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Journal Comment
Life skills needed for the 4th industrial revolution

T

he annual SAIMM Student Colloquium that was scheduled
for October 2016 unfortunately had to be cancelled due to
the Fees must Fall disruptions that took place on just about
all the university campuses in South Africa. From these
student colloquia in the past, the best project presentations
were selected by the judges and published in the Student
Edition of the SAIMM Journal. When the Colloquium was
cancelled the Journal Editorial Committee decided that each of
the participating academic institutions would identify their
best student and make those papers available for publication
in the April 2017 Journal.
This Journal therefore now showcases the best students of
all the academic institutions that normally take part in the
SAIMM Student Colloquium, and includes contributions from
mining and metallurgy. Once again the topics covered were
very relevant and the papers of high quality. I want to echo
Vaugh Duke’s statement in a previous Journal Comment, that
we are on the right track in terms of developing our next
generation of mining practitioners.
The World Economic Forum (2016) published an article
written by Alex Gray (formative content January 2016), with
the title; ‘The 10 skills you need to thrive in the fourth
industrial revolution’, the fourth industry revolution being
based on the use of cyber-physical systems. The first, second,
and third industrial revolutions were based on mechanical
production equipment driven by water and steam power, on
mass production enabled by the division of labour and the use
of electrical energy, and on the use of electronics and IT to
further automate production, respectively.
My immediate reaction on reading this article was to
consider how we, as academic institutions, can adapt our
approach to teaching and learning so as to prepare our
students for coping in this new environment (with specific
reference to the developing of related skills). The ten skills
highlighted in the article were as follows:
® Complex problem-solving
® Critical thinking
® Creativity
® People management
® Coordinating with others (group work activities)
® Emotional intelligence
® Judgement and decision-making
® Service orientation
® Negotiating
® Cognitive flexibility.
In another article that was published in a local newspaper
in January 2017, the following were proposed as activities
that machines will not be able to do in future (obviously there
can be more). The number in brackets indicating the
importance of the skill mentioned (source: PwC):
®
®
®
®
®

L
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Creativity and innovation (4)
Leadership (3)
Emotional intelligence (5)
Adaptability (2)
Problem-solving (1).

  

In the article by Gray it is mentioned that by 2020 the
fourth industrial revolution will have brought us advanced
robotics and autonomous transport, artificial intelligence and
machine learning, advanced materials, biotechnology, and
genomics. So it comes to mind, how will we deal with this in
the future?
When considering all the skills mentioned as thriving in
the fourth industrial revolution it was no surprise that
complex problem-solving was the first item mentioned, and
incidentally also the one activity identified that would not be
replaced by machines. In the context of a student’s vacation
work project, several of the abovementioned activities feature
in terms of completing a successful project.
As academic institutions we now have to think differently
about the way we educate and teach the next generation of
mining practitioners (and in this context how to solve complex
problems). It is a recognized fact that whatever students are
being taught now will be obsolete in the next 5–10 years.
Specific skills such as complex problem-solving, critical
thinking, and creativity in terms of how we deal with
problems/challenges in our work environment will become
non-negotiable. Independent learning will be a skill that must
be acquired so as to be able to deal with the complexities
associated with the mining industry. In simple terms, students
need to be challenged to act beyond their comfort zones
sooner rather than later, and through this to become equipped
to challenge the norm.
In terms of the projects that students do on mines,
inquiry-based learning (IBL) becomes a crucial component in
completing a project successfully. IBL implies student
involvement that leads to understanding. This helps the
student to learn the content and key concepts and to gain a
deeper understanding of the problem to be solved. IBL
emphasizes constructivist ideas of learning, as well as the
ability to successfully apply that knowledge, and through this
engages the students in their own learning process. Through
this, students take more responsibility for:
® Determining what they need to learn
® Identifying resources and how best to learn from them,
and how to use the knowledge
® Using resources and reporting on their learning
® Learning to value and build on their prior knowledge.
It is my humble opinion that in the context of project
work, the abovementioned will not only enhance the quality
of learning and the implementation of solutions, but also
ensure a high quality and successful project. Creativity and
innovation are internal values and can be developed through a
properly structured awareness process.
If one considers the other skills mentioned earlier, more
than 50% of those relate to ‘people skills’. People
management, cooperating with others, service orientation, and
negotiation become key skills that one needs to successfully
engage in any problem or research project. There are always
other people that know more than you do, and your ability to
successfully engage with them is a key success factor to
continuously build on.

          

Journal Comment (continued)
To my mind the projects that are published in this edition
of the Journal must have included many of the attributes
mentioned above. It is therefore a very important requirement
that academic institutions include related skills-development
activities in the design of their curricula. Solving problems is
an acquired skill and obviously the more it is practised the
better you will become.
It has been stated that machines will not be able to solve
problems creatively and innovatively, will not have the ability
to be emotionally intelligent, be adaptable, and be leaders –
how comforting is that! There will, therefore, always be some
sort of human interface required. In an article by Kris
Hammond (Advisor Computerworld, October 2015), three
arguments are listed as to how machines and humans will
coexist in future. The arguments are quite fascinating and are
summarized as follow:
® Machines take our jobs, new jobs are created
® Machines take only some of our jobs
® Machines take our jobs, we design new machines

In the article the differences are explained in detail, but the
great conclusion is that there will always be a place for people,
but with a very important difference. People will have to
change and adapt to a new set of skills required to be
successful in the fourth industrial revolution. We as academic
institutions and related industries need to ensure that we are
also equipped to further help develop the skills required.
In conclusion, the mining industry is in dire need of the
next generation of innovative complex problem-solvers and
practitioners with the other skills mentioned. Here, academic
institutions and industry alike play a significant role in
ensuring that in future we will be able to deal with the
envisaged complexities in the mining industry. I hereby
commend and acknowledge the contributions made and that
are still going to be made by all the academic staff and other
industry role-players in achieving this goal.

R.C.W. Webber-Youngman
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A forward-looking Young Professionals
Council (YPC)
ʻIf you are planning for a year, grow rice; if you are
planning for a decade, grow trees; if you are planning
for a lifetime, grow people.. Chinese Proverb

T

he above variant of a Chinese proverb speaks directly to the Young Professionals Council (YPC), which is
one of the SAIMM’s strategic initiatives. It is a long-standing tradition of the SAIMM to dedicate the April
edition of the Journal to student papers selected for publication from the annual SAIMM Student
Colloquium. Last year we could not host the Student Colloquium due to the nationwide #FeesMustFall student
protests, which disrupted academic programmes in universities to varying degrees. Fortunately, most
universities managed to save the academic year and students were able to complete their final-year projects.
This special edition of the Journal presents final-year student project papers that were selected by the
respective university departments.
In the December 2016 edition of the Journal, I expressed my optimism for the year 2017. My optimism can
stretch way beyond 2017 when I consider the activities of the YPC. This year the SAMREC/SAMVAL Lecture
and the Young Professionals Conference were successfully organized by the YPC. The YPC will host a third
event, the Entrepreneurship in Mining Forum, later in the year, and their last event for the year will see a
return to the Student Colloquium. The organizational capacity of the YPC gives us the assurance that the future
of the Institute is in good hands.
Another positive development is the YPC’s Graduate Employment Database (GED), which enables the
Institute to connect unemployed graduates with work opportunities. Since its launch in 2015, about 300 active
SAIMM young graduate members have registered on the database and 13 advertisements have been circulated
to alert them to career, internship, or education opportunities.
The holistic development of young professionals is critical for the future of our Institute and the industry.
The SAIMM’s mentoring programme, which connects young professionals with experienced practitioners in a
one-to-one mentoring relationship, is in its second year of existence. Our programme has matched 82 protégés
to 64 mentors. This is a truly global programme because the registered participants are from different countries
including the UK and USA. This programme allows young professionals to build connections and develop into
future leaders of our mining industry.
The YPC has established itself as a valuable part of the Institute capable of delivering on SAIMM objectives.
It has, through its ex-officio representation on Council, injected fresh energy into the Institute.
The debate on free tertiary education is likely to continue this year. The SAIMM has always supported the
principle of making education accessible to students who may not have the financial means to meet all their
educational needs but who demonstrate the potential to do well academically. The SAIMM Scholarship Trust
Fund (STF) has contributed about R3 million towards the education of students in mining and metallurgy over
the last 12 years. This year we have committed a further R220 000 to this worthy cause. As you read this
edition of the Journal, please take note of the quality of students coming out of our universities, and imagine
the tragedy if any of the students featured in this issue were not able to graduate due to unpaid fees. I
therefore urge you to donate to the STF so that we can help students become young professionals, who as I
have pointed out, are the key to the future of the Institute. As with the Chinese proverb, let us join hands in
growing people as we plan for the long-term future of the Institute.

C. Musingwini
President, SAIMM
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The Wits School of Mining Engineering, which is celebrating 120 years of service to the
mining industry, is the seed from which the University of the Witwatersrand grew, and is now the
largest mining school in the English-speaking world.
‘The School of Mining Engineering is one of the leading schools in the world. Our academics
and students, supported by industry, are working together to shape the future of mining on the
continent and beyond’, said Professor Adam Habib, Wits Vice-Chancellor and Principal. ‘We are
researching cutting-edge deep-level mining techniques, developing new methods and systems to
ensure the safety and wellbeing of miners, researching new technologies in mechanized mining
systems, and working to ensure the sustainability and future of the mining industry so that it is
beneficial for all. We extend our congratulations to the School as it celebrates this momentous
milestone.’
According to the Head of the School, Professor Cuthbert Musingwini, the growth of the School
has taken place alongside a strong commitment to excellence – placing it as number one in Africa
and at 22nd position in the recent QS World University ranking of the world’s Top 50 minerals
and mining schools.
Graduates enter the world of work with qualifications that are internationally recognized in
terms of the Washington Accord agreement, he said.
In line with Wits University’s Vision 2022 strategy, which focuses on making Wits a researchintensive university, the School has boosted its postgraduate numbers to create a growing pool of
mining engineering researchers tackling both fundamental and applied research. The School
graduated seven doctoral students in 2015 and another five last year.
‘While most of the research conducted by students up to doctoral level tends to be
fundamental research, we have built considerable capacity for applied research through our
Centres of Excellence: the Centre for Mechanised Mining Systems and the Centre for Sustainability
in Mining and Industry’, said Professor Musingwini. ‘Leveraging our close links with the private
sector – among both mining companies and service providers – we equip these Centres to tackle
pressing issues facing the future of mining.’
Much of the School’s research has already been highly acclaimed in the ways that it has
advanced the sector. One of the most memorable intellectual breakthroughs was Wits alumnus
Danie Krige’s pioneering work applying insights in statistics to the valuation of new gold mines,
using a limited number of boreholes. The technique, which became known as ‘kriging’ after its
originator, helped improve ore evaluation techniques and reduced the financial risk of investing
in mining projects. Other contributions include: former senior lecturer Dr Gys Landman’s research
at Wits, which advanced stone-dusting technologies for the coal mining sector; past Head of
School Professor Fred Cawood’s research into mining tax, which helped refine the government’s
mine taxation and royalty formula; Professor Musingwini’s research, which led to the platinum
sector’s adoption of the short crosscut mining method; Professor Halil Yilmaz’s research on
developing standard testing of thin spray-on liners for supporting mine excavations; and
Professor Gordon Smith’s research on a strategic planning framework, which is being used by
some platinum mining companies.
To continue this proud research tradition, the School’s staff – which is today at full
complement – can boast three full professorships, three associate professorships, and four
National Research Foundation (NRF) rated researchers. Nine staff members are currently
registered for doctoral degrees.
‘Our competent and committed academic staff have ensured that we maintain firm
relationships with the mining sector’, said Professor Musingwini. ‘With the support of the Mining
Qualifications Authority and the Minerals Education Trust Fund, we have been able to appoint
and retain academics of the highest standard.’

120 years of excellence in service
to mining (continued)
The emphasis on research output has meant that output rates have improved markedly in
recent years, to reach almost 35 research output units in 2016 – making the School a leading
research entity in the Faculty of Engineering and the Built Environment at Wits.
Professor Ian Jandrell, Dean of the Faculty, points out that the School has always been seen
as a leader in all of its endeavours.
‘The School has effectively evolved from a training academy focusing on the very practical
needs of an emerging industry to serving a transforming industry, and to continually engaging in
world-leading research’, said Professor Jandrell. ‘It is not surprising that one of the 21st century
Institutes hosted by the Faculty is the Wits Mining Institute – a platform built on the
acknowledgement of the need for trans- and multidisciplinary research into mining as we reimagine this industry and its role in society.’
Jandrell emphasized that the ongoing and strong industry support for the School is clear
testament to its relevance to our city, our industry, and our economy. The School of Mining
Engineering is home to some of the highest-tech and cross-cutting research, making it a
tantalizing home for budding researchers from across the world.
‘We are deeply proud of the number of international researchers who choose this School, and
who add value through their international experience and expertise’, he added. ‘Nevertheless, the
School has never lost sight of its embeddedness in the South African landscape. This is a very
special School, and one that we hold dear in all our endeavours.’
The School’s contribution to industry is also reflected in the numerous leadership roles that
staff play in professional and industry bodies. Professor Musingwini is currently the President of
the Southern African Institute of Mining and Metallurgy, an august organization once headed by
the School’s Emeritus Professor Dick Stacey, the School’s Visiting Professor Nielen van der
Merwe, and the School’s Honourary Adjunct Professor John Cruise. Professor Cawood is a past
President of the Institute of Mine Surveyors of South Africa, and Visiting Professor Christina
Dohm chairs the Geostatistical Association of Southern Africa.
To view the 120th celebration video visit www.wits.ac.za
This summary was prepared by Sally Braham on behalf of: Prof Cuthbert Musingwini, Head of
the School of Mining Engineering at the University of the Witwatersrand
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Introduction of drill and blast utilizing
pneumatic rock-drills in a Rwandan
artisanal underground mine
by T.A. Sethu*, T.P. Letsebe*, L. Magwaza*, and
S.M. Rupprecht*
Paper written on project work carried out in partial fulfilment of BTech (Mining Engineering)
degree

)'*
The authors were tasked with introducing safe and efficient drilling and
blasting practices to a small artisanal mine located in the Eastern Province
of Rwanda. The current mining methods employed at the mine are
inefficient as rockbreaking is conducted utilizing hammer and chisel, or by
drilling and blasting with no understanding of the rockbreaking process.
The paper discusses the drill and blast cycle, as well as the associated
activities necessary to support the mining cycle. The challenges and
critical aspects in implementing drill and blast activities are discussed, as
well as some of the technical aspects, i.e. drilling pattern, initiation and
timing of the blast, and handling of misfires. Ancillary issues such as
ventilation, training, communication, effective planning, logistics, and
human relations are also examined.
-+0'&"
rockbreaking, drill and blast cycle, drilling pattern, blast timing, misfires,
artisanal mining.
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of the work, a number of drilling patterns and
cuts were investigated and a recommended
pattern for the 1.2 m by 1.5 m raise was
established. As part of the implementation
process a time study was conducted of the
development-related work cycle from the entry
examination to the initiation of the
development end.
The challenges that arose with dry drilling
in the schist and mica-quartz rock, as well as
the issues of dust and ventilation, are
discussed. The paper highlights the challenges
and importance of the use of direction and
grade lines, proper blast-hole marking and
drilling, and the use of the burn cut.
As part of the implementation programme,
the actual cost of development was
established, thereby allowing future mine

* University of Johannesburg, South Africa.
© The Southern African Institute of Mining and
Metallurgy, 2017. ISSN 2225-6253. Paper received
Jan. 2017.
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Rockbreaking accounts for 60% of the direct
mining costs in small-scale mining. When
drilling and blasting practices are poorly
implemented the process becomes inefficient
and dangerous. The introduction of a proven
drill and blast system to artisanal mining
offers a number of challenges, with safety
being considered the backbone of any
sustainable operation and a standard that
cannot be compromised.
The paper is based on a project at an
artisanal cassiterite (tin) mining operation in a
small village in the Kayonza District in the
Eastern Province of Rwanda. A drill and blast
programme utilizing industry best practice was
introduced at an underground development
end; a raise developed at an inclination of 23
degrees. The underground working is accessed
via a 17 degree incline shaft with an operating
length of 105 m and serviced by a single drum
winder. The winder operates at a speed of
about 3.5 m/min hoisting two 1 t wagons from
the bottom of the incline to surface for tipping
(Figure 1).
The drill and blast programme was
implemented over a three-week period. As part

Introduction of drill and blast utilizing pneumatic rock-drills
plans to include accurate estimations of the cost of smallscale development activities. Recommendations are made for
further work to ensure that the drilling and blasting
operations remain safe and are conducted as efficiently as
possible.

 '+,',0'& ,
The initial scope of work for the team of mining diplomates
(National Higher Diploma in Mining Engineering) from the
University of Johannesburg was to assist with the implementation of drilling and blasting in one of the underground
workings on the mine. The raise was selected as high-priority
development end, as the raise was urgently required to (1) to
provide a second egress for workers in the G1 gallery and B1
stope and (2) improve the ventilation of both working places,
as all workings were dependent upon natural ventilation and
the use of compressed air for ventilation.
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The incline shaft and horizontal haulage are equipped with a
set of rails that needs to be rehabilitated, and in some
sections replaced. The initial installation of the rail lacks
sufficient sleepers and ballast, with many rail joints
(fishplates) incorrectly connected. Rail switches need to be
either removed or replaced; no switches were found in good
working order within the underground workings. The tracks
should be properly graded and reinstalled on line and grade.
The drill-related equipment is old and the rock-drills,
pusher legs, and lubricators all require replacing. It was
pointed out to the mine management that the use of
hydraulic oil as a lubricant is poor practice—hydraulic oil is
not intended to be used for pneumatic rock-drilling as it
expands as it heats up, causing damage to the lubricators and
the rock-drill and pusher leg seals. Taper rods (1.2 m) are in
short supply with only two taper rods available for the
development.

1%&&+)#,"&*((*)!,$)",($#*)!,&$ #* +
Currently, incline and tunnel development is through the use
of pneumatic rock-drills (without air legs). The initial incline
development work appears to have been excavated and
supported in a reasonable manner. The final 30 m of
development in the horizontal haulage was poorly developed
by contractors. The tunnel was not excavated straight, nor
blasted to the intended width or height, with a blasting
advance of the order of 0.50 m.
Flat end development is blasted utilizing six to nine blastholes without creating a free-breaking point, i.e. no wedge or
burn cut. Smaller ends are blasted utilizing four or fewer
blast-holes. Holes are charged with a single 25 mm cartridge
of emulsion (SuperPower90) and three 100 g cartridges of
ammonium nitrate (ANFO). Each blast-hole is charged
utilizing a capped fuse with the miner required to cut the
safety fuse and secure the blasting cap to the end of the fuse.
No ignition cord is utilized, the timing of the round being a
function of the fuse length and the order of initiation of the
fuses. No blast procedures appear to be in place other than
strict control of the explosive issued by the ‘magazine
master’. All explosives are stored in the basement beneath
the mine offices.

$(( $(+,"++('+)#,*)*)!
The plan to transform the current ‘artisanal’ development
practices into ’small-scale’ development focused on the proper
marking and drilling of the blast-holes and the proper
charging and timing of the blast round. The initial
development blast pattern for the 1.2 m by 1.5 m raise was
based on a 15 blast-hole pattern. Based on the rock
conditions and observed fragmentation the blast round was
modified to a 13-hole pattern. Subsequently, the 5-hole burn
cut was reduced to a 4-hole burn cut (Figures 2 and 3) with
no adverse effects on the blast advance or fragmentation.
During this period the local foreman was identified as
‘champion’ and was trained in the marking-off of the
development round, taking line and grade, the proper
methodology of charging the blast-holes, and the correct
sequencing (timing) of the blast-holes utilizing safety fuses.
The supply of service water for dust allaying purposes
posed a problem for the initial 10 days of the implementation
programme until a storage tank was installed on surface and
used to gravity-feed water to the rock-drill. The availability of
qualified rock-drill operators remained a problem throughout
the training period; however, 15 workers were subsequently
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trained on a week-long course provided by Atlas Copco. The
biggest hurdle, and one which still remains, is the concept of
creating a free-breaking face through the use of a burn cut.
When left unsupervised the miner would attempt to charge
the ‘free hole’ or do away with the burn cut completely.
Figure 4 depicts the total time for load and haul activities
based on the time study results shown in Table I. The
analysis of the data highlights the following issues that
affected the overall efficiency of the load and haul cycle.
® There was not a dedicated crew for cleaning, hence
there was a variation in the time taken to fill the
wagons
® The shovels used were of poor quality
® The rails were not installed to standard, which led to
wagon derailments. Insufficient sleepers were used to
support and maintain the gauge of the track; material
was allowed to accumulate between the rails resulting
in the wheels of the wagons running on the dirt rather
than the rail; fishplates were often missing or
improperly installed, allowing for large gaps between
the rail and an uneven elevation of the rail. All these
factors, as well as others, contributed to the
derailments

® The tipping area on surface was too small, necessitating the wagons to be partly offloaded utilizing
shovels
® The absence of proper equipment extended the period
of the entry examination; for example, no barring tools
were available, which led to either no barring being
done or barring utilizing a 2 kg hammer. The mine had
no procedure in place for removing misfires (scraper
wire), which resulted in delays in removing misfires
and the dangerous practice of utilizing a hammer and
chisel to remove misfires.
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Figure 5 depicts the total time for the drill and blast
activity over a 15-day period, based on the time study results
presented in Table II. The drill and blast cycle was also
delayed due to many contributing factors, which include the
following.
® The lack of a dedicated rock-drill operator, which
resulted in the miner conducting the drilling on his
own. The University of Johannesburg team also
assisted with drilling operations on numerous
occasions due to a lack of a drill operator
® The rock-drill machines were not serviced regularly
and therefore did not operate efficiently, i.e. over-use
of hydraulic oil (incorrect lubricant), inability to receive
water for dust supression due to damaged water
connections on the drill
® There was a shortage of drill steel and drill bits. When
the drill steel became stuck in the face, time was
wasted in finding additional drill steel and bits to
continue drilling, and in two instances blasting had to
take place with the round being only partially drilled as
there was no drill steel to complete the development
round
® There were numerous leakages in the service columns,
which had a direct impact on the efficiency of the
drilling. In addition, the compressed air column
reduced from 75 mm to 50 mm in diameter, which also
affected the compressed air pressure. One day was lost
when the compressed air column collapsed in the
haulage due to incorrect suspension of the column
® The lack of skilled drill operators impacted directly on
the drilling cycle and at times led to drill steel becoming
stuck in the face. In addition, the only available drill
operator worked at a nearby (1.5 km away) surface
operation as a supervisor, which often led to
unnecessary delays in the commencement of drilling
activities
® Delays were also experienced due to a shortage of, or
delay in the delivery of, fuel (diesel) to operate the
compressor, as well as a shortage of hydraulic oil.
The following factors were determined as influencing the
advance (Figure 6) of the development round:
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® The blast-holes were not drilled to the full length of the
jumper, which slowed the rate of advance
® The lack of knowledge of grade and direction lines by
the rock-drill operator caused holes to be drilled offline
® The change from the 5-hole burn cut to a 4-hole burn
saved explosives and increased the size of the
fragmentation, but had no effect on the rate of advance
® The schist absorbed the majority of the blast energy,
therefore in cases when the dip of the raise needed to
be increased, additional holes were required to ensure
the full break of the top blast-holes
® The intersecting of mica quartzite made chiselling
redundant .
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The underground working is accessed using an incline shaft
at an angle of approximately 17 degrees spanning a distance
of 105 m, with a horizontal haulage having planned
dimensions of 2 m by 2.5 m. The haulage continues
horizontally for 130 m with crosscuts developed on
cassiterite veins along the haulage; from vein no. 4 to vein
no. 10. The gallery is not equipped with a mechanized
ventilation system, i.e. no ventilation fans or columns to
provide air. During the time of the project, the no. 4 vein
stope and raise, which had holed through to surface, was
used to provide fresh air to the underground workings. The
natural ventilation, however, becomes less effective with the
increasing distance in the haulage.
Natural ventilation is the only means of suppressing the
dust that is generated by the dry drilling and blasting. The
lack of ventilation created a dusty environment and
necessitated the use of dusk masks during drilling
operations. A fan is planned to be purchased, but to date has
not been procured. In the interim, the holing of the
development of the raise into the B1 stope will temporarily
improve the ventilation conditions by providing fresh air to
the gallery, as well as provide a secondary or emergency
escape route.
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The load and haul cycle commences at the beginning of the
working shift. Two 1 t wagons are used to clean the blasted
rock. A tramming crew comprising four workers (cleaning
crew) pushes the wagons from the tipping point to the shaft
entrance, where the wagons are connected to the winch rope
and sent down the incline at a speed of 3.5 m/min. Once the
wagons reach the bottom of the incline they are uncoupled
from the winder rope and pushed by hand to the working
place by the cleaning crew. The cleaning crew then loads the
blasted material into the wagons using hand shovels. The

loaded wagons are pushed to the bottom of the incline,
where they are coupled together and connected to the
winding rope. The winch operator is then instructed to start
the winch and the wagons are hauled to the top of the incline
shaft. Once on surface, the cleaning crew disconnects the
wagons, pushes them to the tipping point, and unloads the
material to either the ore tipping point or the waste tipping
point.
One-ton wagons are used for cleaning ends in the incline.
A time study conducted on the loading and hauling of the
development rock indicated an average cycle time of 110
minutes using two 1 t wagons for cleaning a 1.2 by 1.5 m
raise. For the entire cleaning cycle two trips (four wagons)
are required to clean the 1.5 m by 1.2 m end, requiring a
total of 181 minutes (Table III).

.+&$#*)!, '#
Explosives costs (Table IV) are based on the June 2016 cost
from suppliers in Uganda and include transport costs from
Uganda and within Rwanda, as well as import duties of 34%.
Explosive costs equate to US$2.76 per charged blast-hole
(US$56.95 per metre). No estimate has been made for
spillage, misfires, or other wastage.
Compressed air costs are estimated on an average of 3.0
hours to drill 12 blast-holes and based on a compressor fuel
consumption rate of 6.84 litres of diesel per hour at a fuel
cost of US$1.19 per litre. Lubricating oil is based on a
consumption of 0.25 litres of hydraulic oil per working face.
One litre of hydraulic oil retails at US$4.87. Drill bit
consumption is based on an average bit life of four weeks
and a drill bit cost of US$23.36.
Labour requirements are based on a single working shift
consisting of a miner, foreman, driller, four cleaners, and a
quarter (¼) salary for the incline winch operator. Salaries
used to estimate labour costs are based on June 2016 rates.
Labour equates to US$885 per month or US$44.21 per
developed metre.

Table III
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The operating costs of US116 per metre for a 1.2 m by
1.5 m development end is shown in Table V and is based on
actual operating costs as experienced during trial mining in
June and July, 2016. A contingency of 15% has been applied
to cover unbudgeted costs. Operating costs are based on
single shift/blast mining activities with no night shift
cleaning. It should be noted that the potential does exist for
two blasts per shift, which was achieved on one of the
working shifts during the project.

1$*#$(,++)"*#%&+
Prior to trial mining, five rock-drills, pusher legs, and
assorted tapper rods and drill bits (41 mm) were purchased
from Atlas Copco for a cost of US$57 000 (excluding any
duties). As part of the trial mining programme, air (25 mm)
and water (19 mm) columns were ordered but due to cash
constraints were not purchased.
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Safety in any mining operation is a prerequisite and a nonnegotiable standard that cannot be compromised in any way.
The underground mining is currently carried out by contract
miners. The mining operations are adversely affected by a
lack of a skilled management and labour, outdated and
poorly maintained equipment, air and water services, and
inadequate logistics system.
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The shortage of a skilled workforce is aggravated by the
use of contract mining. There is minimal transfer of
knowledge and skills to the company employees, as the
motivating force behind the mining operation is production.
Thus, all work conducted is based on the immediate
realization of production and decisions are made to support
current production with no consideration to medium- or longterm requirements.
Another key challenge for the company is the lack of
well-trained and competent rock-drill operators. The company
does not have training facilities where it can train its
employees and ensure that they are competent in their area of
work. Mining is mostly conducted on economic veins using
traditional chisel and hammer techniques, an artisanal
mining system that is not efficient.
The transition from chiselling to the use of pneumatic
hand-held rock-drills is a major challenge, as the rock-drill
operators are accustomed to drilling few blast holes, general
three to five holes. The new system introduced involves
creating a free-breaking point utilizing a four-hole burn cut
as well as easers and sides holes, thus some 12 blast-holes
are drilled to a 1.2 m length. The pneumatic rock-drill is
powered using a mobile compressor unit that consumes an
average of 6 litres of diesel per hour, which is not always
readily available with the gallery often restricted to 20 litres
per day, i.e. just enough for a specific shift. The lack of
          

Introduction of drill and blast utilizing pneumatic rock-drills
adequately trained rock-drill operators adds to the drilling
time, thus increasing diesel consumption. The poor condition
of the rock-drills and air legs further adds to the delay in
drilling, as well as to the excessive consumption of
lubricating oil. The concept of a blasting design with a freebreaking point in development ends is foreign to the
workforce; an example of this is the charging crew wanting to
charge all of the holes in the burn cut. The other pressing
issue is the lack of equipment and tools for dealing with any
misfires on the development face. There is a need to obtain
tools such as a two-way blowpipe, an approved scraper wire,
socket plugs, and approved explosive transportation bags for
explosives and accessories.
Environmental conditions are not ideal, as the water
services are inadequate with water being supplied on surface
via a small tanks filled by a water tanker truck on request.
Thus, dry drilling is often conducted, thereby causing the
work area to be inundated by dust. The mine requires a
proper water delivery system and ventilation system, as the
current water pipes are small and old and no ventilation fan
is available. Similarly, the compressed air system requires an
upgrade, as the compressed air column is too small (50 mm
diameter) and suffers from numerous leaks which reduce the
efficiency of the system.
From a material handling point of view, the trackbound
wagons operate on a track system that is neither maintained
nor serviced. The rail has unnecessary bends with a
significant portion of the trackwork unsupported by sleepers.
The installation and maintenance of the trackwork is of a
poor quality and consequently derailments are an issue.
There are no stopping devices to arrest runaways in the
incline or haulage.
The labour issue is further exacerbated by the lack of
planning, leadership, organization, and an effective
management system.

of explosives. The drilling equipment employed is old and
required regular repairs, as did the compressed air column
installed in the incline shaft. Explosive accessories, such as
two-way blowpipes, scrape wire, charging stick, and pinch
bar were either inadequate or nonexistent. Management of
the development process was deficient in planning and
generally the organization was poor. Blasting standards were
found to be nonexistent, with no understanding of the risks
associated with the drill and blasting process.
Based on the three-week trial development programme it
is recommended that mine management conduct a monthly
planning and production meeting with a breakdown of the
objectives, stipulating outcomes and targets set for the
month. Through effective planning, all the required
consumable materials (exception) could be delivered to the
shaft office at the commencement of each week, thus
reducing the delays currently being experienced. Delivery of
the explosive should be confirmed on a daily basis with the
explosives delivered at a set time, for example 11 am, which
is the general time that drilling commences. Regular training
sessions should be held so that employees are updated on
best practices for drilling and blasting. In order to transform
the incline shaft to small-scale mining, equipment, and
spares are required to be purchased from reputable suppliers
and installed. These include columns for compressed air,
water, and ventilation; new track and tipping facilities;
equipment for explosives, such as scraper-wires, two-way
blowpipes, and charging-sticks. The initiation system should
be upgraded to at least a fuse and ignition cord system.
Dedicated people must be selected for the key positions of
miner, foreman, and rock-drill operator. Currently,
management continues to move personnel on a regular basis,
which means that continuity of the training programme is
lost and untrained personnel introduced into the high-risk
operation of drilling and blasting.
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Several challenges were encountered during the project.
Critical issues encountered included the lack of service water,
human resources in regard to a dedicated miner and rockdrill operator, regular supply of consumables such as diesel
(compressor) and lubricating oil, and the timeous delivery
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An investigation into the fragmentation
of blasted rock at Gomes Sand
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® Benchmarking the fragmentation
consistency of the blasted rock using
current blast design and practices
® Analysing the throughput of the
crushing plant
® Investigating the power consumption of
the crushing plant and determine if a
change in blasting practices will affect
this
® Evaluating the hours spent by the
hydraulic hammer on secondary
breaking.

",-%.1.
Gomes Sand is a quarry operation that produces sand and aggregate for
the construction industry. The quarry is experiencing inconsistencies in
the fragmentation and poor pit conditions as a result of poor drilling and
blasting practices. This results in excessive downtime in the load and haul
and crushing processes.
A benchmarking exercise of the blasting practices was conducted to
evaluate the effect of the inconsistency on the mining cycle. After changes
in the blasting practices the downtime was reduced, which improved the
crushing plant utilization by 4.9%. The improved blasting practices and
more consistent fragmentation decreased the average number of loads lost
each month due to jaw crusher blockages from 9.2% to 3.9% of plant
throughput. The change in blasting practices also improved pit conditions.
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drilling, electronic delay detonators, blasting practices, fragmentation,
communition, crusher throughput.
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Gomes Sand is a quarry operation that has
been in operation since 2009, producing sand
and stone for the construction industry. The
quarry was experiencing unacceptable blasting
results. The repercussions included uneven pit
floors, large amounts of oversize rock (>500
mm), and inconsistent fragmentation.
The blast results affected the load and
haul operations as well as the efficiency of the
crusher. This resulted in downtime in the daily
operations, and consequent production and
revenue losses.
The crusher product should have a top size
of 50 mm. A blast fragmentation of <50 mm
would improve the downstream operations
and the crusher throughput.
An investigation into the blasting practises
was carried out to assess whether the
downstream delays can be eliminated by
improving the blast results. The exercise
included:

          

® Fragmentation analysis of the blasted
muckpile
® Throughput rate of the crushing plant
by means of a time study
® Power consumption of the primary
crusher, using the Bond Work Index and
applying this to the blasted material.
Owing to time constraints, the results of
previous blasting practices were based on data
captured previously by Gomes Sand.
The hours spent by the hydraulic hammer
on secondary breaking were evaluated and
compared to the quantity of material blasted

* University of Pretoria.
© The Southern African Institute of Mining and
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® Assessing if the designed blast layout is
adhered to on the bench
® Observing the quality and control of
drilling
® Observing the charging procedure of the
blast-holes

A number of site visits were made to
determine whether the blast layout on the
bench correlates with the designed layout. The
burden and spacing of the blast-holes was
measured against the design. The depth of the
blast-holes was measured to determine if the
blast-holes were being drilled to the correct
elevation.
The following measurements were taken
after implementation of the recommended
changes in the blasting practices to determine
the effect on fragmentation and overall blast
performance:

An investigation into the fragmentation of blasted rock at Gomes Sand
(in bank cubic metres). The lower this value, the less time the
excavator would have spent removing oversize (>500 mm)
from the muckpile. This will also be an indication of the
probability of oversize blocking the primary crusher.

/*)2-+,'
In the mining and mineral beneficiation industry, size
reduction of the as-mined material is necessary in order to
recover the valuable minerals contained in the ore. In many
mining operations blasting is the primary means of size
reduction; if this can be done adequately it will have a major
effect on the efficiencies of downstream processes. There are
many factors in the blasting procedure that can be modified
in order improve the blast result.

!"  "
Drilling is the first step in the blasting cycle and can have the
biggest influence on the cost of mining (University of
Pretoria, 2014). Precise control needs to be exerted over the
drilling practices, as this will have a major effect on the
overall blast results. Blast-holes should not be under- or
over-drilled, as this may result in hollows or toes developed
in the bench below. This will cause uneven floors in the pit
and affect the fragmentation of the collar zone when blasting
the underlying bench (Chiappetta, 2014 ). According to
Chiappetta, poor drilling practices account for 50% of issues
causing unacceptable blast results.
Blast-holes are laid out on a bench in a sequential pattern
in relation to the face of the bench. The hole can be drilled in

either a square or a staggered pattern. A square pattern
(Figure 1) will provide straight edges on the newly formed
highwall. The pattern allows for easier drilling conditions as
the drill rig moves in straight parallel lines. The shock wave
from each blast-hole will overlap in between the rows but
there will be less coverage in the centre of every group of four
holes, as shown in the figure (AEL Mining Services, 2014).
Drilling the blast-holes in a staggered pattern (Figure 2)
results in a better distribution of the explosive energy into the
rock mass, which delivers better fragmentation. The pattern
allows for better overlap of the shock waves from each blasthole. The staggered pattern may result in stepped edges of
the new highwall; to eliminate this, additional blast-holes
may be needed. Drilling the holes in this pattern may present
difficulties for the drilling rig to manoeuvre on the bench
(AEL Mining Services, 2014).
The blast-holes can be drilled either vertically or at an
angle. If the face that is to be blasted lies with a dip and the
blast-holes are drilled vertically there will some variation in
the burden. The hole might be moved closer to the crest of
the bench to prevent the toes from being overburdened but
this will mean that at the top of the blast-holes the burden
will be too small. This will result in high levels of air-blast,
noise, and flyrock (Xtract Training Services, 2015).
Drilling the holes at the inclination of the dip of the bench
face will overcome the tough toe conditions. The burden will
then have a more uniform distance throughout the blast-hole
length. The inclined holes will result in a more effective use
of the explosive energy. This gives improved fragmentation
and reduces the amount of rock in the stemming region of the
blast-hole, where boulders are often formed (Xtract Training
Services, 2015).

