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CAVEX® hydrocyclones
expand footprint across Africa
Weir Minerals Africa expanded its Cavex® hydrocyclone footprint
across Africa with recent orders going into the Central African
Copperbelt; one in Zambia and one in the Democratic Republic of
Congo (DRC). The hydrocyclone solutions supplied in these two
countries were customised for the individual plants. A major
differentiator Weir Minerals Africa brings to customers is the ability to assess individual application
requirements and provide a tailored solution. A full team of experienced process and metallurgical engineers
assess how to best optimise the process for the customer with the major focus on achieving the most efficient
separation with the lowest total cost of ownership.

Minerals

On a Zambian copper mine, the hydrocyclone cluster is an 18-way Cavex® 400 CVX cluster in a mill circuit
classification application. A 2-way Cavex® 500CVX hydrocyclone will also be supplied for a densifying
application at the plant. For the process plant in the DRC, a 14-way Cavex® 500CVX hydrocyclone cluster was
supplied for the SAG mill application. This the solution was designed to allow for future additional capacity,
saving future capex. A 2-way Cavex® 500 CVX cluster is being supplied for a limestone application at this
mine. An important contributing factor is that the significant Cavex® hydrocyclone footprint in this region is
supported through Weir Minerals Africa’s Zambian branch and Service Centre in Kitwe, Zambia. This
comprehensive facility was expanded earlier in the year and has increased the spare (after market) parts
inventory it holds, as well as expanded its process engineering support team based at the branch.
Weir Minerals has also expanded Cavex® technology into dense medium applications with significant benefits
being provided to the customers. Cavex® dense media cyclones at a diamond mine are achieving far longer
wear life than competitor units, in addition to proven higher efficiencies. In a coal DMS application, a Cavex®
500 CVXT20 dense media cyclone replaced a 610 mm competitor unit achieving a production yield increase of
15%, as well as a major wear life increase of 50%. Cavex hydrocyclones have proven themselves in a heavy
mineral sands application in Mozambique with an order for 28 classification hydrocyclones. This followed
successful test work conducted on site.
Cavex® hydrocyclones have also been supplied to a heavy minerals sand project in Sierra Leone. Forming
part of a phase two expansion project, this increases the Cavex® hydrocyclone installed base in the West
African region. Technical product and process support from Weir Minerals Africa plays an important role in
providing invaluable support to the end-user. Regular interaction with the experts at Weir Minerals Africa
provides customers with access to the latest technological developments and learnings from similar
installations in Africa and across the globe.

Weir Minerals is a leading designer and manufacturer of mine dewatering solutions, slurry pumps,
hydrocyclones, valves, screens, centrifuges, crushers, feeders, washers, conveyers, rubber lining, hoses
and wear-resistant linings for the global mining and minerals processing, sand and aggregate, and power
and general industrial sectors.
For more information contact us on +27 11 9292600 or visit www.minerals.weir.

SAIMM IFC_2019.indd 1

2018/12/03 16:02:26

Outer pages.qxp_ Outer pages 2019/01/14 4:39 PM Page i

The Southern African Institute of Mining and Metallurgy
!+! !+ + ++ !

+!

*Deceased

!! !""
Mxolisi Mgojo
President, Minerals Council South Africa
!! " !""
Gwede Mantashe
Minister of Mineral Resources, South Africa
Rob Davies
Minister of Trade and Industry, South Africa
Mmamoloko Kubayi-Ngubane
Minister of Science and Technology, South Africa
!""
A.S. Macfarlane
!"" "
M.I. Mthenjane
"! " !""
Z. Botha
! " !""
V.G. Duke
 ! " !""
I.J. Geldenhuys
""  !""
S. Ndlovu
 "  " "!"!
R.T. Jones
!! !"!"!
V.G. Duke
!! ""!  
I.J. Geldenhuys
C.C. Holtzhausen
W.C. Joughin
G.R. Lane
E. Matinde
H. Musiyarira
G. Njowa

S.M Rupprecht
N. Singh
A.G. Smith
M.H. Solomon
D. Tudor
A.T. van Zyl
E.J. Walls

 !"" "!  
N.A. Barcza
R.D. Beck
J.R. Dixon
M. Dworzanowski
H.E. James
R.T. Jones
G.V.R. Landman
C. Musingwini

J.L. Porter
S.J. Ramokgopa
M.H. Rogers
D.A.J. Ross-Watt
G.L. Smith
W.H. van Niekerk
R.P.H. Willis

G.R. Lane–TPC Mining Chairperson
Z. Botha–TPC Metallurgy Chairperson
K.M. Letsoalo–YPC Chairperson
G. Dabula–YPC Vice Chairperson

 +!!

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

W. Bettel (1894–1895)
A.F. Crosse (1895–1896)
W.R. Feldtmann (1896–1897)
C. Butters (1897–1898)
J. Loevy (1898–1899)
J.R. Williams (1899–1903)
S.H. Pearce (1903–1904)
W.A. Caldecott (1904–1905)
W. Cullen (1905–1906)
E.H. Johnson (1906–1907)
J. Yates (1907–1908)
R.G. Bevington (1908–1909)
A. McA. Johnston (1909–1910)
J. Moir (1910–1911)
C.B. Saner (1911–1912)
W.R. Dowling (1912–1913)
A. Richardson (1913–1914)
G.H. Stanley (1914–1915)
J.E. Thomas (1915–1916)
J.A. Wilkinson (1916–1917)
G. Hildick-Smith (1917–1918)
H.S. Meyer (1918–1919)
J. Gray (1919–1920)
J. Chilton (1920–1921)
F. Wartenweiler (1921–1922)
G.A. Watermeyer (1922–1923)
F.W. Watson (1923–1924)
C.J. Gray (1924–1925)
H.A. White (1925–1926)
H.R. Adam (1926–1927)
Sir Robert Kotze (1927–1928)
J.A. Woodburn (1928–1929)
H. Pirow (1929–1930)
J. Henderson (1930–1931)
A. King (1931–1932)
V. Nimmo-Dewar (1932–1933)
P.N. Lategan (1933–1934)
E.C. Ranson (1934–1935)
R.A. Flugge-De-Smidt
(1935–1936)
T.K. Prentice (1936–1937)
R.S.G. Stokes (1937–1938)
P.E. Hall (1938–1939)
E.H.A. Joseph (1939–1940)
J.H. Dobson (1940–1941)
Theo Meyer (1941–1942)
John V. Muller (1942–1943)
C. Biccard Jeppe (1943–1944)
P.J. Louis Bok (1944–1945)
J.T. McIntyre (1945–1946)
M. Falcon (1946–1947)
A. Clemens (1947–1948)
F.G. Hill (1948–1949)
O.A.E. Jackson (1949–1950)
W.E. Gooday (1950–1951)
C.J. Irving (1951–1952)
D.D. Stitt (1952–1953)
M.C.G. Meyer (1953–1954)
L.A. Bushell (1954–1955)
H. Britten (1955–1956)
Wm. Bleloch (1956–1957)

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*

*
*
*
*
*
*

*

*

H. Simon (1957–1958)
M. Barcza (1958–1959)
R.J. Adamson (1959–1960)
W.S. Findlay (1960–1961)
D.G. Maxwell (1961–1962)
J. de V. Lambrechts (1962–1963)
J.F. Reid (1963–1964)
D.M. Jamieson (1964–1965)
H.E. Cross (1965–1966)
D. Gordon Jones (1966–1967)
P. Lambooy (1967–1968)
R.C.J. Goode (1968–1969)
J.K.E. Douglas (1969–1970)
V.C. Robinson (1970–1971)
D.D. Howat (1971–1972)
J.P. Hugo (1972–1973)
P.W.J. van Rensburg
(1973–1974)
R.P. Plewman (1974–1975)
R.E. Robinson (1975–1976)
M.D.G. Salamon (1976–1977)
P.A. Von Wielligh (1977–1978)
M.G. Atmore (1978–1979)
D.A. Viljoen (1979–1980)
P.R. Jochens (1980–1981)
G.Y. Nisbet (1981–1982)
A.N. Brown (1982–1983)
R.P. King (1983–1984)
J.D. Austin (1984–1985)
H.E. James (1985–1986)
H. Wagner (1986–1987)
B.C. Alberts (1987–1988)
C.E. Fivaz (1988–1989)
O.K.H. Steffen (1989–1990)
H.G. Mosenthal (1990–1991)
R.D. Beck (1991–1992)
J.P. Hoffman (1992–1993)
H. Scott-Russell (1993–1994)
J.A. Cruise (1994–1995)
D.A.J. Ross-Watt (1995–1996)
N.A. Barcza (1996–1997)
R.P. Mohring (1997–1998)
J.R. Dixon (1998–1999)
M.H. Rogers (1999–2000)
L.A. Cramer (2000–2001)
A.A.B. Douglas (2001–2002)
S.J. Ramokgopa (2002-2003)
T.R. Stacey (2003–2004)
F.M.G. Egerton (2004–2005)
W.H. van Niekerk (2005–2006)
R.P.H. Willis (2006–2007)
R.G.B. Pickering (2007–2008)
A.M. Garbers-Craig (2008–2009)
J.C. Ngoma (2009–2010)
G.V.R. Landman (2010–2011)
J.N. van der Merwe (2011–2012)
G.L. Smith (2012–2013)
M. Dworzanowski (2013–2014)
J.L. Porter (2014–2015)
R.T. Jones (2015–2016)
C. Musingwini (2016–2017)
S. Ndlovu (2017–2018)

!  ! "!
Botswana
DRC
Johannesburg
Namibia
Northern Cape
Pretoria
Western Cape
Zambia
Zimbabwe
Zululand

Vacant
S. Maleba
Vacant
N.M. Namate
F.C. Nieuwenhuys
R.J. Mostert
L.S. Bbosa
D. Muma
C. Sadomba
C.W. Mienie

%#%*$*+ )$+ "(&)*&
Scop Incorporated
"('%*&
Genesis Chartered Accountants
)*)'$*()&
The Southern African Institute of Mining and Metallurgy
Fifth Floor, Minerals Council South Africa Building
5 Hollard Street, Johannesburg 2001 • P.O. Box 61127, Marshalltown 2107
Telephone (011) 834-1273/7 • Fax (011) 838-5923 or (011) 833-8156
E-mail: journal@saimm.co.za

Outer pages.qxp_ Outer pages 2019/01/14 4:39 PM Page ii

!"('%*($+%$*"
R.D. Beck
P. den Hoed
M. Dworzanowski
B. Genc
R.T. Jones
W.C. Joughin
H. Lodewijks
C. Musingwini
S. Ndlovu
J.H. Potgieter
N. Rampersad
T.R. Stacey
M. Tlala

VOLUME 119 NO. 1 JANUARY 2019

Contents
Journal Comment: Journal Accreditation and Standards
by D. Tudor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
President’s Corner: Of sun, shells, sand, and sea …
by A.S. Macfarlane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

!"('%*($+%#&'$#'
D. Tudor

iv
v–vi

)&)'+$#"+(&)"+

PAPERS OF GENERAL INTEREST

The Southern African Institute of
Mining and Metallurgy
P.O. Box 61127
Marshalltown 2107
Telephone (011) 834-1273/7
Fax (011) 838-5923
E-mail: journal@saimm.co.za

A comparison of indirect lognormal and discrete Gaussian change of support methods for
various variogram estimators
by R.V. Dutaut and D. Marcotte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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prediction of the theoretical histogram and grade-tonnage curves prior to interpolations or
simulations of grades. A series of simulations was performed to assess the performances and
robustness of the various variogram estimators with respect to the discrete Gaussian model
(DGM) and the indirect lognormal correction (IndLog) global change of support. The results
indicate that the traditional variogram, the correlogram, and normal score variogram have
better performances, compared to pairwise, for both DGM and IndLog.
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South African mineworkers’ perspectives on the right to refuse dangerous work and the
constraints to worker self-regulation
by N. Coulson, P.F. Stewart, and S. Saeed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
This paper explores worker perspectives about the implementation of the right to refuse
dangerous work (RRDW) on South African mines against the backdrop of revised guidance
in the sector, which was gazetted in February 2016 by the Department of Mineral Resources.
A mixed methods study was conducted at 14 mines. The results underscore the importance of
RRDW and its contribution to worker health and safety.
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by G. Segaetsho and T. Zvarivadza . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
This investigation concerned the application of rock mass classification and the Blastability
Index as a means to improve wall control. The approach combined rock mass classification
methodologies such as the Geological Strength Index and the Rock Mass Rating, and related
them to the Blastability Index and discontinuities of the rock mass to produce a design input
tool that can be used to develop objective wall control designs.
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Liquid processing of silicon steels using the converter-ladle furnace-circulation degasser route
by E. Keskinkilic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The superior magnetic properties of electrical steels are attributed to the presence of a significant amount of silicon in
the steel composition. Liquid steel processing practices for certain silicon steel grades are outlined in this case study,
which integrates a basic oxygen furnace (BOF), a ladle furnace (LF), and an RH-type degassing unit (RH). Possible
problems are identified, suggestions are made, and conclusions are drawn from real plant data.
Investigation of zinc and lead contamination of soil at the abandoned Edendale mine, Mamelodi (Pretoria, South
Africa) using a field-portable spectrometer
by J-N. Oyourou, R. McCrindle, S. Combrinck, and C.J.S. Fourie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The old mine property, which was decommissioned in 1938, and surrounds were screened for zinc and lead using a
field-portable X-ray fluorescence (pXRF) spectrometer. Duplicate analysis of 36 soil samples by inductively coupled
plasma-optical emission spectrometer (ICP-OES) produced a good correlation between the two methods, indicating that
field-portable spectrometry can confidently be used as a rapid and reliable technique for metal detection in the field.
Evaluation of the physico-mechanical properties of plutonic rocks based on texture coefficient
by U. Atici and R. Comakli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The texture coefficient (TC), which represents various textural parameters including the size, shape, orientation, and
relative proportions of grains and the matrix, is an effective means for indirectly evaluating the mechanical behaviour
of rocks. The engineering properties of 12 different rocks were investigated and the relationships between the TC and
the measured properties were assessed. The results suggest that it is possible to use the relationships between TC and
certain mechanical properties (compressive strength, elasticity modulus, and sound velocity) in rock classification.
Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
by N. Sinclair and M. Nehring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Various scenarios for removing material left resting against the highwall after blasting were explored. The findings
indicate that economic viability of dozer side-cutting compared with excavator side-casting techniques, in terms of
unit cost per loose cubic metre, depends on the bench width, muckpile size and profile, fragmentation, and
excavator size.
Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
by I. Mwandawande, G. Akdogan, S.M. Bradshaw, M. Karimi, and N. Snyders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Computational fluid dynamics (CFD) was applied to predict the average gas holdup and the axial gas holdup variation
in a column flotation cell operating in batch mode. The predicted average gas holdup values were in good agreement
with experimental data.
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Control of complex inclusions in high-strength ship plate steel by reducing calcium treatment
by S. Zhao, F-L. Zhang, L. Ma, T. Yan, J-C. Lv, and S-P. He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
To solve the problem of nozzle clogging during continuous casting of ship plate steel and reduce the calcium addition
required, it is necessary to control the compositions of CaO-MgO-Al2O3 inclusions in the liquid phase. This research
shows that optimization of the slag system and steel composition can reduce, or even eliminate, the requirement for
calcium treatment.
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ere is some useful information to get 2019 and our Journal off to a good start. The Department of
Higher Education and Training (DHET) published Research Output Policy (2015) in the
Government Gazette (vol. 597 of 11 March 2015, no. 38552), to be implemented from 1 January
2016, which was a revised version of the Policy and Procedures for Measurement of Research Output of
Public Higher Education Institutions of 2003.
Go to www.dhet.gov.za/ and enter research output policy in the search box to view the details.
In response to some recent concerns that the Journal of the SAIMM was not accredited by the DHET
and therefore that papers that were published in the JSAIMM were not eligible for DHET subsidization,
we have been advised by the DHET that as long as our Journal appears in Scopus, WoS, and SciELO SA, academia in South
Africa can submit claims for subsidization to the DHET for articles published in the Journal. This was confirmed at a very
useful meeting between Alastair Macfarlane, Sam Moolla, myself, and Nolusindiso (Sindi) Kayi, Director: Research Support
and Policy Development of the DHET at the offices of the DHET in Pretoria in December.
Universities are aware that if a journal appears in any of the DHET-accredited lists (WoS, Scopus, IBSS, SciELO SA, and
the Norwegian Register for Scientific Journals (Level 2 only), then they can submit claims for papers that are published in that
journal.
The SAIMM Journal is listed in:
Web of Science: http://mjl.clarivate.com/
Scopus: https://www.journalsindexed.com/2018/07/scopus-indexed-journals-list.html
SciELO South Africa: https://assaf.org.za/index
On 28 November 2018, along with Kelly Matthee our Journal Coordinator, I attended the SciELO SA user group meeting
which was hosted by the Academy of Science of South Africa (ASSAf). The Scientific Electronic Library Online (SciELO) SA is
South Africa’s premier open-access (free to access and free to publish) searchable full-text journal database in the service of
the South African research community. The database covers a selected collection of high-quality peer-reviewed South African
scholarly journals and forms an integral part of the SciELO Brazil project.
The Journal of the SAIMM is one of the selected peer-reviewed scholarly journals on the SciELO database. Our Journal was
accepted into the Directory of Open Access Journals (DOAJ) early in 2018 and there are certain standards and conditions that
we are required to satisfy in order to maintain our accreditation with ASSAf and SciELO SA. This accreditation ensures that
papers that are published in our Journal are recognized by the DHET and are eligible for subsidization, a feature that is very
important to academia in Southern Africa.
Two new features will become mandatory for our Journal in the New Year.
 ORCiDs will need to be included in the PDFs of articles that are submitted to the journal.
– ORCID (Open Researcher and Contributor Identification) is an open, not-for-profit organization with the aim of
supplying a persistent and unique identifier – an ORCID – to any individual who is involved in research,
scholarship, and innovation activities.
– The National Research Foundation (NRF) in South Africa requires that all researchers and students applying for
funding and rating at the NRF have an ORCID. This will help researchers to uniquely identify themselves as the
author of their work across all systems integrated with the ORCID registry (https://orcid.org/)
 Author contributions: At the end of each article the contribution of each author and collaborator needs to be stated.
Authorship must conform to the notions of responsibility and credit; thus special attention must be given to the first
‘lead ’ author (sometimes explicitly shared), and the inclusion in the authorship listing only of persons who have
made a significant contribution to the production of the work at an intellectual, practical, or conceptual level.
Examples of criteria to consider are:
– Who carried out the study
– Who wrote the manuscript
– Who supervised the study
– Who proofread the manuscript.
There are a number of compliance matters that we are required to attend to in the short, medium, and long term. In this
endeavour we will be guided by the team at ASSAf and it is quite likely that we will have to modify the layout of the Journal.
D. Tudor
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recently visited the Eastern Cape for the occasion of my eldest son’s wedding. It is the first time I
had visited beautiful Morgan Bay, and we ventured up the coast into the former Transkei for
some sightseeing. At one point we deviated onto a very small dirt track (fortunately we had a 4x4
vehicle) and arrived at a small cove amongst the dunes. I noticed large areas of the beach were
covered in a crust of shiny black sand which, when I picked it up, felt quite heavy.
The penny dropped: this was the heavy, titaniferous metal sand that is the subject of the recent
judgement in the Xolobeni mining case, whereby the High Court ruled in favour of the customary
Umgungundlovo community, who opposed the mining of the dunes to recover the heavy minerals.
This led me to read several articles around the matter, which illustrated the diversity of views
surrounding the issue and the judgement. This then made me realize that the divergence of views on issues such as this
one may be driven by specific mandates, or by misunderstandings by various parties within the debates, about the
complexity of the situation (one we have come to know is particular to South Africa).
It would not be prudent of me to opine on any of the issues raised, but I did think it useful to ponder a few questions
that arise from both the underlying issues and the judgement. From there, it is up to you, the reader, to decide whether we,
as a society, can stand far enough back to make informed and objective decisions, and whether the Institute has a role to
play in assisting in dialogue on issues which, at the end of the day, are in the national interest. Perhaps the SAIMM can
also facilitate processes by which we try to gain a deeper understanding of these issues at times opposing perspectives, so
that we may meet each other more readily in a place of mutual understanding and respect.
First, let’s revisit the issue of sustainability.
From the report of the World Summit on Sustainable Development, held in Johannesburg in 2002, the Summit declared
‘We commit ourselves to building a humane, equitable, and caring global society, cognizant of the need for human dignity
for all’ and that ‘we assume a collective responsibility to advance and strengthen the interdependent and mutually
reinforcing pillars of sustainable development – economic development, social development and environmental protection –
at the local, national, regional and global levels’.
Firstly, these statements should be at the heart of whatever opinion one develops around the Xolobeni case, in
providing a framework for our opinions. Secondly, I have found, in some instances, that people cling to these pillars of
sustainable development without extending them into a discussion of ‘what happens when the mining is finished?’
Sometimes, the issue of sustainable development is linked to the life of the mine, without any consideration of the postmining landscape. Clearly this is incorrect, and thus, in our work within the SAIMM, we have identified, and continue to
identify, sustainability as extending the economic benefits of current mining into matters of environmental care, such that
social development can provide ongoing livelihoods for communities on whose land mining has taken place. This includes
the provision of improved land use – defined collectively with stakeholders – and local industrialization, and the provision
of services and infrastructure, as well as educational, training, and development opportunities. Sometimes economic benefit
and environmental care are totally at loggerheads and irreconcilable in the short term. Economic benefit cannot replace
sense of place, connection to the land, or reverence for sacred spaces.
The question that should therefore be considered is ‘does the judgement (for or against) support these objectives?’
Turning to the issue itself, the first consideration is that of consultation. The Mineral and Petroleum Resources
Development Act (MRPDA) outlines a process in terms of ‘consultation’ which must be followed and demonstrated. If it can
be demonstrated that due process has been followed, then the holder of the mineral right has precedence over the
landowner or surface right holder, because the minerals, in terms of the Act, belong to the State. Thus, to use the word
‘trump’ (with a small ‘t’), the MRPDA trumps the rights of the surface rights holder. This, in itself, raises important
questions.
First, if the surface rights holder is a private person or freehold owner, then while the interests of this (juristic) person
(such as a farmer) may be compromised, currently, compensation based on ‘fair value’ may be applied, which may satisfy
the landowner for the temporary or permanent loss of the land.
Secondly, however, if the land is owned by a community, and is termed ‘customary land’ (being lands held by a
community, or tribal lands that may have emanated from a ‘homeland’), the issue arises ’who is the landowner, and what
rights are ceded by individuals to that representative?’ This is a very different case, because the issue of freehold
ownership may not be important to the people, for whom the more important issue is the traditional occupation of the land
over many generations, and the ancestral rights that go with that. Furthermore, their rightful representation may be called
into question.
So, the issue here is whether the notion of compensation and removal from traditional land is appropriate in a complex
societal and cultural landscape?
If this ‘trumping’ can result in people being relocated against their will, then there is an important land ownership issue
that must link to the policy of ‘expropriation without compensation’ and surrounding debate, which goes beyond the
generally accepted idea of taking land from owners or rights holders who are not using the land productively, but instead
involves people who believe their land value lies in traditional history and ancestry, upon which it is almost impossible to
place a price.
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Presidentʼs Corner (continued)
The economic development debate needs to centre on the sustainability of the project(s) and their potential impact on
sustainability, in its broadest conceptualization. This would mean, on the one hand, assessing accurately the economic
gain in terms of employment for the 15-year life of the project, and the benefits that would accrue to the communities (and
the local, provincial, and national economy), compared to the alternative use of the lands and region. Clearly in the latter
case, a do-nothing option would yield little beyond what is currently the case (in an area of relatively high unemployment).
However, we find ourselves with two Phakisa projects fighting for space: the Mining Phakisa wanting to mine and create
mining employment, and the Oceans Phakisa which is focused on eight areas that are estimated to create one million jobs
by 2033. In particular, these relate to Small Harbours and Coastline Development, Coastal and Marine Tourism, Skills
Development and Capacity Building, Aquaculture, and Research Development and Innovation, all of which are applicable in
the Eastern Cape.
The question is, can these two Phakisas live side by side in this area, and if not, which one ‘trumps’ the other? In a
complex world of growing need for radical cooperation and collaboration, can we imagine a way in which the objectives of
these two Phakisas, rather than competing to ‘trump’ one-another, collaborate to strengthen each other? This is a paradigm
of creativity that has not yet been explored.
The issue of economic development and sustainable livelihoods is fundamental to these discussions. Commentaries
from some quarters have indicated that this judgement could herald the end of mining investment in South Africa, because
it will mean that communities have the precedent of stopping mining investment and creating uncertainty. This argument
may be an argument of convenience, or it may be an argument that is backed by potential investors who would rather
invest in an easier environment. The question ought to be, would you rather invest in a country that respects the
democratic rights of its citizens and its communities, and ensures fair and meaningful engagement such that we create a
successful and stable South Africa, or one that prefers to drive the economic benefit pillar at the expense of the other two?
The environmental restitution matters are huge in this case, especially given the relatively short mining life. One must
be certain that there is the realistic opportunity to rehabilitate the pristine landscape of the Wild Coast to its original
condition in a short period of time. This involves more that taking sand, processing it, and putting it back (later) where you
found it. Projects known to the author have messed up the repositioning of fertile soil, resulting in rehabilitated areas being
taken over by alien species. Clearly, serious questions need to be asked, not only of this project but of all concurrent
rehabilitation projects as to the sustainability of the rehabilitated land, and the creation of standards and guidelines that
are not just a preserve for consultants. That there is at least one such massively successful rehabilitation project evident in
the Richards Bay Minerals forests that should show us a methodology and bring hope for the way forward, given the right
stakeholder involvement and levels of commitment from all.
It is clear that this case has raised not only many issues but, more importantly, aroused many differing opinions that
do not reflect our collective desire for a sustainable future for our country, our industry, and our citizens.
Is it not realistic to think that we can stand back from the rhetoric and mandates, and take a collective long-term view
that will satisfy the needs and aspirations of all the people of South Africa, respecting their needs, and creating a better
future for all?
Because this project is close to the ocean, and because the ocean is such a restful and emotionally restoring entity, here
is a poem to reflect its endurance, and how we can learn from that; especially that we may learn to listen.
The Sea (Bronagh M. Dunne, 2018)
Ever changing, constant
rhythmic and random
silence, full of sound
like cold water
soothes my soul.
Gull cry awakens
saline cleanses
and vastness dwarfs
as I sit and breathe
the hearty air.
Sometimes I talk
and the waves listen
but mostly the waves talk
while I sit still
and listen.
Our Institute is about mining and metallurgy. Were it only that, in this case we would be thinking what kind of bucketwheel excavator to use, and what form of dense media or gravity separation plant to use.
The world has changed: we have many other issues to consider, and we have not even spoken about Industrial
Revolution 4.0!

A.S. Macfarlane
President, SAIMM
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A comparison of indirect lognormal and
discrete Gaussian change of support
methods for various variogram
estimators
by R.V. Dutaut* and D. Marcotte*

In mineral resource evaluations, geostatistical methods known as global
change of support allow prediction of the theoretical histogram and gradetonnage curves prior to interpolations or simulations of grades. Two
methods commonly used by professionals to guide the choice of
interpolation parameters and assess results are the discrete Gaussian
model (DGM) and the indirect lognormal correction (IndLog). These
models rely upon an estimate of the dispersion variance of the blocks,
which is derived by numerical integration of the variogram model over a
discretized block. Due to difficulties in obtaining well-formed traditional
experimental variograms (especially in the presence of outliers and limited
clustered data), many professionals prefer to use ‘normalized’ variograms
such as correlogram (non-ergodic variogram), pairwise-relative, or
variogram of the normal score transform. A series of simulations with
different grade distributions and variogram models are used to assess the
performances and robustness of the various variogram estimators with
respect to the DGM and IndLog global change of support. Our results show
that the traditional variogram, the correlogram, and normal score
variogram have better performances, compared to pairwise, for both DGM
and IndLog. Moreover, DGM provided better results than IndLog for the
grade distributions that are not strictly lognormal. These findings provide
valuable guides for geostatistics practitioners.
=: 8;34
geostatistics, variogram type, global change of support, volume-variance.

65;831+5986
When reporting resource estimates,
practitioners are required to follow general
standards described in the NI43-101 (CIM
guidelines), JORC, or SAMREC codes. One can
generally recognize three main parts directly
related to the block model:
® Pre-processing: exploratory data
analysis (EDA), domaining, capping,
compositing, declustering, variography
® Processing: block size, neighbourhood,
interpolation types (linear or nonlinear)
® Post-processing: classification, reporting.
Pre-processing aims to simplify and
strengthen the processing step. Ideally,
domaining, capping. and compositing is aimed
at defining a single homogenous population.
During the processing phase, a common
practice is to use a block size corresponding to
the planned selective mining unit (SMU). In
most precious metal deposits (gold, notably),
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the SMU size is frequently smaller than the
recommended half data spacing (Journel and
Huijbregts 1978), resulting in high estimation
variance and either a high degree of
smoothing if the regression slope is managed
or a high degree of conditional bias if it is not.
Most actual resource estimates are made using
block sizes between one-quarter to one-sixth
of the average data spacing, sometimes even
smaller. In addition to the block size, the
interpolation choices for the neighbourhood
selection and interpolator (e.g. inverse
distance (ID) or ordinary kriging) are often
based on the Qualified Person’s (the QP)
experience and some basic validation plots
that often do not consider the conditional bias
(e.g. trends or SWATHs plots, which are
designed to compare two sets of population
using a one-dimensional graph).
Based on these findings, Rossi and Parker
(1994) proposed to ‘tune’ the kriging plan so
that the distribution of the interpolated
estimate has a coefficient of variation close to
the theoretical one obtained by a global change
of support method (hereafter simply referred
as the change of support or COS). Although
criticized for the possible introduction of
conditional bias (Krige, 1997; Journel and
Kyriakidis, 2004), this practice is becoming
more common in technical reports. It is mostly
applied as a visual check on the grade-tonnage
curve or as a Q-Q plot of the grades. This
simple technique ensures that the estimated
blocks respect the SMU’s theoretical global
grade-tonnage curves. In its simplest form,
practitioners select the interpolant type (OK or
ID2-ID3 most of the time), the minimum and
maximum number of points (composites) used
for the interpolation, and in some cases, the
number of points per octant or maximum
number of points per drill-hole. Isaaks (2005),
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A comparison of indirect lognormal and discrete Gaussian change of support methods
Rossi and Deutsch (2013), and Nowak and Leuangthong
(2017) stated that during prefeasibility and feasibility
studies, resource estimates should seek to respect the global
recoverable resources (inferred from COS) rather than
providing precise local estimates. Doing so, the estimates are
necessarily conditionally biased (David, 1977, chapter 11).
Reliable local estimates (free of conditional bias) can be later
obtained during production from more abundant grade
control data. Journel and Kyriakidis (2004) support the same
idea but through the use of simulations.
In order to use the Rossi and Parker (1994) ’tuning
method’, the practitioner must first select an experimental
variogram model and then choose a volume-variance
correction algorithm (i.e. a COS model). Even though
variogram models and the main COS methods are wellknown and have been widely used in the industry for
decades, there are only a few publications that have
experimentally compared the most widely used methods.
Only some authors have compared the available methods
from an experimental or practical point of view. Demange et
al. (1987) assessed four COS models on skewed data-sets but
did not use the IndLog model. Srivastava and Parker (1989)
compared the robustness of different variogram types to a
lognormal heteroscedastic distribution and concluded that
pairwise relative variograms are easier to interpret than
traditional variograms; however, they did not measure the
impact of the resulting variogram model on estimation or
COS. Rossi and Parker (1994) tested global and local COS
models, and concluded that the DGM is superior, under the
hypothesis that the real (‘perfect’) variance correction factor
was known. Curriero et al. (2002) compared the impact of
two variogram types on kriging results; they found that the
traditional variogram outperformed the correlogram. Emery
(2004) demonstrated some of the limitations of the IndLog,
but without direct comparison to the DGM or the impact of
variogram estimator. Emery and Ortiz (2005) demonstrated
that DGM outperform other COS models for lognormal
distribution, but the IndLog model was not assessed. More
recently, Chiles (2014) compared two different DGMs and
their validity range, but the variogram types were not
considered.
We aim to assess the impact of the grade distribution and
the choices of the variogram estimator type on the
performances of both DGM and IndLog COS models (the latter
in two different versions). Three different grade distributions
(lognormal, unimodal negatively skewed, and bimodal) and
four different variogram estimators (traditional, pairwise
relative, correlogram, and normal scores) are compared,
using different sampling densities. The goals are to determine
for the different distributions considered:
(i)

Which variogram estimator leads to estimated
models providing more accurate block distribution
predictions?
(ii) Which COS provides the best predictions when based
on the estimated variogram models from the various
variogram estimators?
(iii) How does sampling density affect the performance
of variogram estimators and COS models?
We also examine the effect of SMU size on the
performance of COS models. We stress that, contrary to most
previous papers on the subject, we do not assume the true
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variogram is known but rather we fit the models to the
different experimental variogram estimators. The same fitting
criterion and algorithm is used in all cases studied. Hence,
the impact of the choice of the fitting method is not
considered, and this certainly constitutes a limitation to the
study. Also, for simplicity, only 2D cases are considered.
The databases used for comparison are obtained by
simulation using the FFT-MA method (Ravalec, Noetinger,
and Hu 2000). The methodology section presents briefly the
FFT-MA method, the variogram estimators, and the change
of support models used. Then for various sampling spacings
of simulated data-sets, results of the change of support for
different variograms types are examined. Tests on the COS
model’s sensitivity to block size and variogram range ratios
are also studied. Discussions and conclusions follow.

