratio of layer thickness to coal seam layer
thickness are used to classify roof strata in this paper,
because strata structures seem related to coal layer thickness.
It is important to note that in this paper ‘strong’ rock is
considered harder than coal, while ‘weak’ rock is weaker
than coal. In this way, overlying strata are classified into four
types: weak and laminated strata (WL), weak and massive
strata (WM), strong and laminated strata (SL), and strong
and massive strata (SM). Table I describes the classification
and criteria in detail.
This criterion is simple and can be widely applied. The
depth of the coal seam is the sum of the four type roof layer
thicknesses.

Characteristics of four different roof structures
During mining, the splitting and caving characteristics of the
roof rocks would be different due to the differences between
the four types of roof structures. Because of its greater
thickness and strength, the SM type is more likely to be the
key stratum and keep stable during panel advances. SM
would carry the loads imposed by superjacent strata. Hence,
separations between superjacent strata are rarely found but
are more likely to be encountered among strata that are
below SM strata.
WL strata, in contrast, are unable to generate a loadbearing structure or to keep stable. The splitting of the key
stratum would usually lead to caving of WL strata above and
the weight of WL strata would be applied to strata below.
WM strata normally have abundant primary fissures. The
properties of WM and SL strata are intermediate between
those of WM and SL strata.
Previous investigations assumed that mine pressure does
not simply increase linearly with increasing depth, and that it
can be calculated by Equation [1]. However, this method is
imprecise and is not widely applicable. In this paper, all the
strata over the coal bed layer are considered. Studies have
been conducted in 10 shallow highly mechanized longwall
panels at collieries in China. The support load is deemed to be
the dependent variable, and factors that influence support
loads are considered as independent variables. Principal
component analysis is used to analyse these factors and
multiple regression analysis is then used to obtain formulae
to calculate support loads.
The shallow seam panels are listed below. Table II gives
more detail.
No. 1: Panel 1203 in Daliuta Coal Mine
No. 2: Panel 222201 in Yangjiacun Coal Mine
No. 3: Panel 22201 in Guoerzhuang Coal Mine
No. 4: Panel 42108 in Liangshuijing Coal Min,
No. 5: Panel 22303 in Bulianta Coal Mine
No. 6: Panel 51102 in Shangwan Coal Mine
No. 7: Panel 52304 in Daliuta Coal Mine
No. 8: Panel 1201 in Dayuan Coal Mine
No. 9: Panel 2708 in Yangcun Coal Mine
No. 10: Panel 11501 in Yushujing Coal Mine.

Principal component analysis of support working
resistance
Factors influencing support resistance

Table I

Overlying strata classification and criteria
Categories
WL

Classification criteria
Weak rock, thickness of which is more than 0.5 H
but less than 2 H

WM

Weak rock, thickness of which is more than 2 H

SL

Hard rock, thickness of which is more than 0.5 H
but less than 1.5 H

SM

Hard rock, thickness of which is more than 1.5 H

Note: H is coal mining height
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Loads on the strata are always in a state of dynamic change
during mining cycles. The values are influenced by many
factors, viz. mining height, coal bed depth, panel length,
support type, panel advance speed, goaf management etc.
Normally, more factors would make the model more accurate,
while on the other hand making the model much more
complicated. To keep the model feasible and simple, the
influencing factors should be the most important ones or the
closest related to the dependent variable (here the support
resistance). Thus the number of these factors should be
controlled at the same time (Huang, 2005; Wang, Wang, and
Lingmei, 2008). Principal component analysis is a statistical
approach that simplifies various indexes to fewer, more
comprehensive indexes (Wang, Wang, and Lingmei, 2008;
Ren and Yu, 2011).
 

      

Classification of roof strata and calculation of powered support load
are larger than 1 are therefore selected, and their cumulative
contribution sums to 87.7%. The three components can
therefore represent all the components enumerated.

Table II

Main parameters of 10 shallow coal seams
No. M (m) H (m) L (m)
1
2
3
4
5
6
7
8
9
10

4
5
1.6
3
7
5
6.5
4.5
1.05
3.8

50
60
103
103
148
174
176
176
194
217

150
240
100
240
301
240
310
55
156
200

h1 (m)

h2 (m)

h3 (m)

h4 (m)

y (kN)

Selecting variables

9
5
15
0
18
8
54
25
1
5

27
0
12.5
68
0
10
0
0
109
0

14
6
37.5
0
36
30
96
105
0
4

0
49
38
35
94
126
26
46
84
208

3 500
11 000
3 000
8 000
16 800
8 600
16 800
4 800
2 600
9 000

Table VI lists the variable component matrix. These coefficients imply the relative weights of variables. The larger the
coefficient (absolute value), more important this variable
would be.
It can be seen from Table VI that mining height, WL, WM,
and SL have the largest first principal components, which
means these four variables have the greatest influence on
this first principal component; seam depth and SM are largest
at the second principal component; and panel length is
largest at the third principal component.
The three principal components might include

Note: M is mining height; H is seam depth; L is panel length; h1 is
thickness of WT strata; h2 is thickness of WTh strata; h3 is thickness of HT
strata; h4 is thickness of HTh strata; y is support resistance

Table III

There are numerous factors affecting support working
resistance. Here, seven factors are included. They are:

Normalized data of the seven influencing factors

(1) Mining height (M)
(2) Depth (H)
(3) Panel length (L)
(4) Thickness of WL layers (h1)
(5) Thickness of WM layers (h2)
(6) Thickness of SL layers (h3)
(7) Thickness of SM layers (h4).
The support rated resistance y (kN) is selected as the
dependent variable. After analysing the geological column
and mining conditions of the 10 selected panels, the roof
strata of coal mines are classified and are shown in Table II.
Principal component analysis and multiple linear regression
are used to obtain the relationship between support
resistance y (kN) and the seven influencing factors (M, H, L,
h1, h2, h3, h4).

1
2
3
4
5
6
7
8
9
10

H

L

h1

h2

h3

h4

-0.07596
0.44792
-1.33329
-0.59985
1.49569
0.44792
1.23375
0.18598
-1.62142
-0.18074

-1.56332
-1.38981
-0.64372
-0.64372
0.13707
0.58820
0.62290
0.62290
0.93522
1.33429

-0.59014
0.48938
-1.18987
0.48938
1.22106
0.48938
1.32901
-1.72963
-0.51817
0.00960

-0.31102
-0.55983
0.06220
-0.87085
0.24881
-0.37322
2.48815
0.68424
-0.80865
-0.55983

0.11738
-0.61119
-0.27389
1.22374
0-.61119
-0.34135
-0.61119
-0.61119
2.33010
-0.61119

-0.49035
-0.69846
0.12096
-0.85454
0.08194
-0.07414
1.64274
1.87686
-0.85454
-0.75048

-1.16503
-0.35644
-0.53796
-0.58747
0.38614
0.91420
-0.73598
-0.40595
0.22112
2.26736

Table IV

Variable correlation coefficient matrix

Independent variables standardization
The units of variables listed in Table II are the same (metres).
However, the values of the variables vary from 0 to 310. The
difference between the value ranges of the seven variables is
significant, which would make principal component analysis
difficult. Thus it is necessary to standardize the independent
variables. Z-score is used to normalize values of the seven
influencing factors. Tables III and IV describe the normalized
statistics and correlation coefficient matrix, respectively.

M

x1
x2
x3
x4
x5
x6
x7

M

H

L

h1

h2

h3

h4

1.000
0.037
0.640
0.559
-0.695
0.451
0.026

0.037
1.000
0.047
0.230
0.041
0.285
0.684

0.640
0.047
1.000
0.230
-0.147
-0.131
0.157

0.559
0.230
0.230
1.000
-0.476
0.870
-0.307

-0.695
0.041
-0.147
-0.476
1.000
-0.491
-0.135

0.451
0.285
-0.131
0.870
-0.491
1.000
-0.293

0.026
0.684
0.157
-0.307
-0.135
-0.293
1.000

Eigenvalues and variance contribution

[4]
According to the principle of principal component
extraction, eigenvalues can reflect the relative influence and
importance of the components (Xia and Huang, 2007; Sahu,
Mahapatra, and Panigrahi, 2009; Basilevsky, 1994).
Components are considered to have insignificant explanatory
power or are less important if their eigenvalues are less than
1. The first three components of Table V whose eigenvalues
 

      

Table V

Eigenvalues and variance contribution of the
correlation matrix
No.

Eigen value

Variance
contribution (%)

Cumulative
contribution (%)

1
2
3
4
5
6
7

2.923
1.747
1.369
0.784
0.152
0.025
-3.223E-17

41.760
24.954
19.552
11.200
2.173
0.360
-4.604E-16

41.760
66.714
86.267
97.467
99.640
100.000
100.000
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Equation [4] is used to calculate eigenvalues. These
eigenvalues are sorted by their values in descending order
(1/2/3/4/5/6/7). Table V lists eigenvalues and variance
contribution of the correlation matrix.

Classification of roof strata and calculation of powered support load
Derivation of multiple linear regression equation

Table VI

The variable component matrix
Variable

First principal
component

M (mining height)
H (seam depth)
L (panel length)
h1 (WL)
h2 (WM)
h3 (SL)
h4 (SM)

0.850
0.201
0.388
0.884
-0.751
0.809
-0.097

Second principal
component

Third principal
component

0.149
0.751
0.374
-0.192
-0.057
-0.251
0.958

-0.426
0.578
-0.713
0.242
0.130
0.512
0.082

The objective functions of both Model 1 and Model 2 are
resistance of the support system (y). Through multiple
regression analysis, regression equations are obtained
(Equations [6] and [7]). Table IX lists the goodness of fit.
[6]
[7]

information of seven indexes, which indicates that the
selected seven indexes are essential in determining support
load density.