 "
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Prior to charging, the blast-hole depth should be measured.
This will establish whether the bottom of the hole is at the
same elevation as when drilled (the column has not collapsed
or the hole has not filled up with dirt) and how much
explosive should be pumped into the blast-hole.
When pumping the bulk explosives into the blast-hole,
consideration must be given as to whether the blast-hole is
dry or contains water. Water ingressing into the blast-hole
deposits a certain amount of slime, which accumulates at the
bottom of the hole forming a column of mud. When charging
a wet hole the charge lance must be pushed down the blasthole to the bottom of the water, but not into the mud column.
If the charging lance is pushed into the mud column this will
cause contamination of the explosives with the mud and thus
affect the performance of the explosives. Provided the
explosive chosen is denser than water, such as emulsion or
an emulsion blend, the explosives will displace the water.
This eliminates any pockets of water that can cause
separation within the explosives column (Chiappetta, 2014).
Separation of the explosive in the blast-hole can still arise if
the charging lance is pulled out of the blast-hole too quickly.

! "! 
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One of the most important aspects of the blast is the
stemming design. Stemming is material such as drill
chippings or aggregate that serves to block the explosives
column and contain the blast energy within the blast-hole for
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Until the turn of the century pyrotechnic delay detonators
were a common choice to initiate the blasting sequences.
With pyrotechnic delay detonators the timing sequence in
which blast-holes can be detonated is fixed. Each down-line
on the detonator has a specific time delay due to the speed of
the burning front, and likewise with the detonator itself.
Hence with pyrotechnic initiating systems there is very little
opportunity to modify the timing of a blast initiation
sequence.
The accuracy of the time delays is also unpredictable due
to the inherent scatter of the timing, which can cause out-ofsequence firing. The scatter in the timing is caused by
deviations in the intended timing delays. These deviations
could lead to overlaps in the firing sequence of the
detonators.
Figure 3 shows the firing sequence of three sequential
timing delays in a three-hole blast. Plotting the nominal
firing times of a detonator about the mean firing time
produces a normal distribution curve for the detonators. The
top graph shows the ideal firing sequence of the detonators,
where they each fire individually. If the standard deviation
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deteriorates from the specified standard deviation, the curve
grows wider and flattens as shown in the middle graph.
There is an increased probability of the first detonator firing
late and the second detonator firing early. The firing
sequence of the detonators is still in the correct order but
with little delay between each detonation. This phenomenon
is termed ‘crowding’. Crowding can reduce the throw of the
muckpile, causing it to be tighter, and increase flyrock and
ground vibrations.
If the standard deviation of the detonators firing times
were to deteriorate further, there is a chance that detonator
two would fire early, before detonator one and detonator one
fire late (bottom graph). This overlap in the firing sequence
can result in coarser fragmentation, increased flyrock, ground
vibrations, and air-blast, and the production of toes.

 
The electronic delay detonator makes use of an electrical
current to set off the detonation. The initiation system
comprises blast box, a handheld tagger, two-core electrical
trunk line, downline wires, and the electronic delay
detonator.
The detonator consists of a microchip, a capacitor, a fuse
head, and the explosives. The use of the microchip allows the
tagger to assign each detonator a specific and independent
firing time. When the detonator receives the programming
signal, the capacitor stores the energy until the firing time.
The capacitor then ignites the fuse head to detonate the
explosives. This system eliminates the possibility of initiator
lines being cut during the blast due to flyrock, as is
commonly experienced with the pyrotechnic initiation system.
The detonators are designed to be intrinsically safe, since
only a specific frequency and current sent from the blast box
will fire a detonator (Hand, 2010).
Since each detonator is assigned a specific firing time
there is a great deal of flexibility in the timing contours of the
blast. Thus the correct timing contours and time delays can
be designed to suit the geology and profile of a face. With the
use of electronic delay detonators, blast results are now
repeatable, unlike with pyrotechnic initiation. This advantage
of the electronic delay detonators has conferred many
additional benefits on the mining industry.
Electronic delay detonators have a scatter or timing error
of only 0.01% of the programmed delay, compared with of up
to 10% in pyrotechnic initiating systems (African Explosives
Limited, Electric Initiating Systems). The scatter will result in
a rough timing contour, which means there is not uniform
fragmentation of the blast. Provided that all other blast
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a few extra milliseconds. This maintains the peak pressure in
the rock mass for slightly longer; hence it will improve
fragmentation and the heave of the muck pile (University of
Pretoria, 2014). The correct stemming length will depend on
the size of the blast-hole, the type of stemming material, and
the rock mass properties. Reduction of the stemming length
may improve the breakage of the rock in the collar zone of
the blast-hole but will have an adverse effect on the overall
fragmentation of the blast. This is because a shorter
stemming length allows the explosive energy and gas to
escape more easily, and thus it is not directed into the rock
mass. A reduction in stemming length can cause more
flyrock, noise, and air-blast.
The correct size for stemming material is considered to be
10–15% of the blast-hole diameter. The length of the
stemming by rule of thumb is 20–30 times the hole diameter
when using aggregate—due to the good interlocking
properties of the aggregate—and 30–40 times the hole
diameter when using drill chippings (University of Pretoria,
2014).
To maintain the peak pressure in the blast-hole and
reduce stemming ejection, stemming plugs have been
developed such as the Rocklock system. The use of such
systems allows explosives to be loaded higher in the blasthole, as the stemming length may be reduced. The stemming
plugs help to reduce the risk of flyrock. The stemming plug is
simply placed on top of the explosives and the stemming
material on top of the plug. The plug also helps to prevent
contamination of the stemming material with the explosives,
which would have an effect on the blast performance.
The Rocklock plug is a plastic sphere that is partially
filled with stemming material. Upon detonation the plastic
flexes outwards and locks onto the sidewalls of the blasthole. This creates a gas-impermeable layer that prevents the
stemming from ejecting (Aggregates and Mining Today,
2010).

An investigation into the fragmentation of blasted rock at Gomes Sand
parameters are correct, the use of electronic delay detonators
will deliver a consistent fragmentation size. This improved
fragmentation can result in better feed rates into the primary
crusher, less oversize production and hence less secondary
breaking required, and improved bucket fill factors and
loading rates. By using the correct timing sequence for the
specific block of ground to be blasted, the burden and spacing
of the drill pattern can be increased. This means less drilling
and explosives is needed for blasting the same volume of
rock. Thus the system may offer an overall saving to the
mine (Hand, 2010).
An added benefit of the unique timing sequences that can
be set up with the system is single-hole firing, which can be
practised in environment sensitive areas. Hence the mass of
explosives detonated per delay can be controlled, and this in
turn will reduce the ground and air vibrations.

!! 
The law of conservation of energy states that energy can
neither be created nor destroyed; it is simply converted into
another form. By applying this law to the energy available in
a blast-hole due to explosives; the more energy that can be
channelled from the explosives into breaking the rock, the
less is available to create air-blast and ground vibrations
(Chiappetta, 2014).
In the production of rock for the purpose of aggregate
manufacturing, one of the key aspects is to fragment the rock
in manageable sizes that will minimize downstream
processing costs. Hence when designing a blast, it is
imperative to take the required fragmentation in the
downstream processes into account.
Cunningham developed the Kuz-Ram empirical model in
the 1980s to determine the mean fragmentation size of a
blast.
[1]

= mean particle size, cm (50% passing)
= rock factor (varying between 0.8 and 22,
depending on hardness and structure)
K
= powder factor kg/m3
Q
= mass of explosive in the hole (kg) – above grade
RWS = weight strength relative to ANFO, 115 being the
RWS of TNT (Cunningham, 2005).
When using empirical modelling to determine a blast’s
fragmentation, one must bear in mind the limitations of the
process. The model states that an increase in energy will
result in a finer fragmentation throughout the distribution of
material. However, this may not be true in all real-life
situations. Other factors that the model does not take into
account are:
Rock properties and structure
Dimensions of the blast block
Bench height and stemming relationship
Timing and the accuracy of the timing
Velocity of detonation of the explosives
Whether decking is used in the blast-hole
The condition of the sides of the blast block, which
would have been affected by previous blasting
(Cunningham, 2005).
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Time needed to remove oversize from the muckpile
Inefficient loading operations
Possible damage to load and haul operations
More wear on load and haul equipment
Increased wear and tear and jamming of crushers
Secondary breaking costs (Singh and Narendrula,
2010)

Oversize may occur for several reasons:

 
® Oversize generated due to a blocky seam that runs
through the bench
® Oversize from conglomerate boulders that are
embedded in the rock mass
® Joint and structural discontinuities that allow blast
gases to escape.


® Deviations in the blast-holes will cause the burden and
spacing to change. This will ultimately change the
intended blast design
® Uneven burden and spacing will produce oversize.



where
Xm
A

®
®
®
®
®
®
®

""  
Oversize can be regarded as any fragmentation size produced
by blasting that is too large for handling by the mine’s
standard equipment. It can also be regarded as material that
requires secondary breaking before it can be handled.
Different operations have different definitions of what
constitutes oversize, since the requirements vary according to
the site and equipment selection (Singh and Narendrula,
2010).
The optimal fragmentation size would be one that results
in the best productivity and lowest costs when being loaded,
hauled and processed. Oversize can have many implications
for a mining operation such as:
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® Blast-holes must be charged correctly and with the
correct charge mass per hole
® The blast-holes must be initiated in the correct
sequence
® A misfire can lead to oversize being produced.

   
® Collar zone—there is no explosive in this region of the
blast-hole, as it is filled with stemming material. For
this reason fragmentation can be limited
® Free face—an uneven face burden produced when rows
from the previous blast did not blast correctly.
® Toe and sub-grade zone –
• Blast-holes are drilled to the incorrect depth
• The charge of the explosive mass at the bottom of the
blast-hole is incorrect, causes a reduction of available
energy.
(Singh and Narendrula, 2010).
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When processing blasted rock the effects of blasting on the
fragmentation must be considered. The first aspect that must
          

An investigation into the fragmentation of blasted rock at Gomes Sand
be considered is the more commonly understood size distribution of the blasted fragments. Fragment size plays an
important role in the crushing and grinding processes. Coarse
material will reduce a crusher’s throughput and cause
downtime due to blockages. The size distribution of the feed
material to the primary crusher will affect the overall plant
efficiency. Poor feed material may increase the load on the
secondary crushers, as there may be less fines that can
bypass the crushing circuit (Workman and Eloranta, 2013).
The next effect of blasting that must be considered is
crack development in the blasted fragments. During the
blasting process macro- and microfractures develop in the
rock mass. Microfractures develop around mineral grains.
The development of microfractures ‘softens’ the material,
allowing it to break more easily. This is also beneficial to
production, and reduces energy consumption and wear
(Workman and Eloranta, 2013).
Due to the above factors, consideration must be given to
how the product of the blast will affect processing.
To determine the crushing and grinding efficiencies of
blasted material two factors must be investigated, one being
plant production and the other the energy consumption of the
crushing and grinding equipment (Workman and Eloranta,
2013).
A theory of communition was developed by Bond in
1952. The theory provides a basis to estimate the energy
required to reduce an 80% passing feed size to an 80%
passing product size.
The equation developed by Bond is as follows:

Bench height
Hole diameter
Stemming length
Stemming material
Charge length (above grade)
Powder factor (theoretical)
Burden:spacing ratio
Burden
Spacing
Sub-drill
Initiator type
Burden delay timing
Spacing delay timing
Drill pattern
Hole angle

6.5 m
89 mm
2.2 m
9.5 mm aggregate
4.3 m
1.2 kg/m3
1:1.15
1.8 m
2m
0.4 m
Shocktube detonators
42 ms
17 ms
Staggered
90°

Explosive properties:
Explosive type

Emulsion – not
blended
Relative effective energy (at 20 Mpa) 77
Water resistance
Excellent
6.53 kg/m
Charge mass per metre (Mc)
Explosives in hole density
1.05 g/cm3
Booster size
150 g
Kuz-Ram fragmentation prediction:

 

where
W = power consumed per ton (kW/t)
Wi = the Bond work index (kWh/t)
P80 = the screen size at which 80% of the product will
pass through (µm)
F80 = the screen size at which 80% of the feed will pass
through (µm)
(Gupta and Yan, 2006)
The energy consumed in the crushing process can be
changed in several ways:
® Reduce the size of the material fed into the crusher by
blasting. Less energy will be needed to crush the
material to the same product size
® Reduce the Bond Work Index (Wi) through the
generation of macro- and microfractures during
blasting
® Increase the amount of fines which can bypass the
crushing circuit, thus decreasing the amount of
material that needs to be crushed.
All of the above three parameters can be changed during the
stages of drilling and blasting (Workman and Eloranta,
2013).

83.+(0.
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The blasts were originally designed using the following
parameters:
          

It was found that there was very little control being executed
over the implementation of the desired blast design. The
intended drill pattern was not adhered too. The burden and
spacing of the blast-holes were not consistent with the
design. This resulted in irregular blast-hole spacings and the
blast-holes not being in parallel rows.
The intended drill depth was determined using a staff and
a dumpy level. Each blast-hole was assigned an individual
drilling depth to ensure that an even floor would be created.
Measurements showed that the blast-holes were not being
drilled to the indicated depth. Blast-holes were being overand under drilled.
No measurements were taken during charging of the
blast-holes with the bulk emulsion. The charge lance was
pushed to the bottom of the blast-hole to ensure that any
water in the blast-hole was displaced by the emulsion. In
order to pump the emulsion to the required height in the
blast-hole, and thus ensure that the correct stemming length
was obtained, a marker was placed 2.2 m from the end of the
charge lance. The charge lance was pulled out of the blasthole until the mark was reached, then pumping of the bulk
emulsion was stopped. By doing this the correct stemming
length was not obtained. Once the emulsion had gassed and
the density decreased to the critical density, it would rise in
the blast-hole, thus reducing the stemming length.

 
It was found that the blasting practices produced large
amounts of oversize rock (>500 mm). This necessitated the
full-time use of a hydraulic hammer to carry out secondary
breaking before the material could be processed.
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Image-based fragmentation analysis was used to produce
a particle size distribution of the muckpile, which can be seen
in Figure 4. It must be noted that before the analysis was
done, the majority of the oversize had already been removed
from the muckpile. It can be seen that the blast product
product was 80% passing 300 mm and contained 10%
oversize.

!1)+234/201*(34.134'1.021$+01-,4-#40&34 +*%1(34%2-'+*3'4$"40&3
,34$(/.01,)4%2/*01*3. 4*-+203."4-#44-+0&4#21*/4!3$2+/2"4 

 
It was decided on recommendation to blast out every second
bench in the pit, thus eliminating the 6.5 m high benches and
creating benches of approximately 13 m high. Precise control
was carried out over the drilling operation to ensure that the
blast-holes were drilled parallel to one another and that the
burden and spacing design parameters were adhered to.

 "! "! 

 

After consultation with mine management, the blast design
parameters were changed as follows:

It was immediately observed after the first blast with a 13 m
high bench and the new blasting practices that less oversize
rock was produced along with a more consistent fragmentation.
Image-based fragmentation analysis was again used to
analyse the blast results. The oversize rocks had not been
removed from the muckpile prior to this analysis. From
Figure 5 it can be seen that the blast product was 80% <
237 mm and contained less than 3% oversize.

Bench height
Hole diameter
Stemming length
Stemming material
Charge length (above grade)
Powder factor (theoretical)
Burden:spacing ratio
Burden
Spacing
Sub-drill
Initiator type
Burden delay timing
Spacing delay timing
Drill pattern
Hole angle

13 m
89 mm
2m
9.5 mm aggregate and a 74
mm RockLock ball
11 m
0.9 kg/m3
1:1.15
2.5 m
2.5 m
0.5 m
Electronic delay detonators
32 ms
12 ms
Staggered
90°

   
After the new blast practices were implemented, a
comparative study was conducted on the product of each
blasting practice. The results from the month of August 2015,
when the new blasting practices were implemented, were
excluded since corrective measures were being done in the pit
(blasting out toes) that resulted in a large amount of oversize
being produced.

It was also decided to change the explosive type. The new
explosive had the following properties:
Explosive type
Relative effective energy (at 20 Mpa)
Water resistance
Charge mass per meter (Mc)
Explosives in hole density
Booster size

Emulsion – not
blended
75
Excellent
6.53 kg/m
1.05 g/cm3
400 g

Kuz-Ram fragmentation prediction:

!1)+234 01(1/01-,4%32*3,0/)34-#40&34*2+.&1,)4%(/,04$"4 -,0&4
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An investigation into the fragmentation of blasted rock at Gomes Sand
work index value for the rock mass at Gomes Sand was
determined to be 11.2 ± 2.6 kWh/t (courtesy of Sandvik).
To apply the Bond Work Index theory, the 80% feed size
passing (F80) and 80% product size passing (P80) in Table I
are required. These values were obtained through the mass
balance conducted.
Working work index for new blasting practices:

Working work index for original blasting practices:
!1)+234-/'.4(-.04%324 -,0&4 4-#4%(/,040&2-+)&%+04'+340-4/
*2+.&324$(-*/)3.4

The crushing plant utilization increased from an average
91.5% when using the old blast practices to 96.3% with the
new blast practices. When calculating the crushing plant’s
utilization, only downtime due to jaw crusher blockages (as a
result of oversize entering the jaw crusher) was taken into
account—all other downtime was excluded. The improvement
in crushing plant utilization can be seen in Figure 6.
The increase in crushing plant utilization resulted from a
decrease in jaw crusher blockages. Due to the decrease in jaw
crusher blockages, the number of loads lost each month also
decreased, as can be seen in Figure 7. The average number of
loads lost each month decreased from 9.2% to 3.9% of plant
throughput after changing the blasting practices. The
throughput of the plant also increased by 15 t/h.
During September 2015 and February and March 2016,
the material that was loaded and processed was from 6.5 m
high benches that were blasted. As stated previously, the 6.5
m high benches were blasted out to develop 13 m high
benches. When blasting the 6.5 m high benches the only
blasting parameter that changed was the blast-hole depth.
From Figure 7 it is evident that during these months there
was an increase in the loads lost due to jaw crusher
blockages in comparison to the other months during which
the new blasting practices were used but 13 m high benches
were blasted.

!""!"!"" "" 
! 
A working work index was calculated using the Bond Work
Index theory, as the theory was modelling a crusher that was
already in operation. It must be borne in mind that the theory
does not account for any losses associated with crushing. The
Table I

/201*(3.4.134/04 4%/..1,)

It is clear from the above two calculations that the working
work index of the material decreased with the material
resulting from the new blasting practices.

 """
To quantify the use of the hydraulic hammer for secondary
breaking of the oversize, only two blasts were analysed due
to the paucity of available data. The evaluation was done by
comparing the hours spent doing secondary breaking.
From Table II it is clear that there was a reduction in the
time spent breaking oversize. This indicates that there is less
probability of oversize being fed to the jaw crusher and
blocking it. The reduction in oversize produced also reduces
the time spent by the shovel removing oversize from the
muckpile.

7-,*(+.1-,.
The evaluation of the blasting practices at the mine indicated
that there was room for improvement. The implementation of
new blasting practices resulted in an all-round improvement
in the mine’s operation and a reduction in downtime.
After placing more control over the drilling practices and
the desired elevation of the blast-holes, the quality of the
blasted floors in the pit has improved considerably. The
correct and uniform spacing of the blast-holes allows for the
correct and even distribution of explosives within the rock
mass. This has helped to reduce the amount of oversize
produced.
The increase in the bench height to 13 m high benches
resulted in the production of less oversize rock along with a
more consistent fragmentation, and the plant experienced
less downtime due to jaw crusher blockages. The crushing
plant’s production also improved—loads lost each month due
to jaw crusher blockages decreased, thus increasing the
crushing plant utilization by 4.9%.
Table II

-+2.4.%3,04$"4&"'2/+(1*4&/
.3*-,'/2"4$23/1,)
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An investigation into the fragmentation of blasted rock at Gomes Sand
From the fragmentation analysis conducted it is evident
that the new blasting practices produce a finer and more
consistent sized muckpile compared to the original blasting
practices.

*,-(3') 3,0.
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Installation of resin-grouted rockbolts
in hard rock mining:challenges and
solutions for improved safety
by T.G. Maepa, and T. Zvarivadza
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Engineering) degree

as observed at an operating hard rock mine.
The support design used at the mine was
reviewed and the design parameters
optimized. The outcomes will enhance the
efficiency of support and minimize the costs
associated with the installation of resingrouted rockbolts.

5./#,-,
The creation of mine excavations alters the stress distribution in the
surrounding rock mass. In modern mining, resin-grouted rockbolts are
used as a means of support in order to redistribute stresses and reestablish equilibrium in the rock mass. The success of resin-grouted
rockbolting depends on the design of the system and the correct
installation of the support units.
The support design and rockbolt installation procedure at a platinum
mine in the Bushveld Complex were investigated. A number of issues that
resulted in poor installation were identified, including resin admixture,
incorrect length and orientation of support holes, over- or under-spinning
of the resin, and incorrect rockbolt tensioning. The support design used at
the mine was reviewed and its limitations identified. A number of
recommendations were made for optimizing the support design by
reducing the diameter of the drill bit and reducing the length of the
support holes. These changes will enable the mine to use different
combinations of resin capsules. Implementation of the proposed changes
will lead to a significant reduction in the cost of installation per support
hole, as well as improve productivity and safety.

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

.0+/)%$0-/.
The creation of any mine excavation disturbs
the virgin state of stress in the Earth’s crust.
This results in stress concentrations that
interfere with the stability of the rock mass
surrounding the excavation. It is essential to
modify the internal behaviour of the rock
mass surrounding excavations in order to
reinforce the ground and stabilize
excavations. Resin-grouted rockbolts are
extensively used for this purpose.
Esterhuizen (2014) stated that when
effectively installed, the rockbolt exerts a
clamping force and a bonding strength that
keeps the rock mass together. This increases
the cohesive strength of all discontinuities in
the rock mass and enhances the stability of
the excavation. Poorly designed and installed
ground support is ineffective and constitutes
a safety hazard. It is therefore crucial for
every mine to ensure that any form of ground
support is designed and installed correctly.
This research evaluates the installation of
resign-grouted rockbolts and identifies
challenges and solutions for improved safety
          

Table I

%! 1+2/&2+/$ /(0,2-.,0*((1)2*020'1
!-.12-.20'12(*,02%*+01+2/&2 
10+1,2
*)*.$1)

.,0*((1)
-.$/++1$0(

.,0*((1)
$/++1$0(

October
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November
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1 290

Total

1 663
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resin-grouted rockbolts, hard rock mining, installation procedure, safety,
optimization, cost saving.

The studied mine is situated in the Bushveld
Complex of South Africa. It comprises two
zones—a shallow more ductile zone and a
deeper less ductile zone which is more stable.
At full production, a combination of
conventional breast mining, room and pillar,
and area-specific mining methods will be
used to extract the orebody.
Inspection of loose, exposed rockbolts
during the support audits indicated that
around 250 mm of the bolts had not been
covered with resin. Furthermore, a review of
the monthly record of the number of resingrouted rockbolts installed at the mine
indicated that a significant proportion of the
bolts are installed incorrectly. The numbers of
resin-grouted rockbolts installed at the mine
in the last quarter of 2015 are presented in
Table I.

Installation of resin-grouted rockbolts in hard rock mining
About 10% of the resin-grouted rockbolts that were installed
in the last quarter of 2015 were installed incorrectly. The
consequences of poor support design and installation are
rockfalls, increased support costs, and delays in production.
Poor design and incorrect installation of any form of support
in any underground mine introduces adverse risks in the
mining environment (Henning and Ferreira, 2010).
Based on the information from support audits and the
mine records, it was clear that the mine had pronounced
design and operational inefficiencies. To ensure that the
support design and installation processes do not pose any
adverse risk to the mine or personnel, a full investigation was
carried out.

 !##!#"%%!$%$ $%
The authors noted that the majority of the recorded faulty
rockbolt installations were visible to the observer during
support audits (e.g. protruding rockbolts). A significant
number of faulty rockbolts, i.e. under-tensioned or overtensioned bolts and bolts with insufficient resin, are not
recorded as faulty since the entire installation process needs
to be observed in order for these faults to become apparent. It
was therefore necessary to go underground and obtain
essential information to help the mine to address the design
and operational inefficiencies. The findings of this
investigation will potentially help the mine, and similar
mines, to improve the efficiency, and reduce the costs, of
support installation, as well as improve safety and
productivity (Ferreira, 2012).

$!#$
The main objectives of the investigation include:
® Identifying and addressing the challenges that lead to
poor installation of resin-grouted rockbolts at the mine
® Reviewing the support design used at the mine and
identifying its limitations
® Optimizing the support design parameters
® Making recommendations that can be used to improve
the support design and the installation process.

$%%!$% !
The data used in this investigation was collected in the
development ends in block 9 and block 12 of the mine. The
mine uses three different forms of bolt support, namely resingrouted rockbolts, split sets, and mechanical anchor bolts.
However, the study is limited to the use of resin-grouted
rockbolts since these are the main form of bolt support used
in the development ends.

$$"!%"%#!$!$
To effectively understand the research problem, the literature
related to the area under investigation was critically
summarized. The literature surveys permitted the authors to
identify the strengths and weaknesses in previous research
work.

$% # %%$#"%"%%#!$!$%#"%"
#"$ !#!#"%!!%# % $%"%%!#"%#"$
Shallow underground mines are characterized by a significant
tensile zone in the hangingwall, which presents the risk of
hangingwall failure. Cawthorn (2007) stated that the
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different minerals in the Bushveld Complex crystallized at
different temperatures, forming a layered structure. Due to
the tensile zone in the hangingwall, it is possible for the rock
strata to separate, resulting in falls of ground. Therefore, the
layering of rocks in the shallow areas of the Bushveld
Complex can be compared with the stratified sedimentary
rocks found in coal mining environments. Resin-grouted
rockbolts were first introduced in the coal mining industry,
and the ability to create stable beams in underground coal
mines using fully grouted rockbolts led to the adoption of this
support system in platinum mines.

$% $%%$ #"!$%! %#"%%
"$"%#"$ %
The fully-grouted rockbolt support system consists of a
ribbed tendon that is anchored in geotechnically sound rock
using a full-length column of resin that is obtained from
resin capsules (Barrett, 2006). During installation, the
rotation of the rockbolt mixes the components of the resin
capsules. When the two components are mixed correctly, the
resin will set and hold the rockbolt in the support hole,
resulting in an effective anchorage (Barrett, 2006). The fullygrouted rockbolt support system is a stiff form of support,
which is highly recommended for shallow mines such as the
one studied. The stiffness of the support system depends on
the load transfer mechanisms between the resin, the rock,
and the bolt (Mark, 2000). Rockbolts were initially grouted
using a single type of resin, but the inherent inefficiencies of
this led to the establishment of the dual system, i.e. the
slow/fast resin combination (Varden and Villaescusa, 2006).
This system, which is used at the mine, employs a fastsetting resin at the toe of the support hole and a slow-setting
resin towards the collar, thus combining the advantages of
both resins. Henning and Ferreira (2010) recommended
resin-grouted rockbolts mainly for rocks without widely open
discontinuities or voids that will cause resin loss, rocks
without continuous water runoff problems, and for long-term
support in thinly bedded roof strata.

$#"$$"!%$"#  %%!
Rockbolts serve the purpose of binding together broken or
stratified rock layers to forestall falls of ground (Esterhuizen,
2014). In order to achieve this objective, four basic
roofbolting mechanisms were developed (Chen, 1994):
®
®
®
®

Simple skin support
Suspension mechanism
Beam building mechanism
Keying of blocky and highly fractured ground.

The studied mine is characterized by insignificant horizontal
clamping forces that are required to keep the rock mass intact
in order to generate a self-supporting beam (Gamboa and
Atrens, 2003). The resin-grouted rockbolts are used at the
mine for both suspension and beam-building mechanisms.
The rockbolts are also primarily used for keying of blocky
and highly fractured rock masses.

!## !#"%% !%$ #"%$!$
Chen (1994) stated that any inadequacies in the design of a
support system may result in failure of underground
excavations. On the other hand, a conservative design will
increase costs. It is very important to optimize the support
          

Installation of resin-grouted rockbolts in hard rock mining

®
®
®
®

Bolting angle
Bolt length and diameter
Bolt spacing
Annulus size.

 
The diameter of the rockbolt is crucial in support design since
it influences the yield strength of the bolt (Mark, 2000).
Based on ρ, the density of the pyroxenite hangingwall (2 800
kg/m3), g, the gravitational acceleration (9.81 m/s2), and h,
the maximum fallout thickness of 1.5 m, the required support
resistance at the mine was determined to be 42.0 kN/m2
using the following formula:
SR =  × g × h

" !!#"%#!
When resin-grouted rockbolts are incorrectly installed, at best
they are ineffective, and at worst they provide a false sense
of security. Unfortunately, monitoring of most modern rocksupport systems is challenging (Henning and Ferreira, 2010).
In the case of fully-grouted rockbolts such as those used at
the studied mine, Barrett (2006) and Mark (2000) suggest
that potential installation problems may include:
®
®
®
®

Defective grout
Defective support hole
Poorly mixed grout
Defective rockbolts.

61,1*+$'2*##+/*$'
An extensive literature study of previous work on the use of
resin-grouted rockbolts in underground mining operations
was carried out. This information was supplemented by
inputs from underground support crews and members of the
rock engineering department at the mine. Planned task
observations (PTOs) were carried out regularly and
integrated with inputs from different field experts. The
authors further analysed the existing data at the mine
(reports, records etc.) and consulted with the manufacturers
of the resin capsules and rockbolts used at the mine.

61,%(0,2*.)2*.*(,-,2
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The support standard of the mine was reviewed in order to
ascertain the effectiveness of the support system. The main
factors that were reviewed, as suggested by the literature
survey, included the design length and diameter of the
rockbolts, the design length and diameter of the support
holes, the annulus size, and the resins that are used.

 
The rock engineering department at the mine uses the
formula suggested by Barton for estimating the required
length of rockbolts. The formula (in the absence of statistical
data reflecting the height of rock requiring support) is as
follows:
L= (2+0.15B)/ESR
where L is the bolt length, ESR is the safety factor related to
the importance of the opening, and B is the excavation width
(Barton, Lien, and Lunde, 1974). Thus for a tunnel with a
maximum span of 8 m and a mean ESR value of 1.8 the
required bolt length is 1.8 m. However, the standard bolt
used at the mine is 2.4 m long. This bolt length takes into
account the extra threaded portion of the bolt (100 mm) and
the maximum allowable protruding length of the bolt for
safety reasons (300 mm).
          

The spacing of the support holes is 2 m on dip and 2.5 m
on strike, resulting in a bolt tributary area of 5 m2. Therefore,
the minimum capacity required from a rockbolt in order to
provide a safety factor of unity is 210 kN (42.0 kN/m2 × 5
m2). The mine uses model Y20 rockbolts manufactured by
Videx Mining Products (Pty) Ltd. This model has diameters
ranging from 24–28 mm and a maximum capacity of 240 kN.
This results in a SF of 1.1. The diameter of the bolt, based on
the mine’s annulus design, was chosen to be 25 mm.

    
The design length of the support holes at the mine is 2.4 m.
The mine uses the R32 × He × 25 × R25 × 2.75 drill steel,
which gives an effective drill length of 2.45 m. The support
holes at the mine are drilled using a drill bit with a diameter
of 32 mm.


Hagan (2003) stated that the relationship between the
diameter of the support hole and the diameter of the rockbolt
has a large effect on the efficiency of the reinforcement. Since
the design diameter of the rockbolt is 25 mm, the design
annulus size is 7 mm. According to the mine support
standard, the required annulus size should not be greater
than 10 mm. The design annulus size of 7 mm is within the
required range as stipulated in the mine’s code of practice.
However, this is outside the manufacturer’s recommended
optimal design annulus size of between 3-4 mm. From this
observation, the support design at the mine is not optimized
and will result in inefficiencies in support.


Each support hole will have two fast-setting resin capsules
(product code: FC2550060) and two slow-setting resin
capsules (product code: FC25500510). The resin capsules are
500 mm long and 25 mm in diameter.
The summary of the mine’s standard support design is:
®
®
®
®
®

Bolt length: 2 400 mm (threaded portion is 100 mm)
Bolt diameter: 25 mm
Support hole length: 2400 mm
Support hole diameter: 32 mm
Resin capsule size: 500 mm by 25 mm.

The Andre Se Resin Anchor calculator software is used at the
mine to determine efficiency of support based on the
relationship between the sizes of the support hole, the
rockbolt, and the resin capsules. Table II shows the efficiency
of the mine support design based on this calculator.
The standard mine support design is efficient in terms of
support. The rockbolts are fully grouted with an excess resin
mix of 23% per hole. Based on the standard support design,
the mine is wasting resin in each support hole. The mine is
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design parameters in order to maximize the support efficiency
and minimize the costs associated with rockbolting. The main
parameters to consider when designing a satisfactory
rockbolting system include:

Installation of resin-grouted rockbolts in hard rock mining
Table II

&&-$-1.$2/&20'12,0*.)*+)2!-.12,%##/+02)1,-".

losing a total of R12.61 per hole when installation is done
effectively. However, the loose and exposed rockbolts that
were inspected were not fully grouted.

#"%#"#" %%!$% !%$ #"% !
PTOs and inputs from field experts enabled the authors to
gather information which was then compared with the
standard mine support design. The main differences between
the study findings (actual design) and the standard mine
support design (planned design) are presented in Table III.
The actual diameter of the support holes (33.5 mm) is
greater than the design diameter (32 mm). This is because
the drill bits ream the holes. Tadolini (1998) has shown that
reaming of the holes increases the design diameter by a
maximum of 5%.

Summary of the authors’ findings:
® Bolt length: 2 400 mm (threaded portion measured 130
mm)
® Bolt diameter: 24.2 mm on the bolt and 25 mm on the
ribs
® Resin capsule size: 500 mm by 25 mm
® Support hole diameter: 33.5mm (32 mm diameter drill
bits plus 5% hole reaming).
Table IV shows the efficiency of support based on the study
findings, assuming that the length of the support hole
is 2.4 m.
The support system has significant problems. Each
support hole requires an additional 8% resin to be fully
encapsulated and to offer maximum anchorage of the bolt.
This is why around 250 mm of the rockbolts was not
encapsulated with resin.

Table III

-&&1+1.$1,2 1011.20'12#(*..1)2*.)2*$0%*(
,%##/+02)1,-".

Bolt diameter (mm)
Support hole diameter (mm)
Threaded portion of bolt (mm)

(*..1)

$0%*(

25
32
100

24.2
33.5
130

!## #"%!$% !%$ #"
In practice, the support holes require 8% more resin per hole.
Possible solutions to this problem would be to increase the
size of the rockbolts, increase the sizes of the resin capsules,
or reduce the sizes of the support holes. Increasing the sizes
of the rockbolts and resin capsules will have serious cost
implications. Therefore, the size of the support hole should

Table IV
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Installation of resin-grouted rockbolts in hard rock mining
be reduced. Many authors have suggested different optimal
ranges of annulus size. The manufacturer of the resin
capsules that are used at the mine suggested an optimal
design annulus size between 3 and 4 mm, while Hagan
(2003) suggested an optimal practical annulus size between
4 and 6 mm. The specifications from the manufacturer also
state that the optimal length of the support holes for the resin
bolt installation process should be 50–60 mm shorter than
the bolt length.
The support holes should be drilled to an optimal length
of 2.35 m with a drill bit 28 mm in diameter. This will result
in a design annulus size of 3.8 mm, which is within the
manufacturer’s recommendations of between 3 and 4mm.
Taking into account the effect of reaming, the final diameter
of the support holes will be 29.5 mm. This results in a
practical annulus size of 5.8 mm, which is also within the
optimal practical annulus size between 4 and 6 mm as
suggested by Hagan (2003).
Summary of the optimal support design:
®
®
®
®

Bolt length: 2 400 mm
Bolt diameter: 25 mm
Support hole length: 2 350 mm
Final support hole diameter: 29.5 mm (28 mm diameter
drill bit plus 5% hole reaming).

The authors’ recommended support design is presented in
Table V. The design will not only enhance safety at the mine
but will also reduce the costs associated with mine support.
With such an optimal system, the mine can save costs by
reducing the number of 500 × 25 mm fast-setting resin
capsules to one per hole while decreasing the size of the two
slow-setting resin capsules to 400 × 23 mm. The system is
still efficient in terms of support, with 3% excess resin
resulting in a waste of R1.84 per hole. The 3% excess will
come in handy where there are geological discontinuities and
the resin may seep into the discontinuities.

setting resin should always be inserted first, followed by the
slow-setting resin capsules. Barrett (2006) stated that the
idea behind this is to ensure that the fast-setting resin sets
quickly in order to anchor the rock bolt firmly in the support
hole, while the slow-setting resin sets later to lock in the
tension in the rockbolt to create an active support. In all the
underground observations, the authors noted that the correct
number of resin capsules was used for each hole as per
design. However, during the observations at the conveyor
decline in block 9 and the top access in block 12, the authors
ascertained that the resin capsules were not inserted in the
correct sequence. The main errors included alternating the
resin capsules and inserting the slow-setting resin capsules
first. Inserting the fast-setting resin last results in rockbolts
protruding by more than the maximum allowable length of
300 mm. Figure 1 shows a rockbolt that protruded as a result
of incorrect sequencing of resin capsules into the support
hole.