):5834
We use a series of simulated data-sets to assess the
performance of different variogram estimators for DGM and
IndLog. These two COS models are the most widely used in
the mining industry. Simulated data-sets enable us to
compute the experimental block distributions of the different
realizations and allow comparison between the ‘true’ results
and the estimated results predicted by COS with limited
sample data. Four main estimators of variograms are
generally found within technical reports: traditional,
correlogram (non-ergodic), pairwise relative, and normal
score. Each of these variograms were computed on both
exhaustive and partial data-sets, with the latter used to
mimic different densities of exploration drill-holes.

 !!! 
Simulations to generate the exhaustive data-sets were
performed by fast Fourier transformation with moving
average (FFT-MA) (Ravalec, Noetinger, and Hu 2000). The
mathematical concept behind FFT-MA simulations shows
that a random function can be written as a weighted average
of white noises where the weighting function used
guarantees the reproduction of the covariance model. In FFTMA, most of the calculations are done in spectral domain
(Liang, Marcotte, and Shamsipour 2016), which allows fast
generation of a large number of Gaussian simulations. To
simulate different distributions, post-simulation
transformations were applied: an exponential transformation
for lognormal distribution and Gaussian anamorphosis,
based on ranking, for bimodal and negatively skewed
distributions. Lognormal, bimodal, and negatively skewed
distributions cover typical distribution types found in mineral
deposits (especially in precious commodities). FFT-MA
simulations were performed in 2D using a unit node spacing
and a large square field of one thousand units a side. The 2D
results could be interpreted as a large bench in an open pit
operation, or as a tabular vein-type gold deposit.
To simulate production or definition drill-hole patterns,
realizations were virtually sampled over regular grids at 10
and 50 units spacing. The regular grid removes the need to
decluster data, although we stress that declustering is an
important step that should be performed prior to any mining
estimation. The most widely used declustering methods are
cell-declustering (Deutsch, 1989), polygonal or voronoi
(Chiles and Delfiner, 2012), and kriging weights (Olea,
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!!  
There are four variogram estimators usually found in
technical reports (the term variogram is used here for
experimental semivariogram, and more generally for any tool
describing the correlation of the data as a function of the
distance):
® The traditional variogram (Matheron, 1963): defined as
half the average squared difference between points
separated by a distance h.
® The correlogram or non-ergodic variogram (Isaaks and
Srivastava 1989) is a standardized variogram type. The
standardization is performed using the averages of
both the head and the tail and the standard deviations
of the pairs. It is considered to be more robust to
outliers and heteroscedastic data-sets (Srivastava and
Parker, 1989). It is one of the most commonly used
variogram estimators in mining applications.
® David (1977) described two forms of relative
variogram: the general relative and the pairwise
relative. Both are standardized versions of the
traditional variogram. In this paper, the pairwise
version was used. In the pairwise relative variogram,
the standardization is done with the average of the two
values for each pair.
® The normal score variogram (Chiles and Delfiner, 2012;
Wilde and Deutsch 2005) is identical to traditional
variograms except that the data is first transformed to a
Gaussian distribution. The Gaussian transformation
reduces the impact of outliers on the variogram and
facilitates the modelling. The variogram model must
then be back-transformed to the original space.
In addition to the nugget effect, it is a common practice in
the mining industry to fit one or two variogram structures.
Some practitioners may use more, but most resource
geologists use two structures, one for short range and the
other one for long range, but both oriented in the same
direction. The spherical model is a common model used in
public reports. Hence, we choose to fit a sum of two spherical
variogram models to the experimental variogram of the raw
Z-variable, i.e. obtained after transformation of simulated
Gaussian values to grade. The fitting was done automatically
using a weighted least-squares method, similar to Cressie
(1985). Each spherical component was considered
anisotropic with known directions of anisotropy. The
automatic fitting procedure was applied with no manual
control to limit the bias and subjectivity. Although some
automatically fitted models ended up far from the true Zexhaustive variograms, they were kept in all computations to
avoid favouring any of the estimators.

reports, although they are required to obtain SMU gradetonnage curves necessary to guide block
simulation/interpolation. There are numerous COS
approaches, including affine correction (Journel and
Huijbregts, 1978), Gaussian approach (Matheron, 1978), biGaussian approach (Marcotte and David, 1985), mosaic
correction (Demange et al., 1987), indirect lognormal (Isaaks
and Srivastava, 1989; Emery 2004), lognormal with three
parameters (Krige, 1981), discrete Gaussian (Matheron,
1976; Rivoirard, 1994; Emery, 2007) and LU simulation
(Davis, 1987). However, the indirect lognormal correction
(IndLog) and the discrete Gaussian model (DGM) methods
are commonly used by Canadian resource QPs.
The indirect lognormal method is suited for positively
skewed distributions (not necessarily lognormal) observed
for most precious metal deposits. It assumes the permanence
of the lognormal distribution between data at the point
support (Z) and SMUs histograms (ZSMU). The distribution at
the SMU size is inferred from the point data by correcting the
variance of the population. We have in this model:
[1]
where the equality stands in distribution. Two different
approaches can be used to determine the coefficients a and b.
The first approach is described in Isaaks and Srivastava
(1989), hereafter referred to as ’traditional IndLog’. One
determines first b:
[2]
with f the variance correction factor given by:
[3]
where D2 is the dispersion variance and CV is the coefficient
of variation of the point data (Z); f can be inferred from the
variogram model as the ratio of the SMU block variance to
the quasi-point variance within the domain. As it is a ratio, it
is insensitive to the true sill value (i.e. normalized
variograms can be used without re-scaling to population
variance).
Parameter a is then chosen to ensure equality of the
mean for SMU and point distributions. However, as remarked
by Isaaks and Srivastava (1989), multiplication by a1 does
modify the variance of the SMU, thus the correction is not
completely consistent.
A better and entirely consistent approach was proposed
by Emery (2004), referred in this article as ‘Emery IndLog’.
First determine b:
[4]
where m = E[Z]. Then, solve the following equation for a:
[5]

!! !
Methods of change of support (COS), also known as volumevariance correction or global estimates, seek to derive the
global histogram and grade-tonnage curves at SMU size from
point distribution (composites). Regrettably, COS are not
systematically included in resource estimates in technical
          

It is easy to verify that these choices ensure the point’s
mean is preserved and the right SMU variance is recovered.
Despite the theoretical superiority of the Emery (2004)
approach, most software uses the Isaaks and Srivastava
(1989) approach. In our research we assess both methods.
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2007). Moreover, no measurement error was added to the
selected data. For interested readers, Journel and Kyriakidis
(2004) describe the impacts of sampling error on mining
geostatistical methods.
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The DGM is slightly more evolved mathematically and
interested readers will find more details in Armstrong and
Matheron (1986), Rivoirard (1994), Emery (2007), Chiles
and Delfiner (2012), or Rossi and Deutsch (2013). The
method makes no assumption on the point marginal
distribution (Gaussian, lognormal, multimodal, or any other
distribution type). Although it is usually presented in
textbooks in conjunction with Hermite polynomial
expansions to express the transformation from Gaussian to
grade variable, this is not a requirement for the method and
it can be equally applied using only a graphical
transformation. The DGM starts from the Cartier relation:
[6]
where Z(x) is the grade of a point randomly selected within
block v. Then, assuming that the Gaussian variables Y and
Yv associated to the grades Z and Zv follow jointly a zero
mean unit variance bi-Gaussian distribution with correlation
r, one can compute (Rivoirard 1994):
[7]

where u is an integration variable, g(u) is the Gaussian
density function evaluated at u, and  (.) is the
transformation function from Gaussian Y to grade Z at the
point scale. Equation [7] enables a block grade value Zv to
be associated with every value of a N(0,1) distribution (Yv)
using simple numerical integration. Note that  (.) was
defined by a simple graphical relation in the present
document. In all cases, the only unknown in Equation [7] is
the correlation coefficient r. The coefficient r is selected such
as to ensure that the transformed Zv variables have the
desired SMU variance.

:41254
!! ! !  ! !! 
A total of 100 Gaussian simulation realizations are obtained
on a grid of 1000 × 1000 points. The large size of the field
(>15 times the correlation range) allows more stable
variograms to be obtained; the purpose of this study is not to
assess variogram stability as in Srivastava and Parker
(1989), but rather the impact of variogram estimators on COS
performances. The same variogram is used for all realizations
of the Gaussian variable. The variogram is anisotropic with
parameters shown in Table I.
Using Gaussian anamorphosis, three different target
distributions for point grade are used: lognormal, bimodal
(considered as a single homogeneous bimodal distribution),
and negatively skewed. Target distribution statistics are
presented in Table II.

Using all simulated points, the four variogram estimators
(traditional, correlogram, pairwise, Nscore) were
automatically fitted by assuming a spatial structure
composed of a nugget effect and two anisotropic spherical
models, both oriented in the same direction. We stress that
the fitted model has two structures instead of a single one in
the theoretical model as indicated in Table I. This adds
flexibility in modelling to account for the effect of the
Gaussian anamorphosis on the variogram model. Although a
spherical model is used to simulate the Gaussian variable,
the variogram of the transformed variable is no more
spherical. For each of the four variogram types, DGM and
both versions of IndLog change of support were tested using
a SMU of the size of 10 × 10 units. In addition to exhaustive
data-sets, each realization was subsampled to imitate regular
drill-hole patterns at respectively 1, 10, and 50 units. Then,
for each pattern, experimental variograms and COS models
were recalculated. This resulted in three patterns × 4
estimators × 3 distributions × 3 COS = 108 possibilities for
each cut-off.

 !   
COS models rely upon an estimate of the dispersion variance
to derive distribution at different support size. Using the
exhaustive database, Table III compares the mean dispersion
variances calculated experimentally from the simulated nodes
(real) to the dispersion variances estimated from the different
variogram types 10 × 10 units SMU size. Generally, all
variogram types provide close estimates of the true block
dispersion variance; although the pairwise variogram
systematically underestimates the dispersion variance.
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The difference between real (simulated) grades and COS
results was then calculated for cut-off grades varying from 0
to 3.3 with a 0.3 increment. Realistic mining cut-offs of 0.3
and 1.5 were selected for plotting (e.g. cut-offs of 0.3 and
1.5 g/t would be reasonable for a gold open pit and a large
underground mine respectively). Box plots in Figure 1
present the grade, volume, and conventional profit errors (the
conventional profit is defined as P(c) = V(c)(m(c) – c) where

c is the considered cut-off and P(c), V(c), and m(c) are
respectively the conventional profit, the volume, and the ore
grade at that cut-off; it corresponds to the amount of metal
left after paying for the costs represented by the cut-off for
the three distributions with exhaustive sampling). DGM
(blue), traditional IndLog (red), and Emery IndLog (green)
are shown. The errors are calculated by subtracting the
estimated value from the true value for each realization, so

(a) Lognormal distribution

(b) Bimodal distribution

(c) Negativey skewed distribution
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that a positive error corresponds to an underestimation of the
parameter. On each box plot, the central mark indicates the
median, the box limits correspond to the 25th and 75th
percentile, and the whiskers extend to two standard
deviations (± 2).
For the lognormal distribution, all COS models perform
relatively well, while the traditional IndLog shows errors
more centred on zero and with a slightly smaller spread.
Minimum errors (mean and spread) are obtained with Nscore
variograms, whereas the worst results are associated with the
pairwise variograms. For distributions that are not strictly
lognormal, the DGM appear unbiased; conversely, both
IndLog COS models appear biased for most of the statistics

considered. Emery IndLog achieves better results than the
traditional lognormal correction. Variogram types performed
equivalently, except for the pairwise, which returned slightly
biased results.

 !!! ! !  
Figure 2 presents, as box plots, the results of the simulated
COS model for various cut-offs for each distribution at 10 and
50 node spacing using the traditional variogram. These
spacings were selected because they could correspond to the
drilling spacing for grade control and long-term models in
gold projects. As expected, there is a decrease in confidence
(larger box plot spread) with the increase of data spacing, for

(a) Lognormal distribution

(b) Bimodal distribution

(c) Negatively skewed distribution
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A comparison of indirect lognormal and discrete Gaussian change of support methods
both grade and volume. With increasing cut-off, confidence
decreases for grade, while confidence in tonnage is more
constant. The error distribution is relatively symmetrical for
all COS models. As previously noted, the DGM presents
results more robust to the different distributions. For bimodal
and negatively skewed distributions, Emery IndLog errors are
more centred on the ‘real’ grade-tonnage curves (no
systematic bias) than the traditional IndLog model. This
systematic bias of the traditional IndLog is particularly critical
in mining applications.
To define an overall measure of performance, the mean
relative unsigned errors (MRUE) were calculated over all
realizations and all cut-off grades as follows:
[8]
where n is the number of simulations and nc the number of
different cut-offs considered.
Table IV presents the MRUE calculated using Equation
[8] on the 50-node spacing data-sets and using traditional
variogram estimator. DGM outperforms the other models for
bimodal distribution and shows a slight advantage for
negatively skewed distribution. For the lognormal
distribution, all models performed similarly, as expected.

!! ! !  ! !  !
For resource estimates, practitioners must consider the SMU
size. This parameter is usually defined as a function of the
geological setting, selected mining equipment (shovel-truck
size), and other practical resource constraints such as
reasonable minimum mining width or software limitations
(sub-blocks or partial/percentage blocks). The sensitivity of
COS models to block size and variogram range was evaluated
for several block size/variogram range ratios. Data-sets were
simulated using FFT-MA with a fixed variogram model
(isotropic spherical model with a range of 100 units). The
exhaustive traditional variograms were computed and
automatically fitted. COS models were then compared to
simulated SMUs. The exercise was repeated for block sizes
ranging from 10 to 200 units, corresponding to ratios 0.1
to 2.
Figure 3 presents the grade and volume mean absolute
error (at all cut-offs) for each COS model as a function of the
ratio. For lognormal distribution, COS models present
relatively similar results, with an error that comprehensively
increases with the block size. For bimodal and negatively
skewed distribution, the DGM perform the best, followed by
Emery IndLog models and then the traditional IndLog. The
increase of error with size of support is expected as the true

block distribution departs more and more from the point
distribution. Also, differences between COS models are
stronger for the bimodal and negatively skewed distribution,
where DGM outperforms the other COS models for most
ratios.

94+144986
We compared experimentally the performances of two widely
used COS models with respect to choice of variogram
estimator, type of grade distribution, sampling density, and
SMU size. Three different representative distributions were
considered, and four different variogram estimators were
automatically fitted for a series of sampling patterns. For
computational reasons, the tests were run in 2D rather than
3D and a single variogram model was used for the simulated
Gaussian variable. Only regular sampling patterns were
considered in order to avoid introducing the declustering
method as an additional factor to consider.
Keeping in mind the limitations of this experimental
study, our results (Figure 1) indicate that the traditional
variogram estimator, the correlogram proposed by Isaaks and
Srivastava (1989), and normal score variogram provide the
best, or close to best, COS results for all the tested
distributions. Our results indicate no clear advantage for the
correlogram compared to the traditional estimator, which are
the two most widely used variograms estimators in technical
reports. Pairwise variograms provide biased results when
used for COS purposes, a consequence of the underestimation
of block dispersion variance (Table III) for this variogram
estimator. For lognormal distribution, the normal score
estimator returns COS results with the smallest spread. This
is probably due to its robustness to outliers.

(a) Lognormal distribution

(b) Bimodal distribution

Table IV

):76<;:2759%:<164906:3<:;;8;4<.<<.<)#<49:'
<683:4<3757<47+960
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 <4774

 <!/:;

Lognormal
5.0 / 5.2 / 11.6 * 5.2 / 4.8 / 10.9
5.3 / 4.9 /11.1
Bimodal
5.1 / 1.5 / 9.1 20.4 / 6.8 / 19.8 23.3 / 10.9 / 23.7
Negatively skewed 1.0 / 0.8 / 2.4
1.6 / 1.1 / 2.6
1.4 / 0.9 / 2.4
* Errors on: volumes / grades / conventional profit
          

(c) Negatively skewed distribution
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Figure 2 clearly indicate that the DGM returns more
precise and less biased results than IndLog, particularly in its
traditional version and when the grade distribution are not
lognormal (Figures 2b and 2c). These findings concur with
Emery and Ortiz’s (2005) conclusions. As demonstrated in
Figures 2a and 3a, in the case of a strictly lognormal
distribution, all COS models perform equivalently. DGM and
Emery IndLog proved more robust than traditional IndLog to
the SMU size/variogram range ratio for other distributions
(Figures 2, 3a, and 3b).
COS models seek to estimate the in situ grade distribution
at the SMU scale, but the precision of the results depends on
the data availability. When less data is available, both the
histogram and the variogram estimations are less precise,
which in turn adversely affects the COS performance.
However, DGM proved to be unbiased for all sampling
patterns (Figure 2) and all SMU sizes (Figure 3). In our tests,
DGM provides grade-tonnage mean relative unsigned errors
(MRUE) varying from 1% to 5% for all distribution types,
while errors with indirect lognormal methods can be up to
20% for bimodal distribution (Table IV). In the lognormal
case for all COS models, MRUE can stretch up to more than
10% at a higher cut-off. These errors represent a best-case
scenario, without any domaining, sampling, analytical, or
declustering errors. In a real case, practitioners will probably
have higher errors during COS associated with an
interpolation process. Therefore, it is recommended to use
COS curves as guidelines rather than strict constraints for
recoverable resource estimates.
During mining operations, the decision to classify a block
as ‘ore’ or ’waste’ is based on the estimated grade at the time
of mining, not the true unknown block grade. The more
information available, the better the classification. This
(usually small) information effect can be incorporated within
the COS (Roth and Deraisme, 2001) by simply increasing the
variance correction factor (or decreasing the degree of
selectivity).
Although DGM proved to be more efficient in our tests, it
should not be applied blindly. The quality of the results also
depends on important and difficult decisions about
domaining (Emery and Ortiz, 2005; Romary et al., 2012) and
declustering (Deutsch 1989, Rossi and Deutsch 2013).
Moreover, the quality of raw data sampling obviously has an
impact (Francois-Bongarcon and Gy 2002). Any bias in the
point histogram or variogram will adversely affect the
performance of the DGM or other COS method (Journel and
Kyriakidis. 2004; Pyrcz et al., 2006; Carrasco, 2010). Despite
these reservations, DGM should be recommended in
preference to IndLog because of its lack of bias and greater
robustness to the sampling density, the type of distribution,
and the SMU size.
We did not consider the use of conditional simulations in
this study. Despite its possible merits, this method is rarely
used in technical reports. One reason is that it is much more
computationally intensive than DGM or IndLog. Moreover,
the variogram model in simulations is for the Gaussian
transformed variable rather than the grade variable as in
DGM and IndLog. This choice is therefore expected to have
more influence with simulations than with DGM and IndLog.
It is also complicated by other sensitive decisions regarding
the neighbourhood to use for the conditioning.
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Our study indicates a clear superiority of the discrete
Gaussian model compared to the traditional indirect
lognormal approach. The improvement proposed by Emery
(2004) increases the quality of the indirect lognormal model,
but remains less robust than the DGM with respect to
distribution types. DGM is unbiased, and robust to sampling
density, SMU size, and distribution types. Our study also
reveals that traditional, normal score variogram, and
correlogram estimators provide comparable estimates of the
dispersion variance used for change of support correction. On
the contrary, pairwise estimator should be used with caution
as it is more sensitive to the grade distribution.
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Using laser scanner face mapping to
improve geotechnical data confidence at
Sishen mine
by T.M. Russell*† and T.R. Stacey†

Face mapping is a simple but invaluable means of geological and
geotechnical data acquisition whereby intact rock properties, rock mass
properties, discontinuity properties, and structural orientation can be
assessed. Although traditionally done via direct contact with the mapping
face through techniques such as line mapping or window mapping, remote
face mapping using various digital techniques has become increasingly
popular in recent years. Sishen is a large open pit mining operation
requiring a comprehensive geotechnical data-set to evaluate pit wall
design and stability with the necessary level of confidence. Geotechnical
borehole data, face mapping data, geotechnical laboratory testing data,
and implicit structural models provide the main sources of this
information. Although a large geotechnical borehole database has always
been maintained at the mine, face mapping has in the past been restricted
to sporadic and isolated stability assessments. In 2013 the mine acquired
a terrestrial laser scanner with the resolution, photographic capabilities,
and software required to carry out geotechnical face mapping. A face
mapping procedure was set up based on accepted face mapping methods,
the data requirements of the mine, and capabilities of the laser scanner
system. Mapping data obtained from the scans was integrated into the
Acquire geological data management system, a purpose-designed
structured query language (SQL) database system used for storing the
mine’s geotechnical data. Within the geotechnical design process, having
face mapping data available has improved confidence in the properties of
the rock mass and structural environment, allowing for better definition of
geotechnical design sectors. Overall, the face mapping and geotechnical
analysis features of the terrestrial laser scanner in use make it an
invaluable geotechnical data capture tool, provided a system is in place to
store mapping data in a manner that allows for meaningful rock mass and
structural information to be produced.

>$9817
open pit mining, geotechnical data, face mapping, terrestrial laser scanner.
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Fundamental to the geotechnical design
process is the acquisition of a reliable and
complete geotechnical data-set. Geotechnical
data acquisition will typically commence
during the early stages of a project and
continue well into the operational life of the
mine, with the data confidence progressively
increasing as the amount of data captured
increases.
Sishen mine currently bases all open pit
geotechnical designs and geotechnical risk
assessment on geotechnical borehole data in
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® Boreholes are generally not oriented;
although oriented drilling has been
attempted at Sishen, it has proven to be
slow, costly, and generally unreliable.
® Most boreholes drilled from surface are
vertical, capturing limited data
pertaining to sub-vertical and inclined
features. As with orientated boreholes,
inclined borehole drilling has been
attempted, with limited success at
Sishen.
® Borehole drilling is a relatively slow and
expensive means of data capture.
® Boreholes capture limited and potentially
unreliable data pertaining to
discontinuity orientation, spacing, and
persistence.
The shortfalls in geotechnical borehole
data collection relate specifically to the fact
that borehole core represents a small, relatively
disturbed sample of the overall rock mass.
This paper presents a practical means of
adding face mapping based on laser scanner to

* Kumba Iron Ore, South Africa.
† University of the Witwatersrand, South Africa.
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conjunction with interpreted structural models.
Boreholes are logged and the data is captured
in an ongoing process. This process forms the
initial step in the geotechnical design and risk
assessment process whereby the raw data is
used to classify the strength properties for
each lithology, provide inputs for geotechnical
block models, and ultimately provide the
inputs for slope design analyses. To date,
borehole data has provided the only largescale, organized data-set for input into
geotechnical analyses at Sishen. Although
borehole data is the best and most
comprehensive form of geotechnical data,
there are some shortfalls that can be addressed
by other data collection methods. These
shortfalls are as follows.

Using laser scanner face mapping to improve geotechnical data confidence at Sishen mine
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the geotechnical data collection, storage, and analysis
process. The aim of the paper is to illustrate how geotechnical
face mapping has been used to increase confidence in
geotechnical data at Sishen, and how this has led to
optimization of interim and final pit boundary designs.
Sishen Iron Ore Mine is located approximately 5 km to
the southwest of the town of Kathu in South Africa’s
Northern Cape Province (Figure 1). The mine is one of the
largest single open pit mining operations in the world,
consisting of a series of interconnected pits extending
approximately 12 km in a north-south direction. The pit
width varies between approximately 1 km and 3 km, with a
maximum depth in 2017 of approximately 260 m (Figure 2).

>9294=5<2?7>::=;4
Interim slopes and final pit boundaries at Sishen are
generally excavated into faulted and folded banded iron
formation, shale, andesitic lava, or manganese-rich chert
breccia. Banded iron formation (Figure 3) and shale units on
the mine exhibit anisotropic strength properties and the
stability of slopes excavated into these units is heavily
dependent on local bedding orientation.
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The practical problems associated with manual face mapping
have been addressed with advances in technology that enable
face mapping using a digital image that has been draped over
a 3D point cloud of the mapping face.
Most literature refers to 3D photogrammetry techniques
for this purpose, whereby stereo photos are used to generate
the required point cloud of the face (Read and Stacey, 2009).
Although more practical than manual face mapping, digital
photogrammetry does have drawbacks inasmuch as a
surveyed reference point needs to be positioned on the face,
and two camera tripod positions need to be accurately
surveyed.
A newer technique for digital face mapping uses 3D
terrestrial laser scanning data. In comparison with
photogrammetry, laser scanner mapping is fast and efficient.
With the ability to sample several hundred thousand points
per second, a terrestrial laser scanner can create a highresolution point cloud covering several hundred square
metres in a couple of minutes. The scan points themselves
typically include X, Y, Z, and intensity information, and can
include true colours through the use of concurrent digital
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Sirovision system. The laser scanner system was generally
found to be superior in terms of the following.
® The laser scanner provided faster and easier data
collection.
® The laser scanner provided faster data processing and
was less demanding on software systems.
® More accurate discontinuity orientation measurements
were obtained using the laser scanner (up to 15°
difference in dip measurements between the two
techniques was observed).
® Planes oblique to the exposed face were more readily
observable with the laser scanner.
In 2013 Sishen purchased a terrestrial laser scanner with
face mapping capabilities to replace the Sirovision system as
a means of gathering geotechnical data from exposed pit
faces. The scanning unit is vehicle-mounted (Figure 4) and is
operated from inside the vehicle via a wi-fi connection using
a tablet device. The scanner is capable of scanning over a
horizontal range of between 0 and 360 degrees with a fixed
vertical range of 80 degrees. In terms of distance the scanner
has ranges of 500 m, 1000 m, and 1400 m for surfaces with
low (10–40%), medium (40–80%) and high (>80%)
reflectivity respectively. In practical terms scans are usually
done within 200 m of the target surface, with several scans
from different positions making up the overall scan image for
larger areas. According to the manufacturer’s specifications,
scan points are measured to an accuracy of 8 mm at a range
of 200 m, under control conditions. Scans are taken on a
stop-and-go basis with the surveyor stopping the scanner
vehicle to carry out a scan at each of the required scan points.
Approximate scanner point spacings at a range of 50 m for
different scanner resolution settings are given in Table I.
#)%"(*?--'
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photography. Georeferencing using various techniques, in
conjunction with the use of concurrent digital photography,
allows for an accurate representation of a rock face in real 3D
space (Feng and Röshoff, 2006; Slob and Hack, 2007).
Various methods for extracting geotechnical data trends
from laser scanner point clouds have been examined since
the inception of the technology. These include automated
techniques that examine orientation trends to derive
structural information about mapping faces, and semiautomated techniques that rely on user structural
interpretations of specific features of a mapping face (Feng
and Röshoff, 2006; Slob and Hack, 2007).
An automated approach outlined by Slob and Hack
(2007) involves creating a digital terrain model (DTM) from
the scan points of a scanned face and using the orientation of
the individual DTM facets to derive structural trends. The
theory behind this is that if all facet orientations for a face
are plotted on a stereonet, major planes will be exposed as
point concentrations due to the predominant facet
orientations on the mapping face.
The more commonly accepted semi-automated approach
follows on from the digital photogrammetry technique, with
the user selecting geological features on the 3D digital
representation of the mapping face and the software
calculating parameters such as orientation, area, and length
for the selected portion of the scan (Feng, 2001; Feng and
Röshoff, 2006; Slob and Hack, 2007). In reality, modern
software packages have the functionality to further automate
such features by intuitively selecting planes with similar
orientation as the user-selected plane (Maptek, 2013).
McQuillan (2013) gives a direct comparison between
laser scanner face mapping using a terrestrial laser scanner
system and photogrammetric face mapping using the
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Table I
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50
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25
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A standardized face mapping protocol was set up for the
mine based on the mapping data requirements, accepted face
mapping methodology, and the capabilities of the scanner
system. In principle, as the final pit boundaries are mined out
the survey department is dispatched to scan the exposed
faces with the laser scanner. The scanner data is then used
for face mapping and structural stability analysis by the
geotechnical engineering section. The terrestrial laser
scanner’s associated software package is used to carry out
face mapping on the laser scanning data. A key feature of the
system is the scanner’s ability to take a high-resolution
concurrent digital photograph with a scan using a built-in
camera. The system’s software has the ability to reference
individual scan points with the corresponding photographic
pixel. A second software feature recognizes and connects
adjacent scan points to create a 3D surface draped over the

scan point cloud from the scanner’s perspective. Through its
built-in referencing system the software overlays the digital
photographic image on the 3D surface representing the
scanner point cloud with millimetre accuracy, as illustrated in
Figure 5.
The scanner software allows for the accurate
measurement of surface orientations through built-in
geotechnical tools, as well as any other spatial measurement
that may be required through a set of built-in CAD functions.
For the Sishen mine face mapping procedure the following
parameters were mapped for each scanned face.
® Discontinuity orientation (Figure 6)
® Discontinuity spacing and persistence, directly
measured for exposed planes (Figures 7)
® Large-scale roughness for exposed discontinuity planes
(Figure 8)
® The orientation and dimensions of the mapping face
itself.
As a standard, when a structural feature is measured on
a mapping face it is classified as either ‘bedding’, ‘joint’,
‘fault’, or ‘other’.
With respect to large-scale joint roughness, a feature of
the scanner software referred to as ‘Colour by Distance from
Object’ was utilized in place of the built-in roughness
analysis functionality. The specific tool allows for colour
ranges to be set up on one CAD object based on the distance
to a reference object. The tool allows for the export of
distance measurements at discrete points on the object in
question. If a straight line is traced along the portion of a
scan surface representing a discontinuity surface, the tool
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A brief summary of how the terrestrial laser scanner system
is used at Sishen mine has been given in the preceding
section. It is, however, worth mentioning some of the other
software features of this particular system that have been
developed to aid in face mapping. These can be summarized
as follows.
® ‘Extract Discontinuities’ is a tool that searches a
mapping face for flat surfaces within a threshold dip
and dip direction of a reference plane selected by the
user (Figure 9). Although useful in speeding up the
mapping process when well-defined joint sets are
present, the tool does have drawbacks that need to be
taken into account if it is to be used. Firstly, there is
#)%"(*?--'
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can be used to determine the amplitude of the irregularities.
This is then used to determine the joint roughness coefficient
(JRC) from the Barton (1982) JRC chart, as illustrated in
Figure 8.
Scanner accuracy will affect roughness measurements as
an apparent roughness will be introduced to any surface by
inaccuracy in the range measurement of individual scan
points. By using measurements on flat reference surfaces and
manufacturer-quoted accuracy, it was determined that the
laser scanner will give reliable roughness measurements only
for discontinuity traces greater than 2 m in length for typical
scan ranges of between 50 m and 200 m. Scanner inaccuracy
will prevent the reliable measurement of discontinuity
roughness for shorter traces where the height of the surface
irregularities is less pronounced.