Multiple regression analysis on support resistance
Multicollinearity analysis of factors influencing
support resistance

where P1 and P2 are the estimated loads on supports in model
1 and model 2, respectively.
It can be seen from Table IX that the determination
coefficient (R2) of Model 1 is 0.949, and 0.925 for Model 2.
The adjusted R2 values are 0.848 and 0.888, respectively.
This indicates that the two models have a high fitting degree.
Specifically, Model 1 has a higher fitting degree than Model 2.

Residual analysis of the regression equation

Generally, the variables are independent of each other. In
some cases, dependency does exist among two or more
variables. This is what multicollinearity means. To delete
unnecessary variables, IBM SPSS Statistics 19.0 is used to
analyze the multicollinearity of the seven selected influencing
factors. Support resistance in Table II is considered the
dependent variable (y), while the remainder are independent
variables. Table VII shows the results of the collinearity
analysis.
The coal seam depth is the sum of four roof strata type
thicknesses; that is,
[5]
In
Table VII, tolerance of seam depth is zero, which is less than
0.1 (tolerance limit). Meanwhile its VIF is far greater than 10.
This is because seam depth (H) is multicollinear with WL,
WM, SL, and SM. Thus two models are built. The first model
includes six variables: mining height, panel length, WL, WM,
SL, and SM. The second model includes three factors: mining
height, panel length, and seam depth. Table VIII describes the
two models.

The values of the variables in Table II are entered into
Equations [6] and [7] to test the established regression
equations of the two models, which are described in Table X.

Table VII

Collinearity statistics

Tolerance
VIF

M

H

L

0.107
9.384

0.000
∞

h1

h2

0.113 0.080
8.883 12.425

h3

0.274 0.066
3.644 15.137

h4
0.687
1.455

Table IX

Test of goodness of fit
E

R

R2

Adjusted R2

Standard error of estimate

P1
P2

0.974
0.962

0.949
0.925

0.848
0.888

2046.77
1757.26

Table VIII

Parameters of the two models
Model 1

Model 2

Dependent variable

No.

M (m)

L (m)

h1 (m)

h2 (m)

h3 (m)

h4 (m)

M (m)

H (m)

L (m)

y (kN)

1
2
3
4
5
6
7
8
9
10

4
5
1.6
3
7
5
6.5
4.5
1.05
3.8

150
240
100
240
301
240
310
55
156
200

9
5
15
0
18
8
54
25
1
5

27
0
12.5
68
0
10
0
0
109
0

14
6
37.5
0
36
30
96
105
0
4

0
49
38
35
94
126
26
46
84
208

4
5
1.6
3
7
5
6.5
4.5
1.05
3.8

50
60
103
103
148
174
176
176
194
217

150
240
100
240
301
240
310
55
156
200

3 500
11 000
3 000
8 000
16 800
8 600
16 800
4 800
2 600
9 000
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Classification of roof strata and calculation of powered support load
Table X

Comparisons of values and calculated values
No.

Related
working
resistance

Model 1

Model 2

Calculated
values

Relative
tolerance

Standard
errors

Residuals

Standardized
residuals

Calculated
values

Relative
tolerance

Standard
errors

1
2
3
4
5
6
7
8
9
10

3 500
11 000
3 000
8 000
16 800
8 600
1 6800
4 800
2 600
9 000

4 868
10 134
2 637
7 621
15 277
11 190
17 167
4 257
2 302
8 648

39.1%
-7.9%
-12.1%
-4.7%
-9.1%
30.1%
2.2%
-11.3%
-11.5%
-3.9%

-0.69
0.34
-1.13
-0.15
1.34
0.54
1.71
-0.81
-1.19
0.05

-1368
886
363
379
1523
-2590
-367
543
298
352

-0.67
0.42
0.18
0.19
0.74
-1.27
-0.18
0.27
0.15
0.17

5 615
10 175
1 090
7 806
15 955
1 1342
15 844
4 383
3 148
8 739

60.4%
-7.5%
-63.7%
-2.4%
-5.0%
31.9%
-5.7%
-8.7%
21.1%
-2.9%

-0.55
0.35
-1.44
-0.12
1.49
0.58
1.47
-0.80
-1.04
0.07

Residuals Standardized
residuals
-2115
825
1910
194
845
-2742
956
417
548
261

-1.20
0.47
1.09
0.11
0.48
-1.56
0.54
0.24
0.31
0.15

Figure 1—Regression standardized residuals standard P-P

 

      

insignificant, indicating that the equations are relatively
reliable. Equation [1] is more precise than Equation [2].
Through the equations, it is also found that mining height
(M) and panel length (L) are more important to the support
capacity, compared with WL, SL, and SM.

Applications of support load calculation equations
Equations [1] and [2] are based on, and applicable to,
shallow coal seams. The equations were also tested on
medium deep and deep coal seams (Panel 10217 of Tashan
coal mine and Panel 1105 of Zhaogu coal mine). The
supports in the panels are ZZS7000-1.8/3.7 and

Figure 2—Comparison of calculated and real values
VOLUME 115
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The standard errors in Table X represent the precision of
the regression equation. The residuals of panel no. 1 and no.
6 are extraordinarily large, indicating that support resistance
in these two panels should be improved. In fact, panel no. 1
(Panel 1203 in Daliuta Coal Mine) is 150 m in length, 4 m in
height, and 53 m deep. The selected type of support system
in this panel is YZ3500-23/45. During mining, pillars of the
supports were broken and water and sand inrush were found
in the panel. This is because the capacity of powered supports
was too low. Similarly, rib spalling was frequent during
mining in panel no. 6 (Panel 41102 in Shangwan Coal Mine).
The capacity of the supports should be improved. The no. 3
mine’s working resistance of support calculated by model 2 is
only 1090 kN, which is obviously less than the calculated
value in model 1, 2637 kN, and actual value of 3000 kN. This
demonstrates that model 2 is more reliable than model 1.
Roof control problems are rarely found in the other 8
panels, and the relative tolerances are acceptable. The
selected sample data may not be overwhelming, so a normal
P-P plot of regression standardized residual is used to
evaluate normality of a smaller data-set.
In Figure 1, the scatter increases approximately linearly.
After standardization, all the values of standardized residuals
are less than unity. No extreme values or outliers are found,
indicating that the data is steady.
Figure 2 compares the support resistance and calculated
values by Equations [1] and [2]. The three lines share the
same variation trend and the differences between them are

Classification of roof strata and calculation of powered support load
ZY18000/30/65D, respectively. Table XI shows the
parameters of the panels and support loads calculated by the
equations.
For deep and medium deep coal seams, a significant
difference can be found between support resistance and
calculated support loads. The calculated values from Equation
[1] are 10 967 kN for Panel 10217 and -1074 kN for Panel
1105. Compared with the corresponding real support
resistance (7 000 and 18 000 kN), the differences are
tremendous. Therefore Equation [1] is not applicable for deep
coal seams. In contrast, the calculated value from Equation
[2] for Panel 10217 is larger than the real resistance, and
that calculated for Panel 1105 is slightly different from the
real value. Thus Equation [2] is more applicable and reliable
in deep, medium deep, and shallow coal seams.
VB programming is used to make the calculation simple
(Figure 3). It should be noted that Equation [1] is more
accurate but applicable only for shallow coal seams. For
seams deeper than 400 m, Equation [2] should be used.
For Equation [2], Figure 4 describes the relationships
between support loads, panel length, and seam depth at
mining heights of 2 m, 4 m, and 6 m. The panel length (xcoordinate) varies from 50 to 300 m, and seam depth (ycoordinate) varies from 50 to 220 m.
From Figure 4, it can be easily seen that the maximum
support load increases from 10 000 kN for a mining height of
2 m (Figure 4a) to 16 000 kN at 6 m (Figure 4c). Support
loads also increase with increasing panel length and seam
depth, but the influence of panel length is more significant.
The methods shown in Figures 3 and 4 can be used to
calculate support loads easily and quickly.

Conclusions
(1) Coal measure roof strata are classified into four types;
weak and laminated (WL), weak and massive (WM),
strong and laminated (SL), and strong and massive
(SM), based on the relationship between the strength,
thickness of roof strata, and thickness of coal layer
(2) Principal component analysis and multiple regression
analysis were used to derive the support loads
calculation equations for shallow coal seams. The
equations were tested by residual analysis and normal PP plot
(3) Equation [1] is more accurate, but Equation [2] is more
widely applicable. Through programming and graphical
analysis, support loads can be easily calculated.

Table XI

Applications of equations to deep and medium
deep seams

Mining heightm
Seam depthm
Panel lengthm
WLm
WMm
SLm
SMm
Working resistancekN
Calculated value from Equation [1]kN
Calculated value from Equation [2]kN

Panel 10217

Panel 1105

3
430
230
3
6
6
415
7 000
10 967
10 816

6.5
812
180
37
631
85
59
18 000
-1 074
17 227

Figure 3—Calculation of work force of hydraulic support

Figure 4—Relationships between support loads and panel length, seam depth under different mining heights
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Classification of roof strata and calculation of powered support load
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1D numerical simulation of velocity
amplification of P-waves travelling
through fractured rock near a free
surface
by P. Zhang*, G. Swan†, and E. Nordlund*

The most widely used support design damage criterion for rockburst-prone
mines is based upon kinetic energy, which is proportional to the square of
the ejection velocity and is commonly expressed in terms of peak particle
velocity (PPV). Field monitoring and back-analyses have shown that
ejection velocities of the order of 10 m/s and higher can result from seismic
events of moderate magnitude. Such velocities are much higher than those
predicted using PPV obtained from scaling laws. It has also been found
that the peak ground motion (i.e. PPV) on the surface of an excavation is
preferentially amplified (by four- to tenfold) compared to the motion in
solid rock at a similar distance from the source. However, the wave
propagation and interaction processes involved within the fractured rock
in generating high ground motion are very complex and are not well
understood at this time.
In this paper, velocity amplification was investigated by modelling the
dynamic interaction between fractured rock and a free surface using a 2D
discontinuum-based numerical program, UDEC (Universal Distinct
Element Code). A 1D model with a fractured zone was used to represent
the fractured rock. Velocity amplification, quantified by PPV, predicted at
the free end of the model was 2.0–3.6 times higher than the input velocity.
It was found that the wave frequency, fracture stiffness, fracture spacing,
and thickness of fractured zone are the main factors that affect the
velocity amplification. The results have proved that the interaction of the
seismic wave and multiple fractures near the free surface strongly
influences the ground motion.
Keywords
rockburst, velocity amplification, fractured rock, free surface, numerical
analysis.