 
The orientation of the rockbolt during installation is crucial
since it determines the bearing capacity of the bolt (van der
Merwe, 1998). According to the mine’s code of practice, the
support holes must be drilled at an angle of not less than 70°,
with a preferred installation angle of 90°. A rockbolt installed

"$"% $!#"
The following observations were made during the PTOs.

" $!#"%%$ #"% $ %#"!%!$% !%$
The mine uses the dual (slow/fast resin) system. With this
system, it is critical to ensure that the resin capsules are
inserted into the holes in the correct sequence. The fast-
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at an angle of less than 70° does not effectively clamp the
1.5 m fallout height of the hangingwall properly. Figure 2
shows how the effective anchorage length decreases with
decreasing installation angle. It was observed that some of
the support holes were not drilled at the preferred angle of
90° to the hangingwall and the sidewalls. This results in a
decrease in the bearing capacity of the rockbolt and reduces
the efficiency of the bolt in creating a stable beam. Such
behaviour was observed in four of the six drill rig operators
that were studied.

  
The majority of the support holes were not drilled to the
design length of 2.4 m, but were either over-drilled or underdrilled. The authors randomly selected and measured 12
support holes during installations in block 9, and 12 in block
12. The random selection of holes eliminates human bias
and allows statistical conclusions to be made and generalized
to a larger population. Figure 3 shows the deviation of the
support holes from the designed length of 2.4 m both in
block 9 and block 12.
Only 12.5% of the support holes that were measured
were drilled to the correct design length—37.5% of the holes
were over-drilled while 50% were under-drilled. Under-drilled
holes were mainly as a result of poor drilling practice or poor
scaling of the excavation. Over-drilled holes were also a
result of operator inefficiencies.

  
It is important to tension rockbolts properly, especially in
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shallow mining environments. In shallow mining
environments there is no stress fracturing or horizontal
clamping force to keep the rock mass together to create a selfsupporting hangingwall beam, as there is in deep mines
(Gamboa and Atrens, 2003). The rock mass in shallow
environments is in a tensile state and associated with weak
joint planes or dilations in the hangingwall (Gamboa and
Atrens, 2003). This is why it is important to effectively
tension the rockbolts in order to create the required clamping
force. The drilling of the support has an effect on the tension
applied in the rockbolts.

$#$% !%$
Over-drilling the support holes results in insufficient
tensioning of the rockbolts. When a support hole is overdrilled, there may be insufficient thread left outside the
support hole to fasten and tighten the nut (Barrett, 2006).
Correct fastening and tightening of the nut results in effective
tensioning of the bolt. Other impacts of over-drilling the
support hole include the possibility (based on the degree of
over-drilling) that some of the resins capsules may not be
penetrated (Barrett, 2006). Figure 4 shows a rockbolt that
was installed in an over-drilled hole.

"$#$% !%$
When support holes are under-drilled, a significant portion of
the bolt protrudes outside the hole. In this case, fastening
and tightening of the bolt may result in either overtensioning or under-tensioning. Figure 5 shows the
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Installation of resin-grouted rockbolts in hard rock mining
difference between an over-tensioned and an undertensioned rockbolt as a result of under-drilling the support
hole.
Under-tensioning occurs when the nut is fastened to the
correct point, but due to under-drilling of the hole, there is a
gap between the washer and the collar of the hole (B in
Figure 5). Over-tensioning occurs when the nut is fastened
beyond the threaded part of the rockbolt (C in Figure 5).
Furthermore, when a hole is under-drilled the design bolt
horizon may not be reached (Barrett, 2006).

spinning the rockbolt (62.5% of the installations) disturbs
the gelation process of the fast-setting resin.
The deviations of the measured hold times from the
recommended 45 seconds are shown in Figure 7. The results
shown in Figure 7 indicate that all the rockbolts in the
recorded holes were held for less than the required 45
seconds. This results in the rockbolts being prematurely
tensioned. The deviations in both blocks were as a result of
operator incompetency.

  

With the standard mine support design, the Andre Se Resin
calculation indicated that the mine is wasting resin and
losing R12.61 per support hole. The optimal design
recommended by the authors will provide the mine with an
efficient support system with a loss of only R1.84 per support
hole, thus saving R10.77 per hole. This is a huge reduction in
cost considering that the design is still efficient and is
providing full security. A total of 5021 rockbolts were
installed in the last quarter of 2015 (Table I). With a cost
reduction of R10.77 per support hole, the mine could have
saved R54 076.17, sufficient for the installation of 29 389
rockbolts.
Figure 8 shows the total amount that could have been
saved per month based on Table I and the reduction of
R10.77 per support hole as a result of the optimal design.
Furthermore, addressing the design and operational
inefficiencies will also result in a decrease in the number of
rockbolts that are installed incorrectly at the mine. The costs
associated with the replacement of incorrectly installed resingrouted rockbolts will thus be reduced significantly.

Spin time is the amount of time taken to completely mix the
mastic and catalyst by rotating the rockbolt during
installation (Hagan, 2003). Hold time is the amount of time
required after spinning before the rockbolt can be tensioned
by the operator (Barrett, 2006). The spin time and hold time
of the rockbolts at the mine, as per recommendations of the
manufacturer of resin capsules, are 15 seconds and 45
seconds respectively. The spin and hold times were recorded
during the formal and informal PTOs. The deviations of the
measured spin times from the recommended spin time of 15
seconds are shown in Figure 6.
The deviations of the spin times were observed to be a
result of operator inefficiencies. Under-spinning the rockbolt
(37.5% of the installations) results in inadequate mixing of
the two components of the resin capsule. The fast-setting
resins are designed to start setting after 15 seconds. Over-
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The ability to create efficient support systems will help the
entire mining industry to maintain the downward trend of
fatalities as a result of falls of ground (Hermanus, 2007).
This study will assist the mining industry’s progress towards
zero harm. The safety of mineworkers should be viewed not
only as a moral obligation, but also as an instrument to
enhance productivity. An efficient support system will result
in enhanced safety, and commensurate with this, enhanced
productivity and profits. With the current global state of
economic affairs, improved productivity is essential for any
mining company.

Installation of resin-grouted rockbolts in hard rock mining
masses for the design of tunnel support. Journal of Rock Mechanics and

3/.$(%,-/.,
The investigation indicated that the standard support design
used at the studied mine requires improvement. In practice
the support holes are short of resin, leading to the rockbolts
not being fully grouted. Drilling accuracy is a serious concern
at the mine. Of the 24 holes that were measured, only 12.5%
were drilled to the correct length. The rockbolts installed in
the under-drilled holes (representing 50% of the measured
holes) are either over-tensioned or under-tensioned, while
those installed in over-drilled holes (37.5% of the measured
holes) are definitely under-tensioned. The mine is faced with
considerable challenges when it comes to conforming to the
installation time recommendations. The majority (62.5%) of
the rockbolts were over-spun and the remaining 37.5% were
under-spun. All the bolts in the 24 representative holes were
under-held.
The incorrect order of insertion of resin capsules into support
holes and poor orientation of the holes calls for enhanced
training and supervision of the support crew. Decreasing the
design diameter of the support hole from 32 mm to 28 mm,
supplemented by a decrease in design length from 2.4 m to
2.35 m, results in an optimal support design and a reduction
of the money wasted per support hole from R12.61 to R1.84.
The following measures are recommended.
® The standard mine support design should be optimized
by reducing the diameter of the drill bit from 32 mm to
28 mm and reducing the length of the support hole
from 2.4 m to 2.35 m. These changes will enable the
mine to use different combinations of resin capsules to
reduce the cost of installation per support hole
® The mine should provide intensive training to the
support crews to address the concerns associated with
drilling accuracy and conformity to the rockbolt
manufacturer’s recommendations
® Informal and formal planned task observations should
be carried out more frequently by the rock engineering
department to ensure adherence to set standards
® The use of a T-spanner to re-tension all the installed
rockbolts is recommended, since the results presented
indicate that all the rockbolts were under-held and
tensioned prematurely
® It is important to test the quality of the resins by
sacrificing one resin capsule from each box before
using the contents underground. Operators are urged to
break the resin capsule sheath and mix the two
components by hand, measure the time it takes for the
resin to set and verify if it is within the manufacturer’s
specifications. This will indicate whether the surface or
the underground conditions have affected the resins.
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binder in iron ore pelletizing, the fundamental
principles of how it behaves during pelletizing
and how these impact on pellet properties are
poorly understood.
The aim of this investigation was therefore
to gain more knowledge of the basic principles
of how a CMC binder behaves during the
pelletizing process and how it influences the
drop and compression strengths of iron ore
pellets. The interpretation of the results
focused on the properties of CMC fibres, which
can either swell or dissolve following water
addition, which is fundamental to the
development of strength in these pellets. The
effect of time on the development of strength
in CMC-bonded haematite pellets was also
investigated.

01#-/Carboxymethyl cellulose is an organic binder used in the iron ore
pelletizing industry. The basic principles of how carboxymethyl cellulose
(CMC) solutions behave during the pelletizing process and how these
principles affect the drop and compression strengths of the pellets are
poorly understood. The aim of the investigation was therefore to gain
knowledge on the behaviour of CMC during the pelletizing of haematite
concentrate.
Haematite pellets with different additions of CMC (0.1–0.4 wt%), were
subjected to drop tests, compression tests, and free moisture content
analysis. The relationship between the drop strength, compression
strength, free moisture content, elapsed time, and CMC concentration was
analysed.
The drop strength had a strong correlation with the free moisture
content of the haematite pellets, with a correlation coefficient of 0.94. The
compression strength of the CMC-bonded haematite pellets increased as
the free moisture content decreased, reaching a maximum upon depletion
of the free moisture content. Haematite pellets with CMC concentrations of
0.1 and 0.2 wt% developed most of their strength within the first day after
pelletizing, whereas pellets with concentrations of 0.3 and 0.4 wt%
developed most of their strength between one and two days after
pelletizing. The time within which CMC-bonded haematite pellets develop
most of their strength is therefore dependent on the CMC concentration.

5/23.,2).34-).3
 

702.1*)'2/10
Fines are produced during the beneficiation of
iron ore. These fines are separated from the
lump ore and can be upgraded to produce a
concentrate, which is used as a raw material
for the production of pellets. Pellets in turn
form a key burden material for direct reduction
processes as well as the blast furnace (Zhu et
al., 2015).
Inorganic binders such as bentonite have
been used predominantly in the iron ore
pelletizing process to obtain pellets with
suitable properties (Eisele and Kawatra, 2003).
These binders, however, have the
disadvantage of introducing impurities into the
pellets. This has resulted in organic binders
being pursued as suitable replacements for
inorganic binders, of which carboxymethyl
cellulose (CMC) shows good potential.
Although CMC has been used as an organic
          

 
Carboxymethyl cellulose (CMC) is a cellulose
derivative containing carboxymethyl groups
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631.*carboxymethyl cellulose, CMC fibres, haematite pellets, drop strength,
compression strength, free moisture content.

Iron ore pellets require a binder to help
establish bonds between iron ore particles and
to maintain these bonds after the moisture in
the pellet has evaporated (Eisele and Kawatra,
2003). Binders can broadly be divided into two
categories – organic and inorganic. These
include organic polymers and fibres, clays and
colloidal minerals, cements and cementitious
materials, salts and precipitates, and inorganic
polymers (Eisele and Kawatra, 2003). The
bonds formed between the ore and organic
binders are temporary; the function of the
organic binder is to provide enough pellet
strength until bonds are formed between ore
particles during curing (Sah and Dutta, 2010).

Influence of a carboxymethyl cellulose (CMC) binder
bound to hydroxyl groups. Cellulose has the chemical formula
C6H10O5 and contains several hydroxyl groups throughout the
chain that allow hydrogen bonds to form with strength of 25
kJ/mol (Le Moigne, 2008).
Cellulose fibres can be viewed from three different levels,
which are the molecular (Å), aggregated (nm), and
macrostructural level (nm to m). Swelling of cellulose fibres
can take place in selected zones, resulting in a so-called
ballooning phenomenon. Heterogeneous swelling and
dissolution also take place in carboxymethyl cellulose fibres,
and can be divided into three stages. The first stage entails
only certain parts of the fibre swelling (the ballooning effect),
with the swollen parts having a helical structure. The helical
structure breaks down as swelling continues, forming
homogeneously swollen fibres. The last stage entails the
swollen parts tearing into thin sections as dissolution starts,
followed by fragmentation as the dissolution stage reaches
completion (Le Moigne, 2008).


The mechanical properties are important when considering
handling of the iron ore pellets, when the pellets are
indurated or loaded into the DRI unit or blast furnace. The
important mechanical properties include swelling, abrasion
resistance, drop strength, compressive strength, and
decrepitation (Halt, 2014). The iron ore pellets may abrade
during handling, which results in the introduction of fines
into the blast furnace. This is a problem because fines move
in between the pellets, sinter, and lump ore, blocking gas
flow and leading to a decrease of the fraction of reduced iron
ore (Halt, 2014).
Drop strength is defined as the number of times a pellet
can be dropped from a standardized height (0.5 m) before it
breaks. The drop strength is representative of the sensitivity
that the pellets will have toward handling when they are still
wet and is an indication of the plastic/elastic behaviour of the
pellets (Forsmo, Samskog, and Bjorkman, 2006).
The compressive strength of both dried and indurated
pellets is a very important aspect of the mechanical
properties. Compression tests are done by taking a single
pellet and compressing it until fracture in a compression
tester, which then records the maximum load sustained until
fracture (Sivrikaya et al., 2013). CMC pellets require a
compression strength of 22 N before they can be fired, 1500
N for reduction through direct reduction of iron (DRI)
(Poveromo, 2008), and 2500 N for reduction in a blast
furnace (Poveromo, 2008).
Decrepitation is caused by small explosions occurring in a
pellet due to gas generation inside the pellet during heating
and reduction. The factors influencing decrepitation are the
heating intensity, porosity, and moisture content of the
pellets (Takano and Mourão, 2003).

conditions, decreased capital and energy costs, as well as the
ability to use coarser raw materials for pelletizing, which
reduces grinding costs (Qui et al., 2003).

 
As high-grade ores become scarce, more comminution is
required to liberate the iron-bearing minerals for subsequent
beneficiation, which results in a finer product size (Zhu et al.,
2015). This has led to the requirement of agglomeration in
the form of sintering or pelletizing (De Moraes, De Lima, and
Neto, 2013). The variation in fineness of the ore particles
(particle size distribution) also influences the pelletizing
process. Feed material with a wider particle size distribution
requires a lower moisture content than material with a
narrower particle size distribution (Forsmo, Samskog and
Bjorkman, 2008).

 
The size distribution of the pellets formed is important, as a
narrow size distribution is required to achieve a high
permeability between the pellets in the subsequent reduction
step in the steelmaking process. The pellet growth rate is an
important parameter to consider in achieving a narrow pellet
size distribution, and is a function of pellet feed properties
such as feed fineness, moisture, and wettability. The pellet
growth rate is usually controlled by varying the water content
and binder dosage in the feed mixture. Increasing the water
content (up to a point) will increase the growth rate and
increasing the binder dosage will decrease it (Forsmo et al.,
2006).

,23./,&The ore used for the experimental work was an iron-bearing
oxide from the upgraded iron ore slimes section, received
from Sishen mine, Anglo American Kumba Iron Ore. This
concentrate contained 92.3% Fe2O3, 3.6% SiO2, and 2.79%
Al2O3, with trace amounts of K2O, Na2O, TiO2, P2O5, CaO,
MnO, and MgO, and had a particle size range from 0.32 to
1905 m, with 77% passing 75 m (Figure 1). The CMC used
for the experimental work was supplied by BetaChem and
had a molecular mass of 262.19 g/mol (CAS number: 900432-4).

    
Cold bonding of iron ore pellets is possible at ambient or
near-ambient conditions due to the physicochemical changes
in the binder resulting in bonds being formed between iron
ore particles at near-ambient temperatures. Compared to
high-temperature bonding, cold bonding has advantages
such as flexibility of raw material types that can be used
(such as fines), the elimination of induration under oxidizing
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Preliminary tests were performed in which CMC solutions
were prepared by adding 1, 2.5, and 4 g of CMC powder to
100 ml of water then mixing the solution with a Heidolph
RZR 2021 mixer for 2 hours at 110 r/min. This was done to
determine to what extent the CMC powder swelled and/or
dissolved at various CMC to water ratios.
Haematite pellets with different CMC concentrations were
produced in order to determine the effect of CMC concentration and elapsed time on the compression strength and
drop number. CMC was mixed with 10 kg of haematite in an
Eirich high-intensity mixer to obtain a homogeneous distribution of the CMC particles between the haematite particles.
Water was then added to the mixture to obtain a moisture
content of 6%. The moist mixture was then added to the
pelletizing disc, where more water was added to aid pellet
nucleation and growth. Pellets in the size range 10–12.5 mm
were screened out, while pellets outside this range were
recycled. The pelletizing disc had an angle of 70° and the
rotational speed was kept constant at 60 r/min.
The CMC-bonded pellets were subjected to drop tests and
compression tests daily over a period of four days. The
average drop strength of 15 pellets was determined by
dropping the pellets from a height of 0.5 m. The average
compression strength of 15 pellets was determined using an
Instron 3367 compression tester.
The free moisture content of the pellets was determined
by weighing the pellets before and after drying at 105°C for 2
hours. The free moisture content was then taken to be equal
to the mass difference.
The drop strength was determined directly after the
pelletizing process was completed. The moisture content and
compression strength tests were performed at intervals of 24
hours for four days, with the first set of tests being done
directly after the pelletizing process was completed (providing
five sets of results over 4 days).

The drop strength results obtained directly after
pelletizing were plotted against CMC concentration to
determine if there is a correlation between the two
parameters. It was found that an increase in CMC concentration resulted in an increase in the drop strength (Figure 4).
The data showed a weak correlation, with a linear correlation
coefficient of 0.77.
Figure 4 also shows the relationship between free
moisture content and CMC concentration. The free moisture
data has a similar trend to that of the drop strength data, as
increasing CMC concentration resulted in an increase in free
moisture content of the pellets.
In order to determine whether there is a correlation
between the drop strength and free moisture content, a graph
of drop number versus free moisture content was plotted
(Figure 5). A linear correlation was obtained, with a
correlation coefficient of 0.94. The drop number is therefore
strongly dependent on the free moisture content of the
pellets, and to a lesser extent on the CMC concentration.
The free moisture content of the CMC-bonded haematite
pellets was analysed over a period of 4 days. The free
moisture content decreased with time (Figure 6), which could
be due to the free moisture either being absorbed by the CMC
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Images of the products from the preliminary tests, in which
binder solutions were constituted of CMC powder and water,
are shown in Figures 2 and 3. A smooth, gel-like texture was
observed for a CMC concentration of 0.16 wt% (Figure 2). It
was assumed that all of the CMC powder had dissolved. The
solution at containing 0.32 wt% CMC had a rougher surface
(Figure 3). The CMC powder presumably did not fully
dissolve.
The textures of the 0.16 wt% and 0.32 wt% CMC–water
mixtures (Figures 2 and 3) can be explained by the
swelling/dissolution phenomenon described earlier. The CMC
fibres require water to swell and dissolve, but the fibres will
swell first before they dissolve. The rate at which the CMC
fibres swell and then dissolve depends on the water content
around the CMC fibre. The 0.16 wt% CMC solution (Figure 2)
had a higher amount of water available per unit mass of CMC
powder, and therefore the rate of swelling and dissolution
was higher than for the 0.32 wt% solution. The difference in
appearance (Figures 2 and 3) is therefore due to more of the
CMC particles being dissolved with a lower concentration of
CMC (Figure 2) than with a higher concentration of CMC
(Figure 3).

Influence of a carboxymethyl cellulose (CMC) binder
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nature of fragmented CMC fibres. Therefore the compression
strength increased with time as more CMC fibres were able to
go into solution.
It is evident that the compression strength reached a
maximum after two days (Figure 7). This is in agreement
with the free moisture content, which was depleted after two
days (Figure 6). The compression strength of the pellets is
therefore dependent on the amount of CMC fibres in solution.
The maximum compression strength obtained increased
as the CMC concentration increased. An increase in the CMC
concentration resulted in more bonds being formed between
haematite particles, thereby increasing the compression
strength (Figure 7)
The increase in compression strength as the free moisture
content decreased is emphasized in Figure 8. The
compression strength of the CMC-bonded haematite pellets
increased as the free moisture content decreased. The
compression strength reached a maximum upon depletion of
the free moisture content.
The effect of CMC concentration on the rate at which
pellet strength is developed.is shown in Figure 9. For the
lower CMC concentrations, namely 0.1 and 0.2 wt% CMC, a
large fraction of the maximum strength is developed during
the first day after pelletizing, whereas for higher CMC concentrations most of the strength is developed between days 1
and 2. The reason for this phenomenon is that dissolved CMC
produces haematite pellets with a higher compression
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fibres or evaporating. The CMC fibres absorb water in order to
swell and then dissolve. From Figure 6 it is evident that all
the pellets (with different CMC concentrations) were depleted
of free moisture after 2 days.
Compression strength increased with time and CMC
concentration (Figure 7). The compression strength increased
as the free moisture content decreased, which can be
explained by the behaviour of CMC. CMC fibres require water
to swell and dissolve, therefore the free moisture decreases as
the CMC fibres absorb more water (swelling and dissolving as
a result of moisture uptake). Dissolution of CMC fibres will
increase the compression strength due to the interlocking
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strength, and the rate of dissolution is dependent on the CMC
concentration. For lower CMC concentrations, the rate of
swelling and consequent dissolution will be faster due to
more water being available per unit mass of CMC. The
compression strength of the haematite pellet will therefore
develop faster if the CMC concentration is lower. Higher CMC
concentrations require more time for dissolution and
therefore the largest increase in compression strength is
obtained only after day 1. The rate of strength development is
therefore dependent on the CMC concentration, if the
moisture content is kept constant.
CMC pellets require a compression strength of 22 N before
they can be fired, 1500 N for reduction through direct
reduction of iron (DRI) (Poveromo, 2008), and 2500 N for
reduction in a blast furnace (Poveromo, 2006). The
compression strengths obtained in this work are therefore
adequate for firing (after 1 day), but not for reduction in a
DRI process or a blast furnace.
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Effect of different refining slag systems
on the cleanliness of molten steel for
carbon structural steel
by S. Zhao*, L. Ma*, Y. Tao*, S.P. He†, and M.Y. Zhu‡

The effect of two refining slags (A: 1.0–1.8 CaO/Al2O3 ratio, 11–20 wt%
SiO2; and B: 1.0–1.2 CaO/SiO2 ratio, 25–35 wt% Al2O3) on the inclusion
morphology of a carbon structural steel (Q235B) was studied by
controlling the balance between the steel and the refining slag at 1600ºC in
a Si–Mo resistance laboratory furnace. The results showed that most of the
inclusions in the molten steel balanced with slag A were formed by a lowmelting CaO–MgO–Al2O3–SiO2 system with a total oxygen content (T[O])
being fixed at 6–13 ppm. The inclusions in liquid steel balanced with the
slag B were mostly formed by the CaO–MnO–Al2O3–SiO2 system, with T[O]
controlled to 19–26 ppm. The overall size of the inclusions under balance
conditions was higher in the steel reacted with the slag B than that reacted
with slag A, with the latter showing more inclusions smaller than 3 m. In
order to generate a large number of spherical CaO–MgO–Al2O3–SiO2
inclusions smaller than 3 m while decreasing the T[O] in the resulting
steel, the composition of slag A should be used. This composition allowed
improving the cleanliness of the slab, and is also advantageous for the
castability of the molten steel.
?892#6
carbon structural steel, cleanliness, refining slag, inclusions.

>:;29#.1;<9:
The sample used in this study was a typical
carbon steel manufactured by CQ Steel. The
galvanized, tinned, and plastic composite steel
plates made of the original plates are used
extensively for decorative panels, general dust
pipes, drums, instrument cases, switchboxes,
and train cars, among other uses. The target
control composition is shown in Table I. The S
and P contents are usually fixed during
production below 0.020 and 0.025 wt%,
respectively, with the aim of reducing
longitudinal cracks on the slab surface.
This type of carbon steel (Q235B) is
manufactured by numerous steel companies
worldwide owing to the high market demand
and simple production process. The main
production issues are related to the control of
the castability of the molten steel while
reducing costs. The production route for
Q235B followed by CQ Steel is currently as
follows: converter smelting  composition
adjustment by sealed argon bubbling (CAS) 
continuous casting. Although this route
ensures smooth production, ladle furnace (LF)
and Ca treatments are usually employed to
          

*8581;<9:=9/=;-8=28/<:<:4=6574
To overcome these issues, a low-melting-point
slag can be used to avoid the solid phase
generated from the steel–slag reaction. Since
slag washing is carried out during tapping
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solve occasional issues. In order to ensure a
high sulphur capacity, the refining slag
compositions should have a CaO/SiO2 ratio of
3–4, a SiO2 content fixed at 17 wt%, and an
Al2O3 content of approximately 20 wt% (the
area delimited by circles in Figure 1). This
results in a slag melting temperature of
approximately 1700ºC. In this case, the
following issues appear: (i) the content of the
high-melting-point Al2O3 inclusions is higher
and the castability of the molten steel is
unstable; (ii) the clogging ratio of the nozzle is
close to 20% in the all production heats,
thereby resulting in the molten steel not
satisfying the casting process; and (iii) the
presence of longitudinal cracks on the slab
surface, typically caused by the above reasons,
leading to slab offline inspection and cleaning
and the product not meeting the cast-rolling
compact layout and hot charging requirements.
The LF refining process was employed in
other companies in the past (Peng et al., 2007;
Xu et al., 2009; Zhi et al., 2004; Li, He, and
Zhang, 2010). However, the CQ Steel plant
used CAS processing, and more stringent
requirements at the operating level have been
proposed. With this background, this investigation was aimed at achieving high efficiency
and low-cost production by adjusting the
refining slagging process to ensure cleanliness
of the steel.

Effect of different refining slag systems on the cleanliness of molten steel
Table I

7248;=19:;295=19)096<;<9:6=;

Control requirements
Target

+

*<

&:
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'6

0.12–0.19
0.16

≤0.30
0.20

0.20–0.40
0.30

≤0.045
≤0.030

≤0.045
≤0.025

≤0.30
≤0.30

≤0.30
≤0.30

≤0.08
≤0.08

(2) The MgO content should be 6–9% in order to reduce
lining erosion and the melting point of the slag
(3) Yoon, Heo, and Kim (2002) pointed out that rate of
deoxidation improves when the slag contains
CaO/Al2O3  1.0. According to thermodynamic
calculated results, the MgO content is restricted to 8%
when the CaO/Al2O3 ratio is in the range of 1.2–1.8.
Under these conditions, the slag should present good
fluidity and a melting point below 1500ºC
(4) The refining slag inevitably carries CaF2 with the
impurities. Thus, it contains a certain amount of Fand, from an environmental point of view, this
content should not exceed 3 wt%.

(<4.28=!%+9)096<;<9:=9/=;-8=92<4<:75=28/<:<:4=6574

under dynamic conditions, complete contact between the slag
and the steel is ensured, thereby allowing inclusions to be
immediately assimilated and absorbed by the refining slag at
the beginning of the refining process and resulting in smooth
casting and enhanced product performance. The appropriate
refining slag should be selected by the following criteria:

According to the thermodynamic calculations controlling
oxide inclusions, for the melting point of the inclusions to be
lower than 1500ºC in the CaO–SiO2–Al2O3–6%MgO system,
the chemical composition should be as listed in Table II
(corresponding to area A in Figure 3).
When a weak deoxidizing treatment is used during the
tapping process (deoxidation mainly by Fe–Si, with little or
no use of Fe–Al), the reaction products are SiO2, Al2O3, and
minor amounts of MnO. In this case, the assimilation ability
of the slag for SiO2 and Al2O3 during the design time should

(1) The slag should have an appropriate melting point
and viscosity such that fluidity is maintained
(2) The oxidizability of the slag should be low so that it
does not easily react with the Al in the steel. Thus,
the formation of Al2O3 inclusions is avoided
(3) The slag should have a good desulphurization ability
(4) The inclusions in the steel should be assimilated to
the low-melting-point area for them to be easily
absorbed by the slag.
In addition, when a strong deoxidizing treatment
(deoxidation mainly by Fe–Al) is used during steel tapping,
the slag composition should be selected in combination with
the actual situation of the steel, and the following conditions
must be met:
(1) In agreement with calculated results, the proportion
of Si deoxidation products should account for no less
than 11% of the final slag weight to ensure a basicity
of the top slag higher than 2.0 while suppressing the
0.5
0.75
> 63.5), and the
slag–steel reaction (i.e., a(Al2O3)/a(SiO
2)
SiO2 content must be fixed below 20%.
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Table II
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[2]
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40–52

30–38

11–20

6–9

≤3

≤ 1500°C

          

Effect of different refining slag systems on the cleanliness of molten steel
slag equilibrium experiments. The furnace and accessory
laboratory equipment is shown in Figure 4.

Table III
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'56

0.19

0.35

0.017

0.006

0.005

0.003

Table IV
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be such that low-melting-point inclusions with improved
buoyancy are formed while reducing the amount of precipitates during the casting process. In the refining process, to
improve the floating of the low-melting inclusions and their
rate of removal, high argon flows and stirring times should
be ensured. According to thermodynamic calculations, to
ensure that the MnO–SiO2–Al2O3 inclusions are in the liquid
state, the oxygen content of the liquid steel should be no
higher than 25 ppm under balance conditions, and the
composition of the slag should be in the range: w(CaO) = 34–
38%, w(SiO2) = 32–36%, w(Al2O3) = 25–35%, and w(MgO) =
6% (area B in Figure 3).
The main purpose of this laboratory study was to analyse
and study the relationship between the slag components, the
molten steel, and the inclusions in the steel when the
composition of the slag (areas A or B in the CaO–SiO2–Al2O3–
6%MgO system: Figure 3) is balanced with the liquid carbon
steel under different deoxidation conditions. This study
would provide a new solution to improve the castability of
carbon structural steel while enhancing the cleanliness of the
steel product.

082<)8:;75=0291866

The experimental steel was a Q235B steel produced by CQ
Steel mill with dimensions 27 mm × 27 mm × 60 mm. Each
sample was analysed to determine the exact composition. The
basic chemical composition of the experimental steel is
shown in Table III.
The compositions of slags used in the experiments are
shown in Tables IV and V. The first slag (slag A, Figure 3)
used the CaO–Al2O3 system, with a CaO/Al2O3 ratio of 1.0–
1.8 and a SiO2 content of 11–20 wt%. The second slag (slag
B, Figure 3) used the CaO–Al2O3 system with a CaO/SiO2 ratio
of 1.0–1.2 and an Al2O3 content in the range 25–35 wt%. The
MgO, SiO2, and Al2O3 contents in the slag were adjusted with
analytically pure oxides; to prevent moisture absorption, CaO
was replaced by CaCO3. All the oxides were pulverized and
pre-dehydrated.

+73
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&43
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1.0
1.2
1.4
1.6
1.8
1.0
1.2
1.4
1.6
1.8
1.2
1.2
1.4
1.4
1.6
1.6

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16

39
42.55
45.5
48
50.14
36
39.27
42
44.31
46.29
40.91
37.64
43.75
40.25
46.15
42.46

11
11
11
11
11
17
17
17
17
17
14
20
14
20
14
20

39
35.45
32.5
30.0
27.86
36
32.73
30.0
27.69
25.71
34.09
31.36
31.25
28.75
28.85
26.54

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

1470
1410
1476
1538
1584
1540
1503
1468
1430
1454
1464
1521
1420
1495
1476
1471

Table V
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B1
B2
B3
B4
B5
B6
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1.0
1.2
1.0
1.2
1.0
1.2

32
34.91
34.50
37.64
29.5
32.18

32
29.09
34.50
31.36
29.5
26.82

30
30
25
25
35
35

&43 &85;<:4=09<:;=
6
6
6
6
6
6

1447
1485
1400
1471
1503
1499
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A high-temperature Si–Mo furnace was selected for the steel-

Effect of different refining slag systems on the cleanliness of molten steel
The entire experiment process was carried out under
99.9% argon (argon flow: 2 L/min, furnace temperature 1600
± 1ºC). The temperature was measured by a double (platinum
and rhodium) thermocouple, and the data was displayed on
the instrument–computer interface. In order to avoid steel
breakout, a MgO crucible (inner diameter  = 44 mm, inner
height H = 66 mm) was placed in a graphite-lined crucible.
The average weight of the steel sample was 400 g in the MgO
crucible (slag accounted for 30%). The crucible containing the
steel sample was preheated to the specified temperature in
the resistance furnace and subsequently placed in the
thermostat zone of the furnace. Once the thermocouple
temperature reached 1600ºC, this temperature was
maintained for 60 minutes (determined by the preequilibrium reaction time), after which the crucible was
quickly removed and cooled in water. Finally, the steel and
the slag were separately removed from the cracked crucibles.
The elemental composition of the samples was determined by
X-ray fluorescence (XRF) using an XRF-1800 device.
Subsequently, the steel was cut in the middle for metallographic studies using scanning electron microscopy (SEM).
The sizes, shapes, and compositions of the inclusions were
analysed by an Axiovert 200 MAT metallurgical microscope
and a TESCAN VEGA III scanning electron microscope.
According to the requirements of the experiment,
different CaO–Al2O3–SiO2 slag samples were prepared
To investigate the effect of the components of slag A on
the steel inclusions, both the CaO/Al2O3 ratio (1.0, 1.2,
1.4, 1.6, and 1.8) and the SiO2 content (11, 14, 17, and
20 wt%) were varied while maintaining the steel
composition constant. At the same time, a set of blank
tests was prepared.

The components of slags A and B are shown in Tables IV
and V, respectively. Slag A had a basicity range of 2.5–3.5
and an average Al2O3 content of approximately 32 wt%. Slag
B had a CaO/Al2O3 ratio of 0.8–1.5 and an average SiO2
content of approximately 31 wt%. The T[O] content and the
types of inclusions were controlled by the different slag
systems, and the experiments were carried out on the same
equipment and under the same conditions to avoid any effect
of extraneous conditions. The T[O] and [N] contents in the
samples were measured on an ELTRA ON-900 analyser, and
the analysis results (gas content and slag components) after
reaction are listed in Table VI.

 
   
The compositions of slags A and slag B after reaching
chemical equilibrium with the carbon steel (1 hour) are
shown in Figures 5 and 6. As shown, the CaO/Al2O3 ratio of
slag A ranged from 1.51 to 2.50 under equilibrium
conditions, and this ratio was reduced to 1.31–1.89 for slag
B. The SiO2 contents were 11.2–20.4 and 27.60–30.44 wt%
for slags A and B, respectively, and the (FeO + MnO)
contents were 0.31–1.54 and 0.48–1.22 wt% respectively.
Compared with slag B, slag A had higher CaO/Al2O3 ratios,
lower SiO2 contents, and lower oxidizability in agreement
with the higher CaO/Al2O3 ratios in the slag.
When the reaction of the slag and liquid carbon steel was
balanced, the sulphur contents in the slag were 0.044–0.065
and 0.019–0.029 wt% for slags A and B, respectively. As can
be seen from the relationship between the slag composition
and its sulphur content (Figures 7 and 8), the average
sulphur content was 0.023 wt% in slag B, while the average

In order to study the effect of the components of slag B
on the steel inclusions, both the CaO/SiO2 ratio (1.0 and 1.2)
and the Al2O3 content (25, 30, and 35 wt%) were varied
while maintaining the steel composition constant.