Using laser scanner face mapping to improve geotechnical data confidence at Sishen mine
potential to introduce a bias towards user-selected
orientations. Secondly, the software can at times be
fooled into selecting loose material or partially
obstructed portions of the face as discontinuity
surfaces. Although useful if applied correctly, care must
be taken by the user to ensure an accurate
representation of the mapping face is captured. At
Sishen, the approach was taken to manually map fewer
planes, relying on human interpretation of the
prevailing structural orientations, as opposed to relying
on an automated function.
® Newer versions of the scanner software have a built-in
joint spacing measurement function that uses extracted
discontinuities to determine joint spacing. The function
measures the perpendicular distance between subparallel joint planes that have been measured on a
mapping face. This tool was found to be of limited use
for determining joint spacing, as exposed planes on a
mapping face seldom represent all the discontinuities of
a particular set, as illustrated in Figure 10. Taking
direct measurements between discontinuities using the
software’s CAD functionality (Figure 7) was found to
be a more accurate and reliable means of determining
discontinuity spacing.
® The software has a built-in function to evaluate and
quantify the roughness of an exposed discontinuity
surface. The function requires the user to select an
input area of points representing the exposed plane,
which is then analysed by the software to determine
the degree of waviness of the plane. The user sets

input parameters allowing the software to divide the
surface of interest into cells for analysis, determine the
analysis section orientation, and set the minimum
number of analysis points. A report is then generated
with a histogram showing the variation in dip across
the analysis plane and section lines through the plane.
At Sishen, the method outlined in the previous section
was preferred over this built-in tool as it provided a
repeatable method for producing JRC values, an output
that can be easily applied when estimating joint
strength during design analysis.
® Built-in stereonet functionality allows the user to plot
orientation data and carry out kinematic analysis.

<:<?0<;4>0>;:?6895>138>
In order for laser scanner face mapping to be a useful source
of geotechnical data for geotechnical design, analysis, and
risk assessment processes, the following is required.
® A standardized face mapping procedure whereby all
required mapping parameters are captured
® A data management system that allows for efficient
storage, access, querying, and reporting of face
mapping data.
Figure 11 illustrates the data management storage system
that was developed at Sishen to handle geotechnical face
mapping data from the routine mapping exercises carried out
during pit deployment. The system integrates the scanner
software, Microsoft Excel, and the Acquire geological
database system.
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The scanner software has functionality that allows for the
export of the various individual parameters in text or CSV
format. For data management at Sishen, an Excel template
(Figures 12 and 13) was set up to carry out kinematic
analysis, delineation of predominant discontinuities (Figure
14), and rock mass rating (Figure 15) before importing the
relevant data into the mine’s Acquire geotechnical database.

<:<?7:98<4>?<;1?<;<27=7
An effective geotechnical database requires the data to be
organized in such a manner that it can be accessed and
queried to produce relevant and meaningful information to
aid in the design process.
The following generic relational data model was applied
to fit into the Acquire data model, used to accommodate
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Sishen’s geotechnical face mapping data. The schematic table
layout in Figure 16 was found to represent a simple and
robust method of storing mapping data. The Face Mapping
Collar table is a parent table containing information
pertaining to each mapping face as a whole. This is related to
the Face Mapping Detail table through the Face ID field,
which represents the primary key. Other relevant fields can
either be added to the Face Mapping Collar table if a single
record is applicable to the face as a whole, or to the Face
Mapping Detail table if several values (e.g. Schmidt hammer
test results) are to be added.
Once captured in the Acquire database, mapping data can
be accessed by any third-party software package capable of
connecting through an open database connectivity (ODBC)
link with the database. At Sishen, the Micromine 3D
modelling software package has been adopted for the purpose
of analysing designs and incorporating spatial geotechnical
data into the design and analysis process. ODCB links with
the Acquire database allow borehole data, televiewer data
from downhole surveys, and face mapping data to be plotted,
with plots updating as data is added to the database. This
geotechnical information can then be viewed in conjunction
with relevant pit designs, structural models, mine planning
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data, and survey data (Figures 17 and 18). By integrating
information from the mine’s geotechnical database with
various other sources of spatial data, the following can be
carried out within the framework of the geotechnical design
and risk assessment process.
® Planning for borehole drilling and face mapping
programmes
® Geotechnical design sector delineation
® Allocating structural orientations to specific
geotechnical design analysis sections (Figure 19)
® Geotechnical hazard identification and production of
geotechnical hazard maps
® Informing blast designs based on structural data.
Access to the Acquire database through a Microsoft Excel
ODBC link allows data to be queried based on various
parameters, and statistical analysis to be carried out. Rock
mass parameters from either face mapping or borehole
logging data-sets can be queried with the required lithological
and spatial constraints applied. This feeds into the
geotechnical design process by providing up-to-date rock
mass parameters. An illustration of an Excel mapping report
sheet linking to the Acquire database is given in Figure 20.
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It is clear from the available literature, and experience gained
during usage on Sishen Iron Ore Mine, that the terrestrial
laser scanner represents a far more practical, faster, and safer
means of collecting face mapping data than manual
techniques or using a stereo photo system such as Sirovision.
No contact with the mapping face is required, which makes
the system safer and allows for inaccessible rock faces to be
mapped. The photographic overlay of the 3D mapping face
automatically incorporated into the scanner software was
found to be accurate and an excellent means of interpreting
structural and rock mass features on the underlying scan
surface. It was, however, evident that the remote data
produced by the scanner was not always adequate on its own
as a source of geotechnical information, and some form of
ground-truthing of rock mass conditions at the mapping face
should be incorporated into a face mapping programme.
Face mapping data has proven invaluable in
supplementing Sishen’s borehole database as a source of
information within various stages of the geotechnical design
process. In the anisotropic lithologies that are prevalent at
Sishen, confidence in bedding orientation relative to design
slopes is critical for the evaluation of slope designs. Face
mapping on the mine has been crucial in verifying the mine’s
structural model and will continue to add value as more pit
boundaries are exposed and more faces are mapped.
In general the terrestrial laser scanner system in use at
Sishen has proved to be an invaluable tool for geotechnical
data capture, geotechnical hazard assessment, and structural
mapping. The scanner facilitates collection of a large amount
of geotechnical information that would otherwise not be
obtained, and in a much shorter time than could be achieved
by fieldwork. It also facilitates rapid collection of data in
situations in which surface support such as wire mesh or
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shotcrete is to be applied to the rock face soon after
excavation. The additional data available as a result of the
laser scanning will enhance the quality of designs and hence
reduce risk. It is therefore a tool of strategic importance.
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South African mineworkers’
perspectives on the right to refuse
dangerous work and the constraints to
worker self-regulation
by N. Coulson*, P.F. Stewart†, and S. Saeed‡
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The Mine, Health and Safety Act No. 29 of 1996, as amended, embodies
worker self-regulation to advance health and safety in the workplace. An
important provision for this is the Right to Refuse Dangerous Work
(RRDW). This paper explores worker perspectives about the
implementation of RRDW on South African mines against a backdrop of
revised guidance in the sector: ‘Guideline for a Mandatory Code of
Practice on the Right to Refuse Dangerous Work And Leave Dangerous
Working Places’, gazetted in February 2016 by the Department of Mineral
Resources (DMR). A mixed methods study conducted at mines (n = 14)
included a survey of workers (n = 293), focus groups (n = 6) and in-depth
interviews (n = 16). Workers reported a high level of awareness, a positive
attitude, and experience of the formal RRDW. However constraints to the
formal RRDW meant that informal worker resistance to dangerous work
was commonplace. Evidence of informal non-confrontational consultation,
cooperation, and collaboration in the event of a dangerous workplace also
emerged between workers, and supervisors. The research underscores the
importance of the RRDW and worker health and safety representatives to
mine health and safety. The revised guidance addresses RRDW
implementation gaps, but of concern is the potential partiality towards
management interests.
?<).:;65
health and safety, regulatory framework, worker participation.
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Ensuring that mineworkers act on their duties
and responsibilities for health and safety
remains a concern across the globe. Article 13
of the International Labour Organization (ILO)
Convention Safety and Health in Mines (176 of
1995) entrenched the Right to Refuse
Dangerous Work (RRDW) as an important
mechanism through which workers act in the
best interests of their own occupational health
and safety (OHS) and is considered a
cornerstone of worker self-regulation (ILO,
1995). Countries ratifying Convention 176 are
under obligation to make this right available to
workers through OHS legislation that frames
the circumstances, procedure, and protection of
workers from discrimination in the event of a
formal work refusal. The Convention has been
ratified by 31 countries, with South Africa
becoming a signatory in June 2000 (ILO,
2000). Worldwide studies show that workers
use this right with caution (Hilgert, 2013) and
cases associated with work refusal are rarely
('$&#%=22+

The RRDW was granted to South African
mineworkers post-apartheid with the
promulgation of the Mine Health and Safety
Act No 29 of 1996 as amended (MHSA)
(Republic of South Africa, 1996). That OHS
performance on mines in South Africa has
undergone a significant shift under the MHSA
is uncontested by tripartite stakeholders.
Reporting by the Mine Health and Safety
Inspectorate (MHSI) about progress towards
sector-wide OHS targets set in 2003 showed
that during the 10 years subsequent to their
setting fatalities dropped significantly.
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presented in court (Gunningham, 2007;
Cooper, 2013). Rather, in cases of formal
notification of a work refusal, issues arising
out of this are addressed either in the
immediate workplace or through the site OHS
system and/or at industrial tribunals or similar
mechanisms (Harcourt and Harcourt, 2000).
This paper explores the perspectives of
South African mineworkers of the
implementation of the RRDW and the
consequent constraints to worker selfregulation. It considers the applicability of a
typology of worker resistance to unsafe work
to the findings of a study commissioned in
2013 by the Mine Health and Safety Council
(MHSC) and conducted by the Centre for
Sustainability in Mining and Industry (CSMI)
at the University of the Witwatersrand
(Stewart, Coulson, and Bakker, 2013).
Permission to publish was granted by the
MHSC in October 2017.
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Whereas in 2004 there were 246 fatalities (0.25 fatality rate
per million hours worked) this improved to 93 fatalities (0.09
fatality rate per million hours worked) at the end of 2013
(Chamber of Mines of South Africa, n.d.).The downward
trend continued until 2016, when the lowest number of
fatalities (73) was recorded (Phakathi, 2016), but reversed in
2017, for which unofficial figures stand at 86 fatalities
(Chamber of Mines South Africa, 2018).
The South African expression of RRDW closely reflects
that of Convention 176, which grants workers the right to
remove themselves from any location at a mine when
circumstances arise which appear, with reasonable
justification, to pose a serious danger to their health or safety
(Masilo and Rautenbach, 2010). Section 23 of the MHSA
states that an employee has the right to leave any working
place whenever
‘(a) circumstances arise at that working place which,
with reasonable justification, appear to that employee to
pose a serious danger to the health or safety of that
employee; or
(b) the health and safety representative responsible for
that working place directs that employee to leave that
working place.’ Section 23 (Republic of South Africa,
1996).
Although under South African law the OHS right is
expressed as the Right to Leave a Dangerous Working Place
(RLDWP), in practice on South African mine operations it is
referred to as ‘Section 23’ or the ‘Right to Refuse Dangerous
Work’, rather than RLDWP. The South African expression of
this right, under Section 23, has none of the constraints
found in other jurisdictions such as that the danger must be
‘imminent’ or ‘imminent or unavoidable’, as in Canada,
Ghana, Burkina Faso, the UK, and the USA (Hilgert, 2013).
The ‘circumstances’ in which the right can be exercised are
not defined and therefore a worker can, under law,
subjectively believe the workplace to be seriously dangerous.
Thus, physical conditions in the workplace, the condition of
equipment and machinery, and the competence and
behaviour of workers are among some of the major factors
that could contribute to the workplace being considered
dangerous under the Act.
Section 23(b) permits a worker-elected or -selected health
and safety (H&S) representative to withdraw workers from a
workplace that he or she considers dangerous. On South
African mines there are two tiers of H&S representatives,
workplace representatives and full-time H&S representatives.
Workplace H&S representatives continue with their normal
job and exercise their powers in a designated workplace only.
Full-time H&S representatives are employed in a full-time
capacity in health and safety and exercise their powers across
the whole mine site. Both types of H&S representatives can
withdraw workers from a workplace they consider dangerous.
Chapter 3 of the MHSA requires that the employer enters into
a health and safety collective agreement signed with
recognized unions on site (the collective agreement is defined
in the Labour Relations Act No. 66 of 1995, as amended
2002; Republic of South Africa, 2002). This agreement
determines the process and numbers of workerelected/selected H&S representatives, the constitution of the
bipartite mine H&S committee, and importantly, provides for
local worker consultation at the mine operation in the
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drafting, review, and agreement of OHS policy and procedure,
including the mine site procedure for the RRDW. These
arrangements apply to both large and small mines in South
Africa. This is in contrast with other jurisdictions worldwide,
where RRDW procedures are part of the statute. On the one
hand, a statutory procedure provides clarity about what must
be done, but on the other, it opens up the opportunity for
legal action to challenge workers on adherence to procedure
(Harcourt and Harcourt, 2000; Cooper, 2013). In South
Africa, workers are not subject to a statutory procedure and
both individual workers and H&S representatives are granted
protection from discrimination (Section 83 MHSA) in the
event of exercising the RRDW.
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The employer and management determine the structure and
organization of the workplace and workers must find ways to
assert themselves within this paradigm, through either
confrontation or non-confrontational methods such as
persuasion, influencing, coaxing, or side-stepping. The
decision to withdraw from a dangerous workplace, as in the
case of the formal exercise of the RRDW, is a unique
situation under law in which workers have permission to
‘confront’ the control of the workplace by management. Thus
‘confrontation’ is integral to the exercise of the right. Gray
(2002) introduced a typology of worker resistance to unsafe
work. He described the formal exercise of the legal RRDW as
‘formal confrontational.’ By formally refusing to work, a
worker, under the protection of the law, can assert control
over his or her workplace and demand that the problem be
resolved either in the workplace itself, or through escalation
to formal structures such as the bipartite worker/employer
H&S committee, or through an external agent such as the
H&S Inspectorate and/or legal dispute mechanism. The South
African ‘Guideline for a Mandatory Code of Practice on the
Right to Refuse Dangerous Work And Leave Dangerous
Working Places’ gazetted in February 2016 by Department of
Mineral Resources (DMR) (Department of Mineral Resources,
2016) was a consequence of the study on which this article is
based (Stewart, Coulson, and Bakker, 2013). The Guideline
promotes the resolution of disputes at the lowest
organizational level, or in the event of this failing, through
the appointment of an external technical advisor to advise
both the mine section manager and the full-time H&S
representative. The mine H&S committee is required to
monitor all incidents of RRDW. The formal exercise of the
right in South Africa, as in other contexts, can, therefore,
theoretically result in high-level decision-making related to
OHS.
For Gray (2002), however, the formal exercise of the
RRDW is only one expression of work refusal. By asking the
question, ‘when does a safety refusal actually begin?’ Gray
explores the origin of worker refusals. His ethnographic
work, conducted in the Canadian manufacturing sector,
found that workers resist unsafe working conditions without
formally refusing. In such cases, a challenge is mounted to
the management of the workplace, or to the process of
production, but remains outside formal procedure – thereby
rendering it ‘informal’. This prompted Gray to name this type
of work refusal, ‘informal confrontation’. These efforts on the
part of workers most often involve confrontation with
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The cross-sectional study used a concurrent triangulation
mixed methods approach (Cresswell et al., 2003).
Quantitative and qualitative data were collected at the same
time and then integrated and triangulated at the data analysis
stage. Fieldwork was conducted between June and September
2013 and comprised a representative quantitative survey,
focus group discussions. and key informant interviews.
Access to the two sets of respondents for the quantitative
survey and the qualitative research was primarily facilitated
by the training centre on surface at each mine. The study
had approval from the Human Research Ethics Committee
(HREC) non-medical, University of Witwatersrand (Ethics
Clearance Protocol Number H13/05/19). Respondents
participated on the basis of informed consent and anonymity.
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The survey was conducted at 14 mine sites (five platinum,
five coal, three gold, and one nickel mine), stratified by
commodity sector and geographical spread across three
provinces: Mpumalanga, Gauteng, and North West. As
specified in the MHSC research brief and time-frame, a list of
all the major mines employing 2000 and more employees in
these three provinces was drawn up. Mines were contacted
telephonically to identify sites able and willing to host the
project. The sites were all large mines with established OHS
systems, hence this research has relevance for the large-scale
          

mining sector but excludes the small-scale sector. The
timeline and budget did not allow for a comprehensive and
random sample to be drawn from employee wage rolls or
from specific workplaces. Surveys were instead administered
on different days and times of day to respondents on surface
undergoing ex-leave induction. This is a limitation of this
study. The survey nevertheless reached workers (n = 293)
(refer to Table I) with findings statistically having a simple
margin of error of 5.7%. The quantitative research
instrument comprised 40 closed and Likert-type statements
or questions and one open-ended question. The
questionnaire was read to respondents in either English or an
indigenous language, predominantly isiZulu, isiXhosa, or
Southern Sotho.

!!#" ## 
Qualitative research was conducted at six of the 14 host sites
– two gold, two platinum, and two coal mines. Six focus
groups were conducted with 84 workers, one at each site, and
were recorded, translated, and transcribed. In-depth
interviews were conducted with five H&S representatives and
five union officials at five sites only. Six worker respondents
were identified in focus group discussions as having had a
direct experience of the RRDW, all of whom worked on gold
mines and were subsequently interviewed. All the key
informant interviews were conducted in English and notes
were taken. The purpose of the qualitative research was to
identify key issues, concerns, and themes relating to the
RRDW as expressed by worker respondents and other
relevant key informants. While saturation point was not
reached, specific data repeatedly emerged. Quotations cited in
the text were invariably similarly reported by other
respondents.
Given that the RRDW is legally bestowed on workers, this
paper focuses on the experience of workers and their H&S
and union representatives. Mine site documentation made
available to researchers, such as lists of incidents and
accidents and incident/injury investigation reports, was not
consistent across the host mining companies and did not
enable the details of specific RRDW incidents described by
respondents to be corroborated through a document review.
Researchers (including the authors) noted evidence arising
through observation at research sites of mine-site
communication concerning the RRDW.

A98/)545=
Quantitative data was analysed using Statistical Package for
the Social Sciences (SPSS), Version 15.0. All qualitative data
was analysed for inductive and deductive themes. The
analysis used a concurrent triangulation approach, thus both
quantitative and qualitative data were used to make meaning
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supervisors and/or colleagues to cope with unsafe working
conditions and are subsequently resolved in the workplace
only, in marked contrast to the first approach (formal
confrontation), where a problem can be escalated.
Gray further advances his evidence-based view by
arguing that not all forms of work refusal or resistance to
unsafe work are confrontational. Thus, a worker can
complete a complaint notice and ‘ask’ (‘informal nonconfrontational’) for management to look at the problem
rather than ‘demanding’ that it be corrected through refusing
to work. By laying a written complaint the worker avoids the
inevitable confrontation associated with refusing to work,
while at the same time he or she is indicating to the employer
that something is sub-standard and therefore unsafe. It is
long established that workers make private arrangements in
the workplace to manage OHS hazards (Walters and Haines,
1988; Phakathi, 2002, 2012). Gray (2002) argues that
‘private safety refusals’ by workers are in fact the most
common form of work refusal. They include personal
interventions of individual workers to redesign a task so it is
safer, and avoidance strategies to sidestep unsafe work, such
as reporting sick or asking for a transfer. These strategies are
all driven by OHS concerns, but do not challenge, or confront,
either management and/or the social relations of production.
Rather, the reasons behind these individual actions remain
hidden. Thus, Gray provides a useful typology with which to
consider worker responses to an unsafe workplace – formal
confrontational, informal confrontational, and informal nonconfrontational.
This paper draws on Gray’s typology to assist the
interpretation of the findings of a mixed methods study with
respect to South African mineworker experience of the
RRDW.
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of workers’ experiences of the RRDW. Quantitative data was
largely not analysed against cross-correlations for
demographic and other descriptors. Workers included in the
focus group discussions were not selected for certain
demographic or other characteristics.
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The term ‘workers’ is used in this paper to refer to both
permanent mine employees and contract workers, except at a
couple of points. As the terms ‘Section 23’ and ‘Right to
Refuse Dangerous Work’ (RRDW) were used by workers in
their commentary, both these terms are used in the
presentation of the data. Findings are presented under three
major headings, which are broadly aligned with the typology
developed by Gray (2002): formal confrontation, informal
confrontation, and non-confrontational responses to the
exercise of the RRDW when faced with a dangerous
workplace. Percentage figures used in the findings are drawn
from the survey results. Quotations and other descriptions
are taken from the qualitative data.

Awareness of the RRDW was high. Ninety-five per cent of
workers reported having heard of the RRDW, with uniformly
high reporting across all mining commodities.

# ""  # " ##!"
Table II captures the demographic characteristics of the
survey population of worker respondents, 65% of whom
were over 30 years of age and 88% were men. Seventy-two
per cent of workers reported more than 3 years of service at
the present mine operation and 42% reported more than 6
years of service. A fifth of the sample were contract workers,
in keeping with estimates cited elsewhere (Forrest, 2013).
Overall, the experience and stability of the sample suggested
respondents were qualified to consider the topic of the
RRDW.
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Age

21-30 years
31-40 years
41-50 years
51+

93
97
61
40

32
33
21
14

Sex

Male
Female

257
35

88
12

African
Coloured
White

272
3
17

93
1
6

Citizenship

South African
Non-South African

253
39

87
13

Job status

Employee
Contractor
Don't know

228
60
5

78
20
2

Years in mining

< 1 year
1-2 years
3-5 years
6-10 years
> 10 years

29
35
80
63
85

10
12
27
22
29

Years at mine (where
research conducted)

< 1 year
1-2 years
3-5 years
6-10 years
> 10 years

28
52
89
60
63

10
18
30
20
22

Race
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These findings describe quantitative and qualitative data
pertinent to the formal exercise of the RRDW, including
workers’ awareness, attitude, knowledge of procedure, and
experience of the RRDW.

‘The law does not allow people to work in dangerous
places. Should one disobey such a law, he is
reprimanded.’ (worker)
On site, researchers found evidence of communication
campaigns promoting the RRDW. Noticeboards in waiting
areas, audiovisual displays, leaflets, stickers on hard hats,
internal radio, RRDW cards, and toolbox talks were used at
different sites to reinforce awareness of the RRDW. On one
coal mine, the mine manager issued each employee with a
card bearing his signature making the ‘demand’ that all mine
employees exercise their RRDW.

 # "!!!#"!"!#""
Given the South African mining industry’s legacy of
discrimination, appalling OHS performance, and victim
blaming (Shaw, 2010; Stewart and Nite, 2017), researchers
were surprised by the positive response of workers to
statements used to reveal prevailing attitudes to OHS. The
majority of workers stated they ‘disagree’ (79%) with the
statement, ‘Workers don’t have the RRDW’ (refer to Figure
1), which was reinforced by number of employees (84%) and
contractors (83%) reporting feeling ‘safe’ at work. A third of
the sample (35%), however, agreed with the statement
‘Management is not serious on health and safety’, which
underlines why the ‘Culture Transformation Framework’ in
the South African mining sector, with its commitment to
transform legacy issues that encourage short cuts and risktaking with respect to OHS, is pertinent. (Mine Health and
Safety Council, 2011).
Although the majority of workers stated that they ‘have
the RRDW’, over a third of workers (35%) agreed that
‘workers use danger as an excuse’ and that the RRDW is
open to abuse. While the underlying reasons for the specific
individuals saying this were not explored, the RRDW is cited
in industrial struggles other than those associated with OHS
(National Union of Mineworkers & others v Chrober Slate
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(Pty) Ltd, 2008). The RRDW was used at the start of the
2012 platinum mineworkers’ strike for wage increases
(Chinguno, 2015; Moodie, 2016). In this instance,
mineworkers invoked Section 23 to decisively slow down
production in order to draw attention to their demands
outside established industrial relations mechanisms. That the
RRDW was used in this instance to leverage worker
improvements, outside of OHS, supports workers’ (35%)
views noted in this study, that the RRDW is open to abuse.

" # #
Employer risk management underpins the MHSA and
involves the identification of hazards, associated risk
assessment, and the implementation of control measures –
for which there is a hierarchy of options. Risk assessment
under the MHSA is required as a baseline, is issue-based
(where more in-depth assessment is required), and designed
to be continuous (on a day-by-day or periodic basis). Ground
conditions, gas emissions, airborne pollutants, and the
condition of equipment are good examples of matters subject
to continuous risk assessment. It is regarding the continuous
risk assessments where the RRDW has most currency for
workers. The interface between risk assessment, safety rules,
and RRDW procedure was found in this study to be poorly
articulated. Although workers (96%) understood there was a
procedure for RRDW, as is required under the MHSA, in
focus group discussions many workers could not articulate
the steps of a RRDW procedure. Despite the requirement
under the MHSA for a RRDW procedure to be developed on
site in consultation with worker representatives as a
component of the H&S collective agreement, workers reported
being neither involved in the preparation of a RRDW
procedure, nor able to state how a procedure had been
developed. While it could be expected that any formulation of
the procedure for the RRDW must be: to stop work, remove
oneself, inform others of the danger, barricade the area, and
report the incident, instead, when asked about RRDW
procedure, workers cited general safety rules and procedures
such as:
‘1. Never enter an unsupported roof. 2. Never operate a
machine without a licence. 3. Lock out and do not allow
someone to enter a dangerous workplace. 4. Do not enter
a place with no ventilation.’ (worker)
‘They say if the place is dangerous you must fix it first. It
is one of the four steps. It says: Fix the place. Evaluate
the material you are using to make sure that it is proper
so as to prevent danger. The third one – stick to the
process of safety. And the last one says you must fix it
now.’ (worker)

safety culture of mines rather than health protection. Workers
contextualized their commentary about RRDW with reference
to specific safety hazards such as rockfalls.
‘We talk about safety. We say we must respect danger
and not work in a dangerous place. We say we must be
cautious of places where we are working in. Let us look
at the hangingwalls.’ (worker)
Although excessive dust and poor ventilation were cited
in some instances by respondents as grounds for exercising
the RRDW, there was no mention of excessive noise or
fatigue. In focus groups, workers described their experience
of fatigue and its association with dangerous work practice,
but not in conjunction with the exercise of the RRDW.
Fatigue was attributed to the absence of team members,
walking long distances carrying equipment, working long
hours, hunger, or exposure to heat, but not cited as a reason
to stop work.
‘I would advise the mine to employ more people. We are
short. You are forced to do many jobs alone and that is
tiring.’ (worker)
When asked in the quantitative survey about training on
major hazards in the last 12 months, reported training related
to dust was lower than that for either support standards or
hangingwall conditions for underground gold and platinum
employees (refer to Figure 2). This suggests there could be
gaps in worker knowledge related to dust and respiratory
disease. Researchers did not, however, review training
materials and programmes related to worker preparation for
the exercise of the RRDW and/or worker tuition related to the
identification of major hazards to corroborate this. Another
explanation for the disconnection between worker exposure
to OH hazards and the exercise of the RRDW is the latency
period between exposure to hazards such as dust and noise
and the final onset of disease. Although over time, many
more workers have suffered the consequences of
occupational disease rather than occupational injury (Guild et
al., 2001), unless the trajectory of disease is well understood
it is unlikely that workers see exposure to health hazards as
life-threatening and meriting the exercise of the RRDW.

" ##""!#"# ##"
! ! "!""# "  #
Forty-five per cent of workers, represented by employees
(48%) and contractors (34%), reported that they had
personal experience of a dangerous workplace in which they
did not want to work (refer to Figure 3), with 76% of these
incidents having occurred in the last three years. It is
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Major hazards contributing to occupational disease must be
considered within any risk management framework.
However, improvements in occupational health (OH),
especially related to silicosis and noise-induced hearing loss,
have been slow in the South African mining sector (Murray,
Davies, and Rees, 2011; Strauss et al., 2012), only recently
showing signs of improvement (Department of Mineral
Resources, 2017). Qualitative research findings in this study
suggested the RRDW is overwhelmingly embedded in the
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noteworthy that contractors were less likely to report personal
experience of a dangerous workplace than full-time mine
employees, which suggested contractors were less equipped
to make this call. Worldwide, it is well established that
contractors are vulnerable with respect to workplace hazards
OHS (Tucker, 2013; Gunningham, 2008), as has been
reported on South African mines (Loewenson, 2001;
Bezuidenhout and Kenny, 1999; Hermanus, 2007). As the
employment of contract workers increases, specifically on
South African platinum mines (Forrest, 2015), the finding
that they are less equipped to respond to a dangerous
workplace is of concern.
Of the 45% of workers (n = 132) who had identified a
workplace too dangerous for work, 65% (n = 86) did not
return to the unsafe workplace (exercising the formal RRDW)
and 83% thought the RRDW procedure adequate. Figure 4
provides a description of those who successfully exercised the
RRDW. Of note, the majority were underground workers
(87%) and had more than 2 years’ mining experience. Of the
overall sample, of all workers (n = 293) it can be inferred that
29% of these had exercised the formal RRDW, by having not
continued in a workplace they had judged to be dangerous.

 # "## ##""##!" ##"!
!#"
Weighing up production pressure against working safely and
‘feeling bad’ because of lost production (and hence lost bonus
earnings) were described by workers as part of their
experience of the formal RRDW. The payment of production
bonuses has a long history in South African mining and is a
deeply entrenched practice (Moodie and Ndatshe, 1994). In
fact, worker and supervisor self-interest in reaching
production targets and securing production bonuses impacted
on both ‘formal’ and ‘informal’ confrontation in response to a
dangerous workplace because bonuses pitch production
against safety. A culture of short cuts to overcome common
obstacles to the production process is well described in the
gold sector (Phakathi, 2002, 2018). Qualitative data revealed
that when workers had exercised the RRDW, supervisors and
management were either straightforwardly cooperative, or
pushed back but complied. In both instances underlying
concerns about money shaped the emotional response;
workers, supervisors, and managers often felt ‘bad’ because
workers lost bonuses, supervisors lost production (and bonus
earnings), and managers faced additional expenditure.
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‘We the workers identified the hazard. As a team we took
the decision to stop working… Both supervisors and the
H&S representative made the decision and supported us
to stop working. …The safety officer recommended that
the panel must be mined from another direction and the
situation got resolved. The rock engineer was involved
and workplace was made safe… there was a loss of
production due to the incident. I felt bad because we lost
production. They also felt bad - including the reps, the
supervisors and managers.’ (worker)
‘I was working on Sunday… In the stopes there were
misfires… we could not work, but the matter was taken
to the Foreman who was very cross about our decision.
He was forced to book us for another Sunday to come
and perform the same job’ (worker)

#" #""!#"" # ##!!#""##!
!#"
Worker-elected H&S representatives are acknowledged
globally to contribute to better OHS outcomes (Walters, 2006;
Walters and Nichols, 2007). In keeping with this, 56% of
workers reported they had been asked to stop work by an
H&S representative, which was higher than those workers
(48%) who reported a personal experience of a workplace in
which it was too dangerous to work (refer to Figure 3) and
higher than the workers (29%) who exercised the RRDW.
However, the survey did not establish if workers, having
withdrawn from a workplace under instruction from an H&S
representative, went back only when they felt it was safe to
do so. Qualitative data found that workers consistently
referred to the workplace H&S representative before and after
withdrawing from a workplace.
‘If it is dangerous underground we talk to the safety rep
and we take it from there. The safety rep is always with
us underground.’ (worker)
Although they were more likely to be asked to withdraw
from a workplace under the instruction of an H&S
representative, workers were then critical of the capacity of
individual H&S representatives to challenge supervisors and
to subsequently get workplaces made safe. Workers
suggested that either the H&S representative lacked power
and/or interpreted his or her role incorrectly.
‘Before that when I was in a dangerous place I went to
the waiting place. When he [the miner] saw me he
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As a consequence, hazards triggering the withdrawal of
workers from the workplace appeared unlikely to be escalated
beyond the immediate workplace.