Introduction
Since mining-induced seismicity is almost
inevitable in deep mines, ground support is
generally employed to mitigate the risk of
seismically-induced damage. The most widely
used support design criterion for seismicallyprone mines is one that seeks to maximize the
absorption of the kinetic energy (plus potential
energy if a gravity component is considered) of
key rock blocks. Based on this criterion,
design methods for rock support were first
proposed by Wagner (1984) in South Africa
and later improved, among others, by Roberts
and Brummer (1988) and Kaiser et al. (1996).
The kinetic energy is a function of the
mass in motion and the velocity at which the
mass is moving, which is normally called
ejection velocity. The general assumption is
that the ejection velocity is related to the peak
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Synopsis

particle velocity (PPV). A common assumption
is that the rock ejection velocity is equal to the
PPV (Roberts and Brummer, 1988; Wagner
1984). This assumption is based on the
observation that the dominant wavelengths
from remote seismic events are typically much
longer than the tunnel or drift dimensions and
that wave reflections are ignored. Yi and
Kaiser (1993) confirmed these assumptions
with a theoretical evaluation of rock ejection
from passing seismic waves and showed that
ejection velocities under typical mining and
seismicity conditions (dominant frequencies
less than about 100 Hz) were less than, but
close to, the PPV. However, in their analyses
the rock mass was simplified as an elastic
continuous medium, which is not true since
the rock near the excavation surface in a deep
mine is typically highly fractured due to high
initial stress, excavation (blasting), mininginduced stress disturbance, etc.
The amplification of wave motion in the
walls of excavations in the deep hard-rock
gold mines of South Africa has been observed
and reported: peak velocity and acceleration
parameters at the surface of an excavation
indicate a four- to tenfold increase when
compared to measurements within the solid
rock (Durrheim et al., 1996). A diagram with
actual seismograms recorded 10 m from the
tunnel sidewall and on the sidewall surface
measured by Durrheim et al. (1996) is
presented in Figure 1. The observed amplification is considerably greater than the twofold
amplification expected when a normally
incident P- or S-wave reflects at a free surface.
The effect is, additionally, although indirectly,
confirmed by observations of wall-rock
velocities which sometimes are of an order of
10 m/s and greater (Ortlepp, 1993; Stacey and
Rojas, 2013). In practice, a site effect factor

1D numerical simulation of velocity amplification of P-waves

Figure 1—Diagram with actual seismograms recorded 10 m from the
tunnel sidewall and on the sidewall surface (after Durrheim et al., 1996;
Durrheim, 2012). The vertical axis is in mm/s and the seismograms are
about 70 ms in duration

(i.e. velocity amplification factor) is sometimes applied as a
multiplier to the incoming PPV to try to approximate the
ejection velocity. Kaiser et al. (1996) are of the opinion that
ejection velocities greater than the PPV are possible only if
the ejected blocks are very small. However, they also concede
that the ejection velocity could be higher due to stored strain
energy around the opening also being transferred to the
ejected rock and suggest an amplification factor of between 1
and 4 for conditions with energy transfer. A quantitative
value for the site effect in Western Australian hard-rock
mines has been quoted as about 2 or less as the fracture zone
is more likely to be less than a metre and rarely more than
two metres (Potvin et al., 2010). Mikula (2012) suggests that
an average site effect factor of 3 may be typical at LongVictor Mine according to his experience. This effect is poorly
understood, but amplification of the ground motion by a
factor of up to 10 times is considered possible (Milev and
Spottiswood, 2005).
Different mechanisms have been suggested to explain the
source for this phenomenon: (i) resonance, which is
discussed, with reservations by Durrheim et al. (1996); (ii)
trapping of energy within a channel; (iii) energy release due
to slab buckling (McGarr, 1997); and (iv) energy release due
to softening (Linkov et al., 1998). In fact, none of these
theoretical analyses can provide a satisfactory explanation for
this complex phenomenon due to the many assumptions
used. By explicitly coupling the fractures into the model,
Hildyard (2007) studied wave interaction with underground
openings in fractured rock and applied it to the rockburst
problem in deep-level mining. He concluded that ‘The damage
potential from an event near an excavation cannot be simply

inferred from aspects such as moment, magnitude and the
proximity to the source centre, as this ignores the effect of the
excavation and fracturing, i.e. simulations will be required
for meaningful estimates of damage potential’.
A literature review of this subject revealed that the degree
of velocity amplification appears to be dependent on the
frequency of the incident seismic wave, the fracture spacing,
the fracture stiffness, and the thickness of the fractured zone
around the excavation, together with the reflection of the
wave from the excavation surface (e.g. Hildyard, 2007;
Kaiser et al., 1996; Milev and Spottiswood, 2005; Zhao et al.,
2008). In order to investigate velocity amplification and find
the relationship between the velocity amplification factor and
its influential factors, it was decided to conduct numerical
analyses by explicitly considering the fractures in a model
using discrete element modelling (UDEC). A 1D model with a
fractured zone was used in this study and different fractured
states of rock near the free surface and different loading
frequencies were also considered in the analysis.

1D numerical modeling
Model description
T

he general configuration of the UDEC model is shown in
Figure 2. The one-dimensional elastic rock bar has a length
of 300 m and a width of 1 m. The incident P-wave generated
by applying a dynamic load normally on the left surface of
the bar propagates through the model in a horizontal (x)
direction. Parallel fractures with regular spacing are located
near the right boundary and normal to the incident wave. A
non-reflecting boundary is placed at the left boundary to
avoid wave reflections from the artificial boundary. The right
boundary is free of restraint to simulate the real free surface.
Because it is a P-wave incidence, displacements only in the ydirection of the upper and lower boundaries are restricted.

Parameters of rock material and fractures
The properties of rock material adopted in the UDEC model
were from LKAB’s Kiirunavaara underground mine
(Malmgren and Nordlund, 2008) and are listed in Table I.
The P-wave velocity of the rock material is 5589 m/s.
To theoretically or numerically model the effect of
fractures on the propagation of plane seismic waves, the
fracture is represented as a displacement discontinuity at the
boundary between two elastic bodies (Pyrak-Nolte et al.,
1990; Zhao et al., 2008). It is assumed that the stress across
the displacement discontinuity is continuous but the
displacement is not. The ratio of the stress to displacement is
called the specific stiffness of the fracture (interface) and
characterizes the elastic properties of a fracture. In order to

Figure 2—Configuration of the UDEC model
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1D numerical simulation of velocity amplification of P-waves
Table I

Parameters of rock material and fractures used in
the UDEC model
Properties
Density of rock material
Young’s modulus of rock material
Poisson’s ratio of rock material
Normal stiffness of fractures
Fracture spacing
Number of fractures

Unit

Value

kg/m3
GPa

2800
70
0.27
10, 50, 100, 1000, 10000
0.05, 0.1, 0.3, 0.5, 1, 2, 4
2, 4, 8, 16

GPa/m
m

focus on how the elastic property of fractures affect the wave
propagation, all fractures were ‘glued’ in this simulation,
which means that infinite tensile strength and cohesion were
assigned for all fractures. The normal fracture stiffness varied
from 5 to 10000 GPa/m. The effect of the number of fractures
and the fracture spacing was also studied and the parameters
are listed in Table I.

[1]
where
s =
 =
f
=
Cp =

fracture spacing (m)
incident wavelength (m)
wave frequency (Hz)
P-wave velocity (m/s).

Wave reflection at a free end
When an incident compressive stress wave with a half cycle
sinusoidal form reaches a free end in the rock bar, the wave
is reflected as a tensile wave at the free end. The reflected
wave and the tail of the incident wave are then superimposed. The PPV at the free end hence is doubled, as can be
seen in Figure 3. This example is free of fractures; the
material is homogeneous, isotropic, and linear elastic, and
hence the velocity amplification factor at the free end is 2 and
is normally independent of wave frequency.

Dynamic modelling considerations

Effects of multiple parallel fractures near free end

It is commonly recognized that the mesh size in a numerical
model significantly influences the accuracy of the results for
wave propagation problems, whether the model is based on a
continuum or discontinuum approach. Based on a study of
the mesh size limitation in the finite element and discrete
element method (Gu and Zhao, 2009; Kuhlemeyer and
Lysmer, 1973) it was concluded that the mesh ratio (a ratio
of the maximum element length to the smallest wave length
in an elastic material) should be smaller than 1/8–1/12 to
ensure numerical accuracy of wave propagation problems. To
achieve a balance between computation efficiency and
accuracy, the largest mesh ratio is set to be 1/28 for the
following UDEC modelling.
Since the focus of this work was to study how a seismic
wave interacts with fractures and a free surface, the material
damping was ignored and the damping ratio in the UDEC
model was set to zero in all analyses. In this case, the wave
attenuation or amplification was caused only by the fractures
and the free surface.
A half cycle sinusoidal P-wave pulse with the amplitude
0.1 m/s was applied normally at the left boundary. It
propagated through the model in the horizontal (x) direction
(see Figure 2). Different loading frequencies were used in the
analysis, and they varied from 10 Hz to 800 Hz in order to
cover the range reported for damaging seismic events.