Table VI
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The components of the slag have a very important influence
on the steel composition and the types of inclusions. Thus,
when a dynamic balance is reached between the slag and the
steel, the elements in the steel simultaneously reach
equilibrium with the inclusions. Thus, both the inclusions
and the steel composition can be controlled by the slag.
According to Equations [3]–[6], the slag basicity and the
Al2O3, FeO, and MnO contents in the slag have a very close
relationship with the elements and inclusions in the steel
(Ohta and Suito, 1996a; Richard and Chipman, 1965; Huang,
2008).
[3]
[4]
[5]
[6]
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A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
B1
B2
B3
B4
B5
B6
Blank sample

*<3,

'5,3$

&:3

4.79
5.01
5.15
4.82
5.95
2.84
3.41
3.28
3.38
2.79
3.89
2.75
4.09
3.02
3.47
4.43
1.72
1.57
1.46
1.61
1.53
1.58

1.55
1.73
1.97
2.14
2.41
1.51
1.95
2.02
2.29
2.15
1.72
1.78
1.96
2.33
2.44
2.50
1.89
1.63
1.32
1.88
1.59
1.31

0.65
0.33
0.35
0.70
0.31
0.44
0.39
0.39
0.34
1.54
0.44
0.37
0.51
0.43
0.42
0.43
0.88
1.22
0.73
0.70
0.90
0.48

76=19:;8:;=00)
*
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0.065
0.059
0.059
0.050
0.057
0.044
0.048
0.051
0.048
0.062
0.057
0.054
0.051
0.054
0.052
0.063
0.022
0.029
0.019
0.023
0.025
0.019

8
8
10
8
8
13
12
10
9
10
6
11
9
12
11
8
22
22
26
20
19
24
28

48
68
42
45
57
62
40
47
56
54
27
53
42
33
43
39
47
37
28
51
41
37
97
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lower in the steel balanced with slag A (a 68.75% decrease).
The average oxygen content was lower than 15 ppm in all
cases. There are many factors controlling the total oxygen in
the steel (slag basicity, CaO/Al2O3 ratio, slag oxidizability,
and content of deoxidizing elements, etc.), in addition to
some other dynamics conditions. Except for the different
components of the slag, the other conditions were basically
the same in comparative experiments. Figures 9 and 10 show
the relationship between the CaO/Al2O3 ratio and the
integrated basicity of the slag and the T[O] content in the
steel. The T[O] content showed a gradual decreasing trend
with the (CaO+MgO)/SiO2 and CaO/Al2O3 ratios (the average
total oxygen content decreased from 22.17 to 9.56 ppm in the
steel). With increasing CaO/Al2O3 ratio, free oxygen ions
were released and subsequently bound to CaO and Al2O3. As
a result, the optical basicity and the sulphur capacity of the
slag increased significantly, thereby greatly favouring
deoxidation and desulphurization from the point of view of
thermodynamics.
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sulphur content of slag A was 0.055 wt%, an increase of
139%. Thus, slag A showed a stronger desulphurization
capacity (higher sulphur capacity) than slag B.
The desulphurization reaction between the slag and the
steel can be expressed by the following molecular or ionic
theory (Ohta and Suito, 1996b). According to metallurgical
principles and Equations [7] and [10], the slag must: (i) first
increase its CaO content to reduce the sulphur content in
liquid steel, and (ii) reduce the oxygen potential in the steel.
Since slag A had a higher CaO/Al2O3 ratios and integrated
basicity ((CaO + MgO)/SiO2 ratio) compared to slag B, the
former showed a higher desulphurization capacity.

The inclusions essentially comprised the Al2O3 system in
blank steel samples and a minor fraction of the MnO–Al2O3–
SiO2 system after the metal–slag reaction. A total of 221
inclusions were observed in the steel samples balanced with
slag A, and were divided into four types:
(1) Calcium magnesium aluminum silicate (69.7% of the
total)
(2) Calcium manganese aluminum silicate (10.4%)
(3) Magnesia alumina spinel (4.1%)
(4) Alumina (1.8%).

[7]

[8]
(<4.28=%*=19:;8:;=76=7=/.:1;<9:=9/=;-8=+73"'5,3$ 27;<9=<:=;-8=6574

[9]

[10]
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The T[O] content in the carbon steel balanced with slag A
was in the range of 6–13 ppm, and 19–26 ppm for slag B.
The average oxygen content was thus 15 ppm higher in the
steel balanced with slag B, but the T[O] content was 10 ppm

Effect of different refining slag systems on the cleanliness of molten steel
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The statistics, including the size distributions and types
of main inclusions, are listed in Figure 11a.
A total of 127 inclusions were observed in steel samples
under equilibrium conditions with slag B. Nonmetallic
inclusions mainly existed as three types:

Most of the inclusions in the steel balanced with slag A were
less than 3 m in size and comprised the CaO–MgO–Al2O3–
SiO2 system. These inclusions accounted for 71.33% of the
total number of inclusions, while those 3–5 m in size
accounted for 20.67% of the total. Only one inclusion larger
than 10 m was found. According to the above results and
the types and distribution of inclusions in the test steel, the
inclusions in the steel balanced with slag A were smaller than
those in the steel balanced with slag B.
The CaO–MgO–Al2O3–SiO2 nonmetallic inclusions mostly
existed in liquid steel balanced with slag A. The chemical
compositions of these inclusions were plotted on the CaO–
SiO2–Al2O3 ternary phase diagram. MgO and CaO inclusions
can be considered together for this purpose. As can be seen
from Figure 12, under the balance condition of slag system A,
nearly half of the CaO–MgO–Al2O3–SiO2 inclusions located
within the area below the melting point of 1600ºC in liquid
carbon steel will form a liquid at the steelmaking
temperature. The CaO–MnO–Al2O3–SiO2 nonmetallic
inclusions mostly existed in liquid steel balanced with slag B.
Figure 13 show the chemical composition of these inclusions
plotted on the MnO–SiO2–Al2O3 ternary phase diagram. Under
the balance condition of slag system B, a minor fraction of
the CaO–MnO–Al2O3–SiO2 inclusions showed melting points
ranging from 1400 to 1600ºC in liquid carbon steel.
Numerous high-melting-point inclusions were located in the
area of melting points greater than 1600ºC, and the combined
melting point should be higher than this value.

(1) Calcium manganese aluminum silicate (84.25% of
the total
(2) Aluminosilicate (5.51%)
(3 ) Alumina (10.24%).
The statistics are shown in Figure 11b.
Most of the observed inclusions were spherical under the
two slag systems, with a minor fraction being nearly
spherical. These results can be explained as follows. The CaO
content of the inclusions was not sufficiently high to modify
the inclusions and they did not completely separate in the
liquid phase at 1600ºC. Most of the inclusions in the steel in
balance with slag B (64.15% of the total) were less than 3 m
in size and comprised the CaO–MnO–Al2O3–SiO2 system in
liquid steel, while the inclusions of 3–5 m in size accounted
for 28.3%. Inclusions larger than 10 m were not observed.

(<4.28=!,%+9)096<;<9:6=9/=<:15.6<9:6=<:=5<.<#=6;885=757:18#=<;-=
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In order to improve the impact resistance of steel while
avoiding anisotropy in the product, the inclusions should be
low in number, small, and spherical. The melting point of the
inclusions should be low so that they can be slightly modified
to avoid hot tearing during the hot-rolling process.
Additionally, the inclusions should be evenly distributed.
Liquid CaO–MgO–Al2O3–SiO2 and CaO–MnO–Al2O3–SiO2
inclusions satisfy these requirements. As shown in Figures
12 and 13, a large number of inclusions were located in the
liquid region with melting point lower than 1600ºC. These
two types of inclusions present in the steel sample were small
and mostly spherical, as shown in Figures 14 and 15.
To generate liquid CaO–MnO–Al2O3–SiO2 inclusions, slag
system A (1.0–1.8 CaO/Al2O3 mass ratio and SiO2 content
11–20 wt%) was reacted with liquid carbon steel. The
thermodynamic calculations (details are not presented for
reasons of brevity) showed that the inclusions were lowmelting calcium aluminum silicate in the liquid carbon steel,
when these equilibrium conditions are satisfied. The Al
content was lower than 0.013 wt% in the equilibrium steel,

and the oxygen content was approximately 3 ppm. However,
to generate liquid CaO–MnO–Al2O3–SiO2 inclusions, slag
system B (1.0–1.2 CaO/SiO2 mass ratio and Al2O3 content of
approximately 30 wt%) was used to balance with liquid
carbon steel. In order to change the inclusions into lowmelting aluminum silicate manganese in equilibrium liquid
carbon steel, the following conditions need to be met. When
the Al content is fixed at 0.0010–0.0015 wt% in molten steel,
the oxygen activity is between 15 and 25 ppm under balance
conditions. In summary, when slag system B reaches
equilibrium with the liquid steel, the Al content in steel must
be lower than that in the slag system A. In contrast to the
slag system A, the oxygen content was relatively high and
therefore the inclusions were mostly changed into MnO–
Al2O3–SiO2 inclusions in the steel in equilibrium with lowbasicity slag B. These inclusions had higher melting points
because the CaO content in the slag was lower, and the
aluminum silicate manganese did not have enough time to
transform into the low-melting-point CaO–MnO–Al2O3–SiO2
inclusions. The CaO–MgO–Al2O3–SiO2 inclusions were mostly
low-melting-point inclusions in the liquid steel in equilibrium
with the high-basicity slag A. The differences in the melting
points of the inclusions can also be explained by the higher
melting point of slag B compared to slag A. Thus, from a
dynamics point of view, slag A is significantly superior to
slag B.

'005<17;<9:6
Under the original process conditions, the castability of
molten steel was poor, the opening position of the tundish
stopper fluctuated continually, and the highest rising position
was more than 15 mm. The stopper curve is shown in Figure
16a. In accordance with the XRD results for nodulation,
nozzle clogging is mainly a result of the Al2O3 and MgOAl2O3 inclusions. To overcome this issue and relieve the
casting pressure, calcium wire was fed at the end of the
refining process. After the refining slag improvement, the
stopper opening and the mould level remained constant at a
casting speed of 1.3 m/min, and the continuous casting
process involved a total of 13 heats without Ca treatment.
The stopper was only two times higher ( 5 mm) in the final
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casting. The stopper curve is shown in Figure 16b. This
indicates that the new refining process can improve the
castability of carbon steel significantly.

Young Teachers Foundation of Hebei University of
Engineering (16121002006).
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® The T[O] content in the steel in equilibrium with slag A
was between 6 and 13 ppm, which is 64% less than the
original model. The majority (69.7%) of the total
inclusions were CaO–MgO–Al2O3–SiO2 inclusions. When
the integrated basicity increased from 2.2 to 5.1 in the
initial slag, the CaO/Al2O3 ratio increased from 1.0 to
1.8, and the T[O] and (FeO + MnO) contents decreased
® Under the equilibrium condition of slag B, the T[O]
content of the steel was between 19 and 26 ppm, a
decrease of 21% compared with the original model.
CaO–MnO–Al2O3–SiO2 inclusions accounted for 84.3%
of the total number of observed inclusions. When the
initial slag basicity increased from 1.0 to 1.2, the
CaO/Al2O3 ratio increased from 0.8 to 1.5 while the
T[O] content decreased
® When the CaO/Al2O3 ratio of the balanced slag
increased to 1.3–1.9 (slag B) and to 1.5–2.5 (slag A),
the slag basicity increased to 1.5–1.8 (slag B) and to
2.8–6.0 (slag A). Simultaneously, the average T[O]
content in the steel decreased from 22.17 to 9.56 ppm,
the average S content of the slag increased from 0.023
to 0.055 wt%, and the (FeO+MnO) content decreased
from 0.82 to 0.50 wt%. The CaO/Al2O3 and
(CaO+MgO)/SiO2 ratios of slag A were higher, and the
SiO2 content and slag oxidability were lower than for
slag B. Slag A therefore showed stronger deoxidizing
and desulphurization abilities than slag B.
® The overall size of the CaO–MgO–Al2O3–SiO2 inclusions
in steel reacted with slag A was lower than that of the
inclusions formed in the steel reacted with slag B. To
generate spherical CaO–MgO–Al2O3–SiO2 inclusions less
than 3 m in size while decreasing the T[O] and [S]
contents in the steel, slag A is preferred as its
CaO/Al2O3 ratio was between 1.2 to 1.8, and its SiO2
content was in the range of 11–20 wt%.
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Modelling of caving and deformation
mechanisms of the hangingwall of the
Printzsköld oreboby at Malmberget
mine
by S.B. Umar*, J. Sjöberg†, and T. Savilahti‡

Sublevel caving in Malmberget mine results in mining-induced surface
deformation. One of the currently mined orebodies is the Printzsköld
orebody. As mining deepens there is need to assess the behaviour of the
cave formed in the subsurface above this orebody. Numerical analysis was
used to assess the effects of extraction to deeper levels and perform
strength parametric studies. Stress redistribution was studied, and the
results showed high stress buildups in the hangingwall and the crown
pillar. Two failure mechanisms have been identified – shear and tensile.
Reducing cohesion by 50% increased the area of the yielded zone by more
than 100% in the hangingwall.
=&+9726
numerical modelling, sublevel caving, caving mechanism, strength
parametric study, stress redistribution, hangingwall stability.

@<8792108;9<
The Malmberget mine is owned and operated
by the Luossavaara-Kiirunavaara AB (LKAB)
mining company. Iron ore is extracted by
large-scale sublevel caving. The mine
comprises a total of 20 orebodies, about 10
of which are in production today (Figure 1).
The mine is located in the municipality of
Gällivare, about 100 km north of the Arctic
Circle (Figure 2).
Successful sublevel caving requires
progressive caving of the orebody after initial
blasting. This results in caving of the
hangingwall, sometimes all the way to surface,
resulting in surface deformation. As mining
progresses to deeper levels a larger area is
affected by deformation. Over the years,
extraction from the Malmberget orebodies has
led to deformation of the ground surface,
affecting residential areas and existing
infrastructure.
Forecasting the caving process is not
straightforward as it can be rapid or slow,
depending on the rock mass conditions, stress
conditions, the failure mechanisms at work,
etc. Moreover, several of the orebodies in
Malmberget are non-daylighting, which makes
reliable caving analysis even more difficult,
primarily since there is less available
experience from such cases. The present study
was designed to improve the understanding of
the caving and deformation mechanisms at
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Malmberget, and in particularly for the
Printzsköld orebody.
Mining of the non-daylighting orebodies at
Malmberget, including Printzsköld, will leave a
cap rock, or crown pillar, between the
extracted areas and the ground surface. As
mining proceeds deeper in the Printzsköld
orebody, caving will gradually progress
upward in the crown pillar and hangingwall.
The caving propagation can lead to ground
surface deformation, depending on the extent
and rate of caving, and whether breakthrough
develops or not. It is therefore essential to
investigate, describe, and quantify this
phenomenon and its governing factors.
Umar, Sjöberg, and Nordlund (2013)
described the rock mass in the Printzsköld
orebody as highly jointed in many places. This
rock mass is characterized by fractures, faults,
and weak zones. The ore is quite competent
but it is affected by the weak schistosity of
biotite schists in some places on the boundary
between magnetite (ore) and the grey leptite
horizon.
The caving is believed to be controlled by,
among other factors, the stress conditions in
the rock mass. Umar, Sjöberg, and Nordlund
(2013) presented an investigation of the stress
redistribution in the hangingwall of the
Printzsköld orebody in which a twodimensional conceptual model was constructed
using the continuum code Phase2 (Rocscience
Inc., 2002). A sensitivity analysis of strength
parameters was performed in which cohesion
(c); tensile strength (tm), and the angle of
internal friction () of the rock mass were
varied. This study showed that the stability of

Modelling of caving and deformation mechanisms of the hangingwall
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the hangingwall rock mass was more sensitive to variations
in cohesion. However, the two-dimensional model was
judged to be rather simplistic, and a three-dimensional model
study is thus warranted. No three-dimensional stress
modelling has previously been conducted for the Printzsköld
orebody with the aim of studying failure mechanisms in order
to understand the caving process.

behaviour in the crown pillar of a non-daylighting
orebody as mining progresses deeper
ii. To assess the sensitivity of rock mass strength
parameters with respect to possible caving and
deformation mechanisms
iii. To identify the failure mechanism likely to affect the
hangingwall and the crown pillar of the Printzsköld
orebody as mining deepens.

 
The Printzsköld orebody was selected for this study because
of (i) its importance as one of the main areas for future
production at Malmberget, and (ii) the importance of better
understanding future caving behaviour and possible ground
deformation in the central area of Malmberget. The paper
presents a conceptual model for studying stress redistribution
and yielding in the hangingwall of this orebody as a function
of mining at depth and the caving activities. However, the
caving process itself was not explicitly simulated. Rather, the
study was focused on the specific objectives outlined below:
i.

To provide an understanding of the rock mass
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Three-dimensional numerical modelling was employed using
the Three Dimensional Distinct Element Code (3DEC) (Itasca
Consulting Group Inc., 2013). The rock mass was assumed to
be an equivalent continuum (fractures and joints thus not
explicitly simulated) and both elastic and elasto-plastic
analyses were conducted. In the elastic analysis, stress
patterns were evaluated for effects of mining at certain
depths. It was necessary to determine where stress buildups
developed in relation to the crown pillar and the hangingwall.
          

Modelling of caving and deformation mechanisms of the hangingwall
In the elasto-plastic analysis, the extent of yielding as a
function of mining was investigated. Moreover, a parametric
study was conducted in which strength parameter values
were changed and the effect on stress distribution, as well as
the extent and type of yielding, was studied. The simulations
with the plastic material model were all done using the MohrCoulomb yield criterion and a non-associated flow rule.




Initial stresses were obtained from Sjöberg (2008), in which
the vertical stresses were set equal to the pressure from
overburden material and the horizontal stresses were found
to be (through stress calibration):
[1]
[2]
in which z is the vertical depth in metres. Here, H is the
maximum horizontal stress and h is the minimum horizontal
stress, with H having an orientation of 130.6° from the local
north of the mine. It should be noted that the model
boundaries were oriented parallel and perpendicular, respectively, to the initial major horizontal stress, to avoid having
to apply shear stresses to the model boundaries. The strength
parameters used for elastic-perfectly plastic models are
shown in Table I. These values were taken from Umar,
Sjöberg, and Nordlund, (2013), and are based on a study by
Sjöberg and Jacobsson (2007). These values are considered
equivalent strengths for the rock mass, when modelled as a
continuum.
For plastic analysis, three scenarios were analysed to
assess the effects of varying cohesion and tensile strength of
the hangingwall rock. The three scenarios were base case,
and low and high values for cohesion and tensile strength.
The friction angle was kept at a value of 50.7° for the
sensitivity analysis (see Table II). The cohesion value was
varied by ± 3 MPa for the low,and high,cohesion cases. For
the tensile strength, zero tensile strength was chosen for the
low-strength case, and an approximately twice as high a
tensile strength (1.5 vs. 0.7 MPa) for the high-strength case.

36

29

m

2050 m

The Printzsköld orebody has a complex geometry. Extraction
from this orebody requires a controlled approach in which
stresses are redistributed uniformly to avoid high stress
buildups in certain mining areas as well as in the
hangingwall. Mining of this orebody by sublevel caving
started at the 780 m level. As mining progressed deeper, an
upward cave developed, which as of 2012 had propagated
upward to approximately 300 m below the ground surface (at
about the 500 m level in the local mine coordinate system).
The orebody has a plunge hangingwall which is defined by
the flat-lying cave back (see Figure 3). Umar, Sjöberg, and
Nordlund (2013) only examined a vertical cross-section of
the Printzsköld orebody in a two-dimensional model, thus
leaving out much of the effects of the plunge hangingwall. A
two-dimensional model of a longitudinal section of the
orebody was also modelled, but not reported. This work was
included in the present study to compare with the threedimensional model.
Another simplification that has been made concerns the
mining sequence of the Printzsköld orebody in the current
model, as shown in Figure 3. The draw schedule within each
sublevel, or at different sublevels simultaneously, has not
been simulated; instead, each sublevel has been excavated in
full for each mining step in the model.
Mining was simulated to progress downwards on levels
separated by 25–30 m (corresponding to actual sublevel
height). This mining simulation started from the current
active production level at 920 m and progressed to the future
1225 m level with a total extraction of approximately 70 Mt
planned by November 2030. It should be noted that the
possible continued caving as mining proceeds deeper was not
explicitly simulated in the model. Rather, the cave back that
had developed up until 2012 was kept at the same position
and the possible behaviour of the rock around the cave
analyzed as mining progressed downward.

The model size was set to 2800 m × 3629 m × 2050 m to
reduce possible model boundary interference (see Figure 4).
A graded discretization was used with fine meshing close to
the orebody and a gradually coarser mesh toward the model
boundaries. The boundary conditions were that the model
was fixed at the bottom, and with roller boundaries (zero
horizontal velocity) on all vertical boundaries. The top
surface was modelled as a free surface.
It was further assumed that neighbouring orebodies did
not affect the Printzsköld orebody, hence only the Printzsköld
orebody was included in the model. This assumption needs to
be verified in future mine-scale models, but initial stress
models by Perman, Sjöberg, and Dahnér (2011) indicated
that interaction effects may be limited.
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Modelling of caving and deformation mechanisms of the hangingwall
Table I
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:09(669<%>)##
7=:

87=<384>.:7:/=8=7

:51=

Hangingwall

c (MPa)
 (°)
tm (MPa)

5.18
50.7
0.71

Orebody

c (MPa)
 (°)
tm (MPa)

4.81
50.7
0.48

Footwall

c (MPa)
 (°)
tm (MPa)

6.67
52.9
1.3

c = cohesion;  = internal friction angle; tm = tensile strength

Table II

87=<384>.:7:/=8=76>:<2>,:7;:8;9<6>16=2>;<>84=
/92=5>
:6=>0:6=>
,:51=6

The evaluation planes in Figure 5 were situated in the
true hangingwall while the longitudinal evaluation planes in
Figure 6 cut across the orebody. Planes L1 and L3 in Figure 6
were set up to evaluate the behaviour in the cap rock and
plunge hangingwall, respectively. On each plane, principal
stresses and yielding were evaluated. L2 was used to give
infill stress distribution information in the plunge
hangingwall to ascertain the trend of failure as stresses build
up in the cap rock.
The results are presented for both elastic and elastoplastic analyses. These results are compared with those
obtained in the two-dimensional analysis using Phase2
(Umar, Sjöberg, and Nordlund 2013). The 1109 m level was
used as a control, to observe the trends and tendencies of
rock mass behaviour. It was found that the rock mass
behaviour when mining level 1109 m did not depart much
from that when mining the 1225 m level.
The sign convention for stress results in 3DEC is negative
for compressive stresses and positive for tensile. However,
for the Phase2 results the convention is the opposite, i.e.,
positive for compressive stresses and negative for tensile
stress.
C3 C2 C1

;34>8=<6;5=> 9+>8=<6;5=>
;34>
9+>
687=<384
687=<384 094=6;9< 094=6;9<

Cohesion
c (MPa)

5.18

5.18

5.18

8.18

2.18

Tensile
strength
t (MPa)

0.71

1.5

0

0.71

0.71

Cave

Footwall

Hangingwall

970 m level
1225 m level

 
Comparisons with the 2D models were made for vertical and
longitudinal cross-sections of the orebody. The mining stages
corresponding to levels 970 and 1225 m were selected for
interpretation and evaluation. The 970 m level was selected
as this area will be mined in the near future. The 1225 m
level was selected as it represented a significant difference in
the amount of overall extraction compared to that of the
current mining state.
Three query lines were set in the vertical cross-section
along the hangingwall to study parameter effects on the
model in comparison to the two-dimensional model analysis
presented in Umar, Sjöberg, and Nordlund (2013). These
lines represented three evaluation planes that were
established in the vertical cross-section view. Three
evaluation planes were also established in the longitudinal
cross-section of the Printzsköld orebody. These planes were
used to monitor and evaluate the stress redistribution as
mining progressed. Three cross-sectional view planes – C1,
C2, and C3 – were chosen to evaluate how far into the
hangingwall the stress redistribution reached. Plane C1,
placed about 100 m from the cave boundary, was set as a
starting point and established for comparison with the twodimensional Phase2 model stress evaluations reported in
Umar, Sjöberg, and Nordlund (2013) (Figures 5 and 6).
Evaluation plane C2 was 50 m away from plane C1 and C3
was placed 50 m away from C2.
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Modelling of caving and deformation mechanisms of the hangingwall
A=61586

Results for the 970 m and 1225 m level are shown in the
vertical cross-section and the longitudinal section in Figures
7 through 9. In the longitudinal section, a buildup of the
major stresses in the cap rock and the plunge hangingwall
can be observed. In Figures 7 and 8, (a) represents results
evaluated on a plane that cuts through the orebody, while
(b), (c), and (d) represent the major principal stress in
various parts of the model on the evaluation planes (C1, C2,
C3) for the 970 m and 1225 m levels. A high concentration of
compressive stress was seen to develop in the cap rock when
mining reached the 1225 m level.
In the cross-sectional direction (shown in Figure 6) three
monitoring planes (L1, L2, and L3) were used, which enabled
assessment of the stress redistribution in the cap rock, true
hangingwall, and plunge hangingwall. The major principal
stresses on these evaluation planes are shown in Figures 9
through 11.
The evaluation plane L1 in Figure 9 cuts through the roof
of the cave and the Printzsköld true hangingwall. A
compressive stress regime is built up in the roof of the cave.
A destressed region can be observed on the boundary of the
cave going outwards into the hangingwall to about 100 m.
Evaluation plane L2 (Figure 10) also shows a high-stress
region in the upper part of the plunge hangingwall.
Figure 11 shows the monitoring plane L3 which
addresses the plunge hangingwall on the fringes of the

orebody. The major principal stress was also analysed along
a line traced through evaluation plane L1 (from Figure 6) and
results monitored from evaluation planes C1, C2, and C3.
This was to determine how the major principal stress
changed for the various distances of the planes from the cave
boundary.
Figure 12 shows the major principal stresses plotted
against distance for the three evaluation planes. The bottom
of the cave is represented at the origin in the graph while the
surface is at 1100 m (upper part of the graph). Figure 12 also
shows zones of high stressing and destressing along each
evaluation plane.
A stress variation evaluation was undertaken along a line
traced along the evaluation plane C1 in Figure 5. The results
were compared to the stress variations observed along the
corresponding evaluation (or query) line analysis from the
two-dimensional model analysed in Phase2 (Umar, Sjöberg,
and Nordlund, 2013), shown in Figure 13.

';317=>$":5015:8=2>/:97>.7;<0;.:5>687=66><=3:8;,=>687=66=6>:7=
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6=08;9<>84=>=,:51:8;9<>.5:<=>*>:6>649+<>;<>';317=>
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09/.7=66;,=%>;<>1<;86>9-> :>-97>/;<;<3>29+<>89>84=>#>/>5=,=5>;<>84=
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directions. In the cap rock, as seen from Figures 9 and 14,
there does not seem to be much change in the major principal
stress when mining from the 970 to the 1225 m level. This
could be because the thickness of the crown pillar remains
the same when mining to the deeper levels.
Further stress evaluation was conducted in the
hangingwall and the cap rock of the Printzsköld orebody.
Two evaluation lines were established, one starting from the
cave back going vertically upwards to the ground surface
with length of about 300 m (A) and the other from the cave
boundary generated after mining the 1225 m level to about
1000 m into the hangingwall oriented in the northeastern
direction and inclined at a dip of approximately 30° (B) (see
Figure 15). The graphs in Figure 15 also show the plots of
major and minor principal stresses against distance along the
evaluation plane into the hangingwall. These plots illustrate
the variations between the two principal stresses along the
lines A and B.

';317=>*)$:97>.7;<0;.:5>687=66>.598>9<>:>5;<=>87:0=2>:59<3>84=
=,:51:8;9<>.5:<=>*>:<2>=,:51:8=2>9<>.5:<=6>"*%>")%>:<2>">

Figure 13 from Phase2 compares well with Figure 9b.
Both figures have been taken showing the stress after mining
the 1225 m level. However, larger stresses were found from
the Phase2 model compared to the 3DEC model. Stress
variation graphs from 3DEC and from Phase2 (Figure 14)
show a similar trend in the behaviour of the stresses along
plane C1 in the hangingwall for all mining levels. The
maximum stress value in the 3DEC model in the cap rock is
20 MPa while the Phase2 model shows a maximum stress
just above 100 MPa at the same location (both for the 1225
m mining step). One reason for this seemingly large
difference is that the two-dimensional model does not include
the abutment effect from the third dimension, which would
lead to stresses being overestimated compared to a threedimensional model It should also be noted that zone sizes
are larger in the 3DEC model, which further reduces the
stress concentrations compared to those in the Phase2
models.
For both the 3DEC and the Phase2 models, the 970 m
level stress behaviour shows a high stress buildup at the 300
m distance mark because this is the toe of the cave adjacent
to the position of the line in the hangingwall. For the 1225 m
level this point has become destressed and so the high
stresses have been redistributed to lower levels. Destressed
regions were observed in the hangingwall on all the three
evaluation planes in the longintudinal and cross-sectional
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Major and minor principal stresses were also plotted
along the two lines, with the results shown in Figures 16 and
17. In the cave back along line A, both minor and major
principal stresses show a steady decrease when moving
upward from the boundary of the cave. The stress buildup in
the immediate cave back is accompanied by high
confinement. In the hangingwall (along line B), the minor
principal stress is about 5 MPa less than the major principal
stress. The graph for line B shows a lack of confinement at
the cave boundary in the hangingwall.
Plots of the major and minor principal stresses were used
to check for confinement in the crown pillar and the
hangingwall. It was evident that there was a high stress
confinement at the cave back along line A after mining was
simulated for the 1225 m level; the hangingwall showed an
increase in confinment along line B from about 300 m to 800
m from the cave boundary. Thereafter there was a reduction
in confinment at about 1200 m into the hangingwall.

';317=>*>>:97>:<2>/;<97>.7;<0;.:5>687=66>2;687;(18;9<>:59<3>5;<=> >;<
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Figure 19 shows a simulation of yielding patterns in the
true and plunge hangingwall sections after mining level
1225 m. Both shear and tensile failure have developed, with
tensile yelding predominating on the C1 evaluation plane.
The plunge hangingwall at this level fails primarily in shear.
Similar tensile failure patterns were observed on the
evaluation planes C2 and C3.

   
The sensitivity of the model to changing strength parameters
was studied. This rock mass contains several weak zones and
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The results for the base case scenario are shown in Figure 18
for mining of levels 970 m and 1225 m. The different colours
in the legend indicate the current and past yield states for an
element, with shear-p and tension-p denoting shear and
tensile yielding in the past (previous time steps), respectively,
and shear-n and tension-n denoting shear and tensile
yielding ‘now’, i.e. at the particular time step being evaluated.
The blue ‘background’ colour indicates that the material is
still elastic, i.e. that no yielding has occurred. The results
indicate that tensile failure was dominant in the hangingwall,
whereas shear failure developed below the active mining
level. This simulation also shows that as mining progresses
deeper, the area of yielding increases. Also, mixed shear and
tensile yielding is observed to be developing in the lower part
of the hangingwall, and shear failure can also be noted in the
footwall. The area of hangingwall yielding in this crosssection for mining the 970 m level is 35 600 m2, compared to
54 055 m2 for mining of the 1225 m level.

Modelling of caving and deformation mechanisms of the hangingwall
Ground surface

Ground surface
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Ground surface

biotite schist zones, which affect the rock mass strength. In
this initial study, the strength was changed for the entire
hangingwall rock mass, to increase the understanding of
what strength parameters are important to quantify in the
continued work. Figures 20 and 21 show the results from the
cases of high and low cohesion (cf. Table II), respectively,
which may be compared to the base case shown above. The
results show a marked difference in the volumes of yield in
the hangingwall, with a larger yielding obtained for the case
of the lower cohesion value.

      
Tensile strength was increased to twice that of the base case
values for the high-value case and reduced to zero for the
low-value case (cf. Table II). Figures 22 and 23 show the
results for the two cases. It can be seen that the overall area
of yielding in the hangingwall and cap rock does not significantly change as the tensile strength is changed. However,
the failure mechanism changes from shear to tensile failure,
as could be expected. Moreover, for the low-strength case,
some yielding near the ground surface can also be observed.

    
   
The changes observed for the variations of cohesion are
higher in terms of area of yielding compared to the cases with
varied tensile strength. However, changing the tensile
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strength affected the yielding mechanism. It was clearly
inferred from model simulations that cohesion played an
important role in the amount of yielding of the hangingwall
rock mass. The type of yielding for low cohesion was more
of shear, while that for high cohesion was predominantly
tensile. Evaluation plane L1 was used to estimate the areal
changes on this plane, which represented a volume variation
along the evaluation plane. The variations, shown in Figure
24, show the differences in the area of the hangingwall
affected by the cohesion changes (in terms of tensile or shear
yielding) on the L1 evaluation plane.
          

Modelling of caving and deformation mechanisms of the hangingwall
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Comparisons were made between the plastic analysis
results in 3DEC and the numerical modeling results presented
in Umar, Sjöberg, and Nordlund (2013) in which Phase2
code was used. It was found that the results from the Phase2
model showed more conservative values for the hangingwall
yielding than those shown in 3DEC, (compare Figure 25 and
Figure 18). A larger area of yielding was noted in the Phase2
model compared to that in 3DEC. As stated earlier, the planestrain assumption used in Phase2 will generally result in
exaggerated yielding compared to a 3D model.

?;60166;9<
The results from the three-dimensional modelling presented
in this paper have been compared with results from twodimensional modelling presented in Umar, Sjöberg, and
Nordlund (2013) using Phase2. Elastic modelling showed a
good match with the Phase2 results, especially regarding the
stress redistribution pattern. However, there is a difference in
the values of the stress buildup, especially in the cave back.
The two-dimensional Phase2 model gave higher stresses
compared to those found from the 3DEC model. The primary
reason for this is that the two-dimensional analysis assumes
infinite cross-sections and thus it eliminates the effect of
abutment from the walls perpendicular to the model plane.
Hence it can be reasonably assumed that the 3DEC model
yields more realistic stress values for a complicated orebody
geometry such as that for the Printzsköld orebody.
Numerical simulations showed that tensile yielding in the
hangingwall was more predominant compared to shear
yielding, with the latter being observed primarily in the

crown pillar and at the toe of the cave. Varying strength
parameter values led to changes in the behaviour of the
model in the hangingwall. It was found that lowering
cohesion in the hangingwall caused an increase in the overall
volume of yielding in either tension or shear. Since there are
weak zones in this rock mass, this finding can be used to
estimate failure extents within the hangingwall rock mass
with low cohesion, such as the biotite schist zones found
near the Printzsköld orebody.
The destressed zone in the true hangingwall can be
thought of as a beam ‘fixed’ to the cave back and the toe of
the hangingwall-cave boundary (see Figure 26). Bending of
this ‘beam’ will induce tensile failure in the hangingwall. The
cave back, on the other hand, is likely to fail in shear due to
high compressive stresses, and thus advance upwards. This
would lead to an extension of the exposed hangingwall
‘beam’, which in turn will promote additional tensile failure,
thus resulting in progressive cave growth.

"9<0516;9<6>:<2>7=09//=<2:8;9<6
The hangingwall of the Printzsköld orebody was analysed
numerically using elastic and plastic material models. The
following conclusions can be drawn from this study.
® As mining deepens there are high stress buildups in
the cave back. Lowering the cohesion has an overall
effect of increased yielding in the hangingwall.
Simulations with high cohesion values produces very
little yielding in the hangingwall, as expected
® The tensile strength variation had a limited effect on
yielding in the hangingwall compared to that from
variations in cohesion

';317=>)$;=52=2>=5=/=<86>;<>84=>4:<3;<3+:55>-97>/;<;<3>9->5=,=56>
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Modelling of caving and deformation mechanisms of the hangingwall
® The failure pattern observed in the hangingwall was a
mixture of tensile failure and shear failure. Shear
failure was observed mostly near the crown pillar and
also at the toe of the hangingwall.
The following recommendations are made with respect to
continued studies.
® This simulation has been undertaken without
considering the geological structures that may be
present in the rock mass. It is therefore envisaged that
further analysis of this orebody should incorporate
potential large-scale geological features to address their
possible effects on the stability of the hangingwall
® The potential for extension cracking, possibly resulting
from caving, should be investigated further. This may
be conducted using continuum modelling. However, it
is also recommended that for future work more efforts
should be made in explicitly simulating caving and
cave advance, and the resulting cave geometry in the
Printzsköld orebody. For this, a ’caving’ model is
required, and different approaches need to be
investigated
® For this study, historical observations of caving were
used qualitatively to understand the caving zone. For
future work, it is envisaged that e.g., seismic
monitoring data may be used as more quantitative
data-set, thus allowing an improved calibration of the
models.
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Recovery of iron from red mud by hightemperature reduction of carbonbearing briquettes
by T. Chun*, D. Li*, Z. Di*, H. Long*, L. Tang*, F. Li*, and
Y. Li*

et al., 2015; Guo et al., 2016). During
reduction roasting, iron oxides are reduced to
metallic iron, which could be upgraded by
magnetic separation. Previous research
reported that the sodium borate is an effective
additive to improve the reduction of iron
oxides and the growth of the metallic iron
grains (Long et al., 2016). Therefore, sodium
borate was employed as an additive in this
investigation.