B9!:;"8/=<<;-45<=:!=70<==49!:;"8/
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The formal exercise of the RRDW was not found to be the
default position for mineworkers concerned about a
dangerous workplace. Instead there were several
commonplace impediments to the exercise of the right that in
practice rendered worker responses to a dangerous workplace
as instances of ‘informal confrontation’. Most of these
constraints to the exercise of the formal right were best
described in the qualitative data. However, the survey
revealed that of workers (45%) who reported experiencing a
dangerous workplace that they had judged to be unsafe for
work, almost a third (32%) ended up back in the workplace
despite this. Possible explanations for this are that concerns
about the disputed workplace were not resolved to the
satisfaction of workers and not escalated beyond the
immediate workplace, or that these workers experienced
pressure (from other workers) or coercion (from supervisors)
and returned unsatisfied to the workplace, having failed in
their formal exercise of the RRDW. Such workers would then
have faced a situation of informal confrontation. Qualitative
data revealed a complex set of issues that arose with respect
to exercising the RRDW. These issues focused mainly on
stories of confrontations with supervisors and co-workers
which had not been formally managed, and related to
contextual factors in the workplace.
One such contextual factor was the difficulty of working
in a production team. One respondent described how the
team blurred his or her judgement by ‘normalizing’ a
situation he or she had, in the first instance, judged to be
dangerous.
‘We refused, but then continued blasting maybe 10 of us
in a crew … you even forget you are in that dangerous
place.’ (worker)
More positively, another respondent answered that:
‘Communication in the team facilitates RRDW.’ However, in
the absence of effective communication, once a worker
withdrew from the workplace he or she faced possible
confrontation with other team members, either with or
without the backing of a supervisor.
’I stopped working for 35–40 minutes waiting for the
miner… they (my production team) were cross. One of
the team was very cross and said he can’t work like
this.’ (worker after exercising the RRDW)
The same worker said:
‘No! They [other workers] wanted to leave, but after
          

discussion with the miner [supervisor] they had to carry
on working … I think the miner was not supposed to
pressurize the operators. I don’t know what would have
happened if they refused to work.’ (worker)
A second contextual factor was fear. Workers described
being either too scared to report dangerous circumstances
and/or were fearful of repercussions.
‘Even if there is (Section 23) we are afraid to speak out.
We are afraid because we might lose our jobs.’ (worker)
Workers specifically described supervisor threats and
vindictive behaviour that suggested worker fears were not
unfounded.
‘For instance, if you refuse to work the shift boss will tell
you about his qualifications. Therefore, you are forced to
go and work because he is more educated than you.’
(worker)
‘[If] I refuse and tell you that I cannot work in these
conditions then he [the supervisor] will send for your
colleague and your colleague will go and work. But he
will victimize you because you refused and the treatment
you get will be different from others. [If] You have a
personal problem one day, he will not help you because
of what you did the other day, that you refused to work
in a dangerous place.’ (worker)
In fact, the RRDW was described by one worker as being
part of an impossible choice. It was often a case of either
getting ‘in[to] trouble’ when exercising the RRDW or being
‘at fault’ in the event of a subsequent accident.
‘Once you practice section 23 you are in trouble. But if
you tell people to go and work in a dangerous place and
something like an accident happens, you are at fault.’
(worker).
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From the quantitative survey results it can be inferred that
the informal non-confrontational approach to dangerous
workplaces may predominate over confrontation, whether
formal or informal. Of the workers (45%) who had a personal
experience of a workplace that was unsafe for work, very few
workers (4%) did not speak with anyone, which showed that
almost all workers voiced their concerns.
When asked to mention everyone they spoke to, workers
stated their supervisor (71%, which rose as high as 87% on
gold mines), colleagues (58%), management (27%), their
H&S representatives (32%), their union representative
(33%), and 10% noted ‘others’ to whom they spoke (refer to
Figure 5). This strongly suggested wide consultation,
cooperation, and collaboration in the immediate workplace,
especially with supervisors, which is not necessarily or
inevitably confrontational when assessing workplace OHS
issues in general, and the exercise of the RRDW in particular.
In the qualitative data, by way of contrast, a trade
unionist noted that workers’ earlier fears with respect to a
specific worksite may only emerge once an accident has
occurred. This suggests that in some instances workers also
keep quiet about their concerns about a dangerous
workplace, although in this case it does not preclude workers
from engagement with colleagues.
('$&#%=22+
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started shouting at me. The safety rep was there, but he
never said anything. He did not really care as they do
not have powers.’ (worker)
‘However, there are times whereby the safety rep is not
working properly. For instance, if there is a place that is
not safe to work in, he will go to the Supervisor and
report the matter after he has barricaded the place. The
question is what if that place is not fixed for 6 months?’
(worker)
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‘It is when there is a problem of an injury is the time
when you will hear workers saying we have seen that
place is wrong, but we were afraid to report it.’ (trade
unionist)

45-3554:9=
The RRDW is the only mechanism under law through which
an individual worker can exercise direct control over health
and safety in the workplace. This right underpins selfregulation in OHS for workers. While non-compliant OHS
behaviours, such as choosing bonus-chasing over safety,
stand out in the challenge to institutionalize worker selfregulation in the interests of zero harm, further research is
required to establish the extent of consultative, cooperative
and collaborative interactions at work. The evidence is clear
that when considering implementing the RRDW, workers do
not tend to do so without consultation, statistically speaking,
first with their supervisors, then with colleagues and then
only – in equal measure – with management and their H&S
representative, all before approaching their trade union or
speaking to any ‘other’ persons. Deciding whether the RRDW
is justified or not is often complex, hence Gray’s question as
to when a safety refusal actually begins.
Given the spectrum of worker experience and perspectives
of workplace refusals, Gray’s typology provided a useful
framework to consider why the formal expression of the
RRDW is not the default position of South African
mineworkers and why informal expressions of workplace
refusal are commonplace. While this study was not designed
to test Gray’s typology, viewing the evidence through its lens
prompted an interpretation of the gaps in our present
understanding of the exercise of the right in South Africa by
exposing the hidden aspect of the RRDW, namely that the
non-confrontational approach almost certainly outweighs
formal and informal confrontation. The application of the
typology certainly provides a very useful framework for any
future studies of the RRDW on South African mines and
reveals new research questions.

:;"8/=-:9!;:97874:9
This study found very high levels of awareness and ample
evidence of worker resistance to an unsafe workplace, but
which did not find full expression through the formal exercise
of the RRDW. Twenty-nine per cent of workers reported a
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formal experience of the RRDW and over a half (56%)
reported having been asked to leave a dangerous workplace
by an H&S representative. Thus the formal exercise of the
right is very important for workers and worker H&S
representatives made an important contribution to this.
However, the formal exercise of the RRDW on large mines
faces three impediments. Firstly, the workforce is not
homogenous; contract workers were less equipped to make
this call. Secondly, workers were inadequately prepared to
exercise the formal RRDW, since workers were unable to
state the procedure for the RRDW and/or differentiate it from
general safety rules and risk management. Moreover, the
context for the exercise of the RRDW was found to be
predominantly one of safety, and not occupational health. In
short, workers had limited understanding of when, and how,
the formal exercise of the RRDW had relevance. Thirdly,
although the findings showed that workers were more likely
to leave a dangerous workplace under the instruction of an
H&S representative, workers also reported that
representatives were not always able to escalate issues
beyond the immediate workplace.
The fairly recent statutory ‘Guideline’ issued by the MHSI
(Department of Mineral Resources, 2016) with respect to the
RRDW and implemented in July 2016 was informed by the
findings of this study and a desktop review of international
legislative experience in Australia, Canada, Europe, and
Zambia (Cooper, 2013). The Guideline addresses issues
raised in this study and therefore seeks to strengthen the
implementation of the formal right, specifically by
emphasising the importance of training in relation to the
RRDW procedure, and through the promotion of the exercise
of the RRDW in relation to OH hazards. Furthermore the
Guideline attempts to bridge the difficulties in escalating
issues by advising that a workplace H&S representative
should escalate a dispute to the full-time H&S representative,
who if necessary should be given access to a technical
adviser, with the support of management in order to reach a
satisfactory resolution. (Annexure 3, RRDW guidance)
(Department of Mineral Resources, 2016). Strengthening the
direct relationship between workplace and full-time H&S
representatives in a procedure may assist the escalation of
issues beyond the immediate workplace, although to date,
there is no empirical evidence available as to whether H&S
representatives utilize the technical advice already available
to them under Section 30 MHSA: Powers and Functions H&S
Representatives (Masilo and Rautenbach, 2010). This study
suggested that H&S representatives were unlikely to do this,
either because they ‘do not have powers’ or are ‘not working
properly’.
International studies show that a supportive regulatory
environment fortifies arrangements for worker self-regulation
(James and Walters, 2002; Weil, 2007) and globally, neoliberalism is accredited with an increase of management
dominance over the arrangements for worker representation
(James and Walters, 2002; Johnstone, Quinlan, and Walters,
2005). One reason for this is the rise of behaviour-based
OHS management systems that emphasise worker compliance
with mine standards and procedure rather than consultation
with autonomous worker representatives (Gunningham and
Sinclair, 2009; Quinlan, 2014; Walters et al., 2016). A
contention with the present MHSI guidance is that there is an
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In keeping with the Canadian study (Gray, 2002) the
qualitative data revealed stories of ‘informal confrontation’
that arose as workers responded to and resisted dangerous
working conditions. This is an important finding as it
confirmed that regular expressions of worker resistance to a
dangerous workplace were occurring on South African mines,
although this did not find expression and resolution in the
formal exercise of the RRDW as intended in the legislation.
Contextual factors such as incentivized production targets,
working in a production team, peer pressure, supervisor
          

threats, and fear of repercussions and loss of earnings were
all obstacles to the implementation of the formal right.
Resistance to dangerous work was then resolved informally
through peer pressure and/or supervisory coercion, resulting
in capitulation by those workers who initiated, but failed to
exercise, the RRDW – or who had their fears downplayed.
Nearly one-third of workers who personally had experience
of a workplace too dangerous for work continued to work
there. The finding suggests that further studies should
investigate informal, as well as formal, expressions of
resistance to a dangerous workplace. Such a study would
provide a more accurate measure of non-compliance with the
RRDW. Given the dominant narrative of workers in the
qualitative research, ‘informal’ rather than ‘formal’
confrontation may in fact be more commonplace.

:9@-:9!;:97874:98/=811;:8-0<5
Gray suggested that the RRDW should be re-conceptualized
to embrace a range of administrative and organizational
procedures. Informal, non-confrontational approaches to
addressing an unsafe workplace were not a specific focus of
this study. Neither did workers spontaneously offer in
discussions any other mechanisms they used to alert
management to a dangerous workplace. A union
representative suggested that only in the event of a safety
incident will workers admit to their prior safety concerns.
There is then scope for the ‘private safety refusals’ and
avoidance strategies described by Gray, as workers are
certainly aware of problems but sometimes remain silent,
which warrants further investigation. The more interesting
finding, however, was that the highest proportion of workers
addressed their concerns regarding a dangerous workplace to
their supervisors, before even their colleagues, their H&S
representative, or trade union. This indicates a very
significant change in the OHS culture and climate in the
South African mining industry given its difficult past. It is
arguably within this normal, yet hidden, arena of routine
day-to-day active consultation and collaboration at work and
actual practice that models of optimal social relations and
OHS compliance in the workplace may be discerned. A more
mature OHS culture could be expected to support a decrease
in informal confrontation and an increase in the formal
exercising of the RRDW – predicated on a broader base of
non-confrontational collaboration in the workplace.

:9-/354:9
In the event of a dangerous workplace, the evidence is that
workers do voice their concerns often with supervisors. This
suggests there is considerable consultation and co-operation
regarding unsafe working conditions outside the exercise of
the RRDW. The formal exercise of the RRDW on South
African mines is not yet the default position of individual
workers when faced with a dangerous workplace. Workers
report they are more likely to have been asked to leave a
dangerous workplace by an H&S representative than to make
this call for themselves. Contract workers are the least likely
to make this call.
The RRDW is a worker imperative and underpins worker
self-regulation. The Guideline issued by the MHSI with
respect to the RRDW only partially addresses the
('$&#%=22+
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undercurrent of management perspectives on the RRDW. The
technical adviser, if appointed, assists both worker
representatives and the employer to reach a decision in
relation to a workplace where the RRDW has been exercised.
However, in the event of this failing, then ‘the employer must
make a final decision on all issues on which there is
disagreement after consultation with such technical advisor.’
(Annexure 3, RRDW Guidance) (Department of Mineral
Resources, 2016) (paragraph 4.5). There is no
recommendation that the H&S representative requests
support from the MHSI, although Section 30 (MHSA Powers
and Functions H&S Representatives) states that a
representative can contact the Inspectorate and request an
inspection. Without a shared commitment by all tripartite
stakeholders to the RRDW as a critical component of worker
self-regulation, the RRDW comes into sharp focus as the last
control in the event of the risk management process failing.
The manager who issued a card to ‘demand’ that workers
exercise RRDW crossed a thin line, because the RRDW is not
part of the employer arsenal for risk management. A
management perspective on the RRDW, as opposed to that of
an empowered and autonomous worker, confident of his or
her rights, was reflected in the voice of the worker who
commented that the exercise of the RRDW is often a case of
an impossible choice, getting ‘in[to] trouble’ (with
management) when instituting the right by slowing the
production process, or being ‘at fault’ (with management and
taking the blame for being in a dangerous workplace) in the
event of a subsequent accident.
To avoid this criticism, management must consistently act
in support of a worker who exercises the right, and make the
‘demand’ that supervisors respect worker withdrawal from
the workplace and provide support to workplace H&S
representatives who wish to escalate an issue beyond the
immediate workplace. Without adequate regulatory
monitoring, as the data shows, management has stressed
that workers need to exercise the RRDW. The RRDW is
potentially compromised by this irony – this being that
management and not labour representatives are pushing for,
educating, and encouraging workers to exercise the RRDW.
Under the present global regime of increased individualism
and responsibility in OHS discourse (Gray, 2009), the
question has already been raised in the South African context
of workers being blamed for not having refused dangerous
work.
‘Might a worker be in breach of safety legislation in the
event that they do not [emphasis in original] refuse to
leave and continue to work in a dangerous place, and
consequently be blamed?’ (Stewart, 2017, p. 265).
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shortcomings found in this research. For the future, of
specific concern is whether worker-elected H&S
representatives can escalate OHS issues related to the RRDW
to full-time H&S representatives, and whether a dispute
resolution mechanism reliant on technical advisors appointed
with the support of the employer can effectively support
workers in realizing their right to a safe and healthy
workplace. Arrangements for OHS self-regulation by workers
are vulnerable to management perspectives in the absence of
a strong regulatory environment from the MHSI. Yet
legislation alone is no guarantee of enhanced worker safety.
In what appears to be the predominant practice of
consultation in the immediate workplace, much nonconfrontational collaboration and cooperation takes place at
the lowest level. It is surely here where new answers to
health and safety in mining by cooperating autonomous
individuals are to be found.
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Application of rock mass classification
and Blastability Index for the
improvement of wall control: a hardrock mining case study
by G. Segaetsho* and T. Zvarivadza*

Conventional blasting rules of thumb used to develop blast designs are
based on parametric ratios, with insufficient consideration of the rock
mass factors that influence the achievability of final wall designs. At a
hard-rock mine in Botswana, catchment berm designs were frequently
unachievable, which exposed the mining operation to safety hazards such
as local wallrock failure from damaged crests, frozen toes, and rolling
rockfalls from higher mining levels. Increased standoff distances from the
highwall reduced the manoeuvring area on the pit floor and the extraction
factor that was safely achievable. Application of rock mass classification
and the Blastability Index (BI) as a means to improve wall control was
investigated. Zones were defined according to rock types forming the
western highwall rock mass, and distinguishing rock mass classification
factors were used to establish the suitable wall control designs. The
approach combined rock mass classification methodologies such as the
Geological Strength Index and the Rock Mass Rating, and related them to
the BI and discontinuities of the rock mass to produce a design input tool
that can be used to develop objective wall control designs. The designs
driven by the tool inherently take into account the rock mass
characteristic factors at the centre of the rock mass classification methods
mentioned above, and significantly reduce the dependence on rules of
thumb. It was found that this approach produces designs with explosive
energy measures that are consistent with the required rock-breaking effort
and the behaviour of discontinuities, while preserving perimeter walls.
=:%86*5
open pit mining, highwall control, rock mass classification, Blastability
Index.
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Blasting is the first step in the comminution
process. Various coordinated inputs contribute
to its success, and in turn to the efficient
execution of processes that lie downstream
from the blasting step. Primary to meeting
production and operational objectives of a
mine, as well as the protection of human life
and the mineral resource, is the achievement
of highwall design specifications and
competence. To this end, this study
investigated the use of existing tools and
knowledge for the achievement of highwall
control goals at a hard-rock mine in Botswana.

  ! 
The first objective was to establish zoning
boundaries within the pit based on rock type,
rock mass characteristics, and Lilly’s (1986)
          

" !'$<11)

!  
Control of the western highwall (WHW) of the
Cut H pit has proven to be challenging in that
the designed catchment berms and wall
competence have been perpetually
unachievable, from the pit crest to the current
mining levels. This has exposed the mining
operation to safety hazards such as local
wallrock failure from damaged crests, frozen
toes, and rolling rockfalls from higher mining
levels. The standoff distances from the
concerned highwall have increased, which has
reduced the available manoeuvring area on the
pit floor. The factor of extraction that is safely
achievable has also reduced as mining cannot
fully advance to the planned pit limit. The
study seeks to investigate the application of
rock mass classification and the BI as a means
to improve wall control.

!! !  ! ! ! 
The significance of the study lies in the use of
rock mass classification methods to reduce the
typical dependence on inadequately informed
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Blastability Index (BI). The index is an
empirical method of linking geological
characteristics with the effectiveness of rockbreaking with bulk explosives. The second
objective was to use rock mass classification to
inform perimeter blast design with the BI as an
indicator of potential rock response. Unlike
mechanical and numerical approaches, rock
mass classification features the use of
empirical relationships between a rock mass
and design applications. The third objective
was to develop an empirical control index
linking rock mass characteristics and wall
control design input factors to various design
outputs.

Application of rock mass classification and Blastability Index
rules of thumb applied in the perimeter wallrock blast design
process. The conventional application of parametric ratios in
the development of designs neglects to account for
fundamental rock mass factors that affect the achievability of
final wall designs.

4,36827*<
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The detonation of a column of explosives induces two modes
of stress in the surrounding rock mass. The first occurs in the
form of a primary compressive stress wave which is
transmitted to the surrounding rock immediately upon
detonation, followed by a secondary tensional wave. The
second stress mode induced in the surrounding rock mass is
a result of gas pressure from the rapid expansion of the
reacted explosive matter. The stress-strain relationship of
rocks is such that they tend to be far stronger in compression
than they are in tension (Cruise, 2010 ). The tensile strength
of rocks is in the order of a tenth of their compressive
strength. This being the case, the most likely failure
mechanism of rock placed under stress is tension.

 !!
There was concern about the fact that instead of well-defined
walls, batters, and berms, the WHW effectively consisted of
one mildly undulated plunge from the top benches to the
present mining grade levels (approximately 200 m); the
designed catchment berms in-between bench stacks were not
in their correct form, and the stepwise bench and stack
profiles were reduced to an almost single drop of highwall
face. Figure 1 depicts an east-west section through the WHW
showing the planned pit profile and the profile actually
achieved. The superimposition of the two profiles
demonstrates the extent to which the designed wall profile
has not been achieved, particularly along the WHW.
Several subsequent concerns came to light following this
observation, the most obvious being the fact that there was
no catchment facility for any rockfalls from higher benches.

This created a hazardous work environment where both men
and machines were at risk from falling rock fragments and
localized failure of the highwall.
A decision was taken to look into the contribution of
drilling and blasting to the problem. An investigation into the
blasting practices at the mine established that there were four
main rock types (of hardness ranging between 138 MPa and
313 MPa) forming the pit and its walls. It was further noted
that the approach taken to wall control blasting did not pay
particular attention to the geological and geotechnical
characteristics of the various rock mass zones corresponding
with the rock types present. Instead, a blanket design
approach was followed, the result of which was an
inconsistent outcome featuring various areas of acceptable
highwall competence, highwall material hangups, back
damage, overbreak, and localized failure along weakness
planes (Segaetsho, 2014). Figure 2 presents the WHW
showing crest damage and highwall damage.

92*<4//684,+
The literature was reviewed to establish the relationship
between the various elements at play during rock-breaking
and the characteristics of the rock mass. The review
concentrated on the integration of rock mass classification
inputs into final wall blasting and the more specialized
perimeter blasting techniques used in the industry.
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Data was collected from the years 2014 to 2016. The
geotechnical database of the mine was used as the primary
source of quantitative data. The data comprised borehole
logs, laboratory test results, field measurements and
observations, photographic data, as well as computergenerated sections and plans. Further data was collected
through a series of site audits.
Analysis was led by querying the potential influence of
the joint planes traversing the WHW of the pit, and the
identification of joint sets with orientations that had the
greatest potential to exacerbate the problem. The next step
was to separate the geotechnical data into zones informed by
the rock mass classification elements of the Rock Mass
Rating (RMR), Lilly’s BI, and joint plane spacing. The
calculated outputs were then grouped according to the four
main rock types forming the rock mass of the WHW of the
pit.

:52095<47*<47405;5<
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It was observed that inadequate attention was paid to the
orientation of blast patterns relative to the shape and
constraints of the respective blocks being blasted. This
manifested in two ways. The first manifestation was that
patterns were not correctly aligned to the geometric
conditions of the blocks, which increased the blast impact on
the highwall. The effect described is shown by the damage
contours (dotted ellipses surrounding the holes) modelling

the regions of energy influence of each row of blast-holes in
Figure 3. The modelling was done using blast design
modelling software (based on the Holmberg-Persson model,
2000). The figure shows that the energy of the first two rows
of the block (from left to right) extended well into the
highwall. The red columns represent explosives charges while
the short columns above them represent lengths of stemming.
The target grade is shown by the blue horizontal line at zero
metres.
The second manifestation was due to an incorrect timing
and firing direction relative to the designed pattern layout.
This resulted in the reversal of burden and spacing, causing
overburdening of holes and tight breaking conditions at the
highwall as suggested by the timing contours in Figure 4.
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Planes of the weighted data biased towards low-spread pole
data-points (i.e. focusing on data-points that reflected
clusters of poles) were plotted. The resultant number of data
points considered was concentrated from 142 to 82 poles.
These were subsequently aggregated into clusters from which
the joint set planes were plotted. The planes representing the
aggregate orientation of the joint sets were plotted together
with the orientation of the WHW as shown in Figure 5
(plotted using Stereonet 9 software). The plane data is
colour-coded and presented in the adjacent key. The ranking
denotes the hierarchy of influence of the various joints,
with 5 representing the greatest influence.
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Application of rock mass classification and Blastability Index
It was established that three joint sets (J3, J4, and J5) out
of the five have an orientation that is within 60 degrees of
the orientation of the highwall. Worsey, Farmer, and
Matheson (1981) and the NHI (1991) agree that such joint
sets have the greatest potential to adversely affect the
achievability of the planned final wall blasts and the stability
of the resultant wall. Figure 6 (plotted using the
Visiblegeology online application) is a 3D representation of
the planes of J3 through J5 and the highwall.
Lewandowski, Luan Mai, and Danell (1996) concluded
that the negative impact of jointing orientation on the
achievement of the final wall design stemmed from the
attenuation of the perimeter blasting stress wave at the joint
plane. Their findings highlighted the fact that the perimeter
blast stress waves were most attenuated when the angle
between the joint plane and face under consideration was in
the range of 15 to 45 degrees; with maximum attenuation
observed at 45 degrees. With this in mind, a closer look at
Figure 5 reveals that J4 and J5 are five and seven degrees
respectively from this angle of maximum stress wave
attenuation. This makes them dominant contributors to the
wall control difficulties experienced at the mine and confirms
the presence of underlying root causes to the problem at
hand.
It is suspected that joint set J4 contributes the most to the
observed failure of bench crests. This is due to the fact that it
not only has the closest to parallel orientation relative to the
highwall, but it also has an angle and direction of dip
(dipping diagonally into the pit) that make it easier for
sections of wall crest to fail when excited by the various
mechanisms at play during primary and perimeter blasts. Set
J3 could also bring about a similar effect, although to lesser
extent as it is more steeply dipping.

 
One of the rock types, metagabbro, has a uniaxial
compressive strength (UCS) of 351 MPa (maximum), which
significantly surpasses that of the other rock types present.
Tonalite, the second hardest rock, has a maximum UCS of
251 MPa, and the dolerite and pegmatite have maximum UCS
values of 162 MPa and 235 MPa respectively. The wideranging difference in UCS values means that the rock
response to blanket blast design inputs, of both primary and
perimeter nature, will vary significantly. The challenge that
then arises is that calibrating the blast towards the hardest
rock increases the potential of damage to perimeter sections
where lower compressive strength rock types are
encountered.

The Poisson’s ratio of a rock indicates the relationship
between lateral and longitudinal strain of a sample under
stress. It enables, for example, the establishment of the
disposition of the rock in question to crack propagation
during pre-splitting. This was of particular interest to this
study as the rock samples were found to have significantly
low Poisson’s ratios (relative to the maximum value of 0.5),
ranging between 0.013 and 0.038. The significance of this is
that rocks with low Poisson’s ratios are more favourably
responsive to wall control blasting efforts such as presplitting.
The Young’s moduli – given by the relationship between
stress and strain – indicate that the rocks at the mine have a
comparatively high ability to withstand elastic deformation
due to applied stress (the higher the Young’s modulus, the
higher the stiffness). Values ranged between 65 GPa for
pegmatite (least stiff rock type) and 75 GPa for metagabbro
(most stiff rock type). This speaks directly to the inversely
proportional relationship between the Young’s modulus and
the heave energy required from the explosive used (Roy,
2005). Stiff rock tends to result in a higher equalization
energy from the early stages of the detonation process, which
is more complementary to the application of high brisance
explosives such as pure emulsion.

 
Each of the data-sets comprises of measurements taken from
runs of core extracted from holes drilled into the rock mass,
and at varying depths ranging from: 50 to 519 m for dolerite,
4 to 379 m for metagabbro, 60 to 279 m for pegmatite, and
131 to 260 m for tonalite. The number of joints encountered
within those lengths of core, as well as their orientation
relative to the core axis, were recorded. The mean number of
joints per metre (J/m, where J/m approximates Jv) was then
calculated, as well as the estimated in situ block sizes (Xi
in m3). The joint spacing was estimated as a function of the
in situ block sizes calculated.
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Application of rock mass classification and Blastability Index

The distribution of joint spacing in the collective sample is
shown in Figure 7. This graph is bimodal and skewed to the
right. The overall skewing direction suggests a predominance
of lower measurements of joint spacing; the bimodality
shown by the two local maxima suggests the existence of
non-homogeneity within the data-set. For the purpose of this
study, the data was not further segmented into two
subpopulations. From the sample, the joints most frequently
intercepted were in the 0–100 mm spacing range, followed by
the 200–300 mm spacing range. The descriptive analysis of
the sample joint spacing data draws attention to inputs of
split designs as a standard spacing of 1.2 m is applied across
the board. Rorke (2003) and Chiappetta (1991) suggested
that the occurrence of more than two or three joints within a
single span of blast-hole spacing has an adverse effect on
wall control. There is an opportunity for this to be the case,
given the modal spacings in the data described.

 
Rock Quality Designation values (RQD – the percentage of
intact core pieces longer than 100 mm in the total length of
core: Palstrom, 2005) were extrapolated from Figure 8 using
the joint spacing for each data-point. The respective average
RQD values were 84% for dolerite, 92% for metagabbro, 87%
for pegmatite, and 98% for tonalite. Based on the data
considered, the rock mass quality is classified as ‘Good’ in
accordance with Deere et al.(1967).
The UCS ratings (A1) used in the calculation of the Rock
Mass Rating (RMR – a geomechanics classification system
originally developed to assess tunnel stability and support
requirements; Bieniawski, 1973) were based on the

laboratory test data from core samples. Average UCS values
were utilized to derive the ratings in each case. This was due
to the fact that laboratory test readings are typically biased
due to the practice in which the best core samples are selected
and submitted for testing (Karzulovic and Read, 2009).
RQD ratings (A2) were derived using RQD percentage
values established by graphical extrapolation from Figure 8.
Various ratings for spacing of discontinuities (A3) were
selected based on the corresponding joint spacing data. A
standard rating (A4) for the condition of discontinuities (25)
was selected based on the overall impression across the rock
mass, and the fact that the main rock type in the mine’s rock
mass was established to be a metamorphosed gabbro with
tight-set discontinuities.
Through the site observations made during the study, it
was concluded that groundwater, particularly in the wall in
question, was not present. As such, a dry condition
classification was taken with a rating (A5) of 15 applied.
It was the opinion of the authors that a rating (B) of 25
was appropriate for the adjustment relating to the orientation
of discontinuities. This conclusion was based on the
observation that the loss of crests of berms planned for the
WHW appeared to be considerably influenced by the
orientation of discontinuities, particularly those that are nearparallel to the strike of the highwall (Figure 6).
The respective ratings were summed into the RMR values
using the following expression:

RMR=A1+A2+A3+A4+A5+B

[1]

The average RMR values calculated for the dolerite,
metagabbro, pegmatite, and tonalite rock types were 55, 60,
57, and 64 respectively.

  
The GSI (Hoek, 1994) uses the relationship between rock
mass structure and the surface conditions of discontinuities
to estimate the overall competence of a rock mass. Values
from the rock mass were considered in a range of values of
10 GSI units as read from the GSI chart for jointed rocks by
Hoek, Marinos, and Marinos (2005). The mean value of each
respective range is related to the RMR89 (Rock Mass Rating
version of 1989) through Equation [2], which relates GSI to
RMR:

.;326:<-8;79<5/4,;73<*494<*;596;29;87
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The Rock Mass Description (RMD – which gives an indication
of the in situ block size) was calculated at the respective
data-points using the equation (Nabiullah, Pingua, and
Misra, 2003):

"
"
"

RMD=10+10Xi

"
"
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[3]

where, Xi is the in situ block size in metres. Average ratings
of RMD for dolerite, metagabbro, pegmatite, and tonalite were
calculated at 14, 14, 13, and 16 respectively.
" !'$<11)
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GSI=RMR89 – 5

The expression holds when the GSI is greater than 18, the
RMR is greater than 23, and the water condition is
considered dry (rating of 15). The very nature of the GSI does
not afford one the ability to accurately pinpoint a single value
of GSI applicable to a rock mass. Instead, a range of values is
noted in collection of data from a rock face and related to the
mean RMR value or corresponding range of RMR values.

Application of rock mass classification and Blastability Index
Rating values for joint plane spacing (JPS) were derived
by applying a modification to Lilly’s JPS categories as
informed by the joint spacing data. Ratings were thus
weighted to reflect values representative of the joint spacing
of a data point within a rating category.
The rating for joint plane orientation (JPO) was arrived at
with consideration of the collective effect of the joints in
Figure 6. This rating was applied across the calculation of the
BI as discontinuity orientations were assumed to be
consistent across the rock mass.
The specific gravity influence (SGI) ratings of the
respective rock data-sets were calculated using the
expression (Lilly, 1986):

SGI=25 × Density – 50

[4]

The rock hardness factor (H) ratings were calculated
using the following empirical equation from the work of Lilly
(in Rorke, 2003):

H=

UCS+23.7
47.6

! ! 

[5]

The five rating components of the BI were summed to
arrive at a BI value for each data-point using the equation:

BI = 0.5 (RMD + JPS + JPO + SGI + H)

[6]

Average values of BI calculated for dolerite, metagabbro,
pegmatite, and tonalite were 37, 38, 33, and 38 respectively.
BI values in the range of 20 to 40 are considered to be
indicative of relatively easy blasting (Chatziangelou and
Christaras, 2013). This implies that taking all the factors
above into consideration, the desired rock-breaking outcomes
should be achievable to a significant degree if the designs
applied were optimally aligned with the rock mass
characteristics highlighted.