However, it has been reported that the wave transmission
and reflection coefficients are functions of the fractured state
of the rock (characterized by fracture spacing and fracture
stiffness) and the wave frequency (e.g. Pyrak-Nolte et al.,
1990). These effects have been explicitly studied using a 1D
model with a fractured zone in the following sections.

Fracture spacing
Figure 4 shows the velocity amplification factor as a function
of fracture spacing (or non-dimensional fracture spacing) for
different number of fractures. The fracture stiffness was 100
GPa/m and the frequency of the incident wave was set as 100
Hz. As the wave frequency was fixed, the non-dimensional
fracture spacing is proportional to the fracture spacing. As
can be seen from Figure 4, the velocity amplification factors
vary with the fracture spacing and are larger than 2 within
the investigated parameter range. With the increase of
fracture spacing, the velocity amplification factor first
increases until it reaches a peak and then starts to drop
slowly. There is only one exception in the investigated
fracture spacing range – when the fracture number is 8. In
this case, the velocity amplification factor first drops slightly

Numerical results

 

      

Figure 3—Velocity-time curves for the incident wave at the left
boundary and reflected wave at the right boundary (free end)
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The damage criteria of a rock mass under dynamic loads are
generally governed by the threshold values of wave
amplitude, such as the peak acceleration, the peak velocity,
and the peak displacement; most often the peak velocity is
used for seismic damage assessment. Therefore, only the
peak particle velocity (PPV) was analysed in this paper. The
magnitude of the velocity amplification factor, defined as the
ratio of wave amplitude at the free end of the 1D model to the
incident wave amplitude, was investigated. In order to
analyse the effect of fracture spacing compared to
wavelength, a non-dimensional fracture spacing (the ratio
of fracture spacing to incident wavelength) was adopted in
this paper.

1D numerical simulation of velocity amplification of P-waves

Figure 4—Velocity amplification factor as a function of fracture spacing
for different numbers of fractures

from a fracture spacing 0.05 m to 0.1 m. A critical value (cri)
is defined in this paper at which the peak velocity amplification factor occurs.

Number of fractures (thickness of fractured zone)
Since the fractures were located near the free end at regular
spacing, the thickness of the fractured zone is proportional to
the number of fractures when fracture spacing is kept
constant. Therefore, the effect of the thickness of the
fractured zone can also be studied by investigating the effect
of the number of fractures.
The velocity amplification factor as a function of fracture
spacing for different numbers of fractures is shown in
Figure 4. The change of the number of fractures does not
change the trend of velocity amplification factor as a function
of fracture spacing. For each curve, the velocity amplification
factor first increases and then decreases with the increase of
fracture spacing. When fracture spacing is fixed, the velocity
amplification factor increases with the increase of number of
fractures. With the increase of the number of fractures, the
shape of the curves changes gradually. When the number of
fractures is small, the curve is flat; but when the number of
fractures is large, the curve shows more variation, i.e., a
rapid increase with increasing fracture spacing followed by a
more pronounced peak and then a rapid drop. This indicates
that the velocity amplification factor is sensitive to the
fracture spacing when the number of fractures is large. Also,
the critical value of the non-dimensional fracture spacing
(cri) for each curve decreases with increasing of number of
fractures. When the fracture spacing is larger than 2 m (or
the non-dimensional fracture spacing is larger than 0.036),
the effect of the number of fractures (from 2 to 16) can be
ignored within the investigated parameter range as all curves
follow the exact same contours of each curve.

frequency falls into the range of 100–500 Hz, the velocity
amplification factor has a higher value for each curve except
for 2 m fracture spacing. For different fracture spacings, the
frequency range changes slightly and shifts toward lower
values with increasing fracture spacing. The peak velocity
amplification factor is larger for small fracture spacings than
that for large fracture spacings. It is also interesting to see
that the velocity amplification factor is lower than 2 when the
fracture spacing is 2.0 m and when the wave frequency is
larger than 400 Hz. In this case, the interaction of waves
through fractures is much more complicated and the wave
attenuation due to crossing multiple fractures seems to
dominate.
From Figure 6, it is clear that the velocity amplification
factor as a function of non-dimensional fracture spacing for
different wave frequencies follows the same trend. Due to
limited data, the curves do not show any peak when the wave
frequency is larger than 200 Hz or lower than 50 Hz. When
the wave frequency reaches 500 Hz, the velocity amplification factor is the highest for the same non-dimensional
fracture spacing. The critical non-dimensional fracture
spacing (cri) decreases with the increasing wave frequency.
Also, when the non-dimensional fracture spacing is larger
than 0.075, the effect of wave frequency on velocity amplification factor becomes less. This conclusion needs to be
further validated by adding more data into the curves.

Figure 5—Velocity amplification factor as a function of wave frequency
for different fracture spacings

Wave frequency
Figure 5 shows the velocity amplification factor as a function
of wave frequency for different fracture spacings. The
fracture stiffness was 100 GPa/m and the number of fractures
in the model was 8. The velocity amplification factor first
increases with increasing wave frequency and then reaches a
peak value, after which it starts to drop. When the wave
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Figure 6—Velocity amplification factor as a function of non-dimensional
fracture spacing for different wave frequencies
 

      

1D numerical simulation of velocity amplification of P-waves
Fracture stiffness
Figure 7 shows the velocity amplification factor as a function
of the non-dimensional fracture spacing for different fracture
stiffness values. The frequency of the incident wave was set
as 100 Hz and the fracture number in the model was 8. It is
clear from Figure 7 that the velocity amplification factor
decreases with increasing fracture stiffness. The critical nondimensional fracture spacing (cri) increases with increasing
fracture stiffness.

Discussion
Wave propagation across fractured rock
When a wave propagates through fractured rock masses, it is
often affected by the presence of fractures. Multiple fractures
behave as a damper and the wave is normally attenuated.
When the fracture spacing is large enough and the wave
frequency is high enough, i.e. large non-dimensional fracture
spacing , multiple reflections between fractures can be
ignored. The wave propagation can be simplified as a shortwavelength problem. The transmission coefficient across
parallel fractures is then calculated as a product of the
transmission coefficients of individual fractures. The
simplified method has been verified by laboratory
experiments and it is valid when the first-arriving wave is
not contaminated by the multiple reflections (Pyrak-Nolte et
al., 1990). However, when  is small (low wave frequency
and small fracture spacing) the wave superposition caused by
inter-fracture reflections becomes strong. The magnitude of
the velocity for the transmitted wave in some cases might be
higher than that of the incident wave (Zhao et al., 2008). For
mining-induced seismicity problems, the rock near the
excavation surface is normally fractured due to high in situ or
mining-induced stresses. The fracture spacing in general is
small and varies from several centimetres to tens of
centimetres. The dominant frequency for damaging seismic
events varies from several Hertz to several hundred Hertz.
The non-dimensional fracture spacing  in most cases is
small. Therefore, when a seismic wave propagates across a
fractured zone near an excavation surface, multiple
reflections between the fractures can cause amplification of
the particle velocity. Furthermore, when the transmitted wave
meets the free surface and reflects back, the amplification of
the particle velocity can become even higher.

Interaction of wave and multiple fractures near a free
surface
By using a 1D model with a fractured zone simulated
explicitly, the interaction of the wave and multiple fractures
near a free surface was investigated. The approach adopted in
this study was to focus on the velocity at the free end of the
1D model resulting from the superposition of multiple
reflected waves, regardless of the detailed process of wave
superposition.
The results indicate that the velocity amplification factor
is dependent on fracture stiffness, fracture spacing, number
of fractures (thickness of fractured zone), and wave
frequency. The dependence of the velocity amplification factor
on the fracture spacing is governed by the ratio () of fracture
spacing to wavelength of the incident wave. A critical value
(cri) is also identified. When  < cri, the velocity amplification factor increases with increasing . When  > cri, the
velocity amplification factor decreases with increasing . The
critical value (cri) increases with increasing fracture stiffness
and decreasing number of fractures within the investigated
parameter range.
The velocity amplification factor obtained in the analyses
shows a higher value when the wave frequency falls into the
range of 100–500 Hz. Cichowicz et al. (2000) determined the
amplification factors by field measurements in Tau Tona
Mine. A strong site effect was revealed by changes in signal
properties between hangingwall geophones, exhibiting strong
resonances around 160 Hz and in the range 200–300 Hz.
Cichowicz (2001) also stated that no resonance was observed
in the frequency range 10–100 Hz. Durrheim (2012)
concluded that the site amplification factor depends on
wavelength, with a maximum amplification factor for a
wavelength of about 30 m, which corresponds to the wave
frequency of 150–200 Hz assuming a P-wave velocity of
4500–6000 m/s. These observations have been helpful in
supporting the conclusion drawn from this numerical
modelling study regarding the effect of wave frequency.
The velocity amplification factor decreases with
increasing fracture stiffness and approaches 2 when the
fracture stiffness is extremely high (10000 GPa/m). The
reflection between fractures is strong when the fracture
stiffness is low and hence promotes the wave superposition.
When the fracture stiffness is high and approaches infinity,
the fracture becomes a welded boundary and hence no
reflection occurs on the boundary. The fractured zone hence
becomes continuous with uniform behaviour and the wave
only reflects at the free end with doubled PPV.