 /3%040
Red mud is the waste generated during the production of alumina from
bauxite. The high-temperature reduction of red mud in the absence and
presence of sodium borate was carried out to facilitate the subsequent
recovery of iron by wet magnetic separation. Sodium borate was found to
enhance the recovery of iron, as well as increasing the particle size of metallic
iron significantly. High-temperature reduction in the presence of 4% sodium
borate increased the iron grade of the metallic powder to 90.05%, compared
to 80.24% without sodium borate under the optimum conditions of roasting
at 1300°C for 30 min. Experimental evidence showed that sodium borate
promotes the reduction of iron oxides and the growth of metallic iron grains,
which leads to improved separation between iron and gangue during the
subsequent magnetic separation.
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Red mud is a solid waste residue formed after
the caustic digestion of bauxite during the
production of alumina. The production of 1 t of
metallic aluminum generates about 0.8–1.5 t
of red mud (Zhou, Fan, and Li, 2008; Mishra,
Syslry, and Kirkpatrick, 2001). In China, about
30 Mt of red mud is produced every year, and
about 200 Mt of red mud is stacked (Zhu et
al., 2012). Red mud is a highly alkaline solid
waste with pH 10-12.5, containing iron,
aluminum, silicon, and other nonferrous
metals (Gupta and Sharma, 2002; Chun et al.,
2014b; Soner, Altundogan, and Fikret, 2002).
Red mud has an adverse impact on the
environment, and its proper disposal presents
a huge challenge for alumina producers.
To solve the disposal problems, many
technologies have been proposed for the
utilization of red mud, such as the recovery of
valuable metals including iron, aluminum,
titanium, and other trace metals, ceramic
production, and catalysts for waste gas and
liquid cleaning (Pontikes, Nikolopoulos, and
Angelopoulos, 2007; Chun et al., 2014a;
Zhang, Deng, and Xu, 2005; Yang et al., 2006;
Amritphale, Avneesh, and Navin, 2007). In
recent years, direct reduction and magnetic
separation technology has been developed to
treat iron-bearing wastes such as copper and
chromium slags, pyrite cinder, and red mud
(Long et al., 2015, 2016; Chun, Long, and Li
          

The red mud used in this study was collected
from Shandong Aluminum Corporation, China.
The chemical composition was determined by
X-ray fluorescence (XRF) (Table I). The major
constituents are Fe (42.45% total), SiO2
(6.89%), and Al2O3 (10.34%). The phase
composition of iron minerals was tested by Xray diffraction (XRD), and most of the iron is
in the form of limonite and martite, with some
magnetite, iron silicate, and iron carbonate
(Table II). The size distribution is 80% passing
0.10 mm using the sieve.
Analytical grade sodium borate was
employed as an additive during the
experiment. The coal used as the reductant
had a fixed carbon content of 78.99% (air-dry
basis), volatile matter 7.40% (dry ash-free
basis), and ash 10.95% (air-dry basis)
including 5.69% SiO2, 1.41% Fe2O3, 3.01%
Al2O3, 0.64% CaO, and 0.20% MgO. The size
distribution was 100% passing 1 mm and 70%
passing 0.074 mm.

%614*6/52.7*65(3The experimental process comprised
briquetting, high-temperature reduction of
briquettes, and magnetic separation, as shown
in Figure 1.
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red mud, sodium borate, high-temperature reduction, metallic iron powder.

Recovery of iron from red mud by high-temperature reduction
Table I
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Content (wt%)
Distribution (%)

Red mud Coal Additive

The iron recovery was calculated as:
[2]

Blending

where  is the yield of metallic iron powder (wt%), Fe is the
total iron content of the powder (wt%), and Fe is the total
iron content of the reduced briquettes (wt%). Each
experiment was carried out in duplicate under the same
conditions, and the error bars were less than 1%. The
average of the two tests was used as the final result.

Briquetting
Drying
Reduction roasting

Wet grinding

60+.5072/-7-40)+0043/
Magnetic separation

  

Metallic iron powder Nonmagnetic residue

"4!+167".3'70(66573,75(676%614*6/52.7%13)600

Red mud, sodium borate, and coal fines were mixed in a
mixer (CH-10) with 8% water (dry basis) for 1 hour.
Cylindrical briquettes 10 mm in diameter and 10 mm in
height were produced by pressing 2.5 g of the mixture in a
cylindrical mould for 1 minute using a pressure of 8 MPa
applied by a vertically loading piston. The briquettes were
oven-dried at 105°C for 4 hours.
A graphite crucible 100 mm in diameter and 100 mm in
height, containing 50 g dried briquettes, was placed in the
furnace. After the designated reaction time, nitrogen was
introduced at a flow rate of 1 L/min. The reduced briquettes
were ground to 90% passing 0.074 mm in a cone ball mill
(model XMQ240×90 from Wuhan Rock Crush & Grind
Equipment Manufacture Co. Ltd). Magnetic separation was
performed on the powdered briquettes using a Davis tube
(model XCGS-73) at a magnetic intensity of 0.08 T (Long et
al., 2016).
The structures and elemental distribution of reduced
briquettes were analysed by scanning electron microscopy
(SEM). The chemical composition of the red mud was
analysed by X-ray fluorescence (XRF), and the total iron
content and metallic iron content in the iron concentrate
(metallic iron powder) were determined by chemical method
according to the Chinese standard (GB/T6730.6-2016). The
degree of metallization was calculated using Equation [1]:

Figure 2 shows the effect of sodium borate addition on the
quality of the metallic iron powder. The iron grade increased
significantly from 80.04% to 90.43% as the sodium borate
dosage was increased from zero to 6%; however, the iron
recovery decreased from 92.58% to 81.70%. This can be
attributed to the presence of Na2O during the reduction
roasting, which could promote the transformation of Fe3+ to
Fe0, improving the reduction of iron oxides (Chun et al.,
2014). On the other hand, sodium borate also creates more
lattice defects in metallic iron, thus promoting recrystallization of the metallic iron (Long et al., 2016), which leads
to the growth and interconnection of metallic iron grains,
resulting in the high iron grade. However, the liquid phase
content increased in the presence of the low-melting-point
additive (sodium borate). Some metallic iron particles coated
by the liquid phase could not be recovered by magnetic
separation, thus lowering the iron recovery.
As shown in Table I, the main gangue minerals in the red
mud are Al2O3 and SiO2. Figure 3 shows the ternary phase

[1]
where  is the degree of metallization (%), Fe is the total iron
content of the metallic iron powder (wt%), and MFe is the
metallic iron content (wt%).
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Recovery of iron from red mud by high-temperature reduction
roasting temperatures, a temperature of 1300°C is
recommended.

  
The effect of reduction time on the qualities of the metallic
iron powder is presented in Figure 6. When reduction time
was extended from 20 to 30 minutes, the iron grade
increased from 86.37% to 90.78%, and then levelled off. The
iron recovery followed a similar trend. The optimal reduction
time is 30 minutes at 1300°C.
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diagram of the Na2O-Al2O3-SiO2 system. The melting point
decreased when some Na2O was added in the briquettes.
During the reduction roasting, the Na2O decomposed from the
sodium borate promotes the formation of low-melting-point
minerals, such as Na2O.2SiO2 and Na2O.Al2O3. The liquid
phase promotes the transfer and migration of metallic iron
and the formation of large particles.
In order to illustrate the mechanisms by which sodium
borate improved the reduction of iron in red mud, SEM
images of reduced briquettes without and with additions of
sodium borate were investigated. Without additions of
sodium borate the metallic iron particles in the reduced
briquettes were dispersed, with an average particle size of
less than 50 m (Figure 4a). With the addition of 4% sodium
borate under the same roasting conditions, the metallic iron
particles agglomerated and formed larger particles of more
than 50 m (Figure 4b). Sodium borate addition also forms a
lower melting oxide phase, which promotes the growth of
metallic iron particles. Larger particles are more easily
liberated during milling, and thus are separated more
effectively during magnetic separation (Chun, Long, and Li,
2015).

Since the total iron content of the red mud is 42.45% and the
fixed carbon content of the coal fines is 78.99%, then
according to the reaction 2Fe2O3+3C4Fe+3CO2, the coal
fines addition required is 7.86% in the mixture of red mud
and coal fines. Figure 7 presents the effect of coal fines
addition on the qualities of the metallic iron powder. The coal
fines content of the briquettes is also an important factor
during high-temperature reduction. The greater the coal fines
content, the more reducing the atmosphere, which promotes
the reduction of iron oxides. With coal fines additions of less
than 7.86%, the iron oxides could not be reduced fully.
However, increasing the addition of coal fines increases the
cost. Therefore a coal fines addition of 12% is suggested.

      
The final metallic iron powder, assaying 90.78% Fetotal
(representing a metallization degree of 91.26%) at 88.20%
iron recovery, was obtained with additions of 4% sodium
borate and 12% coal fines, and reduction at 1300°C for 30
minutes. The chemical composition of final metallic iron
powder obtained is shown in Table III.
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Figure 5 illustrates the effect of reduction temperature on the
qualities of the metallic iron powder. Since reduction roasting
is an endothermic reaction, increasing the temperature is an
effective way to improve the reduction of iron oxides. The
higher the reduction temperature, the higher the iron grade
and iron recovery to the concentrate. When the reduction
temperature was increased from 1200°C to 1350°C, the
concentrate grade increased from 80.23% to 92.64% Fe, and
the iron recovery increased from 81.45% to 87.11%. In
consideration of the increased energy consumption at higher

Recovery of iron from red mud by high-temperature reduction
For the material requirement of the electric arc furnace
(EAF), the iron grade and the metallization degree must be
higher than 88% and 90%, respectively, and the S and P each
less than 0.06%, respectively (Fang, 1994). The iron grade of
iron concentrate was higher than 90% and the contents of
sulphur and phosphorus were low. The final product, after
briquetting, can be used as the feed for steelmaking by EAF,
replacing scrap steel.

3/).+043/0
The iron in the red mud is mainly contained in limonite and
martite. High-temperature reduction in the presence of
sodium borate followed by magnetic separation is an effective
way to recover the iron. During the reduction roasting, Na2O
decomposed from sodium borate promotes the reduction of
Fe3+ to Fe0 and the growth of metallic iron grains.
A final metallic iron powder, assaying 90.78% Fetotal and
representing a metallization degree of 91.26% at 88.20% iron
recovery, was obtained under the optimum conditions. The
final product can be briquetted for use as feed to steelmaking
in an electric arc furnace to replace scrap.

6)3**6/-2543/0
The technical feasibility of producing high-grade metallic iron
powder from red mud has been demonstrated. In further
work, a pilot-scale experiment will be conducted using a
rotary hearth furnace, which is used commercially to treat
zinc-bearing dust in Chinese iron and steel plants. As shown
in Table III, the Al2O3 content of the metallic iron powder was
1.14% in, which indicates that most of the aluminum reports
to the nonmagnetic tailings, and the recovery of alumina
from the tailings will be investigated in further research.
It is ineffective to treat refractory secondary iron-bearing
wastes such as red mud using traditional technologies, such
as gravity separation or flotation. Compared with the
traditional technologies, the operating cost of sodium salt
reduction roasting is high, but this technology opens the way
for the utilization of these wastes.

"4!+167,,6)573,7)32.7,4/6072--4543/73/75(67+2.4546073,75(67*652..4)
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Compared with iron ore, the red mud is very cheap. The
raw material cost could be decreased by replacing some of the
coal fines with blast furnace dust, which has a high carbon
content. Meanwhile, selection of an efficient reactor is also
important in keeping costs down. For example, the rotary
hearth furnace is superior to the rotary kiln and tunnel kiln.
In industrial application, a good seal is an effective way to
improve the reducing atmosphere, which will further decrease
the fuel cost. Although the treatment cost is high, the
utilization of red mud confers social and environmental
benefits.
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Financial analysis of the impact of
increasing mining rate in underground
mining, using simulation and mixed
integer programming
by A. Salama*, M. Nehring‡, and J. Greberg*

This paper challenges the traditional notion that mine planners need to
plan production so as to incur the lowest mining cost. For a given mine
configuration, a mine that increases its mining rate will incur increased
mining costs. In an environment in which operations are fixated on cost
reduction, a proposal that increases costs will not be readily accepted.
Such a proposal requires financial justification—the increase in costs
might be recuperated by the additional production. This paper evaluates
the net present value (NPV) across a range of copper prices for two
underground orebodies located at different depths, using a production rate
of 300 kt per quarter and a scenario that introduces additional equipment
and costs for 450 kt per quarter. The evaluation was based on the changes
of NPV for the orebody located at a shallow depth compared with the
orebody at a greater depth. Discrete event simulation combined with mixed
integer programming was used for analysis. Unlike traditional sensitivity
analysis, this study re-optimizes the mine plan for each commodity price
at each production rate. The results show that, for the low mining rate at
the final copper price, an NPV of A$1530.64 million is achieved, whereas
an NPV of A$1537.59 million is achieved at a higher mining rate. Even
though pushing mining rates beyond traditional limits may increase
mining costs, this option may be beneficial at certain commodity prices,
particularly when prices are elevated.
743/'mining rates, commodity price, simulation, mixed integer programming.

6.0/3'&,013.
A traditional notion among mine planners is
that mining rates should be planned in such a
way as to reduce production costs. This concept
generally relates to the mining rate that results
in the highest machine utilization for the
selected equipment. Although an existing mine
may consider increasing its mining rate by
adding equipment to a given mine configuration, this typically increases mining costs. In
an environment in which operations are fixated
on cost reduction, a proposal to increase costs
may be very difficult to argue for. The value of
the mine plan is well recognized as varying
with the mining rate for a given orebody
(Smith, 1997).
The mining rate is usually not constant for
the life of an operation, and the decision to
increase or decrease the rate depends on many
factors, including market conditions and the
size of the resource. Research focusing on
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determining the optimal mine plan and,
simultaneously, allowing a variable mining rate
and a varying commodity price over the life of
the operation, is distinctly lacking.
Most mine planning adopts a traditional
single rate at a fixed commodity price. Brennan
and Schwartz (1985) developed a mine plan
using variations in the metal price without
changing the mining rate. The authors
proposed that a mine can continue its
operations only if the metal price is high
enough to maintain a positive cash flow. Yearn
(1992) and Baqun (2001) developed methods
to determine the optimal cut-off grade and
mining rate to yield the maximum net present
value (NPV). In both cases, the metal price was
fixed for the life of the deposit and little
discussion ensued on the degree to which the
system will change considering metal price
variations. King (2000) developed a mine plan
model with dynamic programming using
Lane’s cutoff grade theory for a fixed mining
rate. An approach was later developed to allow
variable mining rates at a fixed price in the
value optimization of the mine plan. McIsaac
(2008) employed golden search optimization
using simulation-based models that consider
metal price uncertainty to determine a robust
fixed cut-off grade. However, his evaluation
showed that the mining rate was fixed for the
entire life of the underground mining
operation. Salama, Nehring, and Greberg
(2014) presented an optimization of the value
of the mine plan across a range of metal prices
without considering a variable mining rate.
They suggest that when mining operations
seek to gain as much value as possible,
continuing to operate under the same mine

Financial analysis of the impact of increasing mining rate in underground mining
plan is inappropriate if commodity prices change during the
course of operation. In addition, they suggest that a mining
rate that can be altered during the life of the mine by
reconfiguring the number of pieces of equipment, even if
mining costs increase, should be explored as a means to
further maximize the value of the mine plan.
Much of the literature shows the validity in generating
new mine plans when commodity prices change under fixed
mining rate conditions and the same general equipment
configuration. The aim of this paper is to investigate the
validity of mine plan value maximization across ten copper
price scenarios from A$5250 per ton Cu to A$9750 per ton,
in A$500 per ton increments, while allowing a variable
mining rate from 300 kt to 450 kt per quarter during the life
of an underground sublevel stoping copper operation. The
analysis was performed using discrete event simulation
combined with mixed integer programming. Simulation was
first used to compute the appropriate mining costs at the
current and increased mining rates for the operation. Mixed
integer programming (MIP) was then used to generate
optimal schedules and mine plans for the selected range of
copper prices. Unlike a traditional sensitivity analysis, this
study re-optimizes the mine plan for each commodity price at
each mining rate. An explicit value in each case is attributed
to the value resulting from a change in commodity price, and
more importantly, the value resulting from an optimization of
the mine plan.

unprofitable to mine. If the price exceeds that which was
initially used, then production should be modified to reflect
the new economic circumstances (Hall and Stewart, 2004).
For existing operations that have a flexible hauling system,
the mining rate can be increased by adding more equipment,
although doing so decreases the equipment utilization. An
increase in equipment tends to result in higher mining costs.
Equipment productivity is very important when planning
and designing a mining operation. Some of the factors that
affect equipment productivity include the mine schedule,
number of cycles per hour, location of dig and dump sites
(travel time), operator proficiency, digging conditions, and
bucket capacity (Barabady and Kumar, 2008). The mine
design and layout is heavily influenced by the equipment
used to carry out the extraction, and the final equipment
selection can be made only after completion of the mine
configuration. The mine planning team always selects
equipment and designs the mine in such a way as to
maximize equipment utilization (Topuz and Baral, 1988).
This process includes, but is not limited to, designing
pushback widths (in the case of an open pit) or the size and
location of underground drives (in the case of underground
operations) to be large enough to allow easy loading and
haulage without excessive interaction with other equipment.
This study investigates whether an increase in mining rates
by employing more equipment, which results in an increase
in mining cost, is an appropriate strategy under existing mine
configurations at different commodity price scenarios.

1.1."5/204
The mining rate selected significantly influences the
optimization process. The selection may be based on an
empirical formula or economic measures (Tatman, 2001).
Taylor (1986) produced an equation to estimate the mining
rate on the basis of the size of the deposit, known as Taylor’s
Rule, which is still used today. However Taylor’s Rule has
limitations regarding several factors, such as hoisting
capacity, mine depth, and geometry of the deposit. Tatman
(2001) developed an empirical equation for steeply dipping
underground deposits by taking into account the geometry,
rather than the size, of the orebody. Economic measures such
as NPV should ultimately have a large weighting when
considering one mining rate over another. NPV is the
summation of all discounted future cash flows over the life of
the operation. Smith (1997) discussed the economic characteristics affecting the selection of the optimum mining rate
from an investor’s point of view. He suggested that the
mining rate can be selected by maximizing the NPV and
discounted cash flow return on investment. Once the mining
rate is determined and the operations start, it is difficult, and
often capital-intensive, to change the mining rate to a
significant extent (Ding, 2001). An expansion of mining
capacity may occur for several reasons, such as new
geological information and economic changes. In the early
stage, the mining rate is defined on the basis of the orebody
delineated from very limited geological information and all
materials inside the orebody are assumed to be accessible. At
a later stage, the grade distribution within the orebody may
change the production sequence because some of the material
considered as waste may become mineable if extracted with
adjacent high-grade material. For example, if the price of the
contained mineral falls, part of the reserve may become
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The study was performed using a combined iterative
approach with discrete event simulation and mixed integer
programming. Discrete event simulation is the modelling of
stochastic dynamic systems in which the variables change
only at discrete points in time, making it very applicable for
modelling complex systems such as, for instance, mining
operations. Lately, the use of discrete event simulation for
mining studies has increased, and has shown wide applicability to various operations, both underground and open-pit
(Govinda, Vardhan, and Rao, 2009). For instance, the
method has been used for fleet optimization in underground
mining, comparison of timing and efficiency between drills,
mine to mill production systems, and maintenance scheduling
(Banks et al., 2010). A number of simulation software
packages are available on the market, such as GPSS/H,
AutoMod, and SLAM. In this analysis, the General Purpose
Simulation System/Henrikson (GPSS/H) was used. The
operational cycles from the working faces at which LHDs load
material and dump it into orepasses was modelled. The
simulation showed the number of LHD machines required to
haul 450 kt of ore to each respective orepass. The simulation
results were further used to compute the associated mining
costs. Mixed integer programming (MIP) was then used on
the basis of the results from the discrete event simulation
model to generate optimal schedules and mine plans for the
selected range of copper prices. Discrete event simulation
combined with MIP has been successfully used in prior
studies that proved the benefits of combining the two tools
(Salama, Nehring, and Greberg, 2014).
Arguably, MIP is the most common optimization
technique used to solve highly complex and constrained
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2-45-0&'
A case study on an underground orebody amenable to
sublevel stoping was used to investigate the change in NPV
attributed to a new mine plan at a variable commodity prices
and mining rates. Whereas some of the data for this
particular case study was conceptual in nature, it is based on
real operational scenarios with stope tonnages, grades,
resource limitations, and sequencing interactions reflective of
a real sublevel stoping operation. The setting of this mine
was a typical remote mining region in Australia. As such, all
figures are quoted in Australian dollars (A$). The value
attributed to each stope was based on the operating cash
flows generated. The cash flows were obtained by subtracting
the revenues from the operating costs under each scenario.
The operation investigated extracts copper-bearing ore from a
deep underground mine that exploits two copper-bearing
orebodies striking east–west and dipping at 70–75 degrees in
a southerly direction.
The sublevel stoping production was modelled according
to four phases—internal development, followed by production
drilling (three months), extraction (three months), and
backfilling and consolidation (three months)—which takes
each stope nine months to complete. Overall Mineral
Reserves were calculated at 15 Mt at an average grade of
2.50% Cu for 375 kt of copper metal. The steady-state
production rate for this operation was 450 kt per quarter (1.8
Mt/a). At these production rates, this operation is expected to
have a mine life of at least 8.5 years, or 34 quarters. The
production capacity for each orebody was 300 kt per quarter.
Production scheduling incorporates all stopes from both
orebodies to generate a life-of-mine plan at quarterly
intervals. Therefore, this process requires both orebodies to
be in production in each scheduling period to achieve the
overall mining rate of 450 kt. Table I shows some of the
parameters for the eastern and western orebodies being
mined. Each stope had a size of 25×25×100 m to maintain
geotechnical stability. The western orebody was considered
low grade and the eastern orebody was considered
high grade.
          

Table I

2/2,04/1-01,-53(542-04/.52.'54-04/.53/4$3'14/4$3'5

Eastern
Western

4+05) 4/2"45"/2'4 #353(5-03+4- !/3'&,013.
,2+2,105
05+4/5&2/04/
1600
1000

3.80% Cu
1.20% Cu

50
50

300 000
300 000

Stoping conditions at this depth within the western
orebody are considered reasonable, with stresses that can be
well managed using standard bolting practices for both the
roof and the sidewalls. This situation allows an open
sequencing regime to be used within this orebody. Stoping
conditions in the eastern orebody are significantly poorer and
thus require additional ground support at a much higher cost
to maintain an open sequencing regime. Long-term
production scheduling is carried out at quarterly intervals
over the life of the operation for a number of copper price
scenarios. For the purpose of this study, LHDs were used to
load and haul ore from the drawpoints of each stope to the
orepasses located 250 m from the western orebody. The ore
was collected in chutes on the lower level of the orepass and
transported to the shaft point. The eastern orebody is located
at deeper levels. LHDs are used to haul the material and
transport them up to the shaft point for transporting to the
surface. This study assesses the feasibility of increasing
underground ore production from 300 kt to 450 kt per
quarter from each orebody, while maintaining a maximum
allowable overall extraction rate of 450 kt from the overall
operation in each period. To determine whether the
production capacity of 450 kt from each orebody was feasible
and to calculate an appropriate corresponding operating cost,
the number of LHD units needed to achieve this volume was
required. This information then allowed the calculation of the
discounted cash flows generated by each stope across all ten
copper prices, which in turn enabled production scheduling
optimization to achieve the optimal NPV.

  
The cost analysis was conducted on operating a 10 t LHD
unit together with the preparation and production work
required to keep ore available to these units during an entire
quarter. Details of this costing exercise are beyond the scope
of this paper. For a mining rate of 300 kt per quarter, a
mining cost of A$44 per ton was determined for the western
orebody. Because the eastern orebody is located at depth in a
highly stressed environment, the additional ground support
and other features required to maintain an open sequencing
regime is calculated to increase mining costs to A$84 per ton.
The increase in the mining rate to 450 kt adds A$8 per ton
and A$12 per ton to the previously established mining costs
for the western and eastern orebodies respectively, which
increases the costs to A$52 per ton and A$96 per ton. Table
II provides a summary of mining costs and LHD requirements
that formed the basis for this investigation. These operating
costs (OPEX) include all mining activities (for example,
development, drilling/blasting, backfilling) within each
orebody and the activities needed to haul the ore to the
surface for processing.
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problems in the mining industry. MIP combines linear
programming (LP) with the additional constraint that some
variables must take on an integer value. This integer variable
is typically represented as a binary ‘1’ or ‘0’ value to reflect a
‘yes’ or ‘no’ decision (Winston and Goldberg, 2004).
Reverting from LP to MIP in the mining context is most
common when assigning equipment and resources to various
operations within the mine is necessary. These resources can
only be allocated in their entirety and, as such, the decision
whether or not to allocate the full resource across a number
of working areas must be made. Similar to LP, the
constraints in MIP form a multi-dimensional volume
encompassed by linear functions. A number of solution
processes, including the simplex method, the branch and
bound method, and cutting planes, are generally built into
commercially available solvers to extract the optimal solution
from this multi-dimensional volume (Floudas, 1995). MIP
models have been generated and extensively used to
successfully solve a number of mining-related problems by
Trout (1995), Topal (2008), Nehring, Topal, and Little
(2010), Yap et al., (2013), and Salama, Nehring, and Greberg
(2014).
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Table II

1.1."5,3-05(3/5)1.1."5/204-53(5%%5052.'5%505(3/542,53/4$3'
1.1."5/2045*1)105
03.-&2/04/

#353(
-03+4)1.4'

#353(
 -5
/4&1/4'

2,1.4
(*440
&01*12013.

+4/201."5,3-0
0

4-04/.53/4$3'
300 000
450 000

2
3

3
5

89%
73%

44.0
52.0

2-04/.53/4$3'
84.0
96.0

  

   

The following assumptions were made to model production
from this operation.

The model consists of eastern and western orebodies, located
at different depths from the surface, with the aim of
simulating the number of LHDs that can haul 450 kt per
quarter. LHDs load and haul ore and dump to the orepasses
located 250 m from the orebody. The orepass drops material
to the lower level, from where it is conveyed to the shaft
point. In this paper, the simulation model considered the
movement of the material from the production areas to the
orepasses. The times needed to load a bucket, travel to the
orepass, dump, and return to the loading point were used as
input variables. Only a single LHD can load at a loading point
and other LHDs arriving wait until the loading point is free.
Similarly, only a single LHD is allowed to dump and no
interaction occurs during dumping for LHDs from both sides
of the orebodies.
A GPSS/H consists of multiple processes operating at the
same time and provides the capability for these processes to
automatically interact with one another. Objects may be sent
between processes that share common resources and
influence the operation of all processes. The representation of
the object is known as a transaction. Transactions compete
for the use of system resources. As transactions flow, they
automatically queue when the resources are not free for use.
A transaction represents the real-world system and is
executed by moving from one block to another. Blocks are the
basic structural element of the GPSS/H simulation language.
In GPSS/H, more than 50 different types of blocks are
available for use in modelling complex problems (Schriber
and Brunner, 2011). Complete programming codes were
created and the simulation was run with four times
replications. A replication is a simulation that uses the
experiment’s model logic and data but its own unique set of
random numbers; thus it produces unique statistical results
that are analysed in a set of such replications (Schriber and
Brunner, 2011). The execution of a run takes the actions at
the current simulated time and then advances the simulated
clock. These two phases repeat continuously until the end of
the program. The written program used macros to code
repetitive events, such as loading, tramming, and dumping,
to reduce the size of blocks in the model. The simulation was
run for three months and consisted of two shifts of eight
hours each in a day for five days in a week.

® During simulation, an availability of 87% was used for
all LHDs. This figure was based on a mean time
between failure (MTBF) of 55.6 hours and mean time
to repair (MTTR) of 8.56 hours
® A discount rate of 10% was applied to appropriately
reflect the risk associated with the project
® For the purpose of this analysis, a range of copper
prices starting at A$5250 and increasing by A$500
increments up to A$9750 was used. The starting price
of A$5250 was selected because most feasibility
studies on copper projects conducted in recent years
generally used prices between A$5000 and A$5500 per
ton over the long term, although the price at the time of
this study was approximately A$6500 per ton. The
copper price boom of 2011 witnessed copper prices
reaching almost A$10 000 per ton, and thus the final
price investigated for mine planning purposes was
A$9750 per ton Cu to reflect the price during the boom
® All internal development activities required to access all
areas of the orebody were completed, and no prior
production of any kind occurred from any stope.
However, the development cost was included in the
analysis
® The focus of this investigation is on the operating NPV
that was achieved using an associated operating cost
(OPEX). As such, capital costs (CAPEX) have not been
included at this point; however, a simple comparison
between any increase in the operating NPV and present
value capital cost requirements associated with
achieving the operating NPV will determine whether the
corresponding capital expenditure can be justified.

3'4*5(3/)&*2013.
The formulation comprised simulation and mixed integer
programming models. The simulation model involved moving
the mined material by LHDs and dumping it into orepasses,
then conveying material on the lower level to the shaft point.
A General Purpose Simulation System/Henrikson (GPSS/H)
was used to determine the number of LHDs. The simulation
results were then used to calculate operating cash flows
associated with each stope using MIP. The MIP model was
developed using A Mathematical Programming Language
(AMPL) and then solved using CPLEX. This generated an
optimized production schedule to produce an operating NPV
at each commodity price and mining rate scenario.
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The MIP model is presented that was created to generate the
optimal quarterly life-of-mine production schedules for each
commodity price and equipment utilization scenario and to
comply with all constraints.
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The following subscript notation was used to define the
model in general terms.
T
S
H

Long-term schedule time period: t = 1, 2, 3…. T
Long-term stope identifier: s = 1, 2, 3…. S
Mining rate identifier: h = 1, 2, 3…. H.


Data-sets were defined to aid in the formulation of
constraints.
s
t
t
s
adjs
tpbt

Set of eligible long-term periods in which stope s can
commence production (between es to ls)
Set of eligible stopes that can be in production in
long-term period t
Set of eligible mining rates h available in long-term
period t
Set of eligible mining rates h available to each stope s
Set of all stopes adjacent to and that share a boundary
with stope s
Set of periods that include all periods up to the current
period t.



considered resource constraints because they reflect the
natural restriction of resource allocation throughout the mine
during each scheduling period. Constraint [2] prevents the
production of stope ore extraction from exceeding the
shaft/LHD/truck fleet capacity for the overall mining
operation or a specific part of it, including a particular part
such as an orebody, in any long-term period. Constraint [3]
enforces non-negativity and integer values of the appropriate
variables. That a single mining rate was selected in each
period was vital, as ensured by constraint [4]. Constraint [5]
restricts each stope to a single mining rate in each period that
it is in production. The rate of extraction of all stopes in any
given period must match the extraction rate selected for that
particular period, as enforced by Constraint [6].
Shaft / machine fleet ore capacity constraint
[2]
Non-negativity and integer value constraint
[3]
Single mining rate in each period

Parameters representing the numeric inputs and conditions.
nt
t
cfs
es
ls

rs
sct
psh

Present value discount factor for period t
For all values
Undiscounted cash flow (A$) from each stope s
Earliest start time for stope s
Latest start time for stope s (may be the result of a
geotechnical or infrastructure parameter that demands
that stope s be completed by a certain period)
Extraction reserve (t) for each stope s
Shaft/LHD/truck fleet movement capacity (t) for each
orebody in each period t
Link between the potential mining rate h of each
stope s and the period/s each mining rate is expected
to be available once production on the stope is
initiated; 1 = available, 0 = not available.

[4]
Single mining rate for each stope in each period
[5]
Mining rate match on all stopes in each period
[6]
Stope adjacency constraint
[7]
Fillmass adjacency constraint

  
One binary variable reflected whether or not a stope enters
products in a certain period.
wst
ght

1
0
1
0

[8]

If production from stope s is scheduled for period t,
otherwise
If mining rate h is scheduled for time period t,
otherwise.

May mine constraint
[9]

   
Must mine constraint

The optimal schedule was determined by maximizing the
NPV of all activities/stopes under consideration.

[10]
[1]


The practical limitations imposed by the sublevel stoping
method over the long-term scheduling horizon were reflected
through a series of constraints. Constraints [2] to [6] are
          

Constraints [7] and [8] are considered sequencing
constraints because they reflect the safe and effective natural
sequences inherent in the sublevel stoping method across the
scheduling horizon. Constraint [7] ensures that simultaneous
production between stopes that share a common boundary
does not occur. Constraint [8] provides some geotechnical
stability to stoping activities by limiting simultaneous
adjacent production to two common boundaries before itself
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Note that taxation and depreciation were not included in
this formulation but should be incorporated if necessary
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commencing production, and to a single adjacent side once
having completed production to become a fillmass. Finally,
constraints [9] and [10] are categorized as timing constraints
because they reflect timing-related issues associated with
each stope across the scheduling horizon. Constraint [9]
ensures that stope production is initiated no more than once
during the long-term scheduling horizon if the late start date
occurs beyond the scheduling horizon. Constraint [10]
requires stope production to commence at some point during
the long-term scheduling horizon if the late start date falls
within the long-term scheduling horizon. Note that this
mathematical optimization model was used to carry out the
evaluation when allowing for a variable mining rate. When a
constant mining rate is maintained, constraints [4], [5], and
[6] are not required.

94-&*0-52.'5'1-,&--13.5
   
During model development, the model was coded to allow for
the interactive input of variables at the start of the simulation
run. As shown in Figure 1, a single 10 t LHD operating in
either orebody is fully utilized and is expected to move 118 kt
of ore each quarter. The addition of another LHD to the same
orebody reduces total utilization to 96%, moving a combined
230 kt in each period. Adding a third LHD reduces the
utilization of each machine to 89% with a total movement
capacity of 320 kt and an excess capacity of 20 kt. Increasing
each orebody mining rate from the current rate of 300 kt to
the targeted rate of 450 kt indicates that overall targeted
production from the entire operation could theoretically be
sourced entirely from one of the two orebodies in each
scheduling period. Given the different cost structure of each
orebody as well as the copper grade profile, it was of interest
to investigate if the higher mining rate would be utilized at
any point across the commodity prices being analysed.
Moving an LHD from one orebody to the other for part of the
quarter causes a production delay; however, this was
assumed to have a negligible effect on the simulation.
As shown in Figure 1, assigning four LHDs to the same
orebody reduced total utilization to 83% and moved a
combined 380 kt in each period. With five working LHDs, the
total amount of ore moved was 432 kt and the average
machine utilization fell to 73%. The 20 kt excess LHD fleet
capacity from the initial orebody was assumed to be able to
compensate for the 20 kt shortfall from the other orebody.

Therefore, three LHDs are required within one orebody to
achieve the 300 kt mining rate, and two more LHDs are
required to be in operation (a total of five LHDs) to achieve a
mining rate of 450 kt.

   



The MIP models for the purpose of optimal production
scheduling (maximizing NPV) were written using A
Mathematical Programming Language (AMPL). Based on the
input costs and parameters previously mentioned, these
models were solved using CPLEX 10.3. The solution process
for each of the ten price scenarios evaluated was left to run
overnight (approximately eight hours) and was cut short
even if convergence to the optimal solution was not achieved.
However, in all cases, a gap of less than 3.00% was achieved.
In this case, production scheduling occurred in quarterly
intervals and was limited to 60 quarters (15 years). Under
each price scenario, full extraction from both orebodies was
completed within the 60-quarter limit. Full extraction of each
orebody was not expected at the lower copper prices of
A$5250, A$5750, and A$6250 per ton Cu because the
respective cut-off grades were higher than the grade of the
lowest stopes. Full extraction from each orebody at each of
the other copper price scenarios was not expected. Figure 2
compares the operating NPVs achieved when mining rates
were limited to 300 kt and 450 kt in each orebody across
each of the 10 copper price scenarios.
As shown in Figure 2, for the 300 kt mining rate, the
A$5250 per ton copper price results in the lowest NPV of
A$487.27 million. This NPV increases and ultimately reaches
A$1530.64 million at the final copper price of A$9750 per
ton. For the 450 kt mining rate, which had a higher mining
cost, a similar trend was initially observed, with the lowest
NPV of A$487.27 million at a copper price of A$5250. No
differences were observed in the NPV between the 300 kt and
450 kt mining rates for copper price scenarios of A$5250,
A$5750, A$6250, A$6750, A$7250, and A$7750 per ton. A
slight increase of A$3.06 million, or 0.26%, in the NPV for
the two mining rates emerged at the A$8250 per ton copper
price. From this point, the difference in NPVs between the
450 kt and 300 kt mining rates increased as the copper price
increased.

*Base case scenario refers to the optimal mine plan at a copper price of
A$5250 per ton for both full and reduced machine utilization
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Table III

00/1$&02$*452*&45035,2."451.5)1.45+*2.-5(3/5%%5052.'5%505)1.1."5/204-

3++4/5
+/1,450

#! 53(5$2-45,2-45)1.4
+*2.55)1**13.

#! 53(5)1.45+*2.5205
%%5055)1**13.

#! 53(5)1.45+*2.5
205%5055)1**13.

5#! 53(5)1.45
+*2.5205%%50
#! 5(/3)5$2-4
,2-45-,4.2/13

5250
5750
6250
6750
7250
7750
8250
8750
9250
9750

487.27
597.73
708.19
818.64
929.10
1039.56
1150.02
1260.48
1370.93
1481.39

487.27
599.39
716.75
833.54
949.34
1065.97
1181.60
1296.27
1414.06
1530.64

487.27
599.39
716.75
833.54
949.34
1065.97
1184.66
1300.21
1419.28
1537.59

1.49
3.73
4.30
4.38
4.56
4.55
4.42
4.65
4.72

5#! 53(5)1.45
+*2.5205%50
#! 5(/3)5$2-4
,2-45-,4.2/13

1.49
3.73
4.30
4.38
4.56
4.97
4.89
5.19
5.35

*Base case scenario refers to the optimal mine plan at a copper price of A$5,50 per ton at a 300 kt mining rate limit for each orebody

          

not included and therefore the evaluation was based on
development and operating costs. For the lower mining rate
at the final copper price, an NPV of A$1530.64 million was
achieved, whereas at a higher mining rate, the NPV was
A$1537.59 million. This represents a difference of A$6.95
million on a small and highly constrained example. It would
be reasonable to suggest that a much higher difference would
be achievable on a larger case. If the present value capital
cost of purchasing the additional equipment in order to
achieve the increased production rate at the higher
commodity price is less than A$6.95 million, then moving
ahead with this would be justified. This means that if the
capital cost was more than A$6.95 million, an expansion in
capacity cannot be justified. Each circumstance needs to be
evaluated on a case-by-case basis in order to fully appreciate
whether a change in market conditions warrants altering the
mine plan to consider alternative mining rates. For a given
mine configuration, a mine that considers increasing its
mining rate beyond the rate that provides a high equipment
utilization will most often incur increased mining costs.
However, as this paper shows, even an increased mining cost
can result in additional value if the additional quality of mill
feed warrants this, particularly at elevated commodity prices.