 
The SMR brought focus to the potential for failures of blocks
and wedges due to the interaction of joint planes relative to
the strike and dip of the WHW, as well as to the excitation
energy from blasting. The SMR is derived using the following
equation, applying the average RMR in each case:

SMR = RMR + (F1 × F2 × F3) + F4

(in the form of post-splitting) was neither consistent nor
correctly executed at the mine.
The inference drawn from the affore-stated SMR
classification was that there was potential for localized failure
where bench crests are isolated by the intersection of the joint
planes and the WHW. To confirm this, J-Block software was
used to model the block that would be formed along the crest
of a WHW bench due to joint interaction. The juxtaposed
images in Figure 9 support the overall hypothesis in that the
J-Block analysis block profile and orientation were consistent
with the profile of a crest that is persistently lost along the
WHW, even in areas where the post-split was observed to
have performed relatively well. The red line as well as letters
‘A’ and ‘B’ in the images on the left and right are consistent.
An empirical design input tool was developed by plotting
all the data analysed into a series of charts. The tool consists
of the graphical representation of the design inputs for the
four rock types forming the rock mass in this study
(Figures 10–13).
The zoning of the inputs according to the rock type and
rock characteristics allows for the concurrent consideration of
various elements that influence the degree of adherence to
rock-breaking plans and designs, as and when the different
rock types are encountered. The primary vertical axis
represents Lilly’s BI, while the secondary vertical axis
represents the joint plane spacing (JPS). The values on the
horizontal axis are RMR values.
Goodness-of-fit (R2) values obtained for the plotted data
ranged between 0.8 and 0.91. This suggests that the trend
lines plotted in the various graphs estimate the behaviour of
the data well. In practical terms, the design input tool (DIT)
graphs can be used to estimate design inputs concerned with
reasonable confidence (with due consideration of the data
sample size).
The General Design Input tool (GDIT) is a collation of the
data in Figures 10–13. In an ideal setting where rock type
boundaries are clearly defined using geological models and

[7]

where F1 is given by the difference between the joint and face
dip directions, F2 is the modulus of the slope dip, F3 is the
difference between the joint dip and the slope dip, and F4 is
the blasting factor (an adjustment that depends on the type of
excavation or blasting used. It ranges from +15 for a natural
slope to –8 for deficient blasting).
The SMR values were found to be within a range of 50 to
60; classified as Class 3 according to Table I. These figures
are conservative as the application of smooth wall blasting
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Table I
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I.
II.
III.
IV.
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81–100
61–80
41–60
21–40
0–20

Very good
Very good
Normal
Bad
Very bad

Completely stable
Stable
Partially stable
Unstable
Completely unstable

None
Some blocks
Joints or many wedges
Planar or big wedges
Big planar or soil-like

None
Occasional
Systematic
Important/corrective
Re-excavation
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the goodness of fit of the graphs estimating the trends of the
data is considerably lower than those observed in the
respective independent DITs (0.55 for the RMR:BI data and
0.75 for the RMR:JPS data). This is expected as it is
indicative of the non-uniform distribution of various
properties in a rock mass.
" !'$<11)
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transcribed into physical demarcation in the pit, the graphs
are the first choice in design input derivation. In cases where
such information is not readily available, an all-inclusive
GDIT will find its use as an aggregate representation of the
state of the rock mass. This input tool is shown in Figure 14.
As it combines distinct properties from different rock types,

Application of rock mass classification and Blastability Index
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The process of the application of the DIT is shown
schematically in Figure 15. The sequence of application is as
follows.
1. GSI data is collected on the mining face by a competent
technical person using a GSI chart such as that from Hoek,
Marinos, and Marinos (2005) or a suitable alternative
version. By observing the in situ rock mass structure and
the discontinuity surface conditions, the combination of
the two can be used to estimate a range of GSI values from
the diagonal contours of the chart. The subjectivity of the
data collected may influence the downstream application
of the tool as this is the key input into the tool.
2. The mean value of the GSI range estimated is then
established, and the associated RMR value is calculated
using Equation [2].
3. If the rock type in which the prospective mining activity
will take place is known from the geological model, the
relevant DIT for that rock type can be applied. When more
than one rock type traverses the ground that will be mined
(as well as the contacts of the rock types in question),
then the respective separate DITs can be utilized. Where
this information is not available for the particular section
of the rock mass, or it is not practicable to apply specific
input due to limited availability of information, the GDIT
can be used.
4. In the case of specialized wall control blasting such as presplitting, the estimated RMR can then be used to
determine the joint spacing for the rock type concerned on

the DIT. With a known joint spacing, an informed decision
can be made on the maximum hole spacing that does not
exceed three joints per unit spacing (Rorke, 2003;
Chiappetta, 1991). An appropriate splitting factor (an
indication of the explosives energy applied, given by the
ratio of charge in kilograms to the area in square metres
between two adjacent split holes) can then be calculated
based on the mechanical properties of the rock and the
relevant properties of the explosives. Through monitoring
of the results of designs applied, the HFC (half cast factor
– ratio of half barrel length to drill-hole length) achieved
can be measured and plotted back into the DIT as a
function of the RMR.
5. Where rock-breaking is concerned with primary, buffer, or
trim blast designs that are adjacent to the highwall, the
estimated RMR can be used to extrapolate the BI value
from the DIT. The BI value is in turn linked to the
appropriate design powder factor as described by Lilly
(1986). With a known powder factor, the geometric bench
blast designs can be calculated, making appropriate
adjustments for sensitivity due to proximity of the
highwall. Measured outcomes of the designs based on the
DIT can then be fed back into the DIT to continuously
improve precision.

!! !! !
!!!  !! ! 
To demonstrate the application of rock mass classification in
wall control as coordinated by the DIT, the following case
study is presented.
1. Rock type: known to be predominantly metagabbro for the
WHW section under consideration.
2. GSI description: very blocky, partially disturbed rock
mass, with fair and moderately weathered surfaces.
3. GSI range: 45–55; mean GSI: 50.

RMR = GSI + 5 = 50 + 5 = 55
4. DIT: At a RMR of 55, the joint spacing expected is
approximately 220 mm and the BI rating approximately
36.
Borehole pressure and hole spacing for a pre-split can be
calculated using the equations (Rorke, 2003):
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1.2555ρV 2 (√C De)2.4
1000

Dh

[8]
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Dh (Pb+T)
T x 1000

[9]

where  is the explosive density, V is the explosive
velocity of detonation, C is the percentage of explosive in a
hole as a fraction (length of explosive)/(length of hole), De
is the diameter of explosive, Dh is the diameter of the hole,
S is the hole spacing, and T is the tensile strength of the
rock. The hole diameter was pre-determined as 127 mm,
as this is the smallest blast-hole drill at the mine. If set to
800 mm, the hole spacing selected would ensure that not
more than three joints are spanned by any two adjacent
blast-holes. This would increase the effectiveness of the
pre-split in forming the split plane along the new
highwall. It is also worth noting that the design borehole
pressure in this case is greater than the respective rocks’
tensile strengths (estimated as a tenth of the UCS), but
remains lower than the UCS (ten times the tensile strength
shown by the red line in Figure 17). Crushing damage and
weakening of the new highwall would thus be avoided.
Emphasis is placed on the need for the pre-split to be
drilled, charged, and fired ahead of the trim and primary
blasts.
5. Using the relative weight strength of the bulk explosives
used, data from the empirical graph from Lilly (1986) was
adapted to plot the relationship between the BI and the
powder factor as shown in Figure 18. The powder factor
derived from the graph is approximately 0.95 kg/m3. This
powder factor was within the range in which blasts were
found to perform well in terms of the fragmentation
achieved and the muck diggability. This is therefore a
well-matched powder factor for the rock type. As more site
data linking the BI derived from the DIT with the powder
factor that produced satisfactory results is collected, the
graph can be updated to increase the representation of
site-specific inputs, thereby improving its precision.
With a known powder factor, other parameters of the
design can then be calculated using the equation:

Powder Factor=

Table II

8,<'455<0455;(;,49;87;7(86#:*</6:5/0;9<*:5;37
25;73<&<;7/295
&:5;37</464#:9:65
Hole diameter (mm)
Hole depth (m)
Splitting factor (kg/m2)
Hole spacing (mm)
Uncharged collar length (m)
Hole angle
Cartridges per hole
Borehole pressure (MPa)

127
10
1.5
800
2.5
90°
9
163

.;326:<1-6:5/0;9<*:5;37

kg per hole
Burden × Spacing × Bench height

The ideal spacing-to-burden ration is typically set at 1.15
for optimum distribution of energy (Kecojevic and
Komljenovic, 2007). The burden and spacing consistent with
a powder factor of unity were calculated as 3.2 m and 3.7 m
respectively. Figure 19 is a section through a trim blast
design developed using the DIT process. The modelled
damaged contours shown in this section extend
approximately 1 m into the subsequent highwall, suggesting
          

LBI
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that the impact of the blast on the wall, as well as the
resultant damage, would be controlled to a considerable
degree.
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The separation of data according to geological zones
highlighted the variation of the properties of the rock mass in
each zone. The variable blast response observed was
therefore justified.
The approach proposed to resolve the problem is viable
and practical. It outlines the dynamic incorporation of
information that is typically available, but which is not used
effectively (if at all) for reporting purposes after the fact. It
encourages the elimination of information silos between
stakeholders along the mine value chain and facilitates the
use of information in the formulation of scientifically driven
wall control and primary blast designs.
The implementation of the DIT requires no capital
expenditure as rock mass classification data is collected from
the exposed mining faces and supplemented with existing
exploration and laboratory test data. Designs developed with
inputs from the tool are conservative and biased towards
highwall preservation. The DIT is a simple yet powerful tool
that consolidates knowledge about the rock mass and relates
it to the stability-factored inputs that are otherwise
overlooked in favour of a blanket rock-breaking approach. By
reducing the human factor of generalized opinion in the
design process, the adoption of the DIT approach will afford
the operation the ability to proactively manage crest loss and
highwall damage along the WHW.
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Control of complex inclusions in highstrength ship plate steel by reducing
calcium treatment
by S. Zhao*, F-L. Zhang†, L. Ma*, T. Yan*, J-C. Lv*, and
S-P. He‡

To eliminate nozzle clogging during continuous casting of ship plate steel
and reduce the calcium addition required, the composition of CaO-MgOAl2O3 inclusions in the liquid phase region must be controlled.
Thermodynamic calculations using FactSage show that when the balanced
Al content is 0.03 mass %, aCa in the liquid steel is 1–10 ppm, and aMg is
0.01–0.3 ppm; and when the balanced Al content is 0.06 mass %, aCa in the
liquid steel is 1–30 ppm, and aMg is 0.05–0.9 ppm. The CaO-Al2O3-CaS
inclusions can be controlled in the liquid region below 1600°C at aCa values
of 5 ppm, 15 ppm, and 30 ppm, and the balanced Al content should be
controlled in the range of 0.001–0.050, 0.005–0.250, and 0.010–0.50 mass
%, respectively. Based on theoretical analysis, the refining slag
composition should be controlled to 45–53 mass % CaO, 30–37 mass %
Al2O3, 6–12 mass % SiO2, and 6–8 mass % MgO. Optimization of the slag
system and steel composition can reduce, or even eliminate, the
requirement for calcium treatment. The total oxygen content in the slab
can be controlled to 15–21 ppm, with typical micro-inclusions 10 m in
size, with compositions in the CaO-Al2O3-MgO and CaO-Al2O3-CaS
systems.
B@%:9 >
calcium treatment, refining slag, inclusions, ship plate steel, melting point.
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With the rapid growth in steel output in China
and the changes in the macroeconomic
environment, competition in the steel industry
has become more intense. The technology for
economical cleaning of high-grade steel is
important for improving product quality and
reducing production costs. However, the
functions of refining equipment have not been
fully taken into consideration, and the
combination of refining methods has not been
optimized completely. These problems have
become a bottleneck, restricting modern steel
enterprises from developing an economic clean
steel production process. Ship plate steel
produced by the converter long process has
been selected as the example in this study. The
composition of the steel is shown in Table I.
This steel is a high-strength low-alloy steel for
rolling media and heavy plates, mainly used
for ocean-going vessels and other steel
structures. The carbon content in the steel is
far from the peritectic point, and the crack
sensitivity of the slab surface is weak, so
impurities and gas content are strictly limited.
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Therefore, the process route BOF (basic
oxygen furnace) – LF (ladle furnace) – CC
(continuous casting) needs to be studied.
The Al2O3 deoxidation products in ship
plate steel are extremely hard, with angular
geometries, and resist deformation due to
having a melting point above processing
temperatures. As such, it is inevitable that
scabs and cracks are formed during the casting
process, and significant complications arise as
a result of adherence to the submerged entry
nozzle (SEN) inner wall during casting, which
can cause blocking of the SEN. Such inclusions
also could damage the steel surface during
cold rolling (Zhang, Aoki, and Thomas, 2006’
Joo, 2007; Xu, 2009). Thus, the process
cannot meet the hot charging requirements
and the compact layout demand for continuous
casting and rolling. At present, the most
commonly used method to reduce the impact
of these complications is to change the Al2O3
inclusions in the molten steel into calcium
aluminate by feeding Ca within the ladle
(Kaushik, Lehmann, and Nadi, 2012;
Pretorius, Oltmann, and Cash, 2009; Wang, Li,
and Wang, 2009; Zhao et al., 2013). In
addition, manipulation of the molten steel is
sometimes performed to change the
distribution of inclusions in order to avoid the
inclusions adhering to the SEN inner wall; a
side effect of which is to homogenize the
microstructure of the billet, resulting in
improved steel quality. However, the calcium
efficiency is very low and the content is
difficult to control accurately during the
feeding process. This increases the production
cost and the possibility of secondary oxidation
(Geldenhuis and Pistorius, 2000; Coletti et al.,

Control of complex inclusions in high-strength ship plate steel by reducing calcium treatment
Table I
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Control range
Target
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0.11–0.16
0.14

0.10–0.50
0.30

1.00–1.60
1.35

≤0.025
≤0.020

≤0.020
≤0.012

0.020–0.070
0.030

2003; Fuhr, Cicutti, and Walter, 2003; Holappa, Liukkonen,
and Lind, 2003). For operations producing thousands of tons
of steel per annum, the reduction or elimination of calcium
treatment can greatly reduce the operating costs.
In response to the above problems, this investigation was
carried out to optimize the Ca feeding process in the
manufacturing of ship plate steel, as well as the equilibrium
reaction of different refining slag systems, to obtain a
reasonable calcium content in the molten steel and refining
slag composition. We have developed the most advantageous
method of controlling the inclusion morphology, reducing the
total oxygen and impurity content in the steel, and laying the
foundation for the economic processing of ship plate steel via
the steps converter tapping, ladle furnace, reduced or no
calcium treatment, and slab casting.
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Typical inclusion compositions can be controlled in the low
melting-point area by manipulating the Ca, Al, Mg, and O
contents of the molten steel. Because the high-strength ship
plate steel belongs to the class of high-Al and low-Ti steels
[Al] = 0.015-0.070 mass %, [Ti] = 0.010-0.020 mass %, the
deoxidation products are mainly Al2O3 inclusions in the
stable region. Only if the Ti content is higher than 0.1% will a
Al2O3·TiO2 phase be formed. As a result, this paper mainly
focuses on the modification and removal of the Al2O3
inclusions in steel.

"""!  "!!   !""! 
""!
MgO·Al2O3 spinel inclusions are often found in steel that has
been treated by aluminum deoxidation. The thermodynamic
conditions for MgO·Al2O3 spinel inclusions and their
formation were calculated using FactSage software.
The MgO-Al2O3 phase diagram calculated using the
FactSage software is shown in Figure 1. The MgO content is
less than 30 mass % in the MgO·Al2O3 spinel zone.
MgO·Al2O3 is very hard and has a melting point of 2135°C. It
undergoes no deformation in the hot rolling process, which
reduces the anti-fatigue properties of the steel and, greatly
decreases the steel quality.
When Mg is present in the molten steel, there are two
possible reactions by which MgO·Al2O3 inclusions can form.
The Mg and dissolved O can react, forming MgO directly in
the steel, then MgO and Al2O3 combine to form spinel
inclusions; alternatively, the dissolved Mg may react directly
with the Al2O3 inclusions present in the steel (Seo et al.,
2003; Yang, Yamasaki, and Kuwabara, 2007; Yang et al.,
2011). To calculate the phase boundary between MgO and
MgO·Al2O3, Equation [1] is used (Todoroki and Mizuno,
2004).
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[1]
Similarly, to calculate the phase boundary between
MgO·Al2O3 and Al2O3, Equation [2] is used (Todoroki and
Mizuno, 2004).

[2]

In the calculation, MgO and magnesia spinel grains were
considered to exist in the pure solid standard state at 1600°C,
and the activities were taken as aMgO = 1 and aMgO·Al2O3 = 1
separately. Then, the Mg-Al balance relationship can be
found when f[Al] = 1.03 is brought into Equations [1] and [2]
(the activity coefficient of Mg is greatly influenced by the O
content, and many interaction coefficients are unknown
between the Mg in molten steel and other dissolved elements,
so the Mg activity coefficient calculation is not entirely
accurate; due to the lack of thermodynamic data, and this is
only a brief discussion). Using FactSage, the Mg-Al-O system
stability diagram is drawn (Figure 2).
According to Figure 2, the stability regions for MgO,
Al2O3, and MgO·Al2O3 can be found corresponding to
different Al and Mg contents in the liquid steel, and the O
content is in calculated equilibrium with the Al and Mg
contents (see curves in Figure 2). At 1600°C, as long as the
Mg and Al contents are very low, there is a high possibility of
generating MgO·Al2O3. When [Al] = 0.02-0.06 mass % and
[Mg] = 0.5-10 ppm, MgO·Al2O3 can be generated, thereby
avoiding the formation of Al2O3. When [Mg] > 10 ppm, it can
form MgO. It can be concluded that if there is only a small
amount of Mg in the liquid steel, the formation of Al2O3 and
the spinel precipitate or MgO will be avoided. Therefore, by

!?439@A5/41)&81 (#;>@A ?;49;0
          

Control of complex inclusions in high-strength ship plate steel by reducing calcium treatment
In addition to Equations [1] and [2], there are also the
following equilibrium reactions between the liquid steel and
inclusions in the CaO-Al2O3-MgO system (Chen, 1984).
[3]

[4]

[5]

The following can be obtained from Equations [3], [4],
and [5]:

changing the slagging or deoxidation mode, and controlling
the contents of dissolved Mg, Al, and Ca in the steel,
MgO·Al2O3 will possibly be converted to another low-melting
product.

"""!  "!!    !""
!""!
Spinel inclusions are high melting-point inclusions with a
dispersed distribution in the steel. They will cause nozzle
clogging and affect the steel quality. The effects of Al2O3
inclusions, however, are less serious. There have been very
few studies on precipitation thermodynamics in the Fe-MgCa-Al-O-S system. Therefore, the phase diagrams of the CaOAl2O3-MgO and CaO-Al2O3-CaS systems were calculated. By
controlling the Al, Ca, Mg, O, and S contents in molten steel,
the inclusions can be restricted to the low melting-point area.
Then, the conditions that generate CaO-Al2O3-MgO
inclusions in the low-alloy steel were calculated when the
Al content was taken as between 0.03 mass % and 0.06
mass %.
In order to calculate the equilibrium relationship between
liquid steel and inclusions, first, the activity of each
substance in the CaO-Al2O3-MgO system was calculated at
1600°C, using FactSage. To control the CaO-Al2O3-MgO
system inclusions in the 1600°C liquid zone, the activities of
Al2O3, CaO, and MgO need to be controlled separately in the
ranges of 0.01–0.25, 0.1–0.9, and 0.01–0.9 respectively.

[6]

[7]
For high-strength ship plate steel, the inclusions should
be controlled in the 1600°C liquid region when Al = 0.03
mass % and 0.06 mass % in molten steel. The demand of the
Ca and Mg contents is shown in Figure 3. A number of Ca
and Mg iso-activity curves were drawn in FactSage, as shown
in Figure 3a and 3b, respectively.
It can be seen from Figure 3 that to control the inclusion
component range in the 1600°C liquid region, when Al =
0.03%, a[Ca] should be controlled to 1–10 ppm , and a[Mg] to
0.01–0.3 ppm. The lower equilibrium Ca requirement in steel
can effectively reduce the amount of Si-Ca cored wire fed
during secondary refining.
It can be surmised from Figure 4 that when Al = 0.06
mass %, to control the inclusions in the 1600°C low meltingpoint region, aCa should be controlled to 1–30 ppm, and aMg
should be controlled to 0.05–0.9 ppm. Through comparative
analysis, it is also known that in order to ensure inclusions
in the low melting-point region, aMg and aCa must gradually
increase when the Al content in liquid steel increases from
0.03 mass % to 0.06 mass %, and the corresponding range of
activity is also expanded.
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Additionally, according to the Al-Mg-O equilibrium
thermodynamic calculation, at 1600°C, the Al content
increases from 0.02 mass % to 0.06 mass % when the Mg
content is in the range of 0.5 10 ppm, and MgO·Al2O3 spinel
inclusions will be able to form; and the aMg needed to control
the CaO-MgO-Al2O3 system inclusions in the liquid region is
much lower, only 0.01–0.9 ppm. That is, only the lower Mg
content is required in the presence of the liquid steel for
generating the CaO-MgO-Al2O3 system composite inclusions,
but a certain amount of calcium is required. It can be
assumed that as the Mg content of the liquid steel increases,
MgO·Al2O3 spinel inclusions are generated first, and then
CaO-MgO-Al2O3 inclusions.

"""!  "!!    !""
!""!
The iso-activity diagrams of Al2O3, CaO and MgO in the CaOAl2O3-CaS ternary inclusions at 1600°C were calculated by
FactSage. It can be seen from Figure 5 that in order to control
the CaO-Al2O3-CaS inclusions in the liquid region at 1600°C,
the activities of Al2O3, CaO, and CaS should be controlled to
0.01 in 0.25, 0.1 in 0.9, and 0.1 in 0.9. In addition to
Equation [7], there is also the following reaction (Equation
[8]) between the molten steel and inclusions in the CaOAl2O3-CaS system.

[8]

At 1600°C, several iso-Al curves should be drawn by
FactSage when aCa = 5 ppm, 15 ppm, and 30 ppm in steel,
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corresponding to the inclusions located in the low meltingpoint region, as shown in Figure 5.
It can be seen from Figures 5a c that to control the
compositional range of the inclusions in the low meltingpoint area, when aCa is 5 ppm, 15 ppm, and 30 ppm the Al
content should be controlled in the range of 0.0010 to 0.050,
0.0050 to 0.250, and 0.010 to 0.50 mass %, respectively.
Clearly, the aCa activity in the target steel can be controlled at
5 15 ppm. As aCa is increased, the Al content in liquid steel
should be increased gradually for controlling the liquid
inclusions.

  " "!!"" !""
The theoretical liquidus temperature of the target steel is
about 1515°C. The temperature at the nozzle is generally
20°C higher than the liquidus temperature. In the casting
process, in order to avoid a large number of precipitated
inclusions adhering to the inner wall of the nozzle as the
temperature decreases, it is necessary to consider the types
and amounts of inclusions precipitated and their influence on
the castability when the temperature of the molten steel is
reduced from 1600°C to the liquid line.
Because refining slag floats and is separated from molten
steel at the end of soft-blowing, remaining on the top of the
ladle to form top slag, the mass transfer and equilibrium
reaction between the molten steel and the top slag can be
ignored from a thermodynamic point of view, leaving the
main balance between the inclusions in the steel and the
steel components to be considered. With decreasing
temperature of the molten steel, the dissolved O, S, and alloy
elements will reach supersaturation again, thereby
generating the inclusions.
          

Control of complex inclusions in high-strength ship plate steel by reducing calcium treatment
Under the internally controlled components of molten
steel after refining and interaction coefficients of the metal
elements in the molten steel at 1600°C, the activities of
various elements were calculated by FactSage. The Ca and O
activities in molten steel cannot be measured accurately in
situ. They should be calculated according to the balance
relationship in Equations [9] and [10]. The results are shown
in Table II.
[9]

[10]
The G of each reaction at 1600°C was first calculated
from the relevant thermodynamic data (Table III). According
to the Gibbs free energy minimum principle, the first
inclusions generated are CaS. After reaching the reaction
balance between Ca and S, the Ca content in the molten steel
is very low, and therefore no calcium precipitates will be
formed during casting and cooling. Because large quantities

of MnS are formed during the final solidification process,
they will not be considered here. Therefore, the elements in
the steel are mainly C, Si, Mn, Al, and O.
As the temperature continues to decrease, the equilibrium
of the various reactions is broken and the inclusions continue
to generate. The possible types of oxide inclusions generated
in the molten steel and the associated reaction Gibbs free
energies (G) are shown in Table IV. Calculated from the
related data, Al2O3 inclusions begin to be generated when the
molten steel temperature decreases from 1600°C to 1527°C.
When the temperature falls to the liquidus temperature
(1515°C), Al2O3 precipitates. Because the Al2O3 Gibbs free
energy is the minimum negative value, only the reaction
2/3Al + O  1/3Al2O3 is considered.
According to the activity value of each element at 1535°C
and 1515°C in Table V, the G of Al2O3 formation has always
been smaller than the G values for other inclusions, which
indicates that when the 2/3Al + O  1/3Al2O3 reaction
reaches equilibrium, the reactions forming the other
inclusions are already balanced, and Al2O3 inclusions are the
primary precipitate in the molten steel during the cooling
process. Without taking into consideration the secondary
oxygenation of the molten steel, no Al2O3 inclusions

Table II
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1.165
0.349

0.976
1.317

0.998
0.018

1.038
0.0311

1.058
0.016

2.9×10-7

1.27×10-4

Table III
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Ca+SCaS

–1866.94

2Ti+7O+ 3Ca3CaO·2TiO2

–749.60

Table IV
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Al2O3
MnO
SiO2
MnO·Al2O3
2MnO·SiO2
MnO·SiO2
3Al2O3·2SiO2
3MnO·Al2O3·3SiO2

2Al+3O  Al2O3
Mn+O  MnO
Si+2O  SiO2

Mn+2Al+4O  MnO·Al2O3

2Mn+Si+4O  2MnO·SiO2
Mn+3O+Si  MnO·SiO2

6Al+2Si+13O  3Al2O3·2SiO2
3Mn+2Al+3Si+12O 
3MnO·Al2O3·3SiO2
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552

16112.9

1613.4

–171.2

–2848.0

83550.5

70438.2

68824.4

66403.7

64627.7

52311.3

50795.4

48521.6

24365.5

10094.2

8337.7

5703.0

72268.9

59152.7

57538.4

55117.0

63325.1

50683.6

49127.7

46793.9

27870.6

14129.9

12438.7

9901.9

48235.9

35175.2

33567.7

31156.5
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Table V

&7=?"?=?@>A:6A@8@0@<=>A?<A>=@@8A
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1535°C
1515°C

'?$

'/<$

0.349
0.349

1.317
1.317

'&8$

0.031
0.031

'1$

0.00005
0.000037

precipitate during cooling from 1600°C to the nozzle
temperature (1535°C). The amounts of Al2O3 precipitated are
19.1 mg per 10 kg of molten steel, when the temperature is
reduced from 1600°C to the liquidus temperature (1515°C).
The above analysis indicates that thermodynamic
equilibrium is achieved at a constant temperature. However,
in the actual cooling-solidification process, the temperature of
the molten steel decreases rapidly, and the reaction cannot
achieve a full balance. Therefore, it is possible to find only
the approximate precipitate types and sequence of inclusions
for reducing calcium treatment.

2:0(:>?=?:<A:6A9@6?<?<4A>8;4
To improve the castability of molten steel, an effective
method is to change the deoxidation products into lowmelting-point inclusions during the tapping process. It is also
necessary to control the reaction between the refining slag
and molten steel, particularly to inhibit the formation of the
high-melting phase in low-alloy steel. Therefore, in order to
maintain a low level of high melting-point inclusions and to
obtain better fluidity of the molten steel, the final composition
of the refining slag needs to be controlled, and excessive
slag-steel reaction must be avoided. The appropriate refining
slag should be determined using the following principles. It
should have an appropriate melting point and viscosity, to
better maintain fluidity. The slag is weakly oxidizable, so it
does not react easily with the Al in steel. Thus, the formation
of Al2O3 inclusions is prevented. The slag should have good
desulphurization ability. Inclusions in the steel can be
assimilated in the low melting-point area and can then be
easily absorbed by the slag. It should help prevent lining
erosion, and use little fluorite in order to protect the
environment.
Because the aluminium activity of the ship plate steel is
higher, according to Equation [11] it is relatively easy for the
reduction reaction with SiO2 in the slag to occur during the
refining process (Huang, 2007; Maeda et al.,1989), thus
Al2O3 system inclusions with a high melting point would be
generated.

As can be seen, the refining slag compositions are
controlled in the highlighted region when the Al2O3 content is
more than 30 mass % and the SiO2 content is less than 12
mass %, which demonstrates the benefits of the inhibiting
reaction [11] from a thermodynamic point of view. However,
in the actual smelting process, the SiO2 content of the tapped
slag is high and the raw slag materials may carry some SiO2
into the ladle. It was therefore decided that the CaO-Al2O3SiO2 system refining slag would be used.
The sulphur content in steel should be stringently
controlled to less than 0.012 mass %, and the refining slag
must also have a strong desulphurization capability. The
desulphurization reaction in which Al in steel and CaO act
simultaneously (Ghosh, 1989), can be expressed as Equation
[12]. To control the sulphur content to less than 0.012
3
mass %, the activities must be controlled to is a(Al2O3) / a(CaO)
< 2.1, so improving the CaO activity in the slag can promote
the desulphurization reaction. Under controlled conditions,
according to the iso-activity phase diagram for a(Al2O3) and
a(CaO) , the slag components that promote reaction [12] were
identified and are plotted on the phase diagram, as can be
seen from Figure 7. The refining slag compositions should be
controlled within the range for promoting the reaction: 45–60
mass % CaO, 20–50 mass % Al2O3, and <25 mass % SiO2.
[12]

!?439@A;<4@A:6A9@6?<?<4A>8;4A6:9A?<#?+?=?<4A9@;7=?:<A'55$A-9@ A7?978@>.

[11]
According to the Gibbs free energy isothermal equation,
G = G + RTlnJ, where G is the Gibbs free energy in the
standard state, and J is the activity ratio of the substances
under the actual reaction conditions. To suppress the highmelting-point Al2O3 products when [Al] = 0.030%, the
0.5

0.75 therefore improving
necessary condition is a(Al2O3) /, a(SiO
2)

the Al2O3 activity or reducing the SiO2 activity in the slag can
inhibit the steel-slag reaction. According to the isoactivity
phase diagram for a(Al2O3) and a(SiO2), the slag compositions
that inhibit reaction [11] were identified and are plotted on
the phase diagram, as shown in Figure 6.
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In order to ensure that the inclusions are strongly
assimilated and absorbed, the refining slag must also have a
lower melting point and viscosity. Furthermore, the liquid
region can be expanded by adding about 8 mass % MgO to
the refining slag (Dong et al., 2014), which plays a role in
protecting the lining of the ladle. In order to control the
melting point of the refining slag in the liquid phase region
below 1500°C, the CaO/Al2O3 mass ratio should not be more
than 1.8. With a view of inhibiting the steel-slag reaction, in
conjunction with its desulphurization ability, the refining slag
composition is ultimately controlled in the liquid region to
45–53 mass % CaO, 30–37 mass % Al2O3 6–12 mass % SiO2,
and 6–8 mass % MgO. This conclusion is related to the
formulation of Yoon et al. (2002). When the CaO content of
refining slag was a fixed value, increasing the Al2O3 content
in the slag was conducive to deoxidization.

< 3>=9?;8A;((8?7;=?:<
!!!
The changes in the T[O] content in steel at different stations
are shown in Figure 8. By optimizing the slag composition
and reducing the calcium treatment, the steel cleanliness
improved significantly after slag washing. Compared to the
previous optimization, the average T[O] content in CAS
(composition adjustment by sealed argon bubbling) was 80
ppm, a decrease of 32%, T[O] removal rate was 58.5% during
LF refining, and the average T[O] content was below 18 ppm
in the slab. Although LF treatment time was shorter than in
the original process, the quick slagging could extend the slagsteel contact time. This can not only complete the interface
reaction, but also reduces the risk of entrapment; and
secondary oxidation was successfully prevented in the
tundish, so that the oxygen content can be maintained at a
lower level.