Limitation of current numerical modelling
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Figure 7—Velocity amplification factor as a function of non-dimensional
fracture spacing for different fracture stiffness values

Measurement of seismically-induced ground motion and
back-analyses of damaging seismic events have shown that
the velocity amplification factor near an excavation surface
could be higher than 2. This phenomenon can be attributed
to two main effects: structural and site effects. In general
terms, the ‘structural effect’ is controlled by features such as
the excavation geometry, regional support systems such as
pillars and backfill, bedding plane partings, and the extent of
the fracture envelope. The ‘site effect’ is controlled by local
features such as the intensity of fracturing, and the zone of
influence of the support elements such as props and packs
(Cichowicz et al., 2000). In this study, it is obvious that the

1D numerical simulation of velocity amplification of P-waves
structural effect was not considered. Therefore, the results
need to be combined with another analysis in order to fully
assess the local seismic hazard and rock support
performance.
In this study, the fracture deformation is described by a
linearly elastic model, which is characterized by constant
fracture stiffness. However, laboratory tests have shown that
the complete deformation behaviour of rock fractures is
generally nonlinear. The fractures near the excavation
boundary might not be in close contact, therefore the
stiffness could be low when they are initially compressed
under compressive seismic wave loading and then increase
with the increase of contact stresses. The nonlinear deformational behavior of fractures needs to be further investigated.

Conclusion
In this paper, velocity amplification was investigated by
modelling the dynamic interaction between the fractured rock
and a free surface using a 1D model. The following important
findings were identified.
 The velocity amplification factor, defined as the ratio of
wave amplitude at the free end of the 1D model to the
incident wave amplitude, can be as high as 3.6
 The wave frequency, fracture stiffness, fracture
spacing, and number of fractures (thickness of
fractured zone) are the main factors that affected the
velocity amplification
 The model results demonstrate that ground motion is
strongly influenced by the interaction of a seismic wave
with a fracture zone associated with a free surface
 As a consequence the geometrical and mechanical
characteristics of the near-surface rock mass of an
excavation should be taken into account when
assessing its local seismic hazard and rock support
performance.
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A review of current tunnelling
technology and boring applications in
mining and infrastructure development an EPCM perspective
by S.C. Gouws*

Sustainable infrastructure development has long been identified as a key
enabler for socio-economic growth and poverty reduction in societies
globally. Twenty-one years into the young South African democracy,
economic prospects are fragile and unemployment statistics are high.
According to Trading Economics (2015) the GDP growth rate in South Africa
averaged 3.07% from 1993 until 2015.
Through the National Development Plan 2030, the government has
responded by instituting the Presidential Infrastructure Coordinating
Commission (PICC) to direct national growth and drive job creation by
effecting a long-term infrastructure investment programme. The Commission
is mandated by Cabinet to coordinate, integrate, and accelerate
implementation of more than 150 individual social and economic
infrastructure plans.
In the civil infrastructure development sector, increased urbanization is
compelling governments and the public sector to expand safe and reliable
public amenities, but the availability of real estate for construction in
congested cities is a challenge. Within the mining infrastructure construction
industry safe, rapid, and efficient mine extraction strategies are imperative to
realize increased production, business hurdle rates, and stakeholder
expectations.
Asset owners and stakeholders are obliged to consider advanced
mechanized underground excavation and support technologies in order to
present feasible solutions timeously. From an engineering design,
procurement, and construction management (EPCM) perspective tunnelling
technology and boring applications have a distinct advantage over
conventional excavation techniques. These solutions may enhance commerce
and transportation by expanding infrastructure in concentrations of national
economic activity, providing crucial linkages with rural areas, between cities,
and across international borders.
This paper explores the contribution by mechanized tunnelling
technology and boring applications applied in conjunction with digital and
automation technologies compared with conventional methodologies. The
technological expertise, combined with a paradigm shift in delivery of project
objectives, will promote economic growth, aid recovery from the economic
downturn, and improve social development.
Keywords
sustainable health and safety, productivity, efficiency, project delivery,
mechanization, tunnelling technology, rock cutting and boring.

Introduction
There are a number of new tunnel projects in
the pipeline in South Africa for water transfer
schemes, metro rail extensions, and for rapid
mine access, which are well suited to tunnel
boring machines. Government has recognized
mineral resource and civil infrastructure
investment as a key priority and acknowledges
the challenges to implement strategic projects.
The National Planning Commission states
that South Africa has a relatively good core
network of national economic infrastructure.
 

      

Sustainable health and safety
performance
Fundamentally all stakeholders agree;
underground work must and can be executed
safely. Zero harm to people, assets, and the
environment remains a key success factor.
There have been shafts completed without a
single lost time incident, and then there have
been subsequent shafts completed with
multiple fatalities. The civil construction sector
continues to contribute a disproportionate
number of fatalities and injuries relative to
other sectors, and this must be addressed.
Sustainable health and safety has long
been the focus of attention, and while it is
acknowledged that many industry associations
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The challenge is to maintain and expand the
infrastructure in order to support economic
growth and social development goals.
Government envisages the implementation
of the social and economic infrastructure plans
by 2030. As a result of a number of recent
high-profile project overruns, achieving
predictable project outcomes in safety, cost,
and schedule is paramount for the success of
future projects.
Through effective pre-feasibility and
options analyses studies, higher levels of
confidence and integrity will be gained in
support of the investment proposal. In the
mineral resource and civil infrastructure
sectors, companies are starting to action these
challenges through the application and
development of sustainable technology.
The main challenges to achieving
sustainable safe, cost-efficient, and timely
project outcomes in South Africa can be
summarized broadly in two key performance
areas namely Sustainable health and safety
performance and Productivity and delivery
performance.

A review of current tunnelling technology and boring applications in mining
and professional societies, contracting organizations, and
others have made significant efforts to improve health and
safety, there is still much work to be done to reach the target
of ‘zero harm’ (COMSA, 2015)
Both the mining and civil infrastructure industries have
recently undertaken significant actions towards achieving
sustainable safety performance.
 Project incident review boards have presented analyses
of incidents and near misses, enabling joint ownership
and understanding of incident root causes. With this
better understanding, participants have been able to
implement engineering and procedural controls
 Industry networks such as the Shaft Sinking HSE
Network have been created, which provides input and
technical guidance in attending to poor safety
performance. This forum brings together the CEOs of
the key shaft-sinking organizations to commit to,
sponsor, and direct action for ongoing safety
improvement.
Cross-industry collaboration and learning is delivering
sustainable safety performance, demonstrated by the
improvements in safety statistics. A zero harm mindset and
culture is a key enabler to sustainable safety in both mining
and civil infrastructure project development.
The introduction of mechanized tunnelling technology
and tunnel boring is bound to improve safety performance.
The focus has been on the elimination of hand-held drilling,
improved ground and material handling techniques, removal
of people from the most dangerous areas, and reducing the
overall number of people working underground.

Technological advances and case studies

Productivity and delivery performance
In 2012 and 2013 the South African mining sector, on a
nominal basis, directly accounted for 8.6% and 8.3% of GDP
respectively. This represents a significant reduction from the
industry’s peak in 1970 when the mining sector produced
21% of the GDP (COMSA, 2013).
The decline has been matched with a decline in the
number of persons employed underground and the annual
tonnage hoisted to surface. Linked to that is the decline in
shaft-sinking performance rates. The mining and civil
industries nevertheless continue to make a valuable
contribution to the economy in terms of foreign exchange
earnings, employment, and economic activity.
Figure 1 depicts some heritage shaft-sinking
performances. Peak month performance on a few sinking
projects has shown us what was possible 50 years ago.
Current shaft-sinking projects achieve less than 50% of those
peak performances.
The low performance rates in shaft sinking have led to a
decrease in project efficiencies and increasing capital costs. In
addition:
 Civil infrastructure projects are developed underground
as a result of real estate constraints, and on mining
projects, orebodies are located at even greater depths
 Low investor confidence and low project delivery
certainty are resulting in fewer projects being approved
 Safety performance improvements combined with
increased regulatory constraints have contributed to
reductions in productivity compared to previous
methods.
The critical path of an underground project will always
remain with the establishment of main access infrastructure.
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Projects require shorter schedules and this can be achieved
only through continuous mining operations and by utilizing a
one-pass in-line equipping process. To realize a business
case with improved certainty around safety, reliability, and
production performance requires a fresh approach.
History has shown that the use of tunnel boring
machines (TBMs) for mining projects in South Africa has not
been without its fair share of challenges, and the potential
the technology offers in the civil infrastructure sector has
recently been recognized. In the mere six years that TBMs
were trialled from 1975, only four machines were trialled in
South African gold mines, operating in quartzites with a UCS
of 150 to 250 Mpa (Figure 2).
Although TBM technology was proven to be technically
feasible in South African hard-rock conditions, all four trials
were regarded as failures in economic terms (Taylor et al.,
1978). No further trials have been considered in the past 34
years.
The main challenges during the FSG tunnel boring trials
in 1976 stem from limitations in the muck-handling systems
with large rocks generated in the cutter head and tungsten
carbide button cutter failure. Requirements were to operate
with curves of 30 m radius and several short conveyors were
employed, which led to excessive spillage.
Machine design inhibited support installation close to the
face. A performance of 6 m over a 16-hour double shift was
achieved, indicating the potential technical viability, but was
constrained through delays in the system. Machine
availability was measured at 65% and utilization at a mere
26%, resulting in excessive unit costs (Taylor et al., 1978).
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Globally, there are many hard-rock tunnelling success stories
and any simplified perception that TBMs cannot be used for
mining projects is false, as it is subject to geological risk.
TBM technology has advanced since 1981 and we can
leverage on the lessons learned on successful applications in
the mining and civil industries around the globe (Table I).
A notable current use of a TBM outside of South Africa is
at the Stillwater Mine in Montana, a platinum group metals
(PGM) operation, where additional tunnels are being
constructed as part of the mine expansion. TBMs were first

Figure 1—Best advances achieved in shaft sinking

Figure 2—South African tunnel boring trials
 

      

A review of current tunnelling technology and boring applications in mining
Global tunnel boring case studies
Operation
Stillwater Mine (5.5 m dia)
Rio Blanco (4.6 m dia)
San Manuel Mine (4.6 m dia)
Mineral Creek (6.0 m dia)
Ok Tedi (5.6 m dia)
Los Bronces (4.2 m dia)

Period

Key achievements

1988–1991
1992
1993
2001
2008
2009

± 30 km at 15 m/d
11 km at 30 m/d
+ 12 km at 17 m/d
4 km at 18 m/d
5 km at 30 m/d
8 km at 17 m/d

used at this mine for the development of nearly 30 km of
tunnels for the main mine access in the late 1980s and
1990s.
In the early 1990s, a TBM was used for the development
of more than 12 km of tunnels at the San Manuel Mine in
Arizona. A 4.6 m diameter open main beam type of TBM was
used and was mobilized underground into the mine via a
shaft and launched from an underground chamber.