3.,*&-13.In this paper we presented the NPV component that can be
directly attributed to changes in mine plans as commodity
prices vary under traditional mining rates with low cost, in
comparison to more aggressive higher mining rates with
higher costs. The results of the case study show the following
points.
® For the 300 kt mining rate at the final copper price, the
NPV was observed to increase to A$1530.645 million,
whereas for the 450 kt mining rate, the NPV increased
to A$1537.59 million
® As mining operations proceed to greater depths,
increasing or maintaining mining rates may be
beneficial, particularly in the case of increasing
commodity prices, even if doing so results in a higher
operating cost
® From an economic perspective, these results show that
commodity price variations play an important role in
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Table III compares the NPVs at each copper price for both
mining rate scenarios. A copper price of A$5250 per ton
under the 300 kt mining rate was used as a base case. The
copper price increase from A$5250 to A$5750 per ton results
in an increase in NPV of 1.49% for both mining rates. Table
III also shows that no difference exists in the NPVs for both
mining rates at the A$6250, A$6750, A$7250, and A$7750
per ton copper prices from the base case scenario. As the
price increases to A$8250 per ton, a difference in the NPVs
for the two mining rates begins to be observed. As is shown,
the value attributed to the change in the mine plan at 450 kt
increased to 4.97% from the base case scenario as opposed to
4.55% under the 300 kt mining rate. This result indicates
that at this copper price, increasing the mining rate increases
the NPV of the operation by 0.42% from the base case
scenario compared with maintaining mining at a rate 300 kt.
As the copper price increases further to A$9750 per ton, the
NPV increases by 5.35% for the higher mining rate compared
with 4.72% for the lower rate. Therefore, at the final copper
price, the optimal mine plan utilizes the increased mining rate
to create an additional 0.63% of value for the operation from
the base case scenario compared with maintaining the same
mining rate.
Changes to the optimal mine plan for the western
(shallower) orebody compared with the eastern (deeper)
orebody were analysed. It is apparent that each subsequent
change to a higher commodity price favoured the higher
grade eastern orebody, even though operational costs were
also higher. This is reflected in the gradual decrease in the
average period in which production took place from the
eastern orebody stopes. Conversely, for the lower grade
western orebody, the average period in which production
from stopes took place increased as the commodity price was
increased.
An analysis of these results shows that a short-term
change in commodity prices added only the value provided by
the increased margin associated with the new price. A longerterm price change should influence mining operations to
continually update and adjust their mine plans to capture
additional value under the new market conditions. These
adjustments may include an increase in the mining rate. In
this analysis, the capital costs of the working equipment were

Financial analysis of the impact of increasing mining rate in underground mining
the optimization of mine planning and design. A shortterm change in commodity prices adds only as much
value as is provided by the increased margin associated
with the new price. A longer-term price change should
influence mining operations to continually update and
adjust their mine plans to capture additional value
under the new market conditions
® The combination of discrete event simulation and
mixed integer programming can be used to provide a
feasible solution to, and a better understanding of, the
operational systems and to reduce the risk associated
with selecting a system.
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Investigation and FEM analysis of
mineshaft rope safety platforms in
underground mining
by C. Debek*,
A. Wasilewicz†, and T. CzyzS‡
¸

Both Polish and European hard coal mining nowadays facES the need of
deepening shafts (significantly in some cases) or extending mining hoists,
due to the exploitation of deeper coal deposits.
In order to protect the crew working within a shaft, rope safety
platforms (artificial shaft bottoms) are employed. Old solutions, based on
rigid steel constructions with the external damping layers made of e.g.
slag and up to several tens of metres long, are intended to absorb the
energy of approximately 5 t mass falling a distance of 700 m. However,
current requirements often assume a drop of 20 t to a depth of 1000 m or
even more.
More modern safety platform structures, made of one or more support
rings with steel ropes stretched on them (rope platforms), are more
compact (up to 3 m high) and lighter than traditional solutions. Multi-ring
rope platforms with additional damping layers filling the empty spaces
between the ropes are able to absorb sufficient energy to meet the current
requirements.
Single- and double-ring platforms have been employed in Poland to
absorb the energy of approximately 5 t dropping to a depth of 900 m. They
have been developed (and some have already been implemented) by
SADEX Ltd. and are protected by various patents and patent applications.
This paper presents a design for a triple-ring platform structure with
six rope nets. FEM analysis was used to model the performance of the
platform. According to the simulation, a 20 t mass falling from 1000 m
(>100 m/s) will destroy all the nets, breaking most of the ropes and
deforming the support steel boards placed on the nets, but will ultimately
be stopped by the platform, as its kinetic energy falls to zero.
?$&<;48
rope safety platform, artificial bottom, underground mining, shaft, mining
hoist.

:>;<42/>=<:
Both Polish and European hard coal mining
are nowadays facing the need to significantly
deepen the operating shafts or extend
operating mining hoists, due to the
exploitation of deeper coal deposits. In
deepening shafts and extending operating
mining hoists it is necessary to use safety
platforms (protection platforms, protective
platforms, main platforms, artificial shaft
bottoms, shaft corks). An artificial bottom is
supposed to wholly or partially separate the
shaft section with the operating mining hoists
from the section being deepened, where the
shaft deepening teams or the teams
assembling the equipment of an extended
          

* Institute for Engineering of Polymer Materials and
Dies, Piasto w, Poland.
† SADEX Sp. Ltd, Rybnik, Poland.
‡ MESco, Tarnowskie Go ry, Poland.
© The Southern African Institute of Mining and
Metallurgy, 2017. ISSN 2225-6253. Paper received
Feb. 2014; revised paper received Dec. 2016.
VOLUME 117

  

373

L

$:<58=8

hoist section are employed (Kostrz, 1972;
.
Journal of Laws, 2002; Carbogno and Zołnierz,
2011).
Due to the increased depths where such
platforms are used and the possibility that four
or five times heavier objects may fall into the
shaft compared to the past, safety platforms
meeting these new
. requirements are needed
(Carbogno and Zołnierz, 2011).
The Ordinance of the Minister of Economy
of 28 June 2002 on occupational health and
safety, traffic operation, and specialist fire
protection measures in underground mines,
which became binding for the Polish mining
industry on 2 September 2002, in appendix
no. 4 entitled ‘Detailed principles for traffic in
the excavations’, Chapter 5 – paragraph
5.15.11 – ‘Artificial shaft bottom’ – presents
the following requirements for designing and
construction of a shaft artificial bottom: Point
5.15.11.2.2. If the shaft section located
beneath the artificial bottom operates another
hoist or people are to be employed in such
section, it is required to mount one safety
platform or other safety devices there as well
as one inspection platform approximately 3 m
beneath it. The safety platform or another
protective device shall have the structure
calculated to bear the load of a loaded mine
truck falling from the shaft top. The
calculations shall prove that the platform will
not be permanently deformed. The platform
shall be covered with a damping layer. In the
case of shafts with a skip hoist the assumed
falling weight shall be 1/10 of the skip utility
weight, assuming that the weight crosssection is 0.5 m2 (Journal of Laws, 2002).

Investigation and FEM analysis of mineshaft rope safety platforms
The solutions modelled on German structures described in
the TASS requirements are most popular in Poland. These are
steel structures with an external damping layer made of e.g.
granulated slag with an inspection platform placed approximately 3 m below it. Such a platform is made of two basic
elements: a rigid structural basis and the damping layer. The
rigid platform part is made of steel double-T-bar carriers (at
least one layer) covering the shaft cross-section. It usually
uses I 300 to I 500 T-bars. The platform made of the carriers
supports transverse support joists (two joists minimum) fixed
in the shaft lining and based on some extra stays bearing the
vertical load to the shaft lining. Two types of carrier platform
are used, depending on the impact load. In the first option the
carriers are mounted in the shaft lining while in the other, the
carriers are placed on joists. In the latter the total load is
borne by the joists and stays Kostrz, 1972; Walewski, 1965).
For example, a platform made for the following
parameters: falling weight of 3 t (1/10 of skip load), fall
height of 700 m, shaft diameter of 6 m, is made of sixteen I
340 carrier beams, carrier base of 360 mm, two joists made
of I 500 carriers, and four I 340 stays. The platform’s total
weight is 93.8 t, the steel elements weight 20 t, the damping
layer made of a 7 m thickness of boiler slag has a mass of
73.8 t, and the total height without the inspection platform is
12 m.
The increasingly intense excavations by individual
mining enterprises as well as the increased weight of
extracting machines necessitated an adjustment of the
technical capabilities of the vertical transport. Therefore the
mining hoists used to date have been constructed or
modernized in order to transport machines or sets of
excavation machines of up to 20 t mass. If the works related
to deepening an operating shaft or extending a mining hoist
concern a shaft with the parameters described above and the
area for the safety platform commissioned for the
development prior to the works commencement (meeting the
provisional requirement) usually reaches  3 m, the
compactness of the structure is crucial. Platforms calculated
to bear such high loads have not been used yet in Poland.
For comparison, assuming the more commonly required
requirements: a falling mass of approximately 18 t, fall height
of 700 m, shaft diameter of 8 m, and height of the damping
layer of 9 m, I 1000 bars shall be used as basic carriers,
much larger than previously. The total platform height will
then exceed 16 m and with the inspection platform it will
reach approximately 20 m. The size of the complete platform
makes it difficult to place it in the deepened shaft. Basic
carrier bars may be reduced to I 500 to I 600 provided that
the damping layer is 18 m thick, resulting in the platform
structure
length of approximately 25 m (Carbogno and
.
Zołnierz, 2011).
The most popular safety platforms in Poland weigh  100
t themselves in case of a fall height > 700 m and the structure
height exceeds 20 m, therefore the compactness criterion
excludes these solutions. The obvious disadvantage of such
solutions, besides their height, is the weight of the platform
and the damping layer. Moreover, the slag used slakes,
transforming into a compact mass and losing its damping
quality. The platform is also difficult to remove following the
completion of shaft deepening or extension (Hansel et al.,
1989a, 1989b).
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Due to their size, cost, and assembling capabilities, such
solutions are appropriate for former requirements, where the
weight of the falling objects was approximately 5 t and the
fall height was 700 m. In case of the requirements set
currently by the mines, with the mass reaching up to 20 t and
the fall height  1000 m, such solutions are insufficient.
Safety platforms using the concept of steel rope nets are
also employed in Poland. The first platforms of that type were
developed in 1982 at the Institute of Iron Ore Mining in
Krivyi Rih in Ukraine. The Ukrainian mining industry is the
one most experienced with the use of rope platforms, and
various constructions have been developed depending on the
requirements. The development of safety platforms with a
compact structure based on rope nets was suspended in
Ukraine when they reached the following parameters: fall
height of 600 to.1000 m and the fall mass not exceeding 5 t
(Carbogno and Zołnierz, 2011).
Several safety platforms with two-level rope nets have
been used in Poland in recent years. The basic advantage of
such platforms is their significantly smaller size compared to
the former rigid structures. Such solutions are compact, light,
and easy to assemble and disassemble. They are useful if the
falling mass does not exceed 4 t and the fall height does not
exceed 1000 m. In case of heavier masses from 10–20 t, the
fall energy necessitates the application of more and larger
diameter ropes and relatively heavier loadbearing rings of the
platform. To absorb the fall energy it is necessary to use a
platform with three or more rows of double nets, making the
platform heavier and higher. If the works related to
deepening an operating shaft or extending an operating
mining hoist concern the strictest requirements, and since the
area for the platform development is usually smaller than 3
m,
. the compactness of the structure is crucial (Carbogno and
Zołnierz, 2010; Gorgol and Jeglorz, 2010; Hansel 1985).
The safety platform mass and dimensions depend on the
mass of the falling object and the fall height. For example, the
weight of a complete half-platform with two-level net
designed for a fall height of 720 m and fall mass of 3.4 t,
with a shaft diameter of 9 m is approximately 40 t and its
height reaches 1 m. One of the technical requirements,
namely the structure compactness, meets the solution entitled
‘Platform for protecting the bottom of an underground mine
shaft’ (Sala et al., 2006a), however, the solution does not
absorb the fall energy of heavy masses for depths exceeding
1000 m, which is essential under the provision quoted above
(Journal of Laws, 2002).
The rope platforms in Poland are manufactured by
SADEX Ltd, based on the projects developed by the
Measurements Mining Company Ltd and the AWAN
partnership, cooperating with the Institute of Mining
Mechanisation of the Silesian
University of Technology in
.
Gliwice (Carbogno and Zołnierz, 2010; Gorgol and Jeglorz,
2010). The SADEX company is the leader in rope platform
solutions in Poland. It has implemented safety rope platforms
protected by patents and patent applications for the following
parameters: falling mass of 3 t and fall height of 700 m (Sala
et al., 2006a, 2006b; Sala and Wasilewicz, 2012; Ryszka and
Wasilewicz, 2012).
To sum up, the safety platforms used to date were
designed for a falling mass not exceeding 4 t with the fall
height not exceeding 900 m. The use of mining hoists with
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large cages capable of transporting 15 or 17 t and heavier
masses, potential fall heights exceeding 1000 m, as well as
stricter requirements concerning the dimensions of the
platform itself set new requirements concerning the design
and construction principles of safety platforms.
A useful solution is the rope-based systems that are
already in use. To meet the current maximum requirements,
multi-ring structures of platforms with several levels of rope
nets combined with energy absorbers, e.g. elastomer layers
filling the empty spaces in the nets, are being considered
¸ and Wasilewicz, 2013, 2014). Currently the work is
(Debek
being financed by funding under grant no. PBS1/B2/1/2012
in the Program for Applied Research by SADEX Ltd in
cooperation with the Institute for Engineering of Polymer
Materials and Dyes, Elastomer and Rubber Technology
Division, leading the project.
This paper presents the structure and analysis according
to the FEM methodology concerning a triple-level rope safety
platform hit by a 20 t mass falling at a velocity of 100 m/s,
reflecting the shaft fall height of 1000 m. Future publications
will present results obtained for platforms equipped with
elastomer damping layers.
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The diagram of the safety platform (artificial shaft bottom)
under analysis is shown in Figure 1.
The safety platform has been designed according to the
following requirements:
® Mass of the falling object: 20 t
® Depth of the artificial bottom: 1050 m
® Shaft diameter: 8.5 m
The safety platform is made of three steel rings, each
composed of eight segments. One of the segments – no. 1 – is
equipped with the so-called 510 mm wide locking cover
allowing closing of the ring inside the shaft. Additionally. a
10 mm thick assembly gap to adjust any inaccuracies in the
correct development has been provided.
The horizontal segment sheets are of various thicknesses
depending on the location of the segment within the ring.
Segments 2 and 2 , the corner ones with ropes mounted in
two directions, are the thickest. This is due to the highest
complex tensions being present at that segment of the ring.

The segments of a ring are assembled with 4/7 pressed M36
bolts (class 10.9) and nuts (class 10) (vertical threaded
fittings). The vertical threaded fittings are located on the ring
circumference at the spots of the lowest complex tensions.
Assembly holes have been provided in the top plate and in
the vertical coating to allow the threaded fitting. The holes in
the top plates, on the other hand, are intended for concrete
filling of the spaces behind the ring. In such a case the holes
in the vertical coating shall be then covered with a
13×120×250 mm plate (on the shaft lining side).
Individual rings are assembled with class 8.8 M36 bolts
and class 8 nuts. To facilitate the assembly, the bolt holes are
oval and have dimensions of 38×43 mm.
Two 32 mm diameter steel rope nets are assembled to
each ring. In each net the ropes are intertwined perpendicularly, creating a rope net. The rope ends pass through steel
discs, are tightened with welded ‘SADEX’ jaws, and
assembled to the steel ring with 60 mm diameter pins. Each
pin is secured with an M12 bolt, recommended to be
wrenched on a tightening thread glue, e.g. Loctite.
The top net of the top ring is covered with two crossing
layers of used conveyor belt. Additionally, to obtain an
efficient load distribution to more net holes, 10 mm steel
plates reinforced with a lattice of T-bars with dimensions of
100×100×11 mm are placed on the nets. The plates are
assembled to the rubber belts with 12 mm diameter wood
screws.
Basic parameters of the artificial bottom:
® Rope type: Ø 32 WS 6×36+Ao-Z/s-n-II-g-1770
® Number of ropes in one basic net: 58
® Rope length in one basic net without surplus length for
rope holes: 434 m
® Rope length in one basic net with surplus length for
rope holes: approx: 550 m
® Number of rings: 3
® Number of segments within one ring: 8
® Mass of the heaviest element (segment 3): 4.615 t
® Dimensions of the largest element (segment 3): 780 ×
1111 × 4205 mm
® Height of a single ring: 780 mm
® Height of the artificial shaft bottom: 2340 mm
® Mass of the whole artificial shaft bottom: approx.
12.1608 t.
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The ring is composed of four types of segments. Figure 2
shows a 3D model of segment 1. The solid model of ring
segments has been replaced with the shell model, with the
element thickness provided as a parameter.
The shell mode of a board supported with T-bars is
shown in Figure 3. Such boards are placed on each rope net.
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Figure 4 presents a 3D model of a simplified mechanized
roof segment hitting the deck.
The rope net has been developed directly from readymade products and there is no geometric model thereof.

-B@<4?6
The shell geometry has been divided into ready-made
elements. Table I shows the types of elements used for
analysis, number of nodes, and elements of each part of each
type. The whole model comprises three segments no. 1, three
segments no. 3, three segments no. 4, 12 segments no. 2, six
T-bar boards, six rope nets, one cover segment, pins, and
bolts.
Figures 5 and 6 show the discretization of selected model
elements.
The whole numeric model is shown in Figure 7. The
model comprises 391 082 shell elements and 39 504 beam
elements. There are 471 319 nodes in the model.

 
The rope nets are connected to the ring with pins, as
modelled with the Ø 60 mm beam elements (Figure 8). The
pin beams are connected to the ring boards with
Constrained_Nodal_Rigid_Body elements, providing a
perfectly rigid connection.
The ring segment connections have been provided with Ø
36 mm beam elements.
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The interactions between the elements that have been defined
in the model are provided in Table II.

       

The virtual rope modelled was Ø 32 WS 6x36+Ao-Z/s-n-II-g1770. A Warrington-Seale rope with the diameter of 32 mm,
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Table I
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Segment 1
Segment 2
Segment 3
Segment 4
T-bar boards
Mechanized roof segment
Rope nets
Pins
Bolts
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Shell 4 nodes
Shell 4 nodes
Shell 4 nodes
Shell 4 nodes
Shell 4 nodes
Shell 4 nodes
Beam 2 nodes
Beam 2 nodes
Beam 2 nodes

Type 16
Type 16
Type 16
Type 16
Type 2
Type 2
Type 1
Type 9
Type 9

11792
12442
15684
10131
11438
13277
6244
–
--

14455
14568
20721
12642
12419
13259
--–

VOLUME 117

          

Investigation and FEM analysis of mineshaft rope safety platforms

-=32;?@ *#<::?/>=<:@<1@>0?@;<5?@:?>@><@>0?@;=:3

Ao fiber core, six strands 36 wires each, langs lay rope was
used. The maximum strength according to the test is 689 kN.
The mass of 1 m of the rope is 4.2 kg.
The model material parameters were established based on
the load deformation characteristics obtained in a statistical
rope-breaking test using a 3040 mm long testing segment
tensile test.
The tensile test characteristics were replaced with the
tension – deformation characteristics assuming the rope
cross-section area A = 804.248 mm2.
The tension characteristics by plastic deformation were
determined. This deformation is to be directly specified as
material data.
The plastic deformation upon rupture was calculated
based on the deformation breaking the first three strands and
increased by 20% based on the work of the unbroken
strands. Ep = 0.0189.
The area under the curve of the virtual characteristics
following the rupture of the three strands covers approximately 20% of the area under the curve until the three first
strands rupture. The other rope material parameters are as
follows:

Steel samples were tested within deformation velocity
range of up to 2500 s-1 using the modified split Hopkinson
pressure bar method, shown schematically in Figure 9. The
cylindrical sample was placed between two 1 m long bars
with a diameter of 20 mm made of steel of high machinability
(maraging steel). The bar projectile (5) was propelled in a
pneumatic launcher (1) and impacted the initiating bar (8)
with the V0 velocity generating elastic wave propagating
along the bar. When the wave reached the bar front, it caused
movement that deformed the sample. Part of the wave was
reflected and propagated in the opposite direction along the
initiating bar, while the remaining part of the wave passed
through the sample to the transmission bar (9) and moved
along the bar until it reached the damper assembled on its
end, which absorbed the wave. The initial projectile velocity
was measured by the short time meter recording the time in
which the projectile passed 80 mm. The time measurement
was started with an optoelectronic system consisting of two
diode and photodiode couples. The mechanical waveform was
recorded with a strain wire bridge circuit. To average the
mechanical waveform and eliminate the effects of bar
buckling, the deformation was measured with two strain
gauges glued symmetrically on the bar circumference. Based
on the passing T(t) and reflected R(t) waveforms recorded
with a digital oscilloscope, and knowing the cross-section
areas of bars A and of the sample AS, as well the velocity of
the elastic wave propagating in the bars C0 and the sample
length L, it was possible to determine the timelines of the
tension (t), deformation (t), and deformation velocity (t)
in the sample based on the following correlation:
[1]

E –Young’s modulus: 28.58771 GPa
 – Poisson’s ratio: 0.3 (negligible since the analysis
concerns bar-based elements).
Following multiple numerical tests the following material
model has been adopted: Mat24_ Piecewise_Linear_Plasticity.

           
The following model dependent on the deformation velocity
was adopted for ring boards and segments:
Mat15_Johnson_Cook. The model parameters were
determined for the S355J2 steel, based on tests performed at
the Institute of Road Transport.
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Table II

#<:>9/>@59;>8
Ropes with themselves
Ropes with mechanized roof segment
Ropes with T-bar boards
Boards with themselves
Flange of segments
Outer shelf of segments
Mechanized roof segment with boards
T-bars with desks
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Automatic_General
Automatic_Nodes_to_Surface
Automatic_Nodes_to_Surface
Automatic_Single_Surface
Automatic_Single_Surface
Automatic_Single_Surface
Automatic_Surface_to_Surface
Tied_Surface_to_Surface

0.1
0.1
0.1
0.1
0.1
0.1
0.1
–
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at 12% of the critical damping within the frequency
range 2e-5-2e-4 Hz according to Stolle et al. (2010).

[2]

[3]
The Johnson-Cook equation is as follows:

[4]

with the tension correlated with the plastic deformation,
deformation velocity, and temperature.
The ratios for the simulation model are presented in
Table III.
Additionally, the following parameters of the material
destruction equation have been added to the Mat15 model:

-B@9:96$8=8@;?826>8
Figures 10–12 show visualizations of the impact analysis
results for a mechanized roof segment with a mass of 20 t
falling with a velocity of 100 m/s. The roof segment impacts
the platform eccentrically with its smallest area – the worst
possible impact conditions. Figures 10 and 11 show half
cross-sections at the commencement of analysis and when
the kinetic energy of the roof segment falls to zero (within
120 ms).

Table IV

4<5>?4@4?8>;2/>=<:@59;97?>?;8@<1@>0?@<0:8<:%
#<<@7<4?6@
[5]

(,
0.05

with f for the breaking deformation. The D1 to D5
parameters have been adopted based on the method (Johnson
and Cook, 1985) developed for 4340 steel and are shown in
Table IV.
Destruction and deletion of the ready-made element
occurs when the D parameter:

(!

(

(

(

1.03.1944

–2.12

0.002

0.61

Table V

9;97?>?;8@<1@5=:8@9:4@.<6>8@79>?;=96
<2:38@7<42628

[6]

210 GPa

(?:8=>$
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7.85e-6 kg/mm2

0.3

is unity.
The roof segment material is assumed to be perfectly
rigid.

   
The material adopted for the pins and bolts relates to the
beam elements representing pins and bolts. This is the
Mat100_Spotweld material with the parameters shown in
Table V.

   
 
® Initial conditions—The only initial condition was the
roof segment velocity of 100 m/s.
® Boundary conditions—The bottom surface of the last
ring was fixed in the Z direction.
® Setting of the analysis—Analysis period of 150 ms.
Damping for the rope net Damping_Freqency_Range set
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Table III
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segment falling with velocity of 100 m/s onto a rope safety
platform. Within the simulation time of 150 ms the roof
segment destroys all the rope nets and deforms the boards
supported with T-bars. The roof segment is halted when
stuck in the boards and nets and after its kinetic energy falls
to zero. The deformation of the boards supported with the
T-bars absorbs the largest amount of energy, and the ropes
the second-largest amount. Compared to the boards, the ring
absorbs minor amounts of energy. This results from the rope
destruction condition, since the ropes are not capable of
bearing more ring load than the load they are capable of

-=32;?@,!*<>><7@"=?&@<1@>0?@569>1<;7@.<9;48@9:4@;<5?8@<:6$

Figure 12 show the platform bottom view at the roof
segment stopping point. The figure shows only the steel
boards and ropes. The impacting roof segment halts when
stuck in the steel plates supported by T-bars and its kinetic
energy falls to zero. The steel boards supported by T-bars are
deformed and a large number of ropes in particular segments
are ruptured.
Figure 13 shows the amount of energy absorbed by
individual model segments based on their internal energy
increase. Unexpectedly, according to the FEM analysis, most
of the energy is absorbed by the steel board (B) deformation,
then T-bar (C) deformation, and finally steel rope rupture
(A). The ring segments (D-Q) are less important.
Due to the technical and economic issues related to the
platform construction, the calculations were carried out for
the rings with reduced thickness of the ring segment steel
plates. The following dimensions were amended in the model
with the new ring plate thickness:

-=32;?@, *:>?;:96@?:?;3$@<1@=:4="=4296@7<4?6@8?37?:>8+@@) ;<5?8+@@)
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® Thickness of the flanges of segments 1, 3, and 4
reduced from 50 mm to 30 mm
® Thickness of the flanges of segment 2 reduced from 60
mm to 40 mm.
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This report presents a simulated impact of a mechanized roof
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Figure 14 shows maximum tensions in the ring with the
initial thickness of the steel plates. Figure 15 shows the
maximum tensions in the ring with the reduced steel plate
thickness. Compared to the steel boards, ropes, or T-bars, the
rings absorb little energy, as a result of the rope destruction
conditions, since the ropes bear no greater ring loads than
those that the ropes themselves can bear. The rings deform
resiliently within almost their total volume. The minor
reduction in the tension strength above the plasticity limit of
667 MPa is not dangerous and the rings may be used again
with a new rope net. The case when the ring is anchored in
the shaft wall has not been tested; in the test model the ring
is placed on a no-friction support.
The results obtained for the rings with the reduced steel
plate thickness indicate that the thickness reduction is
allowable and will not result in any significant changes in the
system behaviour.

Investigation and FEM analysis of mineshaft rope safety platforms
bearing themselves. The rings deform resiliently within their
almost entire volume. The minor reduced tension strength
above the plasticity limit of 667 MPa is not dangerous and
the rings may be used again with a new rope net.
Analysis of the results for the ring with reduced steel
plate thickness indicates that the plate thickness reduction is
allowable and will not result in a significant change in ring
behaviour change.
The scale of the model under analysis, as well as the
velocity of forces, affects the limitations related to the experimental material tests for the safety platform components.
They also provide a basis of model uncertainty including:
® The material model of the rope based on statistical tests
® The rope damping model assumed based on the tests
for smaller ropes
® A Johnson-Cook model of destruction for boards, Tbars and ring assumed for the 4340 steel
® Friction ratio of model components assumed as 0.1 for
the whole model.
The above uncertainties do not exclude the compliance of
the results with reality. The assumptions made ensure that
the results are on the conservative side.
The simulation presented here constitutes the first stage
of testing for the development of a rope safety platform
meeting current requirements – absorbing the energy of an
impact by a 20 t object falling from a height of 1000 m.
The construction under analysis fails to meet the
requirement set forth in the Journal of Laws (2002) for the
assumed impact energy. Stronger ropes, and possibly
additional damping layers filling free spaces in order not to
increase the platform’s total height, are required.
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Potential of biotechnology for metals
extraction in Zimbabwe: a review
by W. Chingwaru*†, J. Vidmar†‡, and C. Chingwaru*

Zimbabwe is endowed with rich deposits of minerals such as diamonds,
platinum, coal, uranium, lithium, gold, antimony, iron, and chrome.
Bioleaching has been implemented as an efficient and low-cost method to
extract metals such as copper, cobalt, and gold from sulphide and/or ironcontaining ores and mineral concentrates in a number of countries around
the globe. Zimbabwe, despite being a world leader in mineral wealth, has
gone through years of economic stagnation which have brought with them
energy shortages. Bioleaching is an innovative way to recover minerals
from ores using relatively low-capital-cost and non-polluting technology.
Principally, iron- and sulphur-oxidizing bacteria can be used to oxidize
iron and sulphide to ferric iron and sulphuric acid, respectively, and the
ferric iron oxidizes the insoluble metal sulphides to soluble metal
sulphates that can be readily recovered from solution. Although some
minerals such as gold are inert to biological reactions, they can be
liberated using bacteria that act on certain types of ores and other
minerals that co-occur with these minerals. The geology of the mineralized
areas in Zimbabwe, rich in chalcopyrite / pyrite, allows a number of
microorganisms to be used for the extraction of minerals by bio-oxidation.
This paper reviews the potential of bioleaching in the country.
5$42/*
bioleaching, bio-oxidation, gold, nickel, copper.

!0-24/(.-340
Zimbabwe has rich deposits of minerals
including diamonds, platinum, coal, uranium,
lithium, gold, antimony, iron, and chrome.
Bioleaching is defined as the use of microorganisms to facilitate the extraction of metals
from sulphide or iron-containing ores or
concentrates (Rawlings, 2004, 1997).
Bioleaching has been shown to be an efficient
(Blowes, Ptacek, and Jurjovec, 2003;
Nordstrom and Southam, 1997; Schippers,
2004) and low-cost (Schippers et al., 2010)
method to extract minerals in many countries
around the globe. For example, aerobic Fe(II)and sulphur-oxidizing bacteria have been
shown to be up to two orders of magnitude
more efficient in the oxidation of pyrite than
the chemical processes (Blowes, Ptacek, and
Jurjovec, 2003; Nordstrom and Southam,
1997; Schippers, 2004). Additionally,
bioleaching can be used to extract minerals
from low-grade ores, sulphidic waste rock
dumps, and tailings efficiently (Schippers et
al., 2010).
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The process of bioleaching has been shown
to occur largely by the indirect contact between
microorganisms and ferric iron, the latter
acting as an intermediate electron acceptor.
‘Direct leaching’ was believed to involve
intimate microbial and mineral contact with
direct enzymatic oxidation of the mineral
under aerobic conditions (Berry and Murr,
1976; Bennet and Tributsch, 1978). However,
the concept of direct leaching was disproved
(Fowler and Crundwell, 1999). Bacterial
leaching is believed to occur when bacteria
attach to and accelerate the reaction of some
minerals through the removal of sulphur,
which would constitute a diffusion barrier in
chemical leaching (Fowler and Crundwell,
1999). On the other hand, bacterial leaching
can occur as a result of pH modifications at the
mineral surface through bacterial action. The
rate of dissolution of pyrite was shown to
increase as a result of changes in the concentrations of ferric and ferrous ions and in pH
due to bacterial action at mineral surfaces
(Fowler and Crundwell, 1999; Zeng,
Schumann, and Smart, 2013). The contact
mechanism considers that bioleaching occurs
through activities of the extracellular polymeric
substances that are released into a mineral–
bacteria interphase in biofilms that are formed
when bacterial cells attach to the surfaces of
sulphide minerals (Bobadilla Fazzini, Levican,
and Parada, 2011; Sand and Gehrke, 2006).
The oxidation of elemental sulphur by
acidithiobacilli relies on oxygen as electron

Potential of biotechnology for metals extraction in Zimbabwe: a review
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acceptor, which assists the solubilization of metal sulphides
present in the mineral surface (Rohwerder et al., 2003).
Pseudomonas fluorescens, uses nitrate instead of oxygen as a
final electron acceptor during anaerobic respiration
(Samuelsson, Cadez, and Gustafsson, 1988), yielding cyanide
which leaches minerals such as silver, gold, and platinum
(Brandl et al., 2008; Pradhan and Kumar, 2012).
The capital cost of bioleaching is widely claimed to be
considerably lower than that of conventional smelting
(Dresher, 2004; Mintek, n.d.). No meaningful indications of
the actual savings were found at this stage. Despite the
demonstration of higher extraction efficiency and greater
cost-effectiveness of the bioleaching process, its potential in
the Zimbabwean geological and economic contexts has not
been explored. Zimbabwe is going through economic
challenges that affect its capacity to exploit its mineral
wealth. The Zimbabwean mining sector continues to rely on
energy- and cost-intensive mineral extraction methods,
including smelting and chemical leaching. The geological
formations that make up the principal mining areas of the
country, concentrated along the Great Dyke, are rich in
minerals that include platinum, uranium, lithium, gold,
antimony, iron, and chrome. The rock types including
orthopyroxenite, olivine basalt, gabbro, coarse websterite,
fine websterite and olivine gabbro (Mukasa, Wilson, and
Carlson, 1998; Oberthur et al., 2013). Of these, gold, base
metal sulphides (including iron), and primary uranium are
bioleachable (Johnson, Kanao, and Hedrich, 2012; Pal et al.,
2010). The country’s mineralization is divided into zones,
namely the Sebakwean, Bulawayan, and Shamvaian, and
granites and gneisses (Figure 2).

4-50-31,6%426+34,51.)3063063'+1+5
%& #%$& %
The Great Dyke (actually not strictly a dyke) is a linear
lopolithic geological feature that spans approximately 550 km
from its northern end to its southern end (Hughes, 1970)
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(Figure 2). The Great Dyke is rich in ore deposits, including
gold, silver, chromium, platinum, nickel, and asbestos
(Guilbert and Park, 1986). The Great Dyke consists of a
group of layered ultramafic intrusions that are locally
overlain by erosional remnants of gabbroic rock (Mukasa,
Wilson, and Carlson, 1998). The sequence includes orthopyroxenite, olivine basalt, gabbro, coarse websterite, fine
websterite, and olivine gabbro (Mukasa, Wilson, and Carlson,
1998) and chalcopyrite-bearing rocks (Li et al., 2007). The
Main Sulphide Zone of the Great Dyke contains platinumgroup element (Pt and Pd) sulphides, arsenides, tellurides,
and base metal sulphide assemblages (Li et al., 2007). A
number of microorganisms including Ramlibacter
tataouinensis, Acidithiobacillus thiooxidans (Bobadilla et al.,
2011), Acidithiobacillus ferrooxidans (Karavaiko et al.,
1986), Acidithiobacillus caldus (Watling, et al., 2015),
Acidiphilum species (spp.) (Parada et al.), Leptospirillum
ferriphilum (Fu et al., 2008), Sulfobacillus thermosulfidooxidans (Stott et al., 2000), Ferroplasma thermophilum,
(Zhou et al., 2008) and Aspergillus niger (Aung et al., 2005)
have been shown to have great potential to leach the
minerals that are found in the country.

"%$ !&"&"
Gold deposits (Figure 2). In arsenic-rich gold concentrates,
the gold particles are enclosed in sulphide minerals, including
arsenopyrite (FeAsS), pyrite (FeS2), realgar (As2S2), or
orpiment (As2S3) (Xie et al., 2013). In order to obtain
satisfactory gold recoveries, oxidative pretreatment is
required to break down the sulphide minerals (Xie et al.,
2013). Gold is finely disseminated in refractory sulphide ores,
which reduces the capacity of conventional cyanidation to
recover gold (Lindstrom, Gunneriusson, and Tuovinen,
1992). In the bioleaching process, bacteria break down the
sulphide minerals by oxidative dissolution, thus dissolving
ferrous iron (Fe2+) and exposing gold to the cyanide solution
(Lindstrom, Gunneriusson, and Tuovinen, 1992).
Biooxidation offers a cost-effective and efficient way to
extract gold from refractory ores (Schippers et al., 2014).
A number of pilot studies have demonstrated that biooxi          
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by between 55% and 74% (Morin, 1995). However, the
recovery of metals through the biooxidation of whole ores
results in marginal economics (Gericke, Neale, and van
Staden, 2009; Whitlock, 1997).