!!""!"!
The morphology and type of major inclusions are listed in
Figure 9. Under the original conditions, although a large
amount of calcium wire was fed into the molten steel, the
yield was particularly low, the micro-inclusions contained a
lot of high-melting Al2O3, CaO·Al2O3, or CaO·2Al2O3, the
actual amount of calcium wire significantly reduced after
optimizing the refining process, spherical inclusions were
located near 12CaO·Al2O3 in the slab, the outer calcium
aluminates were enclosed with MnS or CaS, because of the
interaction with the furnace lining, top slag, and molten steel,
and this led to a certain amount of MgO in the inclusions.
Before LF treatment, many Al2O3 inclusions were
observed in the steel, and there was also a small amount of
MnO-SiO2-Al2O3. After LF treatment, the typical inclusions
changed into spherical CaO-Al2O3-MgO-(MnS) or CaO-Al2O3(CaS) ( 10 m) in the tundish and slab, most of the CaOAl2O3-MgO inclusions were located in the area of 3CaO·Al2O3
and CaO·Al2O3 in the ternary phase diagram, in which the
melting points were lower than 1600°C (see Figure 10), and
there was only a small amount of CaO-MgO or MgO-Al2O3
inclusions.
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1. When the contents of Ca and Mg in the liquid steel are
very low, the inclusions can be controlled in the 1600°C
liquid region of the CaO-Al2O3-MgO system. For highstrength ship plate steel, to control the compositions of the
CaO-MgO-Al2O3 inclusions in the liquid phase region of
MgO <10 mass %, Al2O3 45–60 mass %, CaO 40–55
mass %, when the balanced Al content is 0.03 mass %,
the a[Ca] in the liquid steel is 1–10 ppm and a[Mg] is 0.010.3 ppm; when the balanced Al content is 0.06 mass %,
the a[Ca] in the liquid steel is 1–30 ppm and a[Mg] is
0.05–0.9 ppm.
2. The CaO-Al2O3-CaS inclusions can be controlled in the
liquid region below 1600°C, when a[Ca] in the liquid steel
is 5 ppm,15 ppm, and 30 ppm separately, and the
balanced Al content should be controlled in the range of
0.001–0.050 mass %, 0.005–0.250 mass %, and 0.01–
0.50 mass %. Obviously, with increasing a[Ca], the Al
content in liquid steel is gradually increased.
3. With a view to controlling the melting point of the refining
slag in the liquid phase region below 1500°C and
inhibiting the steel-slag reaction, in conjunction with its
deoxidization and desulphurization ability, the
composition range of the refining slag is ultimately
controlled in the liquid region, with 45–53 mass % CaO,
30–37 mass % Al2O3, 6–12 mass % SiO2, and 6–8 mass %
MgO.
4. The reducing Ca treatment improved the cleanliness of the
ship plate steel. Micro-inclusions, with sizes below 10 m,
are mainly in the CaO-Al2O3-MgO or the CaO-Al2O3
system, with only a small amount of MgO-Al2O3, and the
T[O] content was controlled to 18 ppm or less in the slab.
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Liquid processing of silicon steels using
the converter-ladle furnace-circulation
degasser route
by E. Keskinkilic*

Electrical steels are used in motors, power generators, and transformers
for electrical applications owing to their superior magnetic properties.
These properties are attributed to the presence of a significant amount of
silicon in the steel composition. Silicon steels are mainly grouped into two
categories: grain-oriented (GO) and non-grain-oriented (NGO). The Si
content of silicon steels is generally between about 0.50% and 6.5%.
Therefore, silicon steels are further classified as low-, medium-, and highSi steels. In this paper, liquid steel processing practices for certain silicon
steel grades are outlined by considering a steelmaking company that
integrates a basic oxygen furnace (BOF), a ladle furnace (LF), and an RHtype degassing unit (RH). Possible problems are identified, suggestions are
discussed, and conclusions are drawn on the basis of real plant data.
>:?63'4
silicon steels, liquid steel processing, integrated iron and steelmaking.
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Silicon steels are widely used in motors, power
generators, and transformers for electrical
applications owing to their superior magnetic
properties. They are mainly grouped into
grain-oriented (GO) and non-grain-oriented
(NGO) silicon steel grades. However, the
differences in the properties and
thermomechanical production of GO and NGO
grades are outside the scope of this paper. In
this study, liquid steel processing of certain
silicon steels will be discussed. In the
integrated iron and steelmaking process,
converters are the primary steelmaking units
that are used mainly for decarburization and
removal of phosphorus, and for obtaining
liquid steel with a specific chemical
composition and suitable temperature for
secondary steelmaking operations. Ladle
furnaces are a type of ladle metallurgy station
consisting of electrical and/or chemical heating
facilities for adjusting the liquid steel
temperature during alloying. Various types of
vacuum units are used for decarburization and
removal of nitrogen, hydrogen, and sulphur,
depending on the metallurgical conditions of
the vacuum units. In this study, an actual
steel-production company is considered in
which the primary steelmaking operation uses
a basic oxygen furnace (BOF) converter with
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In the steelmaking shop of a steel-production
company, basic oxygen furnaces (BOFs) are
used. The converter has a capacity of
producing 120 t steel and is equipped with a
N2/Ar bottom bubbling system containing six
elements. During the O2 blowing process,
which takes on average 18 minutes,
temperature measurements and samples for
chemical analysis are taken in nearly all
primary steelmaking operations. The
converters are equipped with modern slag-free
tapping systems to minimize the amount of
slag carryover.
A number of LFs are available for ladle
metallurgy. A typical LF has the same capacity
as the converter and is heated with three
electrodes, each 45 cm in diameter. Ar and N2
can be introduced to the system both from the
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N2/Ar bottom blowing, and the secondary
steelmaking operations involve (1) a ladle
furnace (LF) heated by three graphite
electrodes and equipped with Ar and N2
top/bottom mixing facilities, and (2) an RHtype (circulation) vacuum degassing unit
equipped with a top-blowing attachment for
oxygen blowing and an Ar-purging system
from an up-leg snorkel.
In the following sections, the liquid
processing of certain silicon steel grades using
this BOF–LF–RH route will be outlined.
Possible problems and suggestions will be
discussed and conclusions drawn from the real
plant data. The findings of this study in
relation to liquid steel processing of the
selected silicon steel grades are expected to be
helpful for engineers working in the
steelmaking field as well as the quality and
R&D departments of steelmaking companies.

Liquid processing of silicon steels using the converter-ladle furnace-circulation degasser route
top lance and from the porous plug at the bottom of the ladle.
The other important components are the alloy bins and the Al
and CaSi wire feeding machines. The ladle coming from the
converter is first subjected to Ar gas flow from the porous
plug for 3 minutes, following which the temperature is
measured and a sample is taken for analysis. Depending on
the chemical composition requirements of the steel grade to
be produced, the necessary alloying materials are introduced
into the steel bath. Simultaneously, considering the
temperature requirement of the continuous casting machine,
the ladle is heated or cooled. Then, the temperature of the
steel bath is measured again and a further sample is taken
for analysis. Based on the results, the heating or cooling and
alloying steps may be repeated. After the Ar gas blowing step
followed by sampling, the ladle is ready to be sent to a caster.
An RH-type (circulation) vacuum degasser is used
primarily for the production of ultra-low carbon steels. The
inner diameter and height of the vessel are 1.7 m and 7.8 m,
respectively. A snorkel with an inner diameter of 0.5 m is
welded to the vessel. The suction capacities (kg dry air per
hour) are 2400 at 67 mbar, 1000 at 6.7 mbar, and 600 at
0.67 mbar. Steel to be treated at the vacuum station is tapped
from the converter in a rimmed condition and reheated in the
LF for around 10 minutes before vacuum treatment. The
average process duration in the vacuum degassing unit is
20–25 minutes, depending on the target carbon content. The
typical vacuum achieved in the circulation degasser is around
10 mbar. Argon is injected into the up-leg of the snorkel to
achieve a circulation rate of approximately 60 t of steel per
minute.The vacuum degassing process is performed for
approximately 15 minutes. The vacuum degassing vessel is
also equipped with a top-blown lance for oxygen saturation
and reheating.
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There are many grades of silicon steels, based on the silicon
content. In general, silicon steels have a Si content ranging
from 0.50% up to 6% or more. Therefore, they are classified
as low-, medium-, and high-Si steels (e.g., AK Steel
Corporation, 2007). The chemical compositions of some
typical silicon steels produced in the steelmaking industry are

given in Table I. The steels listed in Table I are low-Si steel
grades in the non-grain-oriented group. As mentioned
previously, discussion of the material properties of the
different grades of silicon steels is outside the scope of this
paper. However, since the magnetic properties of the steel are
mostly controlled by the chemical composition, it is beneficial
to consider briefly the effects of alloy additions on the
magnetic properties. As can be seen from Table I, four
elements, namely Si, Al, P, and Mn, are added into the steel
bath during liquid steel processing of the silicon steels. Si, the
most important addition, decreases the core loss and
magnetic permeability. Although not as prominent as Si, Al
behaves in a similar manner. Importantly, Al affects the core
loss by grain coarsening as well as by inducing changes in
the texture or quantity and distribution of impurities. P and
Mn reduce the core loss by decreasing the eddy current
component of the loss. Detailed information about the
magnetic properties of NGO steels can be found in Ghosh et
al. (2014).
Liquid steel processing routes for Grade-X, Grade-Y, and
Grade-Z are shown in Figure 1. One of the most important
factors in the selection of the processing route is the carbon
content. As can be seen from Table I, the maximum allowable
carbon composition of Grade-X is 0.040%, which is
considerably greater than for Grade-Y and Grade-Z.
Considering BOF metallurgy, it is impossible to decrease the
carbon content to extremely low levels without excessive
oxidation of the steel bath. At carbon levels below 0.4%, the
rate of decarburization decreases with decreasing carbon
content and the consumption of oxygen by oxidation of
phosphorus, manganese, and iron and dissolution in the steel
bath increases. Even with bottom gas injection (i.e.,
combined blowing), which provides carbon oxygen product
(i.e. [% C] * [ppm O]) less than 20, a heat cannot be blown to
a carbon content of 0.025–0.03% without over-oxidation
(Turkdogan, 1996). Therefore, a steel grade with a maximum
allowable carbon content of 0.030% requires further
decarburization after the BOF process. For this purpose, a
circulation degasser (RH) is used in the ladle metallurgy
stage for Grade-Y and Grade-Z steels. As can be seen from
Figure 1, the LF step is required for the treatment of Grade-Y
and Grade-Z steels as well.
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Table I
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0.040
0.030
0.030

1.00–1.40
1.10–1.50
1.30–1.70

0.15–0.35
0.15–0.35
0.15–0.40

0.06–0.10
0.06–0.10
0.07–0.10

0.015
0.015
0.015

0.15–0.45
0.15–0.45
0.25–0.50

60
60
60
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takes considerable time. In most cases, a large amount of
alloying material cannot be added to the furnace in a single
step. In the steelmaking company considered in this study,
approximately 2200 kg of ferrosilicon is added to the steel
bath in four steps, each addition taking approximately 5
minutes, resulting in 20 minutes’ additional treatment time.
This delay may sometimes create a problem in the continuity
of the slab caster. Ladle furnaces are not generally designed
for bulk material addition; therefore to add alloys in a shorter
time, either a tapping addition practice or custom-designed
alloy bins should be adopted, allowing a large amount of
material to be added in a single step. The latter method is
possibly uneconomical since the LF is used for the treatment
of various grades of steel, most of which do not require bulk
material addition. After ferrosilicon addition, steel samples
are taken for chemical analysis and the temperature is
measured.
To facilitate deoxidation and to achieve the required
aluminum content of Grade-X, 3 kg of aluminum is added to
the ladle per ton of steel. The aluminum alloy used for this
purpose generally contains more than 95% Al, with the
balance being impurities such as Cu, Zn, Mg, and Si.
Different forms of aluminum such as briquettes, bars, or
granules may be used. In the steelmaking company under
consideration, the briquette form is mostly preferred for the
treatment of silicon steels to ensure a high yield of
aluminum, which is approximately 67% according to trials
(Keskinkilic, 2007, unpublished data). Aluminum addition is
followed by burnt lime addition to increase the heating rate of
the LF. Around 2.5 kg of burnt lime per ton of steel is used
for this purpose.
If the steel from the converter contains less than 0.15%
manganese, the appropriate amount of ferromanganese is
added to the steel bath. High-carbon ferromanganese should
not be used since it increases the C content of the steel.
Therefore, low-carbon grades, which generally contain less
than 1.50% C, should be chosen. The most important factor
causing carbon pickup in the LF treatment is the extended
process time. Extension of the treatment duration implies that
the time for heating the ladle increases, causing a longer
interaction of the electrodes with the steel bath in the ladle.
As time passes, the amount of carbon diffusing from the
electrodes to the slag, and finally to the steel, increases
significantly. Therefore, efforts must be made to complete the
LF treatment in an optimum time to prevent C pick-up.
Extended process time also results in N pick-up, which is
another important problem facing steelmaking shops.
In the LF process for Grade-X steel, the final addition is
to adjust the phosphorus content of the steel. Approximately
2.75 kg of ferrophosphorus per ton of steel is added to the
ladle to obtain a target P composition of 0.08%. Ferrophosphorus is an iron–phosphorus alloy containing 23–26%
P, with the impurities being mostly Si, Cr, V, C, and S. The
yield of ferrophosphorus is approximately 98%. Around 3
minutes of bottom stirring with Ar is followed by sampling
for chemical analysis and temperature measurement. To
increase the melting rate of ferrosilicon in the liquid steel,
stirring with Ar through the top lance is a common practice. If
the chemical composition and the temperature are suitable,
the ladle is sent to continuous casting. Otherwise, further
alloy additions and/or heating or cooling steps are conducted.
&#!;.."
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Although this step is not essential for all heats treated in the
vacuum degasser, it is included because heating of the ladle
during the vacuum treatment, which continues for 20–25
minutes, is not possible. Therefore, the ladle most often
requires preheating in the LF to compensate for the heat loss
during vacuum degassing.
In the treatment of Grade-Y and Grade-Z steels, deep
decarburization is not required because these steels are not
regarded as ultra-low carbon (<50 ppm). Therefore, the
vacuum treatment should be performed in such a way that
the C content is below 0.030%, considering the possibility of
carbon pickup during alloying in the vacuum station, ladle
transportation, and the holding period in the turret and
casting process (i.e., C pickup encountered primarily in the
tundish and continuous casting mould). This type of vacuum
degassing process is called a ‘light treatment’ and is applied
for steels of various grades (Yano et al., 1994).
As mentioned before, the maximum allowable carbon
content of Grade-X is 0.040%, which is significantly higher
than Grade-Y and Grade-Z. After oxygen blowing in the BOF,
the carbon content of Grade-X (average value approx.
0.025%) does not require the vacuum treatment (Figure 2).
Therefore, secondary steelmaking of Grade-X should be
confined to the LF. The LF treatment starts with temperature
measurement and sampling for chemical analysis after
stirring for 3–4 minutes. The liquid steel is transferred from
the BOF in the rimmed condition. The first and the most
important alloying addition for silicon steels is ferrosilicon,
which is an iron–silicon alloy generally containing
approximately 75% Si. The target chemical composition of
Grade-X steel requires 1.00–1.40% Si content in the bath.
Therefore, the target Si value can be set to 1.20%. Although
unpublished, a number of trials have shown that
approximately 19 kg of ferrosilicon per ton of steel should be
added to the ladle of 120 t steel capacity to facilitate
deoxidation and to obtain the desired Si composition. The
yield of ferrosilicon in those trials was approximately 80%.
Here, it should be indicated that some of the ferrosilicon can
be added during tapping of steel from the converter, i.e.,
before the LF treatment. This alternative practice can be
applied when there is a tight production planning schedule.
Addition of approximately 2200 kg of ferrosilicon in the LF

Liquid processing of silicon steels using the converter-ladle furnace-circulation degasser route
According to the real plant data, the average LF treatment
time is approximately 50 minutes, including approximately
17 minutes of heating.
As shown in Table I, the nitrogen content of these grades
is specified as 60 ppm (maximum). According to the chemical
analysis of samples taken from the continuous casting
mould, the typical nitrogen concentrations in these steels are
around 40 ppm. Therefore, there is no need for special care to
achieve the desired nitrogen level.
During continuous casting (CC) of steels in the
steelmaking company, three samples for chemical analysis
are taken from the CC mould at specific cast lengths of slab
strand, depending on the slab width. In practice, the second
sample is accepted as the average steel composition of the
heat, which is used for determining whether the treated steel
is approved or subjected to downgrading. As indicated
before, C pickup during liquid steel processing is one of the
problems in steelmaking companies and efforts must be
made to maintain the pickup within a predetermined level.
The increase in the C content from the beginning of the LF
treatment (LF1) till the time of second sampling in CC (CC2)
more or less shows the extent of C pickup in ladle metallurgy.
Figure 3 illustrates the values of C = C(CC2) − C(LF1)
for the Grade-X heats shown in Figure 2.
The average C pickup is 0.0059% (59 ppm). Considering
the first chemical analysis results at LF (Figure 2), the
average C content of a Grade-X heat at the middle of CC (i.e.,
CC2) can be calculated as CC2 C = 0.0254 + 0.0059 =
0.0313%. This value is acceptable considering the C content
specification for Grade-X, but it is not appropriate for GradeY and Grade-Z, for which the maximum allowable C content
is 0.030%. Therefore, for the steelmaking company under
consideration, the BOF  LF route will not be successful for
producing Grade-Y and Grade-Z steels, but an additional
decarburization treatment is required, as indicated
previously.
As mentioned previously, liquid steel processing of
Grade-Y and Grade-Z is conducted using the BOFLFRH
route. The main difference between the treatment of Grade-Y
and Grade-Z and that of Grade-X is that the circulation
degassing (RH) step is not needed for Grade-X. Similar to
Grade-X, Grade-Y and Grade-Z heats are tapped from the
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converter in the rimmed condition. The LF step, if needed, is
used for heating purposes only. All material additions are
therefore conducted in the vacuum degasser. As can be seen
from Table I, other than C and Si, the specifications for
Grade-X and Grade-Y are the same. Therefore, the same
amounts of aluminum, ferromanganese (if needed), and
ferrophosphorus are charged into the ladle in the treatment
of Grade-Y. As for the alloy additions, only the amount of
ferrosilicon is different: 20 kg ferrosilicon per ton of steel is
added to the ladle to achieve the target composition, which is
1.30% Si for Grade-Y.
In the secondary steelmaking of Grade-Z, material
additions to the ladle are slightly different since the steel is
designed with higher concentrations of Si, Al, Mn, and P.
Correspondingly, the alloy additions in the treatment of
Grade-Z are the highest among the three grades. The target
Si content is 1.50%; therefore, 23.3 kg of ferrosilicon per ton
of steel is added to the steel bath. Other material additions
are 3.33 kg of aluminum, 1.67 kg of ferromanganese (if
needed), and 3 kg of ferrophosphorus per ton of steel.
As indicated previously, light treatment’ is applied
during circulation degassing of Grade-Y and Grade-Z.
There is no need to decrease C to ultra-low levels since the
allowable C compositions of both grades do not need deep
decarburization. Therefore, it is straightforward to satisfy
the C requirement in both grades. A carbon content of
approximately 0.010%, which is well below the specification
value, is achieved at the end of degassing. Most often, the
amount of C pickup after RH treatment is therefore not a
major concern. The second sampling in CC shows that CC2
values for both grades are below 0.015%. Distributions of C
contents for Grade-Y and Grade-Z are presented in Figure 4
and Figure 5, respectively.
In the RH treatment of Grade-Y and Grade-Z, some
additional costs are incurred due to the extra materials
required for those grades. The first item is related to the RH
snorkel lining life. In the liquid processing of low-carbon
steels, 8–10 heats can be treated without snorkel
maintenance. On the other hand, in the case of silicon steels,
this life is not longer than five heats because of severe
interaction of silicon steel with the alumina-based snorkel
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Liquid processing of silicon steels using the converter-ladle furnace-circulation degasser route
4. Treatment of Grade-Y and Grade-Z in RH is
straightforward as far as the C content requirements of
these grades are concerned. Including C pick-up, both
grades have an average C content below 0.015% at CC.
This is considerably lower than the maximum allowable C
content, which is 0.030% for Grade-Y and Grade-Z.
5. Three important additional costs are incurred in the RH
treatment of Grade-Y and Grade-Z.
(i)

lining. Therefore, more lining material is used when silicon
steels are treated in the vacuum degassing unit. The second
item is related to the RH plant capacity, which is more crucial
than the lining material cost. Most RH plants, including the
one in the steelmaking company under consideration, have
two vacuum chambers, one of which will be in operation
while the other is idle. As an example, at the end of the
treatment of seven ultra-low carbon heats, the chamber is
allowed to cool down for snorkel maintenance. The time
needed for the maintenance of both snorkels is around 6
hours. Therefore, 14 heats can be treated in 30 hours.
Because of the severity of refractory erosion in the processing
of silicon steels, this loop can be a maximum of 8 heats in 20
hours. Therefore, the RH plant capacity decreases by about
15% due to the snorkel maintenance required when silicon
steels are processed, compared to ultra-low carbon grades. In
addition to the first and second items, a third item should
also be considered: bulk alloying additions in the treatment
of silicon steels in RH cause an increase in the total RH
process time. Together with the addition of the amount of
alloying materials per ton of steel indicated previously, the
total RH process time increases from 20–25 minutes to 30–35
minutes, causing a decrease in the RH plant capacity.

267+0/48674
Liquid steel processing of low-Si non-grain-oriented steels
was examined using the real plant data from a steelmaking
company. The following conclusions are drawn.
1. C content is one of the most important factors for the
selection of the processing route. Grade-X can be
produced with the BOFLF route, whereas Grade-Y and
Grade-Z must be treated in RH.
2. Large amounts of alloying additions cause delays in the
treatment of all the grades under consideration, regardless
of the processing route.
3. C pickup is one of the chief risks in the processing of
Grade-X. The average increase in C content from the
beginning of LF treatment till CC is reported as 0.0059%.
Extended LF process times should be avoided as much as
possible.
          

Of course, such additional costs are not confined to the
liquid steel processing part alone. Hot rolling of silicon steels
also includes certain costs that are significantly higher than
the value for the liquid steel processing stage. However, this
it is outside the scope of this paper.
6. For the steelmaking company considered in this study, the
possible treatment of grain-oriented grades (e.g.,
containing 3–3.5% Si) by either the BOFLF or the
BOFLFRH route necessitates the following:
® If possible, new alloy bins should be added to LF and
RH. Incorporating certain changes, alloy addition
(5500–6500 kg of ferrosilicon must be added per heat)
should be conducted within a short time, or the practice
of addition during tapping should be applied.
® A large ferrosilicon addition causes a decrease in the
amount of hot metal charged to the BOF per unit time.
The decrease in the hot-metal treatment capacity of the
BOF should be considered for the production of grainoriented silicon steel grades.
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The snorkel lining life for silicon steels is shorter
than that for low-carbon and ultra-low-carbon
grades because of the severe interaction between
the silicon steels and alumina-based lining. This
causes consumption of more lining material in the
processing of silicon steels.
(ii) The RH plant capacity decreases because of the
increased maintenance required. The RH plant
capacity decreases by about 15% due to snorkel
maintenance when silicon steels are processed,
compared to when ultra-low carbon grades are
processed.
(iii) The RH plant capacity decreases with an increased
time for alloying, extending the total RH process
time. Such additional costs must be taken into
consideration when determining the cost of GradeY and Grade-Z processing.
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7th Sulphur and Sulphuric Acid
2019 Conference
11–12 March 2019 Conference
13 March 2019 Technical Visit
(Swakop Uranium)
Swakopmund Hotel, Swakopmund, Namibia

BACKGROUND
The production of SO2 and sulphuric acid remains a pertinent topic in the Southern African
mining and metallurgical industry, especially in view of the strong demand for, and
increasing prices of, vital base metals such as cobalt and copper.
The electric car revolution is well underway and demand for cobalt is rocketing.
New sulphuric acid plants are being built, comprising both smelters and sulphur burners,
as the demand for metals increases. However, these projects take time to plan and
construct, and in the interim sulphuric acid is being sourced from far afield, sometimes more
than 2000 km away from the place that it is required.
The need for sulphuric acid ‘sinks’ such as phosphate fertilizer plants is also becoming
apparent.
All of the above factors create both opportunities and issues and supply chain challenges.
To ensure that you stay abreast of developments in the industry, the Southern African
Institute of Mining and Metallurgy invites you to participate in a conference on the
production, utilization, and conversion of sulphur, sulphuric acid, and SO2 abatement in
metallurgical and other processes, to be held in March 2019 in Namibia.

OBJECTIVES

WHO SHOULD ATTEND

> To expose delegates to issues
relating to the generation and
handling of sulphur, sulphuric acid,
and SO2 abatement in the
metallurgical and other industries.

The Conference will be of value to:

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

> Metallurgical and chemical engineers
working in the minerals and metals
processing and chemical industries
> Metallurgical/chemical/plant management
> Project managers
> Research and development personnel
> Academics and students
> Technology providers and engineering firms
> Equipment and system providers
> Relevant legislators
> Environmentalists
> Consultants

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

Conference Announcement

SPONSORS
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Investigation of zinc and lead
contamination of soil at the abandoned
Edendale mine, Mamelodi (Pretoria, South
Africa) using a field-portable spectrometer
by J-N. Oyourou*, R. McCrindle*, S. Combrinck*, and C.J.S. Fourie†

Many mines in South Africa were inappropriately closed and left
unattended during the last century. These old mines are potential sources
of environmental pollution and may pose a health risk to local
populations, since the surrounds contain elevated levels of toxic elements.
Soil from the old Edendale lead mine property in Mamelodi Extension 11,
east of Pretoria, which was suspected to be contaminated with lead, was
analysed. The mine, which primarily extracted galena, was
decommissioned in 1938. During this study, the old mine property and
surrounds were screened for zinc and lead using a field-portable X-ray
fluorescence (pXRF) spectrometer. The metal concentrations, which
ranged from 18 to 7 300 mg/kg for zinc and from 50 to 21 000 mg/kg, for
lead, were plotted together with the GPS coordinates to produce a
concentration distribution map for lead and zinc. This map revealed three
anomalies of unacceptably high concentrations, possibly corresponding to
areas where ore had been piled or dumped to waste from the old mine.
Thirty-six of the soil samples that were analysed by pXRF on site were
selected and analysed in the laboratory using inductively coupled plasmaoptical emission spectrometry (ICP-OES) for verification purposes. The
zinc and lead concentrations obtained from the two analytical methods
were compared using linear regression analysis. Excellent correlation was
obtained between the results from the two methods (r2 = 0.99 for zinc and
r2 = 0.95 for lead).
<: 6342
soil pollution, zinc, lead, portable XRF.

$85364&15768
Early economic development in South Africa
was based mainly on mining. However, these
activities left a legacy of approximately 6 000
improperly closed mines scattered throughout
the country (SAI, 2009; van Schie, 2012). Due
to their proximity to settlements, these
abandoned mines may pose a potential health
risk to humans and an environmental hazard.
Mining activities generate large amounts of
waste, mostly in the form of overburden and
process tailings, which often contain high
concentrations of toxic elements. Bioavailable
toxic elements can contaminate crops growing
in the polluted area (Kala, 2010; Marwa,
Meharg, and Rice, 2012) or eventually migrate
and detrimentally affect the groundwater
(Rösner and van Schalkwyk, 2000). Moreover,
sulfides accumulated in mine waste generate
acid minewater (Rösner and van Schalkwyk,
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2000). Unfortunately, owners of mines, closed
before the promulgation of the Minerals Act
more than twenty years ago (Act 50 of 1991),
avoided the compulsory rehabilitation of the
environment enforced by this legislation. Toxic
elements, such as lead, which were confined
within ores, may become exposed through
mining and are therefore more easily
mobilized within the environment. Elements
essential to human and plant metabolism, such
as zinc, when exposed by mining activities,
may become hazardous due to elevated
concentrations (Aslibekan and Moles, 2003;
Wuana and Okiemen, 2011). Humans exposed
to potentially toxic metals may experience
harmful effects as discussed elsewhere (Nriagu
and Pacynar, 1988; Wayne and Ming-Ho,
2005).
The old Edendale lead mine is adjacent to
Mamelodi, a township on the eastern outskirts
of Pretoria, South Africa. Although all the
shafts have been closed, two are still clearly
visible. The original mine property is now
divided by the R513 highway (Figure 1) and
the two main areas of historical activity are
approximately 800 m apart. The mine operated
from 1898 to 1938 and exploited a vein
containing galena, sphalerite, and pyrite
(Jansen, 1977). A total of approximately
5 000 t of lead and 1.1 t of silver were
produced (Reeks, 2012).
The geological formations in the area
belong to the Silverton Group of the Transvaal
Supergroup from the Precambrian era
(Schröder, Lacassie and Beukes, 2006). This
area is characterized by sedimentary rocks
(carbonaceous shale and siltstone) as in
overlain by Magaliesberg quartzite, currently
covered by Cenozoic deposits. The Edendale
mine exploited lead mineralization in a vein
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striking from east to west, with normal faulting (Glass,
2006). This vein is about 2 m wide and 1 170 m long,
dipping 60° to 85° southwards. The galena mineralization
was erratically distributed within the vein. Galena (PbS),
formed through hydrothermal action, constituted most of the
lead mineralization. Other, less abundant minerals included
sphalerite (ZnFeS) and chalcopyrite (CuFeS2).
A tributary of the Edendale Spruit runs from northwest to
southeast through the area and drains into the Roodeplaat
Dam, a major water reservoir servicing formal and informal
settlements, industries, and agriculture in the area (DWAF
2000). Mobilized toxic elements are known to accumulate in
river sediments and could contribute to pollution of water
resources (Schulin, Geiger, and Furrer, 1995; Patra et al.,
2004).
Modern elemental analysis of soil employs various
techniques, including atomic absorption spectrometry (AAS),
inductively coupled plasma-optical emission spectrometry
(ICP-OES), and inductively coupled plasma-mass
spectrometry (ICP-MS). These techniques require tedious
sample collection and preparation steps, the use of costly and
hazardous solvents, as well as drying and digestion of soil
samples. Surveys to assess soil pollution are therefore
expensive and time-consuming (Higueras et al., 2012).
These factors may prevent regular soil studies in developing
countries, particularly in Africa. The use of a field-portable
X-ray fluorescence (pXRF) spectrometer eliminates all of
these disadvantages (Higueras et al. 2012).
A study conducted on surface soils in France, to compare
the elemental data obtained using both pXRF and ICP-OES
spectrometry, indicated that the pXRF results correlate well
with the ICP-OES results (Bonnard and Bour, 2008). An
assessment of lead contamination of soils in Ghana and the
village Silvermines in Ireland, as well as at Rodalquilar,
Spain, were conducted using pXRF (Radu and Diamond
2009; Peinado et al., 2010; Itai et al., 2014). Fujimori and
Takigami (2014) also used pXRF to investigate copper, zinc
and lead contamination of surface soil at an electronic waste
recycling workshop in Manilla in the Philippines.
This investigation was aimed at evaluating the extent of
pollution at the abandoned Edendale mine to assess the risk
that zinc and lead toxicity poses to local communities. The
application of a pXRF spectrometer for establishing the levels
of a potentially toxic metal contaminating a large tract of land
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was appraised. The results were compared to those from ICPOES to evaluate the reliability of the portable instrument.
Previous assessments of toxic elements in soils in South
Africa were done using ICP-OES, ICP-MS, and AAS
(Okonkwo and Maribe 2004; Monna et al., 2006; Chutas et
al., 2011; Mtunzi, Dikio, and Moja, 2015). No previous
surveys of metal pollution of soils performed locally using
pXRF spectrometry could be found in the literature. This
study therefore serves as a baseline for toxic metal
determination using this rapid and convenient technique. The
data obtained was used to construct zinc and lead
contamination maps for the area.

)95:37902;984;/:5,642;
! " "!
In-situ analyses of soils were carried out using a pXRF
(Thermo Scientific Niton XL3t GOLDD+, Tewksbury, USA)
spectrometer. A calibration curve was constructed after
repeated analyses (n=4) of the certified reference materials
(CRMs) NIST2709a and NIST2780 (National Institute of
Standards and Technology, USA), TILL-4 (Natural Resources
Canada), and AMIS0157 and AMIS015 (African Mineral
Standards, South Africa). A measurement time of 45
seconds, corresponding to the excitation time of the main
elements, was used. The internal fundamental parameter
calibration (mining mode) was adjusted by uploading the
slope and intercept values of the constructed calibration
curve. Contamination and drift of the instrument were
assessed using the RCRA-certified reference material
(Resource Conservation and Recovery Act, USA).

 "!!" "" "
The area was divided into two sites: Site 1 (approximately
250 m × 400 m) north of the R513 and Site 2 (400 m × 1
200 m), to the south of the road. A sampling grid was
established with measurement and sampling positions 50 m
apart. Measurements of the points on the grid (n=167)
commenced, but were terminated when the values were
below background levels of 50 mg/kg (Figure 2).
At each measurement point, the probe of the analyser
was placed in contact with the soil after removing surface
debris such as dead leaves, branches, vegetation, and stones.
Topsoil samples (n=167) were collected from a depth of 0 to
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A subset of soil samples (n=36), representing low, medium,
and high levels of zinc and lead contamination as determined
by pXRF, was randomly selected. Approximately 0.25 g
portions of air-dried and sieved (2 mm mesh) soil samples
were accurately weighed into microwave vessels, followed by
the addition of 3.0 mL of nitric acid (Suprapur) and 2.0 mL of
hydrofluoric acid (AR grade), which were purchased from
Merck (Darmstadt, Germany). A microwave oven (Mars 5,
CEM Corporation, Matthews, USA) was used for digestion.
The heating programme involved ramping to 175°C over 20
minutes and holding at temperature for 15 minutes before
cooling for 15 minutes. Saturated boric acid (2.0 mL) (Merck,
Modderfontein, South Africa) was added and digestion was
continued by applying the same heating programme. The
digests were diluted with double-deionized water and
analysed using ICP-OES (Spectro Arcos, Spectro, Kleve,
Germany).

!"  !
To validate the analytical methods, the soil CRMs (RCRA,
NIST2780, AMIS0153, and AMIS 0157) were analysed using
both techniques. Relative standard deviations (RSDs),
calculated from seven replicable analyses of the CRMs,
permitted the precision of the analytical methods to be
evaluated. The accuracy of each method was estimated from
the percentage recovery calculated from the certified values
for zinc and lead. The limits of detection (LODs) of the pXRF
method for zinc and lead were statistically estimated as three
times the standard deviation of seven replicate analyses of
          

the reference material RCRA (Bernick et al., 1995). For ICPOES, the LODs were obtained from regression analysis of the
calibration data.