Benefits of innovative mechanization with advanced
technology
From an EPCM perspective it has become increasingly clear
that the rapid development and application of technologies,
automation, and mechanization is fundamental to unlocking
the economic value potential within both the mining and
infrastructure sectors of South Africa’s economy. Our
industry and country need new solutions to realize our value
potential. We need to simultaneously achieve the following:
 Improved and predictable safety performance
 Significantly improved tunnelling productivity and
capital efficiency
 Predictable project delivery durations and affordability.
We must seek to find holistic and systematic approaches
for implementing projects with advanced technology that
provide increased clarity for complex capital decisions
coupled with increased stakeholder confidence in decisionmaking processes and ability. Mechanized tunnel boring is
part of such a holistic and systematic approach which needs
to be evaluated through the detailed engineering, design, and
planning phases.
We need to employ lessons learned and consider
mechanization technology in the front end loading (FEL)
phase of projects, with an acute understanding of the terrain,
rock mass characteristics, machine limitations, extraction
strategy, support methods, and engineered infrastructure
requirements.
Shaft and infrastructure development projects are major
capital items. Underground mining projects dictate that the
critical path is through shaft sinking and the underground
development before production can commence. These two
aspects must be seen as mutually dependent. To move
forward we must address the following constraints and
perceptions:
 TBMs are considered to be in the research and
development phase for hard-rock boring
 Automation is not widely accepted or fully applied
 Different projects have different risk profiles
 The perception of TBMs failing to deliver in hard-rock
deep-level mines in South Africa.

Engineering procurement and construction
management (EPCM) perspective
Where government and asset owners do not have sufficient
 

      

in-house capability and experience with implementing
advanced technology in South Africa, lessons learned across
the globe on similar applications can be implemented. Many
asset owners have made significant advancements in
automation and optimization globally. This approach could
be applied more widely across asset development in South
Africa.
Our industries require innovative solutions upfront in the
early design phases of projects and onward. What
differentiating activities do we need to engage to turn the
vision into reality and how do we capitalize on benefits
achieved elsewhere in the world? Independent expert
decision support for 6 in the past and with a predictable
safety outcome of zero harm.

Approach to realizing the vision
While we would like to believe that we operate in a
technically sophisticated industry, there are industries where
project delivery and engineering is further advanced. We
have all witnessed industries such as aerospace, automotive,
defence, and nuclear go through transformative reengineering of their processes.
There is certainly an opportunity to extract learnings
from these industries as they have seen improved
performance across the entire asset life-cycle with the
appropriate application of technology. Consider our own rich
South African history and some achievements of the past,
including lessons learned around the globe.
Consider technological advances made in the oil and gas,
coal, and civil engineering sectors, developments in other
industries and lately in mining with regard to tunnel boring
mechanization. What is ‘The Art of the Possible’ and how do
we need to approach the mechanized strategies in a
sustainable way? It is through upfront lateral thinking in our
studies, planning, and engineering designs.
Mechanized underground tunnelling and civil
development projects have comparative applications in
portions of their life cycle. In mining the excavation is a
means to an end whilst in most civil applications the
excavation is the end product. Consider the ‘Pit to Port’ or
‘Mine to Market’ project value chain (Figure 3) which depicts
the various value adding phases to realizing the full mining
project objectives.
The exploration, evaluation and planning for
development projects are right up front in the value chain.
We deliberately need to be more focused on the front end
loading (FEL) or early development phases of our projects.
A significant amount of project spend precedes execution,
when one needs to meticulously explore, evaluate, engineer,
design, plan, and recommend appropriate mechanization
technology (Figure 4).
With the FEL strategy an acute understanding of the rock
mass characteristics, limitations of the extraction
methodology, and engineered infrastructure requirements
can be gained.
There is more potential to realize project objectives as the
plan progresses through all phases in the project life-cycle,
which facilitates opportunity and risk identification to
provide value with respect to infrastructure requirements to
realize the vision.

Key technical considerations for TBMs
A thorough evaluation of the project location and anticipated
ground conditions should be performed when considering a
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Table I

A review of current tunnelling technology and boring applications in mining
 Vertical tunnel alignment below a maximum grade of
3% is typical, but if above 3% then special braking
systems are required.
Notable inclined examples for TBMs include 35° upward
shafts for hydropower projects in Switzerland and India and
downward 30° escalator tunnels in Moscow.

Conclusions

Figure 3—The mining value chain

Figure 4—The project life-cycle

TBM for a mining or a civil infrastructure project. Appropriate
geotechnical investigations are necessary to provide key
information on the subsurface conditions to enable planning
and design of the proposed tunnel alignment.
The designs include the following considerations:
 Geological issues – rock type, alteration, strength,
abrasivity, durability, and groundwater inflows.
Varying rock conditions will impact on the TBM design
to adopt for a specific project
 Depth of cover and the potential for overstressing or
rockbursts will inform geotechnical and support
requirements
 Project location and remoteness – site access and
terrain, portal locations, TBM constraints, tunnel size,
and support requirements are key logistical
considerations
 Contractor and workforce experience, training, and
project schedule demands are vital in competency and
selection evaluations.
Minimum specifications for TBMs are necessary, such as
length of development, radii, and alignment in order to
prevent the incorrect type of TBM from being used. The
overall site and geological conditions associated with some
projects may suggest that it is not appropriate to use TBMs
due to higher perceived risk.

Suitable project application criteria
 Greenfield projects – new infrastructure developed from
surface
 Brownfield projects – if supporting infrastructure will
permit performance
 Orebodies of shallow to intermediate depth are feasible
 Straight conveyor belt declines with minimum radii of
250–300 m
 Homogeneous rock conditions with a low percentage of
faults/shears and/or highly altered rock determine TBM
cutter selection, including hard rock 150 MPa to 250
Mpa



1130







VOLUME 115

Globally there are hard-rock mechanized tunnelling and
boring application success stories and TBMs are a proven
technology. There is an opportunity to extract learnings from
other industries, our own rich South African history, and
some achievements of the past, including lessons learned
around the globe where improved performance has been
realized across the entire asset life-cycle with the appropriate
application of technology.
We need to integrate the rapid development, application,
and automation of mechanized equipment in our upfront
approach to mine and infrastructure project design and
development to enable sustainable safety and capital
efficiency on our projects.
Projects must seek to find holistic and systematic
approaches for implementation and control of equipment with
advanced technology that provide increased clarity for our
complex capital decisions and increase owner/shareholder
confidence in our decision-making processes and ability.
In the appropriate application combined with a paradigm
shift in delivery of project objectives, TBMs have the potential
to change our industries dramatically, which is crucial in
supporting economic growth in South Africa and to achieving
social development goals.
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Sprayed concrete for underground
excavations — a status report
by B.C. Viljoen*

Commencement of the next phase of the Lesotho Highlands Water Project
is a year or so away from becoming reality. Some 50 km of tunnels in the
form of access adits, shafts, diversion tunnels, and main waterways will be
constructed. Sprayed concrete will form an integral part of the temporary
and permanent rock support systems that will be installed. Furthermore,
the use of sprayed concrete as a final tunnel lining solution was proposed
as a viable alternative to concrete linings in the feasibility studies that
preceded the forthcoming implementation phase.
The aim of this paper is to make the reader aware of all the sprayed
concrete related issues that engineers tend to grapple with during the
design and construction of tunnel projects and other underground works.
Primarily, these issues would include selection of applicable design
parameters, technical specifications, construction application methods,
quality control and, most importantly in the context of final or permanent
linings, the durability of sprayed concrete.
The International Tunnelling Association (ITA) Working Group (WG)
12 has been tasked specifically to publish a set of recommendations on the
Quality and Control of the Application of Sprayed Concrete and the Testing
of Sprayed Concrete for Durability. These tasks were also further explored
at the recent World Tunnel Congress (WTC 2015) that was held in
Dubrovnik, Croatia at the end of May 2015.
Keywords
sprayed concrete, shotcrete, quality control, durability.

Introduction
Sprayed concrete is presented in a variety of
shapes, designs, forms, application methods
and accompanying terminologies including
shotcrete, gunite, pneumatically applied
concrete, and the like. The International
Tunnelling Association (ITA) decided to
standardize on a single terminology, namely
‘sprayed concrete’, in order to simplify
specification, interpretation of guidelines, and
codes of practice.
Sprayed concrete structures are also
increasingly being regarded as permanent
structures, thereby implying the need for longterm durability testing and assessment.
Durability is not only dependent on selecting
the appropriate materials and the mix design,
but also on the standard of workmanship
employed during application. All the effort in
ensuring appropriate materials selection and
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Synopsis

mix design can be nullified if the end product
lacks homogeneity, has voids or laminations,
and is unduly permeable. Such deficiencies can
usually be attributed to poor workmanship of
the sprayed concrete operator. A substantial
amount of research and development work has
also been done in trying to develop
specifications that should ensure that the
sprayed concrete can withstand aggressive
service conditions. More work still needs to be
done in establishing simple routine
quantitative testing of the durability of the inplace sprayed concrete. Mechanization has
helped in achieving consistency of the end
product.
ITA Working Group (WG) 12, under the
leadership of Professor Eivind Grøv, Chief
Scientist and Professor at the University of
Science and Technology in Trondheim
(NTNU), has been tasked to publish a set of
recommendations on Quality and Control of
the Application of Sprayed Concrete and the
Testing of Sprayed Concrete for Durability. The
sub-group working on the Quality and Control
aspects is led by Mr. Volker Wetzig based at
the VersuchsStollen Hagerbach underground
research facility in Flums Hochwiese,
Switzerland. The durability sub-group was
initiated and led by Mr. Tony Boniface (Gibb
South Africa) and was recently taken over by
the author after Mr. Boniface’s retirement. The
goal of WG 12 is to have these guidelines
ratified and published as ITA reference
documents within the next year or two.