%&$"%&"&$#%$
Gold mineralization in the Mazowe area, approximately 40
northwest of Harare, is hosted in a variety of lithologies of
the Archean Harare-Bindura-Shamva greenstone belt (Figure
2) (Oberthur et al., 2000). The Mazowe gold mines are based
on pyrite-rich reefs, the Bernheim group of mines are hosted
on arsenopyrite-rich metabasalt ores, and Stori’s Golden
Shaft and the Alice mine are hosted in metabasalts
containing sulphide-poor quartz veins (Oberthur et al.,
2000). Notably, the sulphide-rich ores in Stori’s Golden Shaft
mine are characteristically low in gold content (Oberthur et
al., 2000). Biooxidation may not be a viable option for the
Stori ores due to the low sulphide content of the metabasalts
and low gold concentrations in certain places. The
bioextraction of gold from the pyrite-rich reefs in the Mazowe
gold mines and Bernheim group of mines may be driven by
bacteria that include Acidithiobacillus thiooxidans,
Acidithiobacillus ferrooxidans, Acidithiobacillus caldus,
Acidiphilium cryptum, Leptospirillum ferriphilum,
Sulfobacillus thermosulfidooxidans, Ferroplasma
thermophilum, and Sulfolobus spp. The Biox® and BacoxTM
processes may be viable technologies for the bioextraction of
gold at the Mazowe gold mines.

%&##
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The Arcturus gold mine, located within the Shamvaian Group
(Figure 2), is hosted in the Iron Mask Formation, which
comprises a succession of metamorphosed felsic volcanics
and associated metasediments including prominent bands of
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dation can be used in the extraction of gold (Brierley, 1997;
Gericke, Neale, and van Staden, 2009; Karavaiko et al., 1986;
Marchant, 1986). Marchant (1986) demonstrated a 75%
increase in gold recovery with partial bacterial oxidation of
sulphide minerals, particularly arsenopyrite. A pilot study in
the former USSR by Karavaiko et al., (1986) demonstrated
90% gold recovery through the oxidation of arsenopyrite by
A. ferrooxidans. The first commercial biohydrometallurgical
process to extract gold in the world, patented as the Biox®
process and involving the pretreatment of refractory goldbearing arsenopyrite, was developed by Gencor SA Ltd (now
BHP Billiton) at Fairview mine in South Africa (Brierley,
1997). The Biox® process has been shown to increase gold
recovery by up to 95% (Brierley, 1997), depending on the
mineralogy and gold deportment of each ore. Another
biohydrometallurgical process, which operates at temperatures higher than those in the Biox® process, was developed
and commercialized by Australian-based company BacTech
(Brierley, 1997). Bactech, working in partnership with
Mintek, established a BacoxTM bioleaching plant, in Tasmania
(Gericke, Neale, and van Staden, 2009). In 2001, Bactech and
Mintek established another bioleaching plant at the BioGold
toll treatment facility located near the city of Laizhou, in the
Shandong Province of PR China. Both of these plants remain
in operation to date. (Gericke, Neale, and van Staden, 2009).
Both the Biox® and BacoxTM processes are carried out in
aerated stirred-tank reactors (Brierley, 1997), which are an
alternative to heap leaching and Geobiotics processes.
Biooxidation heap leaching is used by the Newmont Gold
Company in Nevada, USA. Geobiotics Inc. built a
demonstration facility in South Dakota, USA, which was
based on the use of heaps of supporting rocks coated with an
ore concentrate (Morin, 1995). Biooxidation of ore using the
Geobiotics technology was shown to increase gold recovery

Potential of biotechnology for metals extraction in Zimbabwe: a review
sulphide-facies iron formation, phyllites, meta-arenites, and
quartzose schists (Oberthur et al., 2000). The mineralized
shear zones in the Arcturus mine are characterized by silicification, biotite, and K-feldspar alteration. Gold mineralization
is associated with pyrrhotite, arsenopyrite, and also occurs as
free gold, which contributed up to 10% of production
(http://metcorp.co.uk/operations/arcturus-mine.aspx).
Biooxidation of the Arcturus ores may be possible using A.
ferrooxidans, which reportedly oxidizes biotite (Bhatti et al.,
2011). Furthermore, the presence of sulphide-rich iron
formation may allow for bioextraction of gold-bearing ores
using Acidithiobacillus ferrooxidans, which is shown
elsewhere to have this capacity (Dew, Lawson, and
Broadhurst, 1998; Natarajan and Iwasaki, 1983). However,
silica in the Arcturus ores may be a limiting factor due to the
encapsulation of gold in silica, which locally inhibits biooxidation (Sherlock, 2010).

$!$! &$!&#"$!&! %& !%
Bindura Nickel Corporation (BNC) owns the Shangani and
Trojan nickel mines, which are located within the Archaean
greenstone belts in the Bulawayan and Shamvaian groups.
Ore is processed at the Trojan concentrator, resulting in a
nickel-in-concentrate recovery of approximately 71%, The
company’s Bindura Smelter and Refinery (BSR) complex,
which is being re-opened, will produce high-quality nickel
cathodes, copper sulphide, and cobalt hydroxide (ASA
Resource Group, 2016). Generally BNC has recorded a nickel
recovery capacity of between 70.7 and 88.8% (ASA Resource
Group, 2016). The two nickel orebodies are rich in pyrite, and
the biooxidation process could be adapted to recover nickel.
Nickel sulphide heap bioleaching has been piloted at several
sites, including the University of Cape Town (Rawlings,
2005). The successful implementation of bioleaching
technologies for the extraction of nickel has been
demonstrated by a cooperative agreement reached between
Amsterdam-headquartered talc producer Mondo Minerals and
South Africa’s state-owned mineral technology research
council Mintek, which has seen the construction of a nickel
sulphide bioleach plant at Mondo’s Vuonos talc processing
site in Finland (Creamer Media, January 2015 ).
Microorganisms such as Acidithiobacillus thiooxidans,
Acidithiobacillus ferrooxidans, Acidithiobacillus caldus,
Acidiphilium cryptum, Leptospirillum ferriphilum,
Sulfobacillus thermosulfidooxidans, Ferroplasma
thermophilum and Sulfolobus spp. can facilitate the recovery
of nickel.

2014). Energy shortages and economic challenges in
Zimbabwe in recent years have resulted in the shutdown of
operations.
Acidithiobacillus ferrooxidans reportedly increases the
rate of the oxidation of ferrous ions by a factor of 106 (Singer
and Stumm, 1970). A. ferrooxidans and L. ferriphilum can
oxidize both sulphide and ferrous iron oxidation (using O2 as
a terminal electron acceptor) and ferric iron reduction (using
reduced inorganic compounds like sulphur or hydrogen as
electron donors), which allows them to grow under aerobic
and anaerobic conditions (Ohmura et al., 2002; Pronk et al.,
1992) (Figure 3). Hu et al. (2012) showed that Fe3+ ions are
important for bioleaching of chalcopyrite. The presence of the
bacterium can significantly increase the rate of sulphide
leaching in the iron-bearing ores, thereby increasing the
recovery of iron. It would be theoretically possible to extract
iron using microorganisms such as A. ferrooxidans.
Despite this theoretical possibility, the use of this
technology is limited since the solubilized iron precipitates as
iron oxy-hydroxides / goethite (FeOOH) or equivalents
(Parker, 2008)—the latter would require removal by
smelting. Unless other biological technologies to leach iron
can be developed, the use of iron bioleaching remains limited.
Further research on this possibility is required.

$!$ &"%#& !%
The Sanyati orebody, located approximately 200 km west of
Harare, is polymetallic and sulphidic (Oberthur and Koch,
1999) (Figure 2). The mineralization comprises zinc, copper,
and lead sulphides (chalcopyrite, sphalerite, and galena) as
well as pyrite, pyrrhotite, and arsenopyrite (Oberthur and
Koch, 1999). A recent evaluation programme demonstrated
that the Sanyati ore contains approximately 1.1% copper and
1.2% zinc (Oberthur and Koch, 1999). The Sanyati mine,
recently opened by the Government of Zimbabwe, has
capacity to produce at least 5000 tonnes of copper per annum
using open pit mining, with a capacity of up to 40 kt of ore
per month (Oberthur and Koch, 1999 ). Copper is extracted
using solvent extraction and electrowinning (SX/EW), and

#"!&"#%&$&% &!%$#&%%
The area around Redcliff, the main iron-bearing area in
Zimbabwe, is underlain by Archaean rocks of the basement
complex (Geological Society of Zimbabwe, 2014). The
Archaean rock formations, primarily a volcano-sedimentary
pile, are flanked by granitic rocks of the Rhodesdale
batholiths in the east and the Shangani batholiths in the west
(Geological Society of Zimbabwe, 2014). The stratigraphy of
the greenstone belt in the Redcliff area is divided into the
Sebakwean, Bulawayan, and Shamvaian groups (Geological
Society of Zimbabwe, 2014). The extraction of iron from
these formations was primarily through smelting in energyintensive blast furnaces (Geological Society of Zimbabwe,
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the recovery of other minerals such as zinc, manganese and
cobalt from the ore has been investigated (Oberthur and
Koch, 1999). Bioextraction is seen as a complementary
method to enhance the extraction of copper, zinc, and
manganese from the Sanyati ore reserves. The sulphide-rich
ores that are found in the Shamvaian Group, including
Sanyati, are known to be readily oxidized by microorganisms
such as A. ferrooxidans and Sulfolobus species to yield
copper (Dew, Lawson, and Broadhurst, 1998; Natarajan and
Iwasaki, 1983; Xia et al., 2010 ) and cobalt (Dew, Lawson,
and Broadhurst, 1998; Natarajan and Iwasaki, 1983).

8(''12$6
Notwithstanding the fact that the species or strains of
microorganisms reported herein are not metal-specific, their
use may be convenient since the microorganisms are widely
available. Given the geology of the mineralized areas of
Zimbabwe and the availability of microorganisms with the
capacity to extract metals through the oxidation of the ores
containing minerals of interest, bioleaching could be a viable
alternative to the energy- and cost-intensive extraction
methods currently in use. Bioleaching can be used to
facilitate the extraction of gold from the Mazowe gold district,
including ores at Arcturus mine and Freda Rebecca gold
mine, using such microorganisms as A. thiooxidans, A.
ferrooxidans, A. caldus, A. cryptum, L. ferriphilum, S.
thermosulfidooxidans, F. thermophilum, and Sulfolobus spp.
Furthermore, methods such as the Biox® and BacoxTM
processes could be viable, efficient, and cost-effective options
for the bioextraction of gold in the Mazowe gold mines. The
extraction of nickel at Shangani and Trojan nickel mines can

also be enhanced through the use of such microorganisms
such as A. ferrooxidans and A. caldus, which are known to
oxidize the sulphide-rich ores that are found in the two
mining areas. The potential of bioleaching to recover iron is
not well established, however microorganisms such as A.
ferrooxidans reportedly increase the rate of oxidation of
ferrous ions by a factor of 106 (Singer and Stumm, 1970).
The potential of bioleaching, relying primarily on A.
ferrooxidans (Fowler and Crundwell, 1999), can be tapped to
extract copper from ores at Sanyati copper mine. Bioleaching
therefore has great potential for use as complementary
technology to the conventional methods in the extraction of
Zimbabwe’s vast mineral wealth.
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Iron recovery and phosphorus removal
from oolitic high-phosphorus haematite
using the FASTMELT® process: a
comparative study of two reductants
by H. Tang, X. Fu, Y. Qin, and T. Qi

The FASTMELT process was developed as an alternative to blast furnace
ironmaking; in this process, high-quality molten iron is produced using
direct reduction followed by high-temperature slag/metal separation. In
this study, iron recovery and phosphorus removal from oolitic highphosphorus haematite using the FASTMELT process was investigated.
The performance of two reducing agents, coal and wood char, was
compared. Direct reduction experiments indicated that with optimized
reductant addition, the ore-char and ore-coal briquettes attained
metallization values of 82% and 78%, respectively, and residual carbon
contents of 0.24 and 2.35%, respectively. The slag/metal separation
experiments revealed that molten iron containing 0.41% phosphorus and
0.021% silicon (by mass) was produced from optimally reduced ore-char
briquettes, and molten iron containing 0.78% phosphorus and 0.91%
silicon from optimally reduced ore–coal briquettes. The study indicates
that carbonaceous materials with high CO2 reactivity are suitable for use
in the FASTMELT process for phosphorus removal and iron recovery from
oolitic high-phosphorus haematite.
A>=<*8
High-phosphorus haematite, FASTMELT, reductant, coal, wood char,
phosphorus removal.

@0;<=*75;:=0
In China, the general depletion of iron-rich
mineral reserves has led to many efforts to
exploit low-grade and refractory ironcontaining resources for ironmaking (Liu et
al., 2014). The efficient utilization of the highphosphorus oolitic haematite resources in
central China has received considerable
attention. The available resources of this
material total approximately 3.0 billion tons.
The oolitic units in the ore exhibit an onionlike structure with phosphorus-containing
gangue layers of 2–10 µm thickness. The best
concentrate produced from these resources
contains approximately 50% iron (Fe) and
0.8–1.2% phosphorus (P) (by mass) (Ai, Yu,
and Wei, 2009; Song et al., 2013; Wu, Wen,
and Cen, 2011). Further removal of
phosphorus from these ores using
conventional beneficiation methods is not
possible.
Various processes have been developed for
processing oolitic high-phosphorus haematite
resources and similar minerals around the
world. These processes can be categorized as
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biological (Delvasto et al., 2008; Obot and
Anyakwo, 2013), hydrometallurgical (Cheng et
al., 1999; Fisher-White, Lovel, and Sparrow,
2012; Ionkov et al., 2013; Jin et al., 2006; Yu,
Guo, and Tang, 2013), and pyrometallurgical
routes (Bai et al., 2012; Sun et al., 2013; Yu et
al., 2013b; Zhu et al., 2013). The
pyrometallurgical routes are useful for
industrial practice with respect to processing
costs, scale, and duration. Most
pyrometallurgical routes are conducted using
coal-based direct reduction followed by
magnetic separation. However, because the
phosphorus-containing gangue layers in the
oolitic units are extremely thin and closely
associated with the haematite layers, the
reduced ore-carbon composites must be
ground to a particle size of less than 10 µm to
attain a sufficient degree of phosphorus
removal (Li et al., 2011; Elias and Mitsutaka,
2011; Yin et al., 2012), thereby making these
processes energy-intensive.
In addition to blast furnace ironmaking,
many new high-efficiency and highproductivity ironmaking processes have
recently been developed (Manning and
Fruehan, 2001). The FASTMELT® process,
which was developed by Kobo Steel Ltd.
(Japan) and Midrex Technologies Inc. (USA),
has been successfully commercialized. It is a
solid-state carbon-based reduction technology
and is applicable for processing iron ore as
well as iron-oxide-containing materials
(Mcclelland and Metius, 2003). Moreover, it
has been applied for processing complex iron
minerals such as vanadium titanomagnetite
(Chen and Chu, 2014). The FASTMELT®
process comprises two stages: direct reduction
in a rotary hearth furnace (RHF) followed by

Iron recovery and phosphorus removal from oolitic high-phosphorus haematite
melting-separation in an electric ironmaking furnace. Highly
metallized and direct reduced iron (DRI) is fed at high
temperature directly into a proprietary melter to produce
molten iron. By controlling the chemistry of the reduced orecarbon composite material, FASTMELT® can be tailored to
precisely match the desired molten iron chemistry for
steelmaking in a basic oxygen furnace (BOF) or electric arc
furnace (EAF) (Lu and Wang, 2003). In our previous studies,
a method was developed to obtain a low-phosphorus metal
by the melting separation of highly gas-reduced highphosphorus ore fines (Tang et al., 2014a, 2014b) As the
reduction conditions of the FASTMELT® process can be
adjusted to obtain DRI of a desired quality, this process can
be applied for treating oolitic high-phosphorus haematite if
the residual carbon in the DRI can be controlled to a low
level. The envisaged technical route is illustrated in Figure 1.
In this study, two common carbonaceous materials, coal
and wood char, were employed as reductants. Experiments
were conducted using the FASTMELT® process for
phosphorus removal and iron recovery from oolitic highphosphorus haematite, and the results obtained for both
reductants were compared.

"2><:1>0;94?

An oolitic high-phosphorus haematite sample was supplied
by Wuhan Iron and Steel Company (China). Table I lists its
chemical composition, and an X-ray diffraction (XRD) pattern
of the sample is shown in Figure 2. The major minerals in the
sample were haematite, quartz, dolomite, clinochlore, and
apatite. Figure 3 shows the analysis of the ore by scanning
electron microscopy–energy-dispersive X-ray spectrometry
(SEM-EDS) analysis. The apatite layers (Point 1 in Figure 3b)
and haematite layers (Point 2 in Figure 3b) are alternately
developed within the ore particles and are closely associated.
The chemical compositions of the wood char and coal
reductants are listed in Tables II and III, respectively. All the
received samples were crushed and ground to 100% passing
80 µm.

':-7<>?%'4=?86>>;?=3?;6>?>0:89->*?2<=5>88?3=<?;<>9;:0-?;6>?==4:;:5
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Some coal and wood char fines were carbonized at 1000°C for
3 hours to completely remove the volatiles and moisture, and
thermal gravimetric analysis (TGA) was conducted to
examine their CO2 reactivity. A PT-1600 thermal analyzer
(LINSEIS, Germany) was employed in these tests. In each
run, approximately 20 mg of the devolatilized coal or char
sample was used. Each run lasted for 1 hour at 1000°C in a
CO–CO2 atmosphere at a gas flow rate of 50 m/min. In the
CO-CO2 atmosphere, PCO/PCO2 is 1.0, where PCO and PCO2 are
respectively the partial pressures of CO and CO2. The mass
loss of the sample was converted to carbon conversion using
the relationship mt / mc, where mt is the mass loss at time t
and mc is the total fixed carbon mass in the measured
sample, which was calculated on the basis of the data in
Tables II and III.


The ore fines were thoroughly mixed with char or coal fines
at different carbon mixing ratios (C/O) with the addition of
10% distilled water, 2% organic binder, and 15% CaO
powder. C/O is defined as NC / NO, where NC represents the
number of moles of fixed carbon in the coal/char fines and NO
is the number of moles of removable oxygen in the ore fines.
The organic binder was waste paper pulp, the main
component of which is cellulose. The briquettes (6 g,
diameter 20 mm, height 10 mm) were formed by pressing
the moistened fines under a pressure of 30 MPa using a die.
The briquettes were then air-dried for 20 hours, followed by
drying in an electric oven at 200°C for 2 hours.
Direct reduction tests were performed in a horizontal
alumina tube 850 mm in length and 40 mm in diameter

Table I

)=12=8:;:=0?=3?==4:;:5?6:-6+26=826=<78?:<=0?=<>
/1988.
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Table II
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Table III
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then closed. The reduction began isothermally after nitrogen
was replaced with the CO–CO2 mixture (PCO/PCO2 = 1.0; flow
rate = 200 m/min). When the predetermined time was
reached, the briquettes were removed from the reaction zone
and quenched using a nitrogen stream. After reduction, the
reduced briquettes were subjected to metallization and
residual carbon (CR) measurements. Some selected samples
were subjected to SEM, EDS, and XRD examination. The SEM
and EDS analyses were performed using a Quanta-250
scanning electron microscope (FEI Co., USA). The XRD
analysis was performed using an M21X X-ray diffractometer
(MAC Science, Japan), and the carbon content analysis was
conducted using a CS-2800 infrared carbon sulphur analyser
(NCS Co., China). A titrimetric method (iron chloride method)
was adopted for measurement of the total iron content (TFe)
and metallic iron content (MFe). The metallization (M) was
calculated using the equation MFe / TFe x 100%.



          

The melting-separation methods described by Tang et al.
(2014b) were applied. All the runs were conducted at 1550°C
and a quench method was adopted. A Si–Mo hightemperature furnace was heated to 1550°C and highly pure
argon at a flow rate of 200 mL/min was then introduced into
the furnace chamber. In each run, four metallic briquettes
were placed in an Al2O3 crucible (height 60 mm; diameter
VOLUME 117
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installed inside an electric furnace. The temperature was
maintained constant in the reaction zone within ±2°C for a
length of 80 mm. The reaction tube was heated from room
temperature under a highly pure nitrogen stream. When the
temperature of the reaction zone reached the desired value, it
was held stable for 30 minutes. In each run, the reaction tube
was opened to load two briquettes into the reaction zone and

Iron recovery and phosphorus removal from oolitic high-phosphorus haematite
30 mm), which was protected by a graphite crucible. The
sample was then quickly inserted into the chamber and the
slag/metal separation test was initiated. The melting time was
calculated from when the furnace temperature stabilized at
1550°C. The sample was quenched after a melting time of 10
minutes was reached. Some obtained metal samples were
subjected to SEM–EDS examination for metal cleanness. All
the obtained metal samples were weighed and the
phosphorus and silicon contents determined by inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
using an OPTIMA 7000DV instrument (PE Co., USA). The
chemical compositions of the obtained slag samples were
examined by energy-dispersive X-ray fluorescence
spectrometry (XRF) using an XRF 1800 spectrometer
(Shimadzu Co., Japan) with a Rh target X-ray tube, which
was operated at 50 kV and 40 mA. Before XRF analysis, the
samples were ground to a particle size <10 µm and pressed
into briquettes. The XRF data were analysed using an
internal fundamental parameter-based quantification method
and the analysis was performed by the service provider. The
error of the XRF method was within 0.5%. The iron recovery
rate () was calculated using the equation mmetal / miron x
100%, where mmetal is the mass of the obtained metal and
miron the mass of iron in the metallic briquette.

needed to be optimized. Based on the RHF conventional
operation conditions and the target of the present research,
an atmosphere of PCO/PCO2 = 1 was adopted, C/O was set to be
not greater than 1.0, and the temperature range was from
1000°C to 1200°C. Under these conditions, the reduction
behaviours of the ore-char and ore-coal briquettes were
investigated and their respective reduction conditions were
optimized.
The results of the reduction experiments for the ore-char
briquette are shown in Figure 5. The briquette exhibited a
maximum metallization at 10–15 minutes in the course of
reduction for all cases. Figure 5a shows the effect of
temperature on the briquette reduction. The maximum
metallization of the briquette was low (75%) at 1000°C and
reached 84% at 1100°C; however, no substantial
improvement was observed at 1200°C. Figure 5b shows the
effect of C/O on the briquette reduction. The maximum
metallization of the briquette was 79% for a C/O of 0.7 and
increased to 84% for a C/O of 0.8; however, little
improvement was observed upon further increasing the C/O
to 0.9. These findings indicate that a C/O of 0.8 and
temperature of 1100°C are sufficient to achieve a high
metallization for the ore-char briquette.

>874;8?90*?*:85788:=0


  

The CO2 gasification reaction of a carbonaceous reductant is
described by Equation [1]
C+CO2 = 2CO.

[1]

To simulate the coal/char gasification behaviour during
the direct reduction of the briquette, a temperature of 1000°C
and an atmosphere of PCO/PCO2 = 1 were adopted. The TGA
results are presented in Figure 4. The CO2 reactivity of the
wood char was found to be significantly superior to that of
the coal. The wood char fines were completely gasified within
10 minutes at 1000°C, but the coal fines only reached a
gasification efficiency of approximately 0.4 after 1 hour.


To obtain metallized briquettes with low residual carbon and
high metallization, the reduction conditions for each briquette

':-7<>?98:3:59;:=0?,>69:=7<?=3?5=94?90*?==*?569<
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The results of the reduction experiments for the ore-coal
briquette are shown in Figure 6. Figure 6a shows that the
reduction rate increases with increasing temperature. At
1200°C, a maximum metallization of 82% was attained for
the ore-coal briquette at 15 minutes. The metallization
increased with increasing time, with final metallization
values of 80% and 60% at 1100°C and 1000°C respectively.
Figure 6b shows that the reduction rate was enhanced by
increasing the C/O value. These findings indicate that for the
ore-coal briquette, increases in both temperature and C/O
have a positive effect on the briquette reduction. However, a
comparison of Figures 6a and 6b indicates that the effect of
temperature is more significant than that of C/O. With the
aim of controlling the residual carbon to a low level, the
preferred temperature, and C/O are considered to be 1200°C
and 0.9, respectively.
To minimize the residual carbon content in the reduced
briquette, the variation in the residual carbon content with
time was examined for each briquette under the identified
optimized temperature and C/O conditions. The results are
shown in Figure 7. The corresponding metallization variation
of each briquette is also plotted. After reducing the ore-char
and ore-coal briquettes for 20 minutes, the residual carbon
contents decreased to 0.24% (Figure 7a) and 2.35% (Figure

The fast reduction of the briquette in the initial stage was
attributed to the release of CO-rich and H2-rich volatiles from
the reducing agent and Reaction [2]. A reductant with a
higher volatile content was advantageous in this stage;
therefore, the ore-char briquette exhibited a higher initial
reduction rate than the ore-coal briquette under similar

':-7<>???>*75;:=0?,>69:=7<?=3?=<>+5=94?,<:$7>;;>?/>2><:1>0;94
><<=<?&?/9.?"33>5;?=3?;>12><9;7<>?/)! (&.#?/,.?>33>5;?=3?)!
/;>12><9;7<> %%(().

':-7<>? 9<:9;:=0?=3?<>8:*794?59<,=0?:0?;6>?,<:$7>;;>?:;6?;:1>&?/9.?!<>+
569<?,<:$7>;;>?/;>12><9;7<> %%(()#?)! (& .#?/,.?=<>+5=94?,<:$7>;;>
/;>12><9;7<> % (()#?)! (&.

FexOy+C=FexOy-1+CO

[2]

FexOy+CO=FexOy-1+CO2

[3]

Fe+CO2=FeO+CO

[4]
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7b), respectively. In both cases, no significant decrease of the
residual carbon content was achieved by further increasing
the reduction time. Therefore, the optimal reduction time was
20 minutes for both types of briquette.
The above analysis indicates that by optimizing the
temperature, C/O, and reduction time, briquettes with a
metallization of 82% and residual carbon content of 0.24%
can be obtained using ore-char briquettes, and a
metallization of 78% and residual carbon content of 2.35%
using ore-coal briquettes.
The optimum reduction conditions for the briquette are
closely associated with the properties of the reductant
employed. In the briquette reduction, in addition to Reaction
[1], Reactions [2-4] are involved in the process:

Iron recovery and phosphorus removal from oolitic high-phosphorus haematite
reduction conditions. With the reduction developing,
Reactions [1] and [3] dominated the reduction process.
Compared with the briquette containing a reductant with low
CO2 reactivity, the briquette containing a reductant with high
CO2 reactivity exhibited high internal CO pressure, which
could be approximately 1.0 atmospheres; thus, the high
reduction rate of Reaction [3] could be obtained under a
given temperature and given C/O. Therefore, compared with
the ore-coal briquette, the ore-char briquette could reach a
high metallization above 80% under a low temperature and
low C/O. After the briquette reached its maximum
metallization, the reduction of the ore fines ceased (the rate
of Reaction [3] was zero), and atmospheric CO2 started to
invade the briquette, Reaction [1] continued and Reaction [4]
occurred. Figures 4 and 5 show that under the employed
atmosphere, re-oxidation was not severe at this stage.
Further decrease of the residual carbon content of the
briquette still depended on the CO2 reactivity of the reductant.
As the wood char exhibited a much higher CO2 reactivity than
the coal, the decrease of the residual carbon content was
obvious in the ore-char briquette (Figure 7a) but negligible in
the ore-coal briquette (Figure 7b).



The standard free energy (G0) of Reaction [5] is 96.97
kJ/mol at 1100°C and −3.424 kJ/mol at 1200°C, which
indicates that Reaction [5] may occur at temperatures under
1200°C; therefore, phosphorus can be transferred into the
metal phase through Reactions [5] and [6] during the
reduction of the ore-coal briquette. However, from Figure 8b
and Figure 10b, it could be concluded that the phosphorus
transfer had not occurred to any great extent in the course of
reduction of the ore-coal briquette because Reaction [5] was
kinetically hindered by the glassy phases.


The melting-separation results for the optimally reduced orechar briquettes (sample A) and ore-coal briquettes (sample
B) are listed in Table IV. The chemical compositions of the
obtained slag samples are listed in Table V.
Table IV reveals that the iron recoveries from samples A
and B were on the same level of approximately 80%. For
sample A, the obtained metal contained low Si (0.021%) and
low C (0.020%). For sample B, although residual carbon
content was high at 2.35%, the obtained metal had a low C
(0.017%) but high Si (0.91%) content. In the meltingseparation process, gangue particles, metallic iron particles,

XRD patterns of the optimally reduced ore-char and ore-coal
briquettes are presented in Figure 8. Figure 8a shows that the
major phases in the reduced ore-char briquette were metallic
iron, wustite, quartz, and apatite. Figure 8b shows that the
major phases in the reduced ore-coal briquette were metallic
iron, wustite, and apatite.
The microstructures of the optimally reduced ore-char and
ore-coal briquettes are presented in Figure 9 and Figure 10,
respectively. Comparison of Figure 9a and Figure 10a with
Figure 3(a) indicates that the oolitic units were completely
destroyed after the reduction of both briquettes. Comparison
of Figure 8a with Figure 9a indicates that the ore-char
briquette became more porous after reduction than the orecoal briquette; furthermore, the coalescence of iron particles
in the reduced ore-char briquette was less developed. These
phenomena were attributed to the reduction temperature. The
metallized ore-coal briquette was obtained at 1200°C and the
metallized ore-char briquette at 1100°C. At 1200°C, many
complex oxides were formed by gangue components
combining with unreduced iron oxide (wustite). Some of
these complex oxides or their mixtures (e.g., 2FeO SiO2,
2FeO SiO2-SiO2, and 2FeO SiO2-FeO) have low melting points
and thus formed glassy phases, prompting sintering but also
enhancing the coalescence of the iron particles. The EDS
results of point 2 in Figure 9b and point 2 in Figure 10b
indicate that in both briquettes, calcium phosphate was
present in the gangue phase but not in the metallic iron
phase. The apatite layers were also observed to be broken
into very small particles (less than 10 m) after reduction.
In the presence of carbon and SiO2, Reactions [5-6] (Ye
and Hu, 2002) are involved in the phosphate phase
transition.
Ca3(PO4)2+3SiO2+5C=3CaSiO3+5CO(g)+P2(g)
G0

    T (kJ/mol)

6Fe+P2(g)=2Fe3P

[6]
':-7<>?  ?29;;><08?=3?;6>?=2;:1944?<>*75>*?,<:$7>;;>8&?/9.?!<>+
569<?,<:$7>;;>#?/,.?=<>+5=94?,<:$7>;;>

G0    T (kJ/mol).
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FeO(1)+C=Fe(1)+CO

[7]

SiO2(1)+2C+2Fe(1)=2SiFe(1)+2CO

[8]

Compared with sample A, the occurrences of Reactions
[7] and [8] in Sample B were apparent as Sample B had a
high residual carbon content.
The phosphorus contents of the metals obtained from
samples A and B (Table IV) were quite different, at 0.41%
and 0.78% respectively.
Because all the obtained metals exhibited very low carbon
contents, the phosphorus behaviour in the meltingseparation process could be predicted using the ion and
molecular coexistence theory (IMCT) (Yang et al., 2011)
assuming that the melting system was in or close to
thermodynamic equilibrium. For applying IMCT, the slag
system was considered to be CaO–FeO–Al2O3–P2O5–SiO2
according to Table V, and the structural units and
thermodynamic data were determined according to the
method of Yang et al., (2011). The phosphorus partition ratio
was then calculated using Equation [9]. The activity of
          

phosphorus in molten iron was simply considered to be equal
to its mass concentration in the present calculations.
[9]

where (%P2O5) is the mass percentage of P2O5 in the slag,
[%P] is the mass percentage of phosphorus in the metal, Ki is
the chemical equilibrium constant, n is the number of moles
of total units, and Ni is the mass action concentration
represented by the mole fraction.
For sample A, the calculated LP was 26 and the measured
LP was 18, which indicates that the model prediction result is
in relatively good agreement with the experimental result. For
sample B, the model-predicted LP was 22 and the measured
LP was 4, which indicates there is a large deviation between
the model prediction and experimental result.
In fact, Reaction [10] occurred in the melting-separation
process of sample B because [%Si] in the obtained metal was
high.
[Si]+2(FeO)=2Fe+(SiO2)

[10]

where the round brackets indicate a species in the slag and
square brackets indicate a species in the metal phase.
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and residual coal/char particles were in intimate contact in
the briquette. Therefore, most of residual coal/char particles
inevitably reacted with FeO and SiO2 through Reactions [7]
and [8] and the remaining carbon particles were dissolved in
the molten iron.
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Table IV
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Samples A and B are the optimally reduced ore-char briquettes and ore-coal
briquettes, respectively
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Table V
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Samples A and B are the optimally reduced ore-char briquettes and ore-coal
briquettes, respectively
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The occurrence of Reaction [10] indicates that the melting
system of sample B may not be under equilibrium using the
melting method employed in the present research. The
variations of [%P] and  with melting time were then
investigated for sample B, and the results are presented in
Figure 11. Both [%P] and  increased with increasing melting
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The application of the FASTMELT® process for the removal of
phosphorus from oolitic high-phosphorus haematite was
investigated experimentally using two reducing agents, wood
char and coal.
In the direct reduction stage, under their respective
optimized conditions, the ore-char and ore-coal briquettes
reached metallization degrees of 82% and 78% and residual
carbon contents of 0.24% and 2.35% by mass, respectively.
Phosphorus remained in the gangue as apatite after reduction
of both briquettes.
In the melting-separation stage, from the optimally
reduced ore-char briquettes, molten iron with P content of
0.41% and Si content of 0.021% could be obtained; from the
reduced ore-coal briquettes, molten iron with P content of
0.78% and Si content of 0.91% could be obtained.
The study indicated that carbonaceous materials with
high CO2 reactivity are preferred for the proposed method.
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time. Reaction [10] would result in a decrease in the FeO
content and an increase in the SiO2 content in the slag;
therefore, it has a negative effect on LP as per the IMCT
model. Therefore, increasing the melting time is not beneficial
for reducing [%P] in the metal obtained from sample B.
Molten iron with a P content less than 0.45% and Si
content less than 0.15% can be easily processed currently in
BOF or EAF steelmaking (Chen and He, 2014; Zhang et al.,
2013). It is thus considered that wood char is a more suitable
reductant in the proposed method than the coal used in this
study.
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Recovery of iron from iron ore slimes by
selective flocculation
by R. Kumar*, and N.R. Mandre*

The beneficiation of iron ore slimes by selective flocculation was studied.
Polyacrylamide (PAM) and guar gum were used as flocculant, along with
sodium hexametaphosphate (SHMP) as a dispersant. The samples
collected were initially subjected for chemical and mineralogical studies.
The mineralogical studies indicated the presence of haematite and goethite
as the principal iron-bearing minerals, with quartz and kaolinite as gangue
minerals. The selective flocculation tests showed that the Fe grade can be
enhanced from 58.24% to 64.60% Fe at a recovery of 66.33% using
polyacrylamide as the flocculant. A Fe grade of 63.20% at a recovery of
68.04% was obtained using guar gum as flocculant. The efficacy of the
studies was analysed using a separation index, which indicated that the
higher separation index was obtained with the tests employing
polyacrylamide as the flocculant.
.)&'
selective flocculation, iron ore slimes, polyacrylamide, guar gum,
beneficiation.
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India is endowed with huge reserves of highgrade iron ore and is one of the prominent
producers in the world. As the high-grade iron
ores have been exhaustively mined, it has
become imperative to use low-grade iron ores,
fines, and slimes to meet the growing demand.
Also, generation of fines and slimes during
mining and processing contributes to loss of
minerals to the extent of 30% of the total value
(Mandre and Panigrahi, 1997). These
fines/slimes are often discarded as waste into
tailing ponds, containing considerable
amounts of iron. Therefore beneficiation of
tailings/slimes has become necessary for
optimal utilization of the resources.
In recent years, interest in recovery of
valuable minerals from low-grade ores, slimes,
and tailings has increased worldwide. These
activities are initiated not only to recover
minerals but also to address various
environmental issues associated with fine
particle treatment. The literature reveals that
several technologies have been employed in
this regard, including flotation, advanced
gravity separation, and high-intensity
magnetic separation. However, these processes
are found to be ineffective for fine particle
treatment due to lower collision probability in
          

(")'%( *($*)"&
A typical iron ore slimes sample was collected
from a slime pond at Kiriburu iron ore
processing plant, Jharkhand, India. Guar gum
and polyacrylamide (non-ionic), obtained from
Saiguru Food and Gum Industries, Mumbai
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flotation, decreased gravitational effect in
gravity separation, and reduced drag force in
magnetic separation, among other factors
(Batisteli and Peres, 2008; Das et al., 2007;
Dworzanowski, 2012; Rocha, Caneado, and
Peres, 2010). Therefore, it is in this regard
that selective flocculation has gained
importance in treating slimes in recent years.
In the earlier research work, selective
flocculation studies of iron ore were carried out
using dispersant in the grinding circuit with
starch as a flocculant. The studies indicated
that the dosing sequence of various reagents
affects the effectiveness of selective
flocculation (Ma, 2012). A typical study,
carried out on alumina-rich Indian iron ore
slimes, indicated that amylopectin, a
constituent of starch, is selective towards
flocculation of haematite particles
(Ravishankar and Pradip Khosla, 1995). Many
studies have been carried out on selective
flocculation employing different flocculants
(Drzymala and Fuerstenau, 1981;
Weissenborn, Warren, and Dunn, 1994; Jin,
Hu, and Hou, 1987; Haselhuhn, Carlson, and
Kawatra, 2012; Panda et al., 2013). However,
the characteristics of ores/slimes from different
localities differ substantially. Therefore, a
study on selective flocculation of typical iron
ore tailings employing polyacrylamide and
guar gum as the flocculants was conducted.
The study also included an analysis of the
efficacy of the process by using a separation
index technique.