!:2&052;984;4721&22768
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Field analysis of the soil of the area indicated that zinc
concentrations ranged from 18 to 7 300 mg/kg, and those of
lead from 50 to 21 000 mg/kg (Figure 3). Low levels were
attributed to natural background concentrations, whereas
high concentrations were associated with soil contamination.
The concentrations of the toxic metals in soils at the old
Edendale mine are significantly higher than the baseline
values of 185 mg/kg for zinc and 56 mg/kg for lead reported
for South African agricultural soils and set as the maximum
threshold value for unpolluted soils (Herselman, Steyn, and
Fey, 2005; Herselman, 2007). Of the 167 sampling points
analysed, 46% had zinc readings higher than the baseline
value, and 77% for lead. A lead threshold value of 7 600
mg/kg in waste destined for landfill was published in the
South African Government Gazette (13 August 2013) as an
amendment to the Waste Classification and Management
Regulations: Waste Act (Act No. 59 of 2008) (DWEA 2013).
Lead levels in soils from the three highly contaminated
areas, indicated in red on the map of the old Edendale mine
(Figure 4), surpassed this established limit for lead in waste,
and 3% of the samples analysed were two to three times
higher than this threshold value. However, none of the
samples exceeded the threshold value of 640 000 mg/kg
established for zinc by the Act. The contamination maps
highlight the zinc and lead pollution profiles of the area. The
three areas of lead contamination correspond to the following
GPS coordinates: the first (S 25.68403°, E 28.43544°)
surrounds Site 1, with a maximum lead concentration of
8 100 mg/kg, while the second (S 25.68470°, E 28.42690°)
is situated at Site 2, containing up to 20 000 mg/kg. A third
highly contaminated centre (S 25.68420°, E 28.42190°) is
evident (Figure 4) in the southeastern section of Site 2
(21 000 mg/kg). Maximum zinc levels of 5 200 (S2-4) and
7 300 mg/kg (S2-52) were found in samples from the most
highly lead-contaminated regions at Site 2, whereas high
zinc concentrations at Site 1 were noted in samples S1-19
%)+;--
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15 cm using a hand auger. The study was limited to surface
samples to reflect the possible exposure of humans to
contaminants. Soil samples (1 kg) were placed in sealable
polyethylene bags and stored appropriately for further
laboratory analysis.
Global positioning system (GPS) coordinates for each
sample, combined with the zinc and lead concentrations
determined in the soils, were plotted using the software
developed in-house by C.J.S. Fourie. The gridding of the data
was performed using the USGS software and the maps were
produced using the ER-Mapper 2011 software. After
construction, the zinc and lead contamination maps were
overlaid onto the Google map of the area.
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(S 25.68520°, E 28.42640°). Although the highest zinc
concentrations were lower than those of lead, the spatial
distribution of high zinc levels coincides with the lead
contamination.
Zinc and lead concentrations at the mine are substantially
higher than the threshold target and intervention values
for soil quality standards (140; 720 mg/kg) and (85;
530 mg/kg), respectively, set by the EC (Rösner and van
Schalkwyk 2000). The EC countries have also established
screening values for metals that pose an unacceptable risk to
human health. Belgium, probably the most tolerant in this
regard, recommends a maximum of 700 and 2 500 mg/kg for
lead and 1 000 and 3 000 mg/kg for zinc in soils used for
residential and industrial purposes, respectively (Carlon,
D’Alessandro, and Swartjes, 2007). These levels are exceeded
by the concentrations measured at the Edendale mine.
Investigations conducted at abandoned lead plants resulted in
similar findings. The highest concentrations determined in

soil of an abandoned lead ore treatment plant in CongoBrazzaville were 2 400 mg/kg for zinc and 11 800 mg/kg for
lead (Matini, Ongoka, and Tathy, 2011), whereas in Poland,
the maximum concentrations measured were 6 150 and
13 600 mg/kg for zinc and lead, respectively (Karczewska et
al., 2006). An even worse scenario was reported from
Nigeria, where lead levels ranged from 243 to 126 000 mg/kg
in soils in the vicinity of a battery manufacturing plant (Adie
and Osibanjo 2009). In the current study, the contamination
maps, integrated with the Google map of the area, provide a
clear visual summary of zinc and lead pollution at the
Edendale lead mine (Figure 5). These identified zones of high
contamination are probably due to landfill with rock waste
and stockpiles of lead ore from the mine (Matini, Ongoka,
and Tathy, 2011; Rösner and van Schalkwyk 2000). These
hotspots have their centres at the following GPS coordinates:
(S 25.68403°, E 28.43544°); (S 25.68470°, E 28.42690°)
and (S 25.68420°, E 28.42190°).
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Zinc and lead pollution of soils at the Edendale mine may
pose a serious risk to animals and humans living in the
vicinity of the mine. Currently, the contaminated site is being
used for small-scale agriculture; however, there are
indications that the area is being considered for urban
development. Recent research suggests that lead is absorbed
by, and is translocated between, plant parts, resulting in
metal migration up the food chain (Marwa, Meharg, and Rice,
2012; Salazar and Pignata, 2014). A study conducted in
China confirmed that consumption of rice and vegetables
cultivated on lead-contaminated soils resulted in a high daily
intake of the toxic metal (Zhuang et al. 2009).
Micronutrients such as zinc may become harmful to
plants when present at excessive concentrations in soil
(Nagajyoti, Lee, and Sreekanth, 2010). Intawongse and Dean
(2006) demonstrated that increased zinc concentrations in
compost result in an increase in the uptake of the metal by
vegetables. We are concerned that the polluted site at the
Edendale mine presents a significant hazard to people living
in the area, since we witnessed, during sampling, the
collection of contaminated soil and gravel for construction by
the local community. A primary school and farms, which rely
on the use of borehole water, are located in area.
Furthermore, contamination of the Edendale Spruit will result
in the transport of toxic elements to the Roodeplaat Dam.
More in-depth investigations are needed to assess the risk
posed to the environment and the health of people living in
the area.

! !""!"  



The results obtained by pXRF were benchmarked against
those obtained by ICP-OES. These results followed similar
trends (Figure 6). However, in some cases, the lead values
measured by pXRF were higher.

The small discrepancies between the results may be
attributed to various factors, including differences in soil
homogeneity, moisture, soil particle size, and the lack of a
flat surface for measurement (Argyraki, Ramsey, and Potts,
1997; Parsons et al., 2013). The correlation coefficients (zinc:
r2 = 0.99; lead: r2 = 0.95) obtained from regression analysis
were above 0.7, which is the minimum correlation level set
for screening data (Bernick et al., 1995; Kalnicky and
Singhvi, 2001; US EPA, 2007). The r2 values indicate
excellent correlation between the techniques and prove that
pXRF spectrometry is an appropriate technique for screening
soil at the old Edendale mine.

 "!!"!""   "!
Results for the precision, accuracy, and limits of detection
(LOD) of the pXRF and the ICP-OES techniques are
summarized in Table I for zinc and Table II for lead. For the
pXRF, average relative standard deviations (RSDs) of 1.9%
(zinc) and 0.86% (lead) were obtained for the CRMs,
reflecting good precision for zinc and lead determination. A
precision lower than the 20% recommended by the United
States Environmental Protection Agency Method 6200
(US EPA, 2007) for pXRF analysis was achieved. A mean
RSD of 5% was obtained for zinc when using the ICP-OES
technique, whereas a RSD of 9% (ranging from 7% to 11%)
was achieved for zinc. Average recoveries of 101% and 104%
(ranging from 94 to 112% and from 100 to 110%) were
established for pXRF for zinc and lead, respectively, while
94% and 91% respectively were obtained for the ICP-OES
method. Limits of detection of 16.9 and 17.4 mg/kg for the
pXRF and 0.0028 and 0.216 mg/kg for the ICP-OES were
established for zinc and lead, respectively.
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Table I
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Certified value (Zn) (mg/kg)

103

2570

88400

88400

Means (mg/kg)

116

2420

86914

82851

RSD (%)

4.9

0.40

0.49

5

Recovery (%)

112

94

98

94
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LOD

16.9

0.0028

Table II
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Certified value (Pb) (mg/kg)

500

5770

10191.00

3 432.00

10 191.00

Mean (mg/kg)

551

5750

10486

2827

9972

RSD (%)

1.0

0.67

0.86

7.0

11

Recovery (%)

110

100

103

83

98

LOD (mg/kg)

17.4

0.216
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This study has revealed unacceptably high concentrations of
lead in soil in the vicinity of the abandoned Edendale mine,
with measurements as high as 21 000 mg/kg. Zinc was also
found at elevated concentrations (8 100 mg/kg). These high
levels pose a risk to humans and livestock. Maps were
constructed from the data to pinpoint the contamination
hotspots and three anomalous centres of extreme lead
contamination, one of which coincides with extreme zinc
contamination, were identified. These maps will be of value
to local authorities responsible for housing developments.
Initially, the values obtained by pXRF appeared to be
unrealistically high, but these were confirmed by ICP-OES
with good correlation. In addition, the results obtained for the
analysis of CRMs demonstrated that pXRF spectrometry can
be used with confidence to rapidly assess zinc and lead
pollution of large areas of land, such as abandoned mines.
Based on the performance of the pXRF in field determination
of high concentrations of zinc and lead in soil at the
abandoned Edendale mine site, the spectrometer can be
recommended as a screening tool for fast assessment of zinc
and lead pollution of soils in South Africa. Further
investigations may be warranted to determine whether the
methodology might be usefully extended to other
contaminants. An in-depth soil contamination assessment
should be done, since the soil texture and composition may
affect the mobility and availability of potentially toxic metals.
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Evaluation of the physico-mechanical
properties of plutonic rocks based on
texture coefficient
by U. Atici* and R. Comakli*

Understanding rock properties is of vital importance in mining and civil
engineering. Rock properties are generally determined through laboratory
tests, which require a large number of uniformly shaped samples and
technicians who use indirect methods to determine rock properties. The
texture coefficient (TC), which represents various textural parameters
including the size, shape, orientation, and relative proportions of grains
and the matrix, is an efficient means for indirectly evaluating the
mechanical behaviour of rocks. In this study, 12 different rocks (ten
granites, one diorite, and one gabbro) were collected and their engineering
properties. including specific gravity, porosity, P- and S-wave velocities,
Schmidt rebound hardness, uniaxial compressive strength, and elasticity
modulus, were investigated. Relationships between TC and these measured
properties were assessed. Statistically significant (at the 95% confidence
level) correlations were found between the TC and compressive strength,
elasticity modulus, sound velocity (both compression and shear waves for
dry and saturated samples), but no significant correlation was found with
Schmidt rebound hardness. The results suggest that it is possible to use
the relationships between TC and the mechanical properties of rocks in
rock classification.
>,9:58
texture coefficient, granitic rocks, linear regression, rock mechanics.
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In every aspect of rock engineering, knowing
rock properties is essential for determining and
predicting the behaviour of rocks and rock
masses. Mechanical properties of rocks are
important parameters in mining, geology, and
engineering, and they are affected by textural
characteristics such as grain size, grain shape,
cement type, degree of cementation, mineral
content, and the ratio of the grain area to the
matrix area. The effects of textural properties
on the physical and mechanical properties of
rocks have been investigated for a long time,
and previous studies revealed close
relationships between single parameters
related to rock texture and mechanical
properties of rocks (Akesson et al. 2001;
Gunsallus and Kulhawy 1984; Merriam, Rieke,
and Kim, 1970: Onodera and Kumara 1980;
Prikryl 2006; Ulusay, Tureli, and Bider, 1994;
Tugrul and Zarif 1998). Rock properties are
usually determined using mechanical tests,
which require uniformly shaped and relatively
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large samples. However, it is not always
possible to obtain such samples. Furthermore,
rocks with similar textural and structural
properties may exhibit different mechanical
behaviour. Howarth and Rowlands (1987)
developed a texture coefficient (TC) that
expresses all the main textural parameters of a
rock in a single dimensionless quantity based
primarily on statistical assessment. The TC
makes it possible to understand the effects of a
rock’s textural properties on its mechanical
properties using thin sections instead of large,
uniform samples. Ersoy and Waller (1995)
investigated the relationship between strength
and TC for limestone, sandstone, and siltstone;
they also examined the effect of rock
properties and TC on drilling performance.
Ozturk, Nasuf, and Bilgin (2004) explored the
relationship between rock quality and TC by
evaluating the uniaxial compressive strength
(UCS) values of limestone, basaltic andesite,
and tuff. Gupta and Sharma (2012) evaluated
TCs as well as the petrophysical and
mechanical properties of quartzite from the
lower and higher Himalayas and found a
strong relationship between TC and UCS.
Similarly, Ozcelik, Bayram, and Yasitli (2013)
investigated the relationship between TC and
various parameters in marble by applying the
statistical analyses developed by Ozturk,
Nasuf, and Kahraman (2014).
As indicated by the aforementioned
studies, the relationships between a rock’s
textural and mechanical properties have been
extensively investigated for sandstone,
siltstone, and limestone. In contrast, little
consideration has been given to these
relationships in plutonic rocks. Plutonic rocks
incorporate an extensive variety of rock types,
thereby complicating their mineralogy,
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petrographic characteristics, and engineering properties
(Azzoni et al., 1996; Tugrul and Zarif, 1998). The main
objective of this study is to investigate relationships between
the physico-mechanical properties and TCs of plutonic rocks.
Twelve different rocks (ten granites, one diorite, and one
gabbro) were collected from various regions in Turkey and
abroad, and the TC value of each specimen was determined
using image analysis techniques on thin sections. The
physical and mechanical properties of the specimens were
then evaluated. The engineering properties investigated
included specific gravity, porosity, P- and S-wave velocities,
Schmidt rebound hardness (SR), UCS, and elasticity modulus
(EM). Finally, the relationships between TC and the
engineering properties were evaluated.

&6;>:=6(8?6<5?.>;0958
   
Mineral composition and grain content are known to affect
rock material strength (Ozturk and Nasuf, 2013).
Mineralogical composition is one of the principal properties
controlling the rock strength. Concerning the mineral content,
the abundances of quartz and feldspar are the most
significant factors influencing the mechanical properties.
Distinctive minerals can affect the quality parameters of the
rocks in different ways. The strength increases as the quartz
content increases, and an abundance of easily cleavable
minerals (such as feldspars) causes a reduction in strength
(Tugrul and Zarif 1998). Granitic rocks vary significantly in
mineral content and chemistry; X-ray fluorescence and X-ray
diffraction were employed to determine the mineral and
chemical compositions of the rocks in this study.

To evaluate the mineralogical and textural characteristics,
thin sections of the rock samples were analysed using a
polarizing microscope equipped with an automatic imageanalysis system. At least two thin sections were prepared for
each rock. The mineral constituents and a summary of the
petrographic characteristics and thin section images of the
rocks used in this study are given in Table I and Figure 1,
respectively. The chemical compositions of the samples are
presented in Table II.

    

The physical properties (density, porosity, and ultrasonic Pand S-wave velocities) of the rock samples were determined.
The specimens were cored from large blocks in the laboratory
and tested in accordance with the procedures given by the
ISRM (1981). Density and porosity were determined by water
saturation and caliper techniques on NX-size specimens. Five
samples of each rock type were tested as indicated for the
properties discussed.
The velocities of the P- and S- waves were measured
using the high-frequency ultrasonic pulse technique
described by ASTM (1990) using a 1 MHz nominal
frequency. The wave velocity through the specimen was
calculated from the travel time from the transmitter to the
receiver. The velocities of sonic compression waves (Vp) and
shear waves (Vs) were measured for each of the dry and
water-saturated samples. At least five measurements were
carried out on each rock type, and the average values were
calculated. The results are given in Table III.
The measured mechanical properties were UCS, EM, and
SR. UCS was determined according to the standards given by

Table I
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Samsun diorite

Diorite

Minerals: biotite, dark minerals, plagioclase, amphiboles, simple twinning
Texture: holocrystalline granular

Roza porrinno

Granite

Minerals: large granular quartz, biotite, dark minerals, plagioclase, microcline, orthoclase, zircon
Texture: Holocrystalline, subhedral hypidiomorphic, mimetic texture

Kaman roza

Granite

Minerals: amphiboles, quartz, plagioclase, zircon, orthoclase, dark minerals
Texture: holocrystalline hypidiomorphic, mimetic texture, large granular

Anatolian gray

Granite

Minerals: quartz, biotite, dark minerals, plagioclase chlorite, orthoclase, zircon
Texture: holocrystalline hypidiomorphic, mimetic second texture

Aksaray yaylak

Granite

Minerals: quartz, biotite, plagioclase, microcline, orthoclase dark minerals
Texture: holocrystalline hypidiomorphic

Bergama kozak

Granite

Minerals: quartz, biotite, zoned plagioclase zircon, orthoclase, dark minerals
Texture: holocrystalline hypidiomorphic

Bandırma blue

Granite

Minerals: quartz, biotite, zircon, plagioclase, muscovite dark minerals, orthoclase, chlorite
Texture: holocrystalline hypidiomorphic fine-grained

Verde butterfly

Gabbro

Minerals: quartz chlorite, plagioclase, dark minerals, amphiboles
Texture: holocrystalline hypidiomorphic fine-grained

Bergama gray

Granite

Minerals: quartz, orthoclase, chlorite, plagioclase, biotite, zircon, amphiboles, muscovite, dark minerals
Texture: holocrystalline hypidiomorphic fine-medium grained, euhedral amphiboles

Bianco sordo

Granite

Minerals: quartz, biotite, dark minerals, plagioclase, muscovite, orthoclase, zircon
Texture: holocrystalline hypidiomorphic fine-medium grained

Emerland pearl

Granite

Minerals: plagioclase, biotite, pyroxene, dark minerals, amphiboles
Texture: holocrystalline hypidiomorphic medium- to large-grained

Unknown

Granite

Minerals: quartz, biotite, plagioclase, dark minerals, amphiboles, chlorite
Texture: mimetic texture, holocrystalline
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Table II
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Roza porrinno
Kaman roza
Anadolu gray
Aksaray yaylak
Bergama kozak
Bandırma blue
Bergama gray
Bianco sardo
Emerald pearl
Unknown

75.24
66.44
71.64
72.14
68.66
72.25
56.78
68.30
72.25
75.56

3.13
3.08
3.26
3.43
3.31
3.46
3.30
3.57
4.07
4.04

0.17
1.33
0.96
1.11
1.71
0.8
4.08
1.69
0.75
0.33

13.23
16.04
14.36
14.10
15.15
14.32
12.91
15.15
14.55
13.55

0.04
0.23
0.00
0.18
0.00
0.14
0.29
0.27
0.11
0.00

5.30
4.14
3.34
3.07
3.25
2.60
1.05
4.02
2.61
2.91

0.80
3.80
2.70
2.31
3.25
2.64
6.92
2.87
2.36
1.41

0.12
0.40
0.30
0.33
0.41
0.28
1.58
0.39
0.26
0.16

0.02
0.08
0.06
0.05
0.06
0.07
0.14
0.06
0.08
0.05

1.50
3.73
2.62
2.55
3.26
2.74
11.58
2.95
2.08
1.26

0.03
0.02
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.33

0.30
0.50
0.45
0.55
0.55
0.55
1.10
0.45
0.75
0.55

          

  
TC was developed by Howarth and Rowlands (1987) to
forecast the strength properties of rocks through quantifying
the rock texture. TC was developed with the belief that
textural structures of rocks serve as physical barriers to
prevent the rocks from cracking under load. When a pressure
is is applied to the rock, a highly stressed zone is produced.
When the stress exceeds the strength of the material, cracks
begin to form and spread to the exterior surface. Finally,
when one of the main cracks reaches the free surface,
macroscopic failure in the rock occurs (Tiryaki and
Dikmen, 2006).
TC can be used to reveal relationships between the
textural and geomechanical properties of rocks, including
mechanical properties, physical properties, drillability, and
excavability. Rock texture is calculated by considering four
/)&?11*
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ISRM (1981). At least five core samples from each rock were
subjected to strength tests, which were carried out by a fully
automatic, instrumented, and computer-controlled press
machine. For the determination of EM, fully bridged electrical
resistance strain gauges were used. Two strain gauge rosettes
consisting of two gauges each were bound to the surface of
each specimen at two directly opposite points halfway
between the ends of the specimen. Axial and circumferential
strains were recorded at first intervals using the static datalogger. Tangential EM was then calculated based on the
stress–strain curves.
The block samples were subjected to rebound testing
using a Digi-Schmidt 2000 according to the procedures
described by ISRM (1981). SR was measured at a minimum
of 20 different points on each sample. The results are
presented in Table III.
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components, namely grain circularity (FF0), elongation (N0,
N1, and AR1), orientation (AF1), and degree of grain
packing (AW), using the following formula (Howarth and
Rowlands, 1987).

Table III
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2.55

2.99

2.70

0.14

9:98=;?! #
SR
UCS (MPa)

0.19
47.00
79.05

2.33
70.60
183.96

1.16
59.23
113.37

0.58
8.06
28.16

 !".8#

3.57

6.21

4.82

0.65
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2.48

5.84

4.49

0.80
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4.74

6.45

5.52

0.47
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2.22

5.40

3.81

0.75

15.72

97.70

49.29

19.65
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[1]

where, TC is the texture coefficient, AW is grain packing
weighting, N0 and N1 are the number of grains whose aspect
ratio is respectively below and above a pre-set discrimination
level ‘2’, FF0 and AR1 are the arithmetic means of
discriminated form factors and aspect ratios, respectively,
and AF1 is an angle factor, quantifying grain orientation.
Detailed information is provided by Howarth and
Rowlands (1987).
The thin sections were evaluated to determine the grain
properties of the samples. A series of thin sections was
prepared from the core specimens of each rock type. Image
analysis was conducted on photographs of the thin sections

SR: Schmidt rebound hardness, UCS: uniaxial compressive strength,
VPDry: velocity of sonic compression waves in dry samples, VsDry: velocity
of sonic shear waves in dry samples, VPSat: velocity of sonic compression
waves in saturated samples, VsSat: velocity of sonic shear waves in
saturated samples, EM: elasticity modulus.
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Table IV
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Samsun diorite
Roza porrinno
Kaman roza
Anadolu gray
Aksaray yaylak
Bergama kozak
Bandırma blue
Verde buterfly
Bergama gray
Bianco sordo
Emerald pearl
Unknown
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1
!? ?1#

''

1

'1

0.87 ±
0.03
0.90 ±
0.05
0.90 ±
0.04
0.79 ±
0.04
0.82 ±
0.06
0.79 ±
0.07
0.91 ±
0.05
0.86 ±
0.03
0.90 ±
0.02
0.79 ±
0.03
0.91 ±
0.04
0.91 ±
0.06

0.72 ±
0.02
0.64 ±
0.03
0.63 ±
0.02
0.65 ±
0.04
0.98 ±
0.03
0.71 ±
0.04
0.74 ±
0.03
0.59 ±
0.03
0.71 ±
0.03
0.69 ±
0.03
0.64 ±
0.03
0.59 ±
0.03

0.28 ±
0.02
0.36 ±
0.04
0.33 ±
0.02
0.35 ±
0.03
0.32 ±
0.02
0.29 ±
0.04
0.26 ±
0.03
0.41 ±
0.02
0.29 ±
0.02
0.31 ±
0.02
0.36 ±
0.04
0.41 ±
0.03

0.96 ±
0.03
0.93 ±
0.02
0.92 ±
0.04
0.84 ±
0.03
0.92 ±
0.04
0.84 ±
0.03
0.90 ±
0.02
0.94 ±
0.04
0.88 ±
0.03
0.94 ±
0.05
0.93 ±
0.02
0.88 ±
0.04

2.69 ±
0.09
2.30 ±
0.07
2.67 ±
0.03
2.30 ±
0.02
2.84 ±
0.02
2.76 ±
0.08
2.52 ±
0.11
3.19 ±
0.14
2.59 ±
0.09
2.24 ±
0.12
2.29 ±
0.11
2.95 ±
0.11

0.90 ±
0.07
1.42 ±
0.05
2.22 ±
0.04
2.03 ±
0.02
2.30 ±
0.04
2.07 ±
0.09
2.18 ±
0.10
2.75 ±
0.11
2.01 ±
0.10
1.18 ±
0.04
2.67 ±
0.13
1.74 ±
0.09
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1.25 ±
0.09
1.69 ±
0.07
2.43 ±
0.11
1.9 ±
0.04
2.31 ±
0.08
1.97 ±
0.05
2.05 ±
0.07
3.66 ±
0.10
2.06 ±
0.08
1.23 ±
0.05
2.63 ±
0.08
2.51 ±
0.13
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using Image Pro-Plus software (Figure 2). The grain
parameters recorded were the ratio of the area of grains and
the matrix, and the length, width, perimeter, orientation, and
area of each grain in the viewing window, with five replicates
analysed per sample. Subsequently, by taking the arithmetic
average of these five values, a total of 12 TC values with
variations were determined, one for each sample. (Table IV).

>83(;8?6<5?5=87388=9<
The relationship between TC and the other parameters was
investigated by linear regression analysis. The coefficients of
determination (r) as well as the 95% confidence limits were
determined. The reasons for data points falling outside the
confidence intervals were investigated and are explained.

  




The relationships among the investigated parameters are
given in Figures 3–9. Very weak correlations were found
between TC and density and porosity (r= 0.62 and –0.59,
respectively). As shown in Figure 3, the only sample that fell
outside the confidence interval was Samsun diorite, which
had the second highest density among all the samples (Verde
butterfly granite was the densest). Although the correlations
were weak, all the granite samples except the unknown
granite were within the 95% confidence interval. The
unknown granite was rich in K-feldspar, which replaced
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quartz and decreased the density of this rock. Azzoni et al.
(1996) showed that the TC model can be used to classify
rocks, but they were of the opinion that, this model cannot be
used to predict mechanical properties precisely because it
does not involve significant petrographic parameters, such as
porosity and mineralogical composition.
The grain shape, elongation, and orientation and the
grain matrix ratio are included in the calculation of TC.
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area of any two individual grains, so reducing the attenuation
and therefore increases the seismic wave velocity’.
The correlation between seismic velocity and TC was
stronger for Vp than for Vs and stronger for dry samples than
for water-saturated samples. These results were expected
because of the change in wave spread type and degree of
cementation with grain packing density. The correlation
coefficients for the dry and water-saturated samples were
similar.
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However, in rocks the mineral composition, matrix structure,
and porosity are the main factors that affect density, and
these parameters are not involved in the calculation of TC.
Similarly to this study, Ozturk, Nasuf, and Kahraman (2014)
found that the correlation between density and TC is low (r=
0.42) for marble and igneous rocks, but the correlation
between TC and porosity (r= 0.96) is very high. This is
explained by the fact that an increased content of elongated
grains leads to an increase in porosity. In this study,
although a weak significant correlation was determined
(Figure 4), all samples fell within the confidence interval
except the Bergama gray and unknown granite.
Seismic parameters (Vp and Vs) increase with increasing
TC, with high correlation (Figures 5–8). Most of the rocks
examined in this study are granites with low porosity and
strong bonding. The Anatolian gray, Bergama gray, and
Bergama kozak granites fell above the upper bound of the
confidence interval. These rocks had fine to medium grain
sizes and low matrix areas. Emerald pearl, which fell below
the upper bound of the confidence interval, had a medium to
large grain size (Table I) and a relatively large matrix area.
These results indicate that grain size plays an important role
in seismic velocity. Gupta and Sharma (2012) found a similar
relationship between grain size and velocity. They explained
this situation as ’the grain elongation reduce[s] the contact
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UCS, EM, and SR were determined for the rock samples, and
linear regression was performed to evaluate the relationships
between these mechanical parameters and TC. The results are
given in Figures 9–11.
The most important mechanical property of a rock is its
compressive strength. TC is useful for predicting the UCS
values of rocks, especially for similar lithologies (Azzoni et
al., 1996; Ersoy and Waller 1995; Ozturk, Nasuf, and
Kahraman, 2014). Gupta and Sharma (2012) and Howart
and Rowlands (1987) found a good linear relationship
between UCS and TC, whereas Alber and Kahraman (2009)
found an inverse logarithmic relationship. However, Azzoni
et al. (1996), Ersoy and Waller (1994), and Ozturk, Nasuf,
and Bilgin (2004) found UCS and TC to be only weakly
correlated or not significantly correlated for different
lithologies. Similarly, contradictory correlations have also
been reported between TC and strength. Ozturk, Nasuf, and
Bilgin explain this situation by the close relationships of UCS
and other mechanical properties with the mineralogical and
petrographic properties of the rocks. However, estimations of
the mechanical, physical, and textural properties of a rock can
vary over a wide range, even for similar types of rock,
because of the variability of the rock material.
In this study, very significant correlations were found
between TC and UCS (r = 0.92) and TC and EM (r = 0.93) for
all the rocks, within or near the 95% confidence limits
boundary, as can be seen from Figures 9 and 10. This is the
result of the rocks having similar quartz contents and
textures that presented a physical barrier to crack
propagation. Tiryaki and Dikmen (2006) explained this
situation in terms of the TC model representing a measure of
the resistance of the microstructure of rocks to crack
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correlated with TC, whereas Schmidt rebound hardness
was not.
® When the results obtained are evaluated together with
the literature, it is clear that evaluation according to
rock type is very important when physical and
mechanical properties are compared with TC.
® TC can be used to predict the properties of granitic
rocks, particularly strength, deformability, and sound
velocity. However, the calculation of TC should be
updated based on additional research related to
density, porosity, and grain size.

>4>:><7>8?

propagation. As shown in Figure 9, a very significant
correlation was obtained between TC and UCS. The Bergama
gray rock, which is highly altered, lay above the upper limit
of the confidence interval. The Aksaray yaylak, Bergama
kozak, and Kaman roza rocks exhibited sericitization in their
thin sections and fell below the confidence interval.
Regarding the relationship between EM and TC, only two
rocks, Anatolia gray and Kaman roza, fell outside the
confidence limits. Very few studies have been found in the
literature for comparison with the results of this
investigation, and Alber and Kahraman (2009) stated that
more work is needed. These authors found a weak correlation
between EM and TC and attributed it to the blocks being
weaker than the matrix, which is unusual, and the blocks
and matrix were cemented together.
A strong relationship has been found between SR and
UCS in this study. Previous studies provided no information
regarding the relationship between TC and SR. As shown in
Figure 11, the relationship between TC and SR in this study
is not statistically significant (r = 0.12) at the 95% level of
confidence. Mineral grain shape is also thought to play an
important role in TC; however, it is not significant in SR.

9<7(38=9<8
The relationships between the texture coefficients (TC) and
the physical and mechanical properties of 12 different
plutonic rocks (ten granites, one diorite, and one gabbro)
collected from several countries were determined by simple
regression analyses. The main conclusions are summarized
as follows.
® Significant correlations (at the 95% confidence level)
were observed between TC and sound velocity (both
compression- and shear-wave velocities for dry and
saturated samples), even though grain size does not
affect the wave speed as much as TC.
® Although density and porosity are important factors in
evaluating the mechanical performance of rocks, no
significant correlation was found between TC and
density or porosity.
® In terms of mechanical properties, uniaxial compressive
strength and elasticity modulus were significantly
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BACKGROUND
Previous SAIMM Mine Planning forums have clearly highlighted deficiencies in mine planning skills. The 2012, 2014, and
2017 colloquia all illustrated developing skill-sets with a variety of mine planning tools in a context of multiple mining methods.
Newer tools and newer skills for the future of mining will feature in 2019.