Sprayed concrete for underground excavations — a status report
Challenges

Working environment

The principal methods of excavation in the underground
construction environment would be by drill and blast and
mechanized methods including tunnel boring machine (TBM)
systems, and in particular, in horizontal and sub-horizontal
excavations. In the mining environment mechanized
methods, especially in vertical and sub-vertical excavation
(shafts), are much more prevalent, but similar principles will
apply with respect to the use of sprayed concrete. The main
challenges facing sprayed concrete solutions are:

The occurrence of dust is inevitable for any of the types of
sprayed concrete applications (which may be principally
divided between wet and dry application methods), but the
quantities and types of dust can differ considerably. Dust can
occur in the form of cement paste/particles (aggressive),
water droplets, aggregate (silica dust), or in combination, all
with varying degrees of impact on the workmen and
machinery inside the workspace. Much attention has been
paid to this problem and specifications, application
guidelines, and codes of practice have been developed that
cover the full spectrum of interventions, ranging from
ventilation and safety equipment to materials, mix design,
and application procedures and associated sprayed concrete
equipment.
Clearly the most obvious solution is to mechanize,
thereby removing the workmen from the immediate
workspace. Mechanized applicators are fairly common these
days and more so with the increasingly onerous occupational
health and safety regulations being promulgated. Typical
examples of the working environment and mechanized
application solutions are shown in Figures 1 and 2. In spite of






Working environment (health and safety)
Quality and control
Remedial measures
Durability.

Durability has perhaps more relevance in the civil
engineering industry, where project design life is significantly
longer and where the impact of non-ideal implementation of
maintenance procedures tend to be more visible to the public
eye. Sprayed concrete soil nail walls in road cuttings or
linings in metro subways are good examples where durability
is an essential characteristic.

Figure 1—Typical mechanized sprayed concrete application

Figure 2—Typical non-mechanized working environment
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Sprayed concrete for underground excavations — a status report
this, one cannot ignore the fact that manual or hand-held
spraying has its particular application and is still in common
use.
TBM operators generally try to avoid the use of sprayed
concrete at the excavation face because of the adverse impact
dust has on the mechanical systems and the staff working in
these confined spaces. Rearward application (if it can be
tolerated from a rock support point of view) resolves some of
these issues, but creates new problems with regard to
ventilation and logistics. An example of a modern TBM
sprayed concrete arrangement is shown in Figure 3.
Mechanized solutions raise another issue, namely the
purpose of the sprayed concrete application. Sprayed concrete
can be used very effectively as a temporary sealing layer in
the case of deteriorating rock types or as initial support
measure at the excavation face to deal with unstable ground
conditions. For this type of application durability would not
be an issue, and quality and control would be focused on
environmental conditions rather than long-term performance
criteria because this type of sprayed concrete application
would be later included in a permanent concrete or sprayed
concrete lining.

Quality and control
Appropriate quality control measures must be in place at the
batch plant, during transport, in the application equipment
chain, and at the application workplace. Quality control at the
workplace must be based on quick and simple assessments of
the work done. Many specifications have been developed
over the years, some of which may not necessarily comply
with the concept of evaluating quality of work without
significant delay to the progress of excavation. Quality and
control guidelines will typically deal with:
 Requirements for design, materials, equipment, and
workmanship
 Quality control plan to be prepared by the contractor
 Preconstruction testing in the laboratory and on site
 Qualification and certification of sprayed concrete
operators
 Testing during construction.
Test methods, frequency, and periods for interpretation
and evaluation should be appropriate for the environment in
which they are conducted.
In water tunnels with sprayed concrete final linings, the
issue of exposed surface roughness and the impact it will

have on hydraulic conductivity of the tunnel also needs to be
considered in the design and quality plans.

Remedial works
The main difference between ordering remedial works for a
concrete structure and a sprayed concrete structure is that a
concrete structure does not immediately become load-bearing
(apart from self-weight) and can often be supported during
the time required for remedial measures. Sprayed concrete in
underground excavations becomes part of the temporary or
permanent rock support system virtually immediately.
Measures that include removal and re-spraying of
unacceptable portions of the sprayed concrete can materially
affect the safety of the works and may therefore not be
practical. Solutions that include over-spraying and chemical
treatment could therefore be more appropriate.
Fundamentally, the principle should be to avoid getting into
this situation by ensuring good and proper quality and
control.
Excavation faces, especially in the case of TBM
excavations, move relatively fast and the logistics involved
with the instruction of remedial work can become very timeconsuming and costly, frequently resulting in costly delays of
the works.

Durability
General considerations
Mix design has been extensively covered in many
publications, specifications, guidelines, and testing methods
and will be comprehensively encapsulated in the ITA WG 12
guidelines dealing with Quality and Control. Unfortunately,
not as much work has been done on those construction
parameters that can have an even greater effect on the longterm durability of the applied sprayed concrete. Such
parameters include the permeability and denseness of the
applied sprayed concrete and the role of curing (Boniface,
2009). Much of the work of ITA WG 12 dealing with
durability will focus on this aspect.
In the case of permanent sprayed concrete structures the
fundamentals of durability are shown in Figure 4. The most
significant factors influencing the durability of sprayed
concrete are considered to be the following;
 Buildable designs—shapes to be formed and joint
location
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Figure 3—Typical sprayed concrete applicator arrangement in modern TBM

Sprayed concrete for underground excavations — a status report

Figure 4—Factors that influence durability of sprayed concrete (Boniface, 2012)

 Modern relevant specifications—materials, equipment,
methods, acceptance testing, environment control,
health and safety
 Capable and trained applicators—certification, training,
and re-evaluation
 Wet or dry application method—equipment, mix
designs, methodologies, and applicationenvironment.
 Hand or mechanized application—workplace
environment, volume of work, consistency of
application, quality and control measures
 Correct mix design and accelerator choice—rebound,
layering, adhesion, stiffness, and strength development
 Surface preparation—cleaning methods, quality of the
surface with respect to proper and reliable long-term
bonding with the substrate, time interval between
applications, use of curing compounds
 Curing methods—relative humidity in excavation,
multiple applications, and curing compound properties
 Ground and water conditions acting on the structure
during construction—seepage weakening adhesion,
leaching out of cementitious product, and infiltration
with deleterious chemicals and other pollutants
 Site control—monitoring and corrective or remedial
actions
 Future environment and loading regime—the physical
environment would cover all forms of mechanical
surface damage and also damage resulting from
unanticipated load cases. The chemical environment
would include any agent that will have a negative
impact on the behavioural properties of the sprayed
concrete.
Taking all these factors into account, the durability of
sprayed concrete is dependent on two aspects:
 The design of the sprayed concrete mix (taking into
account the physical and chemical characteristics of
each and every constituent), to match the needs of the
chemical and physical exposure conditions to which the
sprayed concrete will be subjected to
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 The actual physical (and chemical) properties of the in
situ sprayed concrete.

Quality control testing
Quality control testing in the laboratory and on-site test
panels are extensively covered in the literature and in
practice. One can control aggregates, water, mix design,
water/cementitious content ratios, admixtures, batch plant
operation, equipment, and application procedures. The
question that is not fully answered is how does one readily
monitor the quality of the finished product? Density testing
alone has proved unreliable, and classic forms of permeability
testing are generally unsuitable for regular day-to-day
routine site testing of finished work.
Four approaches are worth noting:
 Penetration, hardness, and UCS (coring) testing.
Strength testing is commonly specified, is easily
undertaken, and does not have much impact on
excavation progress, but is sometimes seen as a normal
quality control measure and not necessarily a good
indicator of durability
 Permeability testing. Some specifications require the
permeability to be less than 10-12 m/s. This is much
the same as that achieved with dense in situ concrete.
It has been suggested that sprayed concrete yielding
permeability test result figures below this, in the range
of between 10-8 m/s to 10-10 m/s, should be
considered as having a high permeability (Thomas,
2009)
 Water penetration testing. Some specifications refer to
the use of the simplified permeability test (actually a
water penetration test) described in DIN 1048-5, which
has been incorporated into BS EN 12390-8:2000.
EFNARC’s Sprayed Concrete specification makes
reference to EN 7031 and allows a maximum
penetration of 50 mm, but requires a mean average
value of 20 mm
 Boiled absorption (BA) and volume of permeable voids
(VPV) testing. These make use of the standard test
 

      

Sprayed concrete for underground excavations — a status report

Figure 5—Typical hand-held sprayed concrete application

Figure 6—Typical TBM-mounted robotic applicator

A number of criticisms have been raised against the BA
and VPV testing approach.
 Water penetration tests only give an empirical
indication of permeability; and BA/VPV tests only give
an indication of capillary absorption. While BA/VPV
testing has its uses, poor results are not necessarily an
indication of poor durability
 

      

 ASTM C642 requires samples to be oven dried at 100
to 110°C for not less than 24 hours. The sample is then
boiled for 5 hours. This is probably not representative
of in situ conditions that the sprayed concrete may be
subjected to
 Another important aspect is that when cement
replacements (PFA, GGBFS, silica fume) are
incorporated into sprayed concrete mixes for durability
reasons, the hydration process continues long after 28
days. By boiling a sample at 28 days of age, this later
hydration (and densification) of the sprayed concrete
will be destroyed and the sample will be
unrepresentative of the ultimate condition and
performance of the in situ sprayed concrete.
It has been well documented that porosity and
permeability are not related, as was demonstrated in the UK
Concrete Society Technical Report 31 – Concrete Permeability.
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procedures described in ASTM C 642-06. This approach
has been adopted by the American Concrete Institute
(ACI) in their 2009 Guide for Specifying Underground
Shotcrete. These tests continue to be used for the
routine monitoring of the durability potential of inplace sprayed concrete in North America and southern
Africa (Morgan 1994). In contrast, the 3rd edition of
the British Tunnelling Society/Institution of Civil
Engineer’s Specification for Tunnelling makes no
mention of BA or VPV testing.