Recovery of iron from iron ore slimes by selective flocculation
and Merck, India respectively were used as flocculants. Other
reagents, including sodium hexametaphosphate, sodium
hydroxide, and hydrochloric acid, were of analytical grade.

! !
Chemical analysis was carried out by double-beam atomic
absorption spectroscopy using Thermofisher apparatus. The
results of the studies indicated that the sample contains
58.24% Fe, with 4.72% SiO2, 3.47% Al2O3, and had 5.18%
loss on ignition (LOI).

 
Mineralogical analysis was carried out using QEMSCAN
(model 4300), and the results are given in Table I. The major
minerals present in the sample were haematite, goethite, and
limonite, with gibbsite, kaolinite, and quartz as the chief
gangue minerals. About 97% (by mass) consisted of
haematite, goethite, and limonite with the remaining 3%
consisting of other minerals such as quartz, kaolinite,
gibbsite, and magnetite.
The mineral composition of the sample is shown in Figure
1. It can be seen that most of the gangue minerals are
associated with the haematite phase. The haematite content
is higher in the smaller size fractions than the gangue
minerals. This indicates the enrichment of iron minerals in
the smaller size fractions.
Table I
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XRD studies were carried out using a Rigaku X-ray
diffractometer (model Ultima IV) with Cu Kα as the target.
The XRD spectrum is given in Figure 2. It can be seen that
the major iron-bearing minerals are haematite and goethite,
with silicate gangue minerals such as kaolinite and quartz.

!! ! ! ! 
A Carl Zeiss model Supra 55 thermal field emission scanning
electron microscope (FE-SEM) was used for the study. The
results, which are given in Figure 3, indicate that the sample
contains variable quantities of gangue minerals such as
alumina and silica, along with iron. Plate-like particles are
visible in the micrograph, which shows the presence of
goethite in the sample.

! 
The standard test procedure described in the literature was
adopted for flocculation (Mandre and Panigrahi, 1997).
Flocculation tests were carried out in a 1000 ml graduated
cylinder. For this purpose a desired amount of –75 m iron
ore slimes was mixed in 950 ml water and the pH of the
slurry was adjusted by adding NaOH and HCl. The required
amount of dispersant was then added to the slurry. The
slurry was thoroughly mixed for 2 minutes using a perforated
plunger. The requisite amount of flocculant was then added,
followed by mixing for 1 minute. After thorough mixing, the
slurry was allowed to settle for a specified time and the
supernatant (upper 75% part) was siphoned off. Four-stage
washing of the flocs was carried out by adding make-up
water to the settled portion from the previous stage. The
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Recovery of iron from iron ore slimes by selective flocculation
flocculated and unflocculated masses were collected
separately, dried, and subjected to chemical analysis.

0) " *($*%  %&$

%!')* ##)"*&#**&$* )""%$!*'(")*("*('%& **)$ %"%)

%!')*##)"*&#*&('(%)*#&($"*& (!)*&$*!'()*($
')&)'
          

%!')*##)"*&#*!('*!*#&($"*& (!)*&$*!'()*($*')&)'

flocculated settled mass increases with increasing
concentration of PAM flocculant to a maximum value of
62.72% at a recovery of 97.35% using 0.09 mg/g PAM.
However, with PAM additions greater than 0.09 mg/g the
iron grade decreased, with increasing recovery, which may be
attributed to the haematite particles being covered by excess
polymer and thus forming polymer ‘bridges’ between the
haematite and the gange particles .
The effect of guar gum dosage is depicted in Figure 6.
The results are similar to those for PAM. A maximum grade
of 61.60% Fe in the flocculated settled mass with a recovery
of 98.15% was obtained using 0.21 mg/g of guar gum
flocculant, which may be attributed to agglomeration and
entrapment of gangue particles. It may be noted that the
experiments carried out with PAM resulted in a higher iron
grade than those with guar gum. The PAM flocculant
selectively adsorbs onto the haematite particles up to a dose
of 0.09 mg/g flocculant. With further increases the flocculant
tends to adsorb onto the gangue minerals in the slimes and
forms polymer bridges with the haematite particles, which
then settle together with the gangue minerals. Previous
studies (Khangaonkar and Balasubramani, 1993; Ma and
Pawlik, 2005; Nasser and James, 2007; Rath, Subramanian,
and Laskowski, 1997; Wang, Somasundaran, and Nagaraj,
2005) have shown that the adsorption of these flocculants on
the surfaces of the oxide minerals is due mainly to hydrogen
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Prior to the flocculation studies, initial settling studies were
carried out to ascertain the settling characteristics and effect
of pH on the ‘free’ settling rate of the slimes. The results are
shown in Figure 4. It may be seen that the settling rate of
iron ore slimes decreases with increasing pulp density and
increases with increasing pH. The maximum settling rate of
1.1 cm/s was obtained at pH 12 using a pulp density of 1%
by weight. This may be attributed to the fact that at higher
pH values all the particles (both iron and gangue minerals)
tend to settle. In order to initiate selective flocculation, the
process was carried out at pH 10, at which particles were
found to be in a transition state. Therefore, all the studies
were carried out at pH 10. After completion of the above
tests, selective flocculation studies were carried out using
different dosages of PAM and guar gum as the flocculants
and sodium hexametaphosphate dispersant. Also, studies
were carried out using a dispersant dose of 0.5 mg/g.
The results of the flocculation tests with PAM are
depicted in Figure 5. It can be seen that the iron grade of the

Recovery of iron from iron ore slimes by selective flocculation
® A maximum grade of 64.6% Fe at a recovery of 66.33%
was obtained with 0.09 mg/g PAM at pH 10 and 0.5
kg/t sodium hexametaphosphate
® A maximum grade of 63.20% Fe at a recovery of
68.04% was obtained with 0.21 mg/g guar gum at pH
of 10 and a dispersant dose of 0.5 mg/g
® The studies indicated a maximum separation index of
0.39 for PAM, and 0.32 for guar gum, after four stages
of washing.

Table II
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bonding and chemical interaction. The results indicate that
flocculant extension, and thus bridging, is most likely to
occur when the flocculant covers only half of the particle
surface. Above this level, the likelihood of flocculant
extension and bridging decreases due to complete surface
coverage of the particles by the flocculants, which may result
in slurry stabilization.
All the experiments carried out were reviewed to assess
the effectiveness of the flocculation by calculating separation
indices. The separation index (SI) can be calculated using
Equation [1], suggested by Sresty and Somasundaran
(1980). The results of the studies are given in Figure 7.
SI = [(% of valuable mineral recovered in the
concentrate) + (% of gangue rejected in the
tailings) – 100]/100

[1]

Figure 7 shows that the separation indices of the selective
flocculation process increased with increasing PAM
concentration to a maximum value of 0.41 at a PAM dosage
of 0.09 mg/g, whereas for guar gum the maximum value of
separation index was 0.32 at a dosage of 0.21 mg/g.
However, at dosages of more than 0.09 mg/g of PAM, and
0.21 mg/g of guar gum, the SI decreased. This may be
attributed to surface heterogeneity of the particles, where the
flocculants adsorb on the gangue minerals and co-flocculate
with the iron mineral particles, causing a decrease in
selectivity. Thus, the flocculants adsorbed on the gangue
mineral bridges with iron minerals particles to form flocs,
leading to heteroflocculation.
After completion of the above studies, tests were carried
out to determine the effect of washing of the flocs on grade,
recovery, and separation index. A four-stage cleaning
technique was employed, and the results are given in Table II.
It can be seen that at a PAM dosage of 0.09 mg/g,
after four stages of cleaning the grade increased to 64.60%
with a recovery of 66.33%. Similarly, with 0.21 mg/g of guar
gum the grade increases to 63.20% after four stages of
cleaning with a corresponding recovery of 68.04%. The
maximum separation index was 0.39 for PAM and 0.32 for
guar gum, which may be attributed to the removal of
entrapped gangue minerals from the flocs formed. After four
stages of washing, the grade of iron ore slimes was improved
by 2.99% in case of PAM, and by 2.60% in the case of
guar gum.

,&$ %&$
® Mineralogical studies indicated that haematite and
goethite are the major iron-bearing minerals, and
quartz and kaolinite the major gangue minerals
® The studies carried out to determine the effect of ‘free
settling rate’ of iron ore slimes indicated that the
settling rate increases with increasing pH, irrespective
of the variation in pulp density
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A methodology for assessing the
cumulative impact of a mineral
transportation system on air quality
by E. Kumar, and L.A. Kumar

A methodology is proposed to develop an optimization model to
understand the impact of transporting minerals, from mines to the final
destination, on air quality. Recently, there has been increasing concern
about the combined effects of multiple activities over many years, and the
regional environmental changes brought about by a single project.
Environmental issues in the iron ore industry have highlighted the need to
broaden the cumulative impact assessment. In this study, we simulated
the optimal routes and quantity of materials needed to meet the
destination plant demand based upon environment constraints (level of air
pollution), as well as the cost of transportation and availability of
materials. Multiple scenarios were developed to analyse the effects of
changes in routes, alternative transport system (or multi-modal split),
traffic congestion, and the cumulative impacts on air quality. The air
quality impact zones of the study area were demarcated using a GIS
technique. The expected outcome of the study is the selection of a suitable
transport system for a particular site with the least impact on air quality,
including the transportation route, relative to the minimum cost of
transportation of the minerals from the mines to their final destination.
The proposed methodology is evaluated with a case study.
0-+'$%
air quality, cumulative impacts, transportation system, GIS.
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In India, the process of environmental impact
assessment (EIA) has been focused primarily
on the local impacts of projects, without
considering regional environmental effects.
Environmental clearances for proposed projects
are based on reports of local impacts.
However, any developmental project poses a
potential risk to the environment as a whole,
and not just in the immediate vicinity of the
project. Recently, there has been increased
concern about the combined effects of multiple
activities over many years—the regional
environmental changes due to development of
a single project (Dutta, Mahatha, and De,
2004). Environmental issues throughout the
country, particularly in the iron ore industry,
have emphasized the need to broaden the
analysis to include the combined impacts, or
those forecast for a proposed region, on an
existing environment. The most significant
adverse environmental consequences of iron
ore transportation are the deterioration of
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EIAs are accepted as a decision-making tool
that takes into account the environmental,
economic, and social consequences of
development. To obtain environmental
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biodiversity and air quality (Kumar and Ajay,
2015).
Kalidindi and Singh (2009) have projected
that on a global basis, pollutant emissions
from the transport sector would double by
2030. Analysis of cumulativeness in EIAs can
help to predict the level of impact in qualitative
terms and emission factors per unit of freight
transported (Rodrigue, Comtois, and Slack,
2013). The environmental impact depends on
the quantity of goods (emissions per unit
freight), the distance they are transported, and
the spatial pattern of goods transported,
including the mode of transport.
Airborne particulate matter can be a significant
nuisance to local communities and a potential
health hazard in certain circumstances. It is
produced from a number of sources and
through a number of mechanisms such as land
clearing, removal of topsoil and overburden,
drilling, blasting, crushing and screening,
processing of ore, loading and unloading of
material on site, and subsequent transport. In
addition, wind action near stockpiles, dry
tailings, exposed mining areas, and waste
dumps also generates significant amounts of
pollutants.
This paper presents a proposed
methodology quantifying the cumulative
impact on air quality caused by mineral
transportation from various mines to a
beneficiation plant, using geographical
analysis, a programming model, an air
dispersion model, and a system dynamic
model.

A methodology for assessing the cumulative impact
clearance, projects involving potentially polluting activities
have to be subjected to environmental studies. However, the
analyses that have been performed to date only consider the
environmental impact of individual projects, and ignore the
overall environment and the cumulative effects of various
projects proposed for a given region. Although required by
international and national environmental legislation, the
concept of cumulative assessment has not been included in
environmental impact assessment procedures (Cavalcanti and
La Rovere, 2011).
Tools for cumulative impact assessment are being
developed and applied (US EPA, 1999). The analysis of
cumulative impacts involves identifying and assessing the
incremental impact of a proposed project or combination of
projects on the environment over a period of time. The level
of assessment of the cumulative effects is limited because of
the inability to measure all types of effects and map the
impact zones, and the uncertainties surrounding future
developments.
In the present study, the methodology outlined in Figure
1 was adopted to analyse the environmental impact of iron
ore transportation from various mines in different locations
to a central beneficiation plant. The study included
identification of pollution sources, mapping of the impact
area, selection of the optimum transportation system and
routes, cumulative air quality impact analysis using a
dispersion model, and forecasting of future traffic congestion
using a system dynamic model.
Initially, the characteristics of the factors affecting the
environment were studied. Air pollution by vehicular
emission in India is exceeding threshold levels and
deteriorating people’s quality of life (Singh, 2006). Although
some gaseous pollutants such as CO, NOx, and SO2 are also
released by diesel-powered equipment and blasting
operations, the contribution of such emissions to total
pollution levels is minor.
The pollutant concentrations in terms of particulate
matter (PM) near major industries, intersections, and
roadways have exceeded the Indian national ambient air
quality standards (Beig, Ghude, and Deshpande, 2010). PM
has serious health effects, especially in the form of
respiratory diseases.

The methodology followed in this study illustrates the
importance of cumulative impact assessment of PM emissions
during the transportation of iron ore. The zone of impact of
the proposed transportation routes was also identified. The
zone was digitized using combined topographical sheets and
the satellite image was interpreted using GIS software to
identify the affected road, rail, residential, and mining areas.
This was followed by a baseline study of the region to collect
meteorological data and its variations throughout the year.
The data was used to set up the air monitoring stations along
the transportation routes.
In the second stage of the investigation, a programming
model was used to find the optimum solution that is feasible
in particular site conditions based on the derived objective
function. The model was also used to analyse the influencing
parameter in any particular condition and to forecast
consequences for the given variables and constraints. Among
the various techniques, linear programming offers a potential
planning approach to investigate and manage cumulative
environmental problems (Smit and Spaling, 1995). The
optimization model seeks to find values of the decision
variables that optimize (maximize or minimize) an objective
function among the set of all values for the decision variables
that satisfy the given constraints. The identified road and rail
segments for transportation of iron ore to the beneficiation
plant were analysed for the volume of traffic to be handled. A
scenario-based analysis was done for a suitable
transportation system which could minimize the impacts on
air quality.
An emission factor is a representative value that attempts
to quantify the amount of pollutant released to the
atmosphere due to a particular activity. For transportation,
these factors are usually expressed as the weight of the
pollutant emitted per unit travelling distance (vehiclekilometres travelled). The determination of appropriate
emission factor for a particular operation is imperative as it
will help to obtain prior information on the likely impact on
air quality (Chaulya et al., 2002). Once generated, the
emission factor is used in conjunction with the vehicle
kilometres travelled (VKT) to obtain the total emission due to
transportation (Ghose, 2004; Roy, Adhikari, and Singh,
2010).
The emission factor for PM can be obtained by
multiplying by a suitable factor that depends upon site
conditions and the process. The following emissions factors
(F) for various activities were considered for the optimization
model:
® Vehicle exhaust (diesel-powered heavy-duty truck), F =
0.808 g/km (USEPA, 1985)
® Freight train emission (diesel locomotive), F = 1.30 g/l
(Fritz, Swri, and Smith, 2007).
The calculation serves to delimit uncertainties in regional
and global emission inventories and is necessary for
modelling future changes.
A fundamental aspect of cumulative impact studies is the
prospective view of the effects of actions intended to help in
planning the mitigation measures during the preliminary
stage of operation. Hence, air quality modelling and system
dynamics were consolidated to analyse the level of
cumulative impact of the proposed activities, evaluate the
behaviour of the complex system, and forecast the future
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A methodology for assessing the cumulative impact
impacts over a span of time. The Industrial Source Complex
Short Term Version 3 (ISCST3) model was chosen to simulate
the dispersion of line source emission due to transportation
activities in the study region. The baseline data was taken as
input data for the dispersion model and processed in ISCST3.
An integrated evaluation is required to identify and forecast
the future impacts due to proposed and existing operations
(Cavalcanti and La Rovere, 2011).
The System Dynamics (SD) model was adopted to
forecast the future impacts due to interactions between
development vectors in the region. With industrial
development, environmental changes have become dynamic
in nature. Many environmental engineers and researchers are
framing environmental policies using SD procedures (Anand,
Vrat, and Dahiya, 2006). In the present study, the model was
run for a period of five years. The advantages and limitations
of this new assessment method are presented in the
discussion and conclusions sections of this paper.

Table I
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To illustrate the proposed methodology for assessing the
cumulative air quality impact of a mineral transportation
system, a case study was conducted at Dabuna beneficiation
plant located in Keonjhar district, Odisha. The plant is located
in a high-quality iron ore belt containing a cluster of mines,
and the area is well connected to major roads and rail
transport. There is high potential for particulate emissions,
mainly from drilling, loading, hauling, transportation, and
exposed overburden dumps or tailings. The details of mines
and the contracted quantity of iron ore for beneficiation at the
plant are given in Table I.
The locations of the beneficiation plant, mines, and
existing rail and road networks are shown in Figure 2. The
economy of Keonjhar depends primarily on mining and
transportation of iron ore to the local plants and ports for
export. The annual requirement of iron ore for the proposed

plant is 11 Mt/a. Implementation of proposed transportation
activities may increase the regional environmental changes
around the plant and mines, which necessitates the study of
the cumulative impact of the transportation system for the
proposed plant. The paper discusses only a representative
study to demonstrate the developed methodology, and does
not constitute a full-scale impact assessment for the actual
project.
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A methodology for assessing the cumulative impact
  
The site of the proposed beneficiation plant is surrounded by
hilly terrain. The 19 mines are scattered within a radius of
approximately 25 km of the plant. There are several roads
connecting various mines to the nearby major roads, and the
vicinity of the proposed plant is connected by National
Highway (NH) 215 and the Keonjhar Industrial Development
Corporation (KIDCO) road. These two major roads are in turn
connected to four railway sidings (Joda, Banspani, Jaroli, and
Naragarh) on the major rail corridors in Keonjhar region. In
these circumstances, road and rail-road combination were
considered the most suitable means of transporting iron ore
from multi-location mines to the plant. A ropeway or
conveyor system would require a huge area of land. However,
the proposed land category is non-transferable and the
acquisition of such a large land area would need several
regulatory clearances. For these reasons, the use of ropeways
and conveyors as a mode of transportation was not
considered feasible in the current circumstances.
The impact zones were delineated using the buffering
capability of GIS software as shown in Figure 3. As seen from
the digitized map, five concentric zones were buffered in
increments of 5 km radius, to include all 19 mines the
surrounding villages, and existing roads and railways. It is
pertinent to state here that the study considered all the
transportation routes falling within the composite core zones
and buffer zones of the plant. Furthermore, the
transportation routes were divided into six segments, which
are typical of the maximum transport load distribution for the
area as far as the mining and railway sidings are concerned.


The baseline data studied for the Dabuna area included the

detailed characterization of various environmental
parameters. The possible effects of the proposed beneficiation
project were estimated and superimposed on the compiled
baseline data to assess the cumulative effects. The baseline
data for the existing ambient air quality within the composite
core and buffer zones of the proposed beneficiation plant was
assessed through a network of eight ambient air quality
monitoring (AQM) stations, which were located based on the
predominant wind direction and wind speed in the study
area. The AQM stations were monitored on a 24-hourly basis
and twice a week at each location as per the Central Pollution
Control Board (CPCB 2009) guidelines for the pre-monsoon
season. The ambient air quality was measured for PM
concentration along the transportation routes. Meteorological
data is very useful for the interpretation of baseline
information and modelling of air quality impacts, and helps
understanding of the dispersion of pollutants. The principal
wind direction at the project site is from the southwest,
followed by the southeast. The average wind speed is shown
in Figure 4. The maximum temperature recorded was 40.3°C
and the minimum 12°C. The maximum relative humidity
recorded during the pre-monsoon season was 87.2%.

   
Iron ore was transported from the 19 mines for various
distances to the Dabuna beneficiation plant by road and rail.
The determination of the increment level of PM from the
transportation system will help environmental engineers and
beneficiation plant managers obtain actual information about
its likely impacts on the surrounding air quality. Based on the
prediction of increments of air pollutant concentrations, the
optimum mode of transport and most effective routes can be
determined.
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A methodology for assessing the cumulative impact
® Objective function—minimize the emission level and
cost of transportation (road and rail-road combination)
® Variables—the parameters that influence the optimal
value of the objective function are the number of
trucks/wagons, number of mines, maximum and
minimum quantities of iron ore required per hour, and
number of routes
® Constraints—these define the limits on the values of
the variables; demand of beneficiation plant ≥ 1527.6
t/h, distance to be travelled, number of trucks/wagons
required per hour, capacity of trucks and wagons,
freight charges by road and rail.

The transportation problem was formulated using the
linear programming model with LINGO software (Figure 5).
The optimization model consisted of three primary sections:

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

® proposed level of emissions due to transportation of
iron ore for the beneficiation plant only, and
® cumulative effects from all activities around the study
area.
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The model (Kumar and Ajay Kumar, 2015) for road and
rail-road combination was adopted to optimize the emission
rate from transportation routes and cost of transportation
The routes to be followed for transportation of iron ore
from the different mines to the Dabuna beneficiation plant
are connected by the NH-215, the KIDCO road, and village
roads. It was essential to study the air quality impact of
transportation of iron ore by various segments of existing
roadways since the segments carry totally different traffic
patterns. It was therefore decided to study the air impact
analysis on the optimized routes under two conditions:

A methodology for assessing the cumulative impact
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The intensity and dispersion of particulate matter along the
transportation routes were predicted using the ISCST3 model
(Figure 6). The equation considered for the modelling is
based on the straight-line steady-state of Gaussian plume
dispersion, developed and recommended by the US EPA.
The emission factor of the US EPA was used for the
calculation of emission rates in the model. The line source
model was run for each transport segment from the mines to
the destination plant, taking into consideration the fact that
the potential transportation corridor will also be utilized for
other activities. The incremental pollution load due to
proposed transportation activities was estimated segmentwise for the road and road-rail combination, and the
combined impacts in the study area are tabulated in Tables II
and III. The impact modelling was used to resolve the
complicated quantitative analysis of regional impacts.
From the tables, it may be seen that the transport of iron
ore makes only a minor contribution to the overall air quality
impact. When the cumulative effect of all activities is
considered, the predicted emission level for the transportation
Table II
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segments is more than the threshold value. Hence, the study
highlights the importance of cumulative impact assessment
for any development project.
The identified road segments for the transportation of
iron ore were analysed for the volume of traffic handled,
carrying capacity of the road, as well as the level of service of
the road, in order to arrive the traffic congestion in the region
due to the proposed plant.

 

 

The system dynamics (SD) methodology is a framework for
modelling and simulating the dynamic behaviour of nonlinear
systems and the manner in which information, action, and
consequences interact. The simulation can be used with
different parameters to investigate different scenarios over a
period of time.
In the present case, the SD approach was used to forecast
the current and future traffic impacts along transportation
segments. From the optimization model, it was observed that
in both the options of road and rail-road combination, 124
loaded trucks per hour were proposed to operate for
transportation of iron ore. A major challenge of the Keonjhar
district is movement of raw materials by trucks. Hence, the
model was applied to make projections of traffic congestion
on roadways in terms of volume to capacity (V/C) ratio in the
Dabuna region for a time span of 5 years. A causal loop
diagram, shown in Figure 7, was developed by incorporating
various parameters such as induced traffic from the proposed
plant, existing traffic volume in the study area, and capacity
of road segments.
A flow diagram was then created and dynamo equations
for each parameter in the diagram were added in the model
(Figure 8).The dynamo equation [1] used to account for
traffic density is (Ponnurangam and Umadevi, 2015):
V/C ratio = volume/capacity
where

[1]

Capacity = 7 051 800 (number of vehicles per unit time)
Volume = current_traffic plus induced_traffic
Induced_traffic = 1 086 240 (number of vehicles per unit
time)
Current_traffic = 5 083 720 (number of vehicles per unit
time)
Current_traffic (t) = Current_Traffic(t - dt) +
(Current_traffic_rate)* dt
Inflows:
Current_traffic_rate =
Current_traffic_growth_rate*Current_traffic
Current_traffic_growth_rate = 3/100

Table III
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Data for existing traffic and growth rate was calibrated
from the official figure (PCD, 2015). The cumulative traffic
impact in terms of V/C ratio due to proposed transportation
activities for the plant and existing development activities
was 0.87 for the current year, and from the historical trend
this is projected to increase to 0.99 after 5 years.
From the above model (Figure 9), it can be seen that the
service level of the roads is poor as per the Indian Roads
Congress (IRC) standard. It is concluded that any proposed
development activities may impact the regional traffic
congestion adversely. Hence, it is recommended that the
          

A methodology for assessing the cumulative impact
studies and not on theoretical assumptions. The proposed
traffic conditions around the beneficiation plant will have
minimal impact with regular water sprinkling, which will also
improve road conditions with least baseline concentration
and further reduce line source emission levels.

+) "%,+)%
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existing infrastructure should be improved before any
proposed projects are implemented in the study area.

,% %%,+)..
The present study aimed to quantify pollutant concentration
on transportation routes from mines to the proposed plant, to
assess the air quality impact due to the transport of iron ore
by road and rail-road combination, and optimize the
transportation routes to the plant. Road and rail capacity
were also optimized for traffic and emission load in order to
find the best suitable system and routes to transport 11 Mt/a
of iron ore to the plant. An impact analysis was done for road
transportation and a rail-road combination, keeping in mind
the impact on regional air quality. The practical significance
of the developed methodology is that it is based on actual site

The present study yielded the ultimate objective of the
proposed methodology; that is, to quantify the cumulative
impact of air quality of a mineral transportation system from
various mines to the destination plant. The ISCST3 model
was used to analyse the emission level from proposed
activities through road and railroad combination scenarios,
and the combined emission effects of all other activities were
also considered. The result from the model could help in
choosing either existing transportation segments or new
transport networks.
The study proposes a new avenue for research in the area
of application of cumulative impact assessment for miningrelated projects using various scientific models. The proposed
methodology, the models discussed, and the results may be
utilized to visualize future environmental scenarios in the
Keonjhar region and aid in decision-making at the regional
level in terms of permission for transportation of iron ore.
Although the approaches carried out for the proposed mineral
transportation system of beneficiation plant were adequate
for the purposes of this study, a huge amount of data would
be required to complete a comprehensive cumulative impact
assessment.
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advanced metals initiative

AMI Precious Metals 2017
THE PRECIOUS METALS DEVELOPMENT NETWORK (PMDN)
In Association with

Platinum 2017

17–20 October 2017
Protea Hotel Ranch Resort, Polokwane, South Africa

BACKGROUND
The Precious metals Development Network (PMDN) of the
DST’s advanced metals initiative (AMI) programme will host
the AMI’s annual conference in 2017.
The AMI Precious Metals 2017 Conference will be held
in association with the Platinum 2017 Conference. The
Platinum conference series has covered a range of themes
since inception in 2004, and traditionally addresses the
opportunities and challenges facing the platinum Industry.
This AMI Precious Metals 2017 Conference will present a
forum where scientists and technologists can come together

to learn and discuss the latest advances in precious metals
(platinum group metals and gold) science and technology,
under the broad themes of:
 Catalysis
 Materials
 Chemistry

our future through science

For further information contact: Head of Conferencing, Raymond van der Berg • Tel: +27 11 834-1273/7 • E-mail: raymond@saimm.co.za
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INTERNATIONAL ACTIVITIES
2017

20–27 May 2017 — ALTA 2017 Nickel-Cobalt-Copper,
Uranium-REE and Gold-PM Conference and Exhibition
Pan Pacific Perth, Australia
Contact: Allison Taylor
Tel: +61 (0) 411 692 442, E-mail: allisontaylor@altamet.com.au
Website: http://www.altamet.com.au/conferences/alta-2017/
6–7 June 2017 —Mine Planning Colloquium 2017
Mintek, Randburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
7–8 June 2017 —AIMS - Aachen International Mining
Symposia Second International Conference: Mining in Europe
Aachen, Germany
Contact: Iris Schümmer
Tel: +49-(0) 241-80 95673, Fax: +49-(0) 241-80 92272
E-mail: aims@mre.rwth-aachen.de
Website: http://www.aims.rwth-aachen.de
19–20 June 2017 —Chrome Colloquium 2017
What’s next for Chrome? A debate on the
tough questions
Mintek, Randburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
25–28 June 2017 — Emc 2017: European Metallurgical
Conference
Leipzig, Germany
Contact: Paul-Ernst-Straße
Tel: +49 5323 9379-0, Fax: +49 5323 9379-37
E-mail: EMC@gdmg.de, Website: http://emc.gdmb.de
27–29 June 2017 —4th Mineral Project Valuation
Colloquium
Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand, Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
10–11 July 2017 — Water 2017 Conference
Lifeblood of the Mining Industry
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
25–26 July 2017 — Entrepreneurship in Mining Forum
A Focus on new Business in the Value Chain
Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
3–4 August 2017 — Building a Robust Mineral Industry
Thriving under prolonged low commodity
price environment

          

Mandel Training Centre, Marlborough, Harare
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
7–9 August 2017 —Rapid Underground Mine & Civil Access
Conference 2017
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
15–16 August 2017 —The SAMREC and SAMVAL Codes
Advanced Workshop: Can you face your peers?
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
22–24 August 2017 — The biennial Southern African Coal
Processing Society Conference and Exhibition
‘Coal Processing – the key to profitability’
Graceland Hotel, Casino and Country Club, Secunda
Contact: Gerda Craddock
Tel: +27 11 432-8918, E-mail: gerdac@mineralconcepts.co.za
Website: www.sacoalprep.co.za
30 August–1 September 2017 — MINESafe Conference 2017
Striving for Zero Harm—Driving Excellence through Compliance
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
11–15 September 2017 — Uranium 2017 International
Conference
Extraction and Applications of Uranium — Present and Future
Swakopmund Hotel, Swakopmund, Namibia
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
30 September–6 October 2017 — AfriRock 2017: ISRM
International Symposium—Rock Mechanics for Africa
Cape Town Convention Centre, Cape Town
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
17–20 October 2017 — AMI Precious Metals 2017
The Precious Metals Development Network (PMDN)
Protea Hotel Ranch Resort, Polokwane
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
18–20 October 2017 — 7th International Platinum Conference
Platinum—A Changing Industry
Protea Hotel Ranch Resort, Polokwane
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
25 October 2017 — 14th Annual Student Colloquium
Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
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9–12 May 2017 — 6th Sulphur and Sulphuric Acid
2017 Conference
Southern Sun Cape Sun, Cape Town
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

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

Expectra 2004 (Pty) Ltd

Ncamiso Trading (Pty) Ltd

AECOM SA (Pty) Ltd

Exxaro Coal (Pty) Ltd

New Concept Mining (Pty) Limited

AEL Mining Services Limited

Exxaro Resources Limited

Northam Platinum Ltd - Zondereinde

Air Liquide (PTY) Ltd

Filtaquip (Pty) Ltd

PANalytical (Pty) Ltd

AMEC Foster Wheeler

FLSmidth Minerals (Pty) Ltd

AMIRA International Africa (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

Fluor Daniel SA (Pty) Ltd

ANDRITZ Delkor (Pty) Ltd

Franki Africa (Pty) Ltd-JHB

Anglo Operations (Pty) Ltd

Fraser Alexander Group

Polysius A Division Of Thyssenkrupp
Industrial Sol

Arcus Gibb (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Precious Metals Refiners

Aurecon South Africa (Pty) Ltd

Glencore

Rand Refinery Limited

Aveng Engineering

Goba (Pty) Ltd

Redpath Mining (South Africa) (Pty) Ltd

Aveng Mining Shafts and Underground

Hall Core Drilling (Pty) Ltd

Rocbolt Technologies

Axis House Pty Ltd

Hatch (Pty) Ltd

Rosond (Pty) Ltd

Bafokeng Rasimone Platinum Mine

Herrenknecht AG

Royal Bafokeng Platinum

Barloworld Equipment -Mining

HPE Hydro Power Equipment (Pty) Ltd

Roytec Global Pty Ltd

BASF Holdings SA (Pty) Ltd

IMS Engineering (Pty) Ltd

RungePincockMinarco Limited

BCL Limited

Ivanhoe Mines SA

Rustenburg Platinum Mines Limited

Becker Mining (Pty) Ltd

Perkinelmer

Salene Mining (Pty) Ltd

Joy Global Inc.(Africa)

BedRock Mining Support Pty Ltd
Bell Equipment Limited

Sandvik Mining and Construction
Delmas (Pty) Ltd

Kudumane Manganese Resources
Leco Africa (Pty) Limited

Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering Pty Ltd
CDM Group
CGG Services SA
Concor Mining

Longyear South Africa (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Lonmin Plc

SANIRE

Magotteaux (Pty) Ltd

Schauenburg(Pty) Ltd

MBE Minerals SA Pty Ltd

SENET (Pty) Ltd
Senmin International (Pty) Ltd

MCC Contracts (Pty) Ltd

Concor Technicrete

MD Mineral Technologies SA (Pty) Ltd

Cornerstone Minerals Pty Ltd
Council for Geoscience Library
Cronimet Mining Processing SA (Pty) Ltd

Smec South Africa
SMS group Technical Services South
Africa (Pty) Ltd

MDM Technical Africa (Pty) Ltd
Metalock Engineering RSA (Pty) Ltd

Sound Mining Solution (Pty) Ltd

Metorex Limited

CSIR Natural Resources and the
Environment (NRE)

South 32

Metso Minerals (South Africa) Pty Ltd

SRK Consulting SA (Pty) Ltd

Data Mine SA

MineRP Holding (Pty) Ltd

Technology Innovation Agency

Department of Water Affairs and Forestry

Mintek

Time Mining and Processing (Pty) Ltd

Digby Wells and Associates

MIP Process Technologies (Pty) Ltd

Tomra (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

MSA Group (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DTP Mining - Bouygues Construction

Multotec (Pty) Ltd

Umgeni Water

Duraset

Murray and Roberts Cementation

Webber Wentzel

Elbroc Mining Products (Pty) Ltd

Nalco Africa (Pty) Ltd

Weir Minerals Africa

eThekwini Municipality

Namakwa Sands (Pty) Ltd

WorleyParsons RSA (Pty) Ltd
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SAIMM DIARY
or the past 123 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
2017. Visit our website for more
information.

F

2017
N CONFERENCE
6th Sulphur and Sulphuric Acid 2017 Conference
9–12 May 2017, Southern Sun Cape Sun, Cape Town
N COLLOQUIUM
Mine Planning Colloquium 2017
6–7 June 2017, Mintek, Randburg
N COLLOQUIUM
Chrome Colloquium 2017
19–20 June 2017, Mintek, Randburg
N COLLOQUIUM
4th Mineral Project Valuation Colloquium
27–29 June 2017, Mine Design Lab, Chamber of Mines Building, The University of the
Witwatersrand, Johannesburg
N CONFERENCE
Water 2017: Lifeblood of the Mining Industry Conference 2017
10–11 July 2017, Emperors Palace, Hotel Casino Convention Resort, Johannesburg
N FORUM
Entrepreneurship in Mining Forum
25–26 July 2017, Johannesburg
N CONFERENCE
Building a Robust Mineral Industry
3–4 August 2017, Mandel Training Centre, Marlborough, Harare
N CONFERENCE
Rapid Underground Mine & Civil Access 2017 Conference
7–9 August 2017, Emperors Palace, Hotel Casino Convention Resort, Johannesburg
N WORKSHOP
The SAMREC and SAMVAL Codes—Advanced Workshop: Can you face your peers?
15–16 August 2017, Emperors Palace, Hotel Casino Convention Resort, Johannesburg
N CONFERENCE
MINESafe Conference 2017
30 August–1 September 2017, Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
N CONFERENCE
Uranium 2017 International Conference
11–15 September 2017, Swakopmund Hotel, Swakopmund, Namibia
N SYMPOSIUM
AfriRock 2017: ISRM International Symposium ‘Rock Mechanics for Africa’
30 September–6 October 2017, Cape Town Convention Centre, Cape Town

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

N CONFERENCE
AMI Precious Metals 2017 ‘The Precious Metals Development Network (PMDN)’
17–20 October 2017, Protea Hotel Ranch Resort, Polokwane
N CONFERENCE
7th International Platinum Conference
18–20 October 2017, Protea Hotel Ranch Resort, Polokwane
N COLLOQUIUM
14th Annual Student Colloquium
25 October 2017, Johannesburg