Sprayed concrete for underground excavations — a status report
It is clear that there are still wide-ranging views on this
issue, but it should be possible at least to agree on routine in
situ testing methods that can provide a good indication of the
durability potential of applied sprayed concrete.

Available reference specifications
The most commonly used international technical
specifications are listed below. Domestic specifications use
these specifications as basis with a blend of local
requirements and constraints.
(i) EFNARC, European Specification for Sprayed
Concrete, 1996
(ii) ACI 506.5 R-09, Guide for Specifying Underground
Shotcrete, August 2009
(iii) ACI 506.2-95, Specifications for Materials
Proportioning and Application of Shotcrete
(iv) BTS/ICE Specification for Tunnelling, British
Tunnelling Society/Institution of Civil Engineers,
3rd edition 2010.
Commonly used materials testing methods include:
(i) BS EN 12390-8:2000; EN 7031 – Water penetration
(ii) ASTM C114 and C1602/3 – water quality
(iii) ASTM C403 (BS 4550) – setting times
(iv) ASTM C642-06&82 – Boiled Absorption and
Volume of Permeable Void.
(v) ASTM C1116 – Fibre Reinforced Concrete
(vi) ASTM C1140 – Test panels
(vii) ASTM C1141 – Admixtures
(viii) ASTM C1436 – Materials
(ix) ASTM C1604, ASTM C42, SANS 5865 – Beam and
core testing
(x) ASTM C1609, C1116 and C78 – Fibre Reinforced
Concrete Beams (note that ASTM C1018 was
withdrawn in 2006).
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Closing
In conclusion, it appears that sprayed concrete as a
permanent component of civil and mining engineering
structures has developed very far in gaining acceptance
among the owners, designers, and constructors of these
structures. A large amount of substantive work has been
done on the material properties aspects of sprayed concrete,
as is demonstrated by the wide selection of guidelines, codes
of practice, test methods, and publications that are available.
We can expect high confidence levels when it comes to preconstruction laboratory mix design and testing as well as onsite panel testing. Proven quality and control procedures have
been developed and strength testing methods and procedures
during construction are in place.
However, some inconsistencies still exist with the
verification of the sprayed concrete application process and
assessing the performance of the final product. Issues such as
applicable in situ testing methods and interpretation of the
results to arrive at higher confidence performance values for
structural capacity and long-term durability still need some
further work. Aspects that perhaps need further integration
include:
 Quantitive proof of consistency of application –
variations in the application density, porosity, and
permeability. Mechanixation increases such confidence
levels
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 Applicator performance – even in a mechanized
environment there will still be the need for an
experienced operator
 Use of batch plant records to prove consistency of
delivery and compliance with mix designs
 Type and frequency of strength and materials testing
during construction – balancing the need to prove the
work done without undue impact on construction
(excavation) production rates
 Long-term performance monitoring of the end product
 Linking all of the above together to yield definitive
durability validation procedures.
ITA WG 12 will attempt to expand on these issues in
collaboration with experts in this field and with the goal of
arriving at an integrated solution that can be applied with a
high level of confidence.
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INTERNATIONAL ACTIVITIES
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14–17 March 2016 — Diamonds still Sparkle 2016
Conference
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Fax: +27 11 838-5923/833-8156
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Fax: +27 11 838-5923/833-8156
E-mail: yolanda@saimm.co.za
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16–18 August 2016 — The Tenth International
Heavy Minerals Conference ‘Expanding the horizon’
Sun City, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
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12–14 September 2016 — 8th International
Symposium on Ground Support in Mining and
Underground Construction
Kulturens Hus – Conference & Congress, Luleå,
Sweden
Contact: Erling Nordlund
Tel: +46-920493535
Fax: +46-920491935
E-mail: erling.nordlund@ltu.se
Website: http://groundsupport2016.com
15–17 October 2016 — AMI Ferrous and Base
Metals Development Network Conference 2016
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
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1–3 August 2016 — Hydrometallurgy Conference
2016
‘Sustainability and the Environment’
in collaboration with MinProc and the Western Cape
Branch
Cape Town
Contact: Yolanda Ramokgadi
Tel: +27 11 834-1273/7

Company Affiliates
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AECOM SA (Pty) Ltd

Elbroc Mining Products (Pty) Ltd

Namakwa Sands (Pty) Ltd

AEL Mining Services Limited

Engineering and Project Company Ltd

New Concept Mining (Pty) Limited

Air Liquide (PTY) Ltd

eThekwini Municipality

Northam Platinum Ltd - Zondereinde

AMEC Mining and Metals

Exxaro Coal (Pty) Ltd

Osborn Engineered Products SA (Pty) Ltd

AMIRA International Africa (Pty) Ltd

Exxaro Resources Limited

ANDRITZ Delkor(Pty) Ltd

Fasken Martineau

Anglo Operations Ltd

FLSmidth Minerals (Pty) Ltd

Anglo Platinum Management
Services (Pty) Ltd

Fluor Daniel SA (Pty) Ltd

Anglogold Ashanti Ltd
Atlas Copco Holdings South
Africa (Pty) Limited

Outotec (RSA) (Proprietary) Limited
PANalytical (Pty) Ltd
Paterson and Cooke Consulting
Engineers (Pty) Ltd

Franki Africa (Pty) Ltd Johannesburg

Polysius A Division Of Thyssenkrupp
Industrial Solutions (Pty) Ltd

Fraser Alexander Group

Precious Metals Refiners
Rand Refinery Limited

Glencore

Redpath Mining (South Africa) (Pty) Ltd

Goba (Pty) Ltd

Aurecon South Africa (Pty) Ltd

Rosond (Pty) Ltd

Aveng Moolmans (Pty) Ltd

Hall Core Drilling (Pty) Ltd

Axis House (Pty) Ltd

Hatch (Pty) Ltd

Bafokeng Rasimone Platinum Mine

Herrenknecht AG

Barloworld Equipment -Mining

HPE Hydro Power Equipment (Pty) Ltd

Rustenburg Platinum Mines Limited

BASF Holdings SA (Pty) Ltd

Impala Platinum Limited

SAIEG

Bateman Minerals and Metals (Pty) Ltd

IMS Engineering (Pty) Ltd

Salene Mining (Pty) Ltd

BCL Limited

JENNMAR South Africa

Becker Mining (Pty) Ltd

Joy Global Inc. (Africa)

Sandvik Mining and Construction Delmas
(Pty) Ltd

BedRock Mining Support (Pty) Ltd

Leco Africa (Pty) Limited

Sandvik Mining and Construction
RSA(Pty) Ltd

Bell Equipment Company (Pty) Ltd

Longyear South Africa (Pty) Ltd

SANIRE

Blue Cube Systems (Pty) Ltd

Lonmin Plc

Sasol Mining(Pty) Ltd

Bluhm Burton Engineering (Pty) Ltd

Ludowici Africa

Scanmin Africa (Pty) Ltd

Blyvooruitzicht Gold Mining Company Ltd

Lull Storm Trading (PTY)Ltd T/A Wekaba
Engineering

Sebilo Resources (Pty) Ltd

Magnetech (Pty) Ltd

Senmin International (Pty) Ltd

Magotteaux(PTY) LTD

Shaft Sinkers (Pty) Limited

MBE Minerals SA Pty Ltd

Sibanye Gold (Pty) Ltd

MCC Contracts (Pty) Ltd

Smec SA

MDM Technical Africa (Pty) Ltd

SMS Siemag South Africa (Pty) Ltd

Metalock Industrial Services Africa (Pty)Ltd

SNC Lavalin (Pty) Ltd

Metorex Limited

Sound Mining Solutions (Pty) Ltd

BSC Resources
CAE Mining (Pty) Limited
Caledonia Mining Corporation
CDM Group
CGG Services SA
Chamber of Mines
Concor Mining
Concor Technicrete

Royal Bafokeng Platinum
Roymec Tecvhnologies (Pty) Ltd
Runge Pincock Minarco Limited

Metso Minerals (South Africa) (Pty) Ltd

Council for Geoscience Library

Minerals Operations Executive (Pty) Ltd

CSIR-Natural Resources and the
Environment

MineRP Holding (Pty) Ltd

SENET

South 32
SRK Consulting SA (Pty) Ltd
Technology Innovation Agency
Time Mining and Processing (Pty) Ltd

Department of Water Affairs and Forestry

Mintek

Deutsche Securities (Pty) Ltd

MIP Process Technologies

Digby Wells and Associates

Modular Mining Systems Africa (Pty) Ltd

Umgeni Water

Downer EDI Mining

MSA Group (Pty) Ltd

VBKOM Consulting Engineers

DRA Mineral Projects (Pty) Ltd

Multotec (Pty) Ltd

Webber Wentzel

DTP Mining

Murray and Roberts Cementation

Weir Minerals Africa

Duraset

Nalco Africa (Pty) Ltd

WorleyParsons (Pty) Ltd
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Ukwazi Mining Solutions (Pty) Ltd

 

      


  
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.
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