OBJECTIVES

WHO SHOULD ATTEND

Using a backdrop of a generic description of the multidisciplinary mine
planning process, the forum provides a platform for the mine planning
fraternity to share mining business-relevant experiences amongst
peers. While different mining environments have their specific
information requirements, all require the integration of inputs from
different technical experts, each with their own toolsets.
The forum’s presentations will highlight contributions from a series
of technical experts on current best practice, and will be augmented by
displays of state-of-the-art mine planning tools in order to create a
learning experience for increased planning competencies.
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Dozer ‘side-cutting’ versus excavator
side-casting on the highwall in dozer
bulk push operations
by N. Sinclair* and M. Nehring*

In open pit dozer bulk push operations, the material left resting against the
highwall after blasting poses an issue. This is because dozers cannot
physically get in behind the waste to begin the bulk pushing process.
Instead, an excavator can be used to side-cast this waste for the dozers to
access. An alternative technique is to have the dozers ‘side-cut’ the
material, which involves the dozers running parallel to the wall, digging
out the material, and eventually rotating their blades to begin bulk
pushing. Industry practices suggest the latter technique is less productive
and economical than using an excavator. However, such excavator sidecasting ‘economic viability’ assumes that smaller/ancillary type excavators
are used (i.e. less than 23 m3 bucket capacity). So, what happens if some
mine sites are restricted to using relatively larger excavators (> 23 m3
bucket) that are preferred for higher priority digging tasks? When can
they avoid using their excavator? This paper explores multiple scenarios
that have been designed and developed to simulate data results, which
identify conditions in which the dozer side-cutting technique becomes
more economically viable than excavator side-casting in terms of
decreased unit cost per loose cubic metre.
;964,0
dozer push, excavator, side casting, side cutting.
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Optimizing the cost of waste removal
operations is important for the profitability of
opencast coal mines. In the past decade, dozer
bulk pushing has emerged and taken over
from traditional waste removal operations such
as dragline and truck-and-shovel methods at
various sites around the world (Beatty, 1994).
In a typical bulk push operation, once the
bench has been blasted, waste is left resting
against the highwall, which can either be
cleared using a loading unit or by having the
dozers ‘side-cut’ the highwall.
Dozers perform most effectively when slot
dozing side-by-side, perpendicular to the
highwall. However, when dozers are required
to remove material off the highwall, they must
push parallel to the highwall, rather than
perpendicular, hence ‘side-cutting’ the material
to ensure a clean face. While dozer sidecutting is possible, it has been found that the
majority of mine sites use a loading unit in
this situation to avoid dozer inefficiency. Other
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Bench width
Muckpile profile
Material fragmentation
Excavator size.
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perceived issues with dozer side-cutting
include higher maintenance requirements and
safety risks to dozer operators working in
close proximity to the highwall.
Overall, current industry practices
surrounding dozer bulk push operations
suggest that the use of an excavator on the
highwall is more productive and economically
viable than dozer side-cutting. This statement,
however, is based on the assumption that
small ancillary-type loading units are used (i.e.
excavators smaller than 23 m3 bucket
capacity). Hence, the use of an excavator on
the highwall might not be more economically
favourable for mine sites that own only large
excavators preferred for high-priority digging
rather than secondary trenching tasks in dozer
bulk push processes.
An open cut thermal coal mine in the
Hunter Valley in NSW, Australia (denoted as
‘the mine site’ throughout this paper) hired
three D11R Caterpillar dozers specifically to
perform bulk push operations on site for the
first time. This mines’ smallest excavator was
a Hitachi EX3600 fitted with a 29 m3 bucket,
with an effective utilization of 61%. It was
preferred for primary mining tasks instead of
secondary trenching tasks, which is the reason
why this particular mine was used as a case
study for this project. It catered for the
objective of this project, which was to
determine situations in which the dozer sidecutting technique can be used cost-effectively
instead of the excavator side-casting
technique.
This was achieved by modelling and
comparing the productivity of removing a
waste bench using both techniques in terms of
the following variables:

Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
Using these results, a decision matrix, outlining the
variables and therefore the different possible conditions
under which a cost-effective dozer push operation can take
place, was developed. This serves as a practical tool for
mining operations staff and engineers to use when deciding
which technique to use. It will allow their decisions to be
based on current studies; mine site data, and newly
developed dozer push principles rather than past practices
and rules of thumb. The cost model and the research
methodology on which the decision matrix is based can be
replicated for other mine sites with similar excavator
constraints. Furthermore, the increased attention to the
optimization of dozer bulk pushing processes can hopefully
encourage additional research on this topic to further our
understanding of this previously unexplored waste removal
method.
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A typical dozer bulk push profile is illustrated in Figure 1
(Ingles et al., 2005). It shows the aftermath of a cast blast.
The top overburden bench is handled using dozer bulk push
techniques that level the cast profile and reduce rehandling,
thereby optimizing the dragline’s performance when
removing the lower overburden bench atop of the coal seam.
The dozers bulk push in sections denoted by B, C, D, E, F,
and G, while an excavator is used to remove material off the
highwall in sections denoted from 1B to 6G. The excavator
side-casts material 12 m off the highwall to allow dozers to
reverse over the excavated material and begin pushing into
the spoils. Twelve metres is an industry rule of thumb,
reflecting the length of a CAT D11R dozer (Hall, 2016).

Waste material that is cast or pushed straight into the waste
dump is referred to as ‘cast prime dirt’ and is defined in
Figure 2 by the waste dump angle of repose. Material above
the waste dump angle of repose is left for the dragline to
rehandle and cast into the waste dump itself (Cunningham,
2013).

&(", # , +,$(+'%,
A major design concept in bulk pushing operations is the
concept of ‘cut and fill’ using a ‘pivot point’. This is
illustrated in Figure 2. The pivot point is the point where the
blast profile intersects the desired waste dump (the final low
wall). It is usually designed between 47° and 53° from the
horizontal at the toe of the coal seam (Uren and Nehring,
2015). The pivot line designates the ‘cut’ and ‘fill’ sections.
Material should be cut and pushed on the highwall side of the
pivot point and then carried and dumped (filled) on the low
wall side of the pivot point. The pivot point allows an efficient
way of designing each ‘push’ phase of the dozer push cycle
by cutting the blasted material into slices. Depending on how
large the blast is, the more material that can be blasted and
cast to lie behind the pivot line the better, as it is considered
prime dirt (i.e. not to be rehandled).
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Recent published studies, including those of Uren and
Nehring (2015) and Cunningham (2014), have looked into
producing software for dozer push operations and optimizing
dozer push operations as a whole. However, only limited
studies have been conducted regarding the use of an
excavator during bulk push operation. Nevertheless, one
study conducted by Ingles et al (2005) provided results and
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Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
methodology most relating to this research project. Similar
studies by Caterpillar (2008) and JKMRC (1998) considered
only the Caterpillar 5130b excavator when comparing the
productivity of bench removal using dozers and the
excavator. However, both studies assumed that if the
material left on the highwall was not removed by excavator,
it was left for a dragline to remove. Unfortunately, no
research was done regarding dozer productivity and costs
specifically relating to side-cutting the material off the
highwall.
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Ingles et al. (2005) conducted a field study as well as
simulation study to compare the productivity of Caterpillar
D11R dozers with and without excavator assistance. The
simulation study considered the use of the dozer side-cutting
technique.
For the field study, an area 30.5 m in width and 68.5 m
in length was staked out on a downhill grade of 20% (Ingles
et al., 2005). The first test required the machines to perform
slot dozing in the area without removing the material along
the highwall. The second test involved a Caterpillar 5230b
mass excavator with a 14-yard bucket (equivalent to a
Hitachi EX2600 200 t excavator) side-casting 783 loose cubic
metres (LCM) of material from the highwall into the doze
area. The dozers then reversed up and behind the side-casted
material and began to push and doze that material
perpendicular to the wall along with the material from their
respective pits.
The simulation study using DOZIM software assumed the
same bench profile as described above, as well as the
following parameters:

The results of the field study showed the average dozing
production for the D11R was 2113 bcm per hour, which was
approximately 20% less than for the excavator-assisted
operation. The results of the first simulation test (without
excavator assistance) indicated that the D11R dozer needed
420 hours in order to remove the cast dozer material. Out of
these 420 hours, 122 hours was considered ‘side-cutting’
time, 191 hours was allocated to rehandling the highwall cut
material, and 214 hours allocated to slot doze the remaining
bench material. The average dozer productivity over the area
was 700 LCM per hour. The results of the second simulation
test (with excavator assistance) indicated that 306 hours of
dozer pushing was required with 58 excavator hours
occurring simultaneously. The excavator had a bucket
capacity of 11.5 m3. Dozer productivity increased to 1000
LCM per hour. These simulation results suggested the
productivity loss associated with having the dozers side-cut
was approximately 30%.
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Dozer cast material: 306 000 bank cubic metres (BCM)
Loose weight: 2800 lb per cubic yard
Altitude: 2500–5000 feet
Job efficiency: 83% (53 min/h)
Skill level: 95%
Dozability: 100%.

The literature review showed that the knowledge gap lay
within several areas:
® Dozer bulk push is mostly considered as a pre-dragline
bench removal method rather than a waste removal
method in itself. This is why the majority of the
industry case studies assumed the highwall material
could be removed using a dragline.
® None of the industry studies involving the use of an
excavator in the dozer bulk push process considered
any excavators larger than 23 m3 bucket capacity
(Caterpillar 5230b excavator).
® The relationship between dozer push productivity and
fragmentation and muckpile profiles has not been
extensively explored.
® No testing has been conducted or results published
regarding the productivity loss when dozers side-cut
the highwall during bulk pushing (a side-cutting
production factor has not been established).

Furthermore, with the use of bucket size and typical sidecasting cycle times for excavators working on the highwall,
the productivity for a hydraulic excavator was estimated.
Figure 3 shows the inputs and productivity:

The following section describes the methodology followed
in the research project in order to investigate these topics
further and close the gap surrounding some unexplored dozer
bulk push practices.

®
®
®
®
®
®
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In order to simulate the data to determine the cost-effective
situations in which excavator side-cutting was preferred over
dozer side-cutting, 109 different scenarios with various
combinations of variables were designed. The different
combinations are illustrated in Figures 7, 8, and 9 in the
‘Design process’ section of this paper. The four variables
selected to model were bench width, fragmentation factor,
muckpile profile, and excavator size. Using the literature and
operator and industry testimonials, appropriate assumptions
were made regarding the different levels within each
variable.
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Typical bulk push operations occur on benches ranging from
45 to 60 m in width and 30 to 40 m in height (Boutlon,
2016). For the purposes of this research project, a bench
height of 35 m was selected and kept constant as cost and
productivity were deemed more sensitive to changes in bench
width than to bench height. This is because bench width
impacts directly on the distance dozers have to push
perpendicular to the wall, which is a dominant production
factor in dozer bulk push operations. Three different widths
were selected: 45 m, 55 m, and 60 m. These dimensions were
selected based on the bench widths used at the mine site as
well as being typical bench widths for dragline and dozer
push operations.

 ! " 
The fragmentation of the waste material was categorized as
fine, medium, and coarse. Table I outlines the information
extracted from a graph by Hayes (1997) in order to gauge
the dozer production loss associated with different material
fragmentation. The majority of the push distances designed
ranged between 50 and 100 m, therefore the average
productivity for medium and coarse fragmentation was found
for push distances 60.9 and 91.4 m. It is important to note

Table I
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that, the information in Table I is based on a Cat D11 dozer
model from 1997. It has been assumed that since 1997, the
Cat D11’s production and performance capabilities have
increased with improved technology and further
optimization. Given this, it was reasonable to assume that a
modern dozer could perform better with the same level of
fragmentation, and therefore a higher production factor than
0.8 and 0.63 was associated with medium and coarse
fragmentation respectively.
Using this data as well as mine site data and operator
testimonials, the following factors were applied and
defined.
® Fine fragmentation production factor: 1.00
– Refers to standard blasted material associated with
easy digging and good blade fill factor.
® Medium fragmentation production factor: 0.85
– Associated with more uniform particle size and
sharper edges, increasing the difficulty of filling the
blade and digging the material.
® Coarse fragmentation production factor: 0.7
– Defined by a skewed distribution of particle sizes
containing larger fragments with sharp edges,
typically associated with low blade fill factor and
‘jolty’ diggability.
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Three different muckpile profiles were established, which
were defined by the amount of waste material that falls
behind the ‘pivot line’ as prime material (i.e. does not need to
be rehandled).
® A small cast blast leaves the most material up against
the highwall and casts only 15% of the material behind
the pivot line
® A medium cast blast casts approximately 20% of the
material behind the pivot line and leaves less material
against the highwall
® A large cast blast typically generates a large power
trough, casting 25% of the material behind the pivot
line and throwing approximately one-third of the
material off the highwall.
Figures 4, 5, and 6 illustrate the three different muckpile
profiles.

 "!
The following excavator sizes were selected to reflect the
mine’s excavator conditions as well as the field case studies
explored in the literature.
® Hitachi EX2600 excavator fitted with a 15 m3 bucket
® Caterpillar 5130b excavator fitted with a 23 m3 bucket
® Hitachi EX3600 excavator fitted with a 29 m3 bucket.
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Data was obtained and analysed from a mine site in NSW
that performs dozer side-cutting on the highwall. A sidecutting factor of 0.75 was determined (i.e. 25% of production
time was spent side-cutting the highwall). The data was
provided in the form of a Microsoft Excel document which
was compiled from GPS-tracked dozers.
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A seven-day period was analysed and the data
manipulated. Due to confidentiality agreements, the location
of the site was not provided and therefore an assumption
regarding the coordinates of the highwall was made. It was
assumed that in accordance with a typical bulk pushing
operation, the direction in which dozers travel the most is
perpendicular to the highwall when bulk-pushing material.

"
The data collected from the dozers included the time, task,
and easting, northing, and elevation coordinates. The ‘task’
values were broken up into commands the operators could
select on their dozer screens to describe the following
activities:
®
®
®
®
®

Bulk push
Cut HW
Rehandle
Standby
Tramming.

A sample of the format and data required is outline in
Table II (a full version can be provided upon request).

 "! "
The following steps were undertaken to determine the
amount of time over the seven-day period that dozers spent
on the highwall. The major underlying assumption made
throughout the process was that the time spent working in
the direction parallel to the highwall was deemed as ‘sidecutting’ time, and that spent working in the direction
perpendicular to the wall was deemed as ‘bulk pushing’ time.
® The number of instances the dozer was oriented in a
direction between 0° and 90° and between 180° and
270° was determined.
® The number of instances the dozer was oriented in a
direction between 90° and 180° and between 270° and
360° was determined.
® Assuming that the dozer works in one direction most
of the time (when bulk pushing), the higher number of

Table II
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These results were verified by checking the number of
times the dozer operators made use of their controllers and
pressed ‘Cut HW’ when side-cutting the highwall. Times
when the dozers were on standby or not moving were filtered
out. Over the first twelve-hour shift, 22.5% of the time was
spent cutting the highwall. The following couple of days
found an average of 49% for one dozer and 30% for another.
Overall, the seven-day average was 35%.
While this suggests that a production factor lower than
0.75 should be applied, these results rely on the operators to
accurately and consistently record their activities when
operating. Because of this, these results are less accurate
than could be the case. However, the first twelve-hour shift
could potentially be a better representation of the side-cutting
time, assuming their operators were more diligent in correctly
pressing the controllers on the first day. After several shifts
of repeating the dozer push process, it is reasonable to
assume the operators would begin to forget to adjust their
activities on the controller, which would therefore over-state
their time side-cutting the highwall. While these results still
provide an idea of potential side-cutting productivity loss, a
factor of 0.75 based on the calculation steps listed above was
selected.

(+'%,"&!(++,
Using design software, blasted bench profiles for each
different bench width and each different muckpile profile
were designed. The following steps were taken to design the
scenarios.
® Each bench profile was designed with a 70° highwall.
The bottom 8 m of each design was assumed to be
more economical to handle by truck and shovel
methods and was therefore left out (Boulton, 2016).
® The pivot line was drawn from the edge and toe of the
bench floor at 53° from the horizontal.
® The area (to be placed behind the pivot line) associated
with each different muckpile profile was calculated.
® The remaining blasted profile was designed to replicate
that of the corresponding muckpile profile.
® Each profile was then broken up into multiple slices
(for the design scenarios that assumed an excavator
was used on the highwall, a 12 m section from the
highwall was allocated to the excavator and the
remaining profile was then broken into slices).
® Using standard cut-and-fill design procedures, the
volume of each slice was replicated on the low wall side
of the profile.
® The centroid of each ‘cut’ and ‘fill’ section was
calculated in order to determine the average grade and
distance the dozers had to travel throughout the
operation.
$#':--!
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instances provided the dozer direction and therefore
the direction of the highwall strike.
® The average direction in each instance was determined,
which provided a highwall strike at 49° N and therefore
a dozer bulk push direction at 310° N.
® The time spent working in each direction was
determined, which showed a total of 153 741 seconds
spent parallel to the highwall out of a total time of 604
798 seconds, suggesting that dozers spent 25% of the
time side-cutting the highwall. This suggested a sidecutting production factor of 0.75.

Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
Figures 7, 8, and 9 are examples of the three different
muckpile profiles for a 55 m bench width (all designs can be
provided upon request). The larger cast blast profile results in
more material behind the pivot line and less material on the
highwall than the medium and small cast blast profiles.

Table III

694:35,:923 3764:26070
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The costs associated with a Hitachi EX3600 excavator fitted
with a 29 m3 bucket were obtained from the mine site, while
the costs of a Hitachi EX2600 and a Caterpillar 5130b
excavator were obtained from MEC Mining. An opportunity
cost of 1.25 was applied to the EX3600 excavator to reflect
the lost production time the excavator would otherwise use
performing higher priority tasks around the mine.
Table III outlines the costs associated with the dozers and
the different sized excavators.

&+),*%$,"&$ !)''),!*#! #*)&",
A cost and productivity model was generated using the inputs
and variables for each design scenario. For each design that
assumed an excavator worked the highwall, the cost of using
the excavator generated from the excavator model was added

to the cost of the design generated from the dozer calculator
model. Once an overall cost was assigned to each design, the
total cost per LCM was determined.

 !" !"
Equations [1] and [2] were applied to each design
combination to determine the productivity and cost of each
scenario. Using the average push distances and grades of
each slice in a design, the theoretical maximum productivity
was obtained from the Caterpillar Performance Handbook.
[1]

&8/149:%)3..:)12+8.9:+46"8.9:,908/5:87*617:923 3764:3008073529
65:((:):952*

where:
Thp =
TF =
DoF =
OF =
DeF =
MF =
FF =
SF =

Theoretical maximum productivity (LCM/h)
Traction factor
Dozing factor
Operator factor
Density factor
Material factor
Fragmentation factor
Sidecutting factor

Total Cost (A$)

where:
n
=

Volume (LCM)
Productivity (LCM/h)

[2]

number of slices per design scenario

 " !"
When generating the excavator cost and productivity model,
several assumptions were made:
&8/149:%'9,81):)12+8.9:+46"8.9:,908/5:87*617:923 3764
3008073529:65:((:):952*
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® The Hitachi EX3600 operates for approximately 4500
hours per year, while the other two smaller loading
units operate for 3873 hours per year
® All loading units walk to and from the operation
between each pass to fulfil other mining tasks on site
® Walking time is approximately 4 hours each way
® Bucket fill factors vary depending on fragmentation
® A job efficiency factor of 91% represents an average of
54 to 55 minutes per hour of efficient working by the
excavators.
The trenching productivities under different
fragmentation conditions for each size of excavator were
obtained from the trenching chart in the Caterpillar
Performance Handbook (2008).
Equation [3] was used to calculate the total cost of using
the respective excavators in the dozer push operations.
          

Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
TrP (LCM/h)  JEF

[3]

where:
TrP
JEF

=
=

Trenching productivity (LCM per60-minute hour)
Job efficiency factor

A sample of the excavator and dozer cost calculator
models that were developed can be seen in Figures
10 and 11.

<46=927:4901.70:35,:353.080:
&+),*%*#+'+,,,,(%!,'$),
Figure 12 shows the conditions under which dozer sidecutting is economically favourable for a bench width of 45 m.
For a large cast blast with fine or medium fragmentation,
dozer side-cutting is cheaper than using any excavator in the
operation. However, in the case of a big cast with coarse
fragmentation, dozer side-cutting is only more economical
compared to the use of the largest size excavator (29 m3

bucket). This is also the case for a medium cast blast with
fine and medium fragmentation, as well as a small cast blast
with fine fragmentation.
Table IV outlines the potential cost savings by having the
dozers side-cut the highwall rather than using an excavator.
Higher cost savings for a 45 m bench seem to occur for larger
cast blasts and finer fragmentation.

&+),*%*#+'+,,,,(%!,'$),
For a bench width of 55 m, Figure 13 shows the three
occasions for which dozer side-cutting is more economical.
For sites with smaller excavators equivalent to a Hitachi
EX2600 or Caterpillar 5230b, having the excavators side-cast
the material off the highwall would be more economical in all
conditions. However, for sites restricted to using a larger
excavator with a 29 m3 bucket, like at the mine site
investigated, dozer side-cutting is cheaper for big casts with
fine and medium fragmentation, as well as for medium casts
with fine fragmentation.
Table V shows the potential cost savings when the dozers
side-cut the material instead of the 29 m3 bucket excavator

&8/149:-%53+0*67:6":7*9:,694:2607:23.21.3764:)6,9.:,9 9.6+9,

&8/149:--%53+0*67:6":7*9:923 3764:2607:23.21.3764:)6,9.:,9 9.6+9,
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Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
Table IV

Table V

607:03 85/0:*95:1085/:,694:08,9217785/
792*58 19:65:3:(:):952*

607:03 85/0:*95:1085/:,694:08,9217785/
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side-casting the material. Once again, larger muckpile profiles
and finer fragmentation offer higher cost savings.

&+),*%*#+'+,,,,(%!,'$),
Figure 14 show that dozer side-cutting is more economical
than using any excavator in a dozer push operation at any
level of fragmentation for a standard/small muckpile profile.
As opposed to the results for bench widths of 45 m and
55 m, higher cost savings are incurred for smaller muckpile
profiles and finer fragmentation. Such cost savings are
outlined in Table VI.
Figure 15 is the decision matrix created by compiling the
cost analysis results from the project. It serves as a clear and
practical tool for mine sites trying to decide whether to use an
excavator during their dozer push operation, according to the
bench dimensions, excavator size, muckpile profile, and
fragmentation conditions.

The results revealed some trends between variables. As
expected, unit cost and productivity decreased with finer
fragmentation. Figure 15 highlights the relationship between
the muckpile size and the shape of the profile and bench
width. It seems that for a bench width of 45 m, dozer sidecutting is economically favourable for large muckpile profiles;
however, for a 60 m bench, it is favourable for
small/standard blast profiles. This relationship shows that
the unit cost is much more sensitive to the amount of
material left against the highwall than it is to the additional
push distance the dozers must travel due to a wider bench.
The results suggest that for a bench width of 45 m and a
large cast blast, is not worthwhile using an excavator to clear
the small volume of material left against the highwall.
Evidently, the production loss associated with dozer sidecutting is small enough to outweigh any production gain from
an excavator. The shorter push distance associated with the
smaller bench width of 45 m, as well as the small amount of
material on the highwall, proved to be ideal conditions for
dozer side-cutting. However, for a bench width of 60 m,
dozer side-cutting is no longer economically favourable for

&8/149:- %#587:2607: :+94:$':"64:3:((:):952*:8,7*
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Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
Table VI

607:03 85/0:*95:1085/:,694:08,9277185/
792*58 19:65:3: :):952*:
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A sensitivity analysis was conducted in terms of the number
of instances that dozer side-cutting became economical,
taking into consideration:
®
®
®
®
®

this large cast blast profile. The longer push distance on a
60 m bench outweighs the benefits of the small production
gain associated with having the dozers side-cut the small
amount of material left on the highwall. Evidently, the
production gain in using an excavator renders the operation
cheaper.
Nevertheless, for a 60 m bench width with a small cast
blast profile, dozer side-cutting becomes more economical. A
small muckpile profile results in much more material being
left on the highwall than other muckpile profiles. Evidently,
the costs of removing this increased amount of highwall
material with an excavator exceed the costs associated with
the production loss due to having the dozers side-cut instead,
as well as the production loss caused by the longer push
distance. Therefore, while dozer side-cutting is less
economical with increasing bench width (push distance),
using an excavator is even less economical with decreasing
muckpile size.
Overall, a bench width of 45 m provided the most
opportunities for dozer side-cutting to replace the use of an
excavator, in particular for large cast blasts and finer
fragmentation. Finally, dozer side-cutting proved to be more
economical than the use of the Hitachi EX3600 in more
conditions than the use of the two smaller excavators.

Excavator operating costs
Dozer operating costs
The dozer side-cutting factor
Fragmentation factors
The number of hours allocated to excavator walking
time.

It was found that a 2% change in excavator operating
costs and the amount of walking time for the excavator had
the most effect, whereby the number of instances dozer sidecutting became more or less economical changed by
approximately three. It wasn’t until a 5% change in the dozer
side-cutting factor or a 7% change in fragmentation levels
that the number of instances changed by one.

652.108650::
A mine site in the Hunter Valley was used as a case study to
investigate the effect of muckpile profile, fragmentation,
bench width, and excavator size on the cost of using an
excavator to assist a typical bulk push operation. To remove
the material that rests against the highwall after a bench has
been blasted, an excavator can be used to side-cast the
waste, which allows the dozers to immediately begin bulk
pushing into the spoil pile. An alternative technique involves
the dozers working parallel to the highwall and ‘side-cutting’
this material before rotating their blades to begin the bulk
pushing process perpendicular to the highwall. Current
industry practices suggest dozer side-cutting is less
productive and economical than using excavator assistance.
Nevertheless, this research project aimed to identify the
mining conditions under which each technique could be more
economically viable.
An extensive literature review was conducted,
investigating the dozer bulk push production factors as well
as analysing relevant industry case studies. The review
identified a lack of information and research in the following
areas:
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Dozer ‘side-cutting’ versus excavator side-casting on the highwall in dozer bulk push operations
® Dozer bulk push productivity and costs in terms of
muckpile profiles and fragmentation
® Excavator-assisted dozer push operations for
excavators fitted with buckets larger than 23 m3
® The productivity loss when dozers side-cut the
highwall (the dozer side-cutting production factor).
To investigate these factors, 109 different dozer bulk
push designs were developed which tested the following
variables:
®
®
®
®

Muckpile profile (large, medium, and standard/small)
Fragmentation (fine, medium, and coarse)
Bench width (45 m, 55 m, and 60 m)
Excavator size (15 m3, 23 m3, and 29 m3 buckets).

Dozer bulk push data was obtained from a mine in NSW
and was analysed and used to calculate a dozer side-cutting
production factor of 0.75 (the dozers had spent
approximately 25% of the time cutting the highwall
throughout the operation). Out of 81 scenarios, the results
showed 22 instances when dozer side-cutting was more
economical than using an excavator. For a 45 m bench width,
larger blast profiles and finer fragmentation proved to be
ideal, especially compared to the use of the larger excavator
(Hitachi 3600 with a 29 m3 bucket). For a 55 m bench width,
dozer side-cutting was preferable to using the larger
excavator only; while for a 60 m bench dozer side-cutting
was more viable than the use of an excavator of any size in
small blast profile conditions for any level of fragmentation.
The cost savings achieved by using dozer side-cutting
ranged between $0.06 per LCM and $0.59 per LCM. The 60 m
bench width with a small muckpile profile showed the largest
cost savings where an all dozer operation cost between $1.92
and $2.75 per LCM for fine to coarse fragmentation
respectively. In comparison, an excavator-assisted operation
cost between $2.2 and $2.51 per LCM and $2.91 and $3.22
per LCM for medium and coarse fragmentation respectively,
across the three different sized excavators. Furthermore, an
inverse relationship between the size of the blast profile and
the bench width was identified. The relationship highlighted
that while dozer side-cutting became less economical with
increasing bench width (push distance), using an excavator
became even less economical with decreasing muckpile size.
The productivity of each scenario was determined and
was found to support existing literature on dozer
productivity. The excavator-assisted dozer operations were
found to be on average 30% more productive than the dozer
side-cutting bulk push operation across each of the variables.
It should be noted that regardless of the results, mine
sites could choose to use an excavator, irrespective of the
costs, to avoid having the dozers work under the highwall.
Another main deterrent for using dozer-side-cutting is the
potential damage and maintenance costs on the dozers as
well as the fact that an excavator provides cleaner highwall
face conditions. Furthermore, dozer side-cutting could cause
excessive exposure of operators to vibration, which could
indicate another advantage to using an excavator.

&147*94:64:
This research project has validated the use of excavator sidecasting in certain dozer push conditions. However, further
work is encouraged to verify the findings and draw additional
conclusions. This could include:
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Developing a financial technical model comparing the
total unit costs (including capital expenditure) for an
excavator-assisted dozer push operation versus a dozer sidecutting bulk push operation. This would be ideal for relatively
new mine sites that wish to have a dedicated dozer bulk push
fleet.
® Investigating and testing for potential damage and
maintenance costs after dozers perform side-cutting.
® Obtaining more mine site data or conducting site trials
to validate the dozer-side-cutting production factor.
® Investigating the optimal dozer side-cutting technique
in itself in order to improve productivity and broaden
the application of dozer side-cutting in the bulk push
operation.
® Exploring the optimal conditions and developing
optimal designs which use both the dozer side-cutting
and excavator side-casting techniques in the same
operation.

256.9,/9)9570:
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Prediction of gas holdup in a column
flotation cell using computational fluid
dynamics (CFD)
by I. Mwandawande*, G. Akdogan*, S.M. Bradshaw*,
M. Karimi†, and N. Snyders*

Computational fluid dynamics (CFD) was applied to predict the average
gas holdup and the axial gas holdup variation in a 13.5 m high cylindrical
column 0.91 m diameter. The column was operating in batch mode. A
Eulerian-Eulerian multiphase approach with appropriate interphase
momentum exchange terms was applied to simulate the gas-liquid flow
inside the column. Turbulence in the continuous phase was modelled using
the k- realizable turbulence model. The predicted average gas holdup
values were in good agreement with experimental data. The axial gas
holdup prediction was generally good for the middle and top parts of the
column, but was over-predicted for the bottom part of the column. Bubble
velocity profiles were observed in which the axial velocity of the air
bubbles decreased with height in the column. This may be related to the
upward increase in gas holdup in the column. Simulations were also
conducted to compare the gas holdup predicted with the universal, the
Schiller-Naumann, and the Morsi-Alexander drag models. The gas holdup
predictions for the three drag models were not significantly different.
B?(<:69
column flotation, computational fluid dynamics (CFD), gas holdup.

5;:<607;><5
Column flotation is an important concentration
technology that is used in the mineral
processing and coal beneficiation industries.
The growing interest in the use of column
flotation in mineral processing has been
attributed to the simpler flotation circuits and
improved metallurgical performance compared
to conventional flotation cells (Finch and
Dobby, 1990). Flotation columns have also
found other applications outside mineral
processing, such as de-inking of recycled
paper (Finch and Hardie, 1999).
In column flotation, a rising swarm of air
bubbles generated by means of air spargers is
employed to collect the valuable mineral
particles and separate them from the gangue
minerals in a countercurrent process. Wash
water, which is continuously fed at the top of
the column, is used to eliminate entrained
particles and stabilize the froth. The column
volume can be divided into two sections – the
collection zone in which the bubbles collect the
floatable mineral particles, and the cleaning
zone (or froth zone) where product upgrading
is enhanced through the removal of unwanted
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particles entrained in the water mixed with
bubbles from the collection zone.
One of the most important operational
variables affecting the metallurgical
performance of flotation columns is gas holdup
in the collection zone (Gomez et al., 1991).
Gas holdup is defined as the volumetric
fraction (or percentage) occupied by gas at any
point in a column (Finch and Dobby, 1990).
Some studies have reported that gas holdup
affected both the recovery and grade in
industrial and pilot-scale flotation columns
(Leichtle, 1998; López-Saucedo et al., 2012).
These studies reported a linear relationship
between gas holdup and recovery. Linear
relationships between gas holdup and the
flotation rate constant have also been
identified, highlighting its effect on flotation
kinetics (Hernandez, Gomez, and Finch, 2003;
Massinaei et al., 2009). On the other hand,
other researchers have suggested that gas
holdup could be used for control purposes in
column flotation (Dobby, Amelunxen, and
Finch, 1985). However, apart from its potential
in control, gas holdup also has diagnostic
applications, for example the sudden drop in
gas holdup that occurs when a sparger is
malfunctioning.
Because of its importance in column
flotation, gas holdup has been studied by
several researchers who have reported average
and local gas holdup measurements in the
column (Gomez et al., 1991, 1995; Paleari, Xu,
and Finch, 1994; Tavera, Escudero, and Finch,
2001). Computational fluid dynamics (CFD)
has emerged as a numerical modelling tool
that can be used to enhance the understanding
of the complex hydrodynamics pertaining to
flotation cells (Deng, Mehta, and Warren,
1996; Koh et al., 2003; Koh and Schwarz,

Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
2009; Chakraborty, Guha, and Banerjee, 2009). For column
flotation cells, CFD modelling has been applied to predict the
average gas holdup for the whole column (Koh and Schwarz,
2009; Chakraborty, Guha, and Banerjee, 2009). However, the
gas holdup has been observed to vary with height along the
collection zone of the flotation column (Gomez et al., 1991,
1995; Yianatos et al., 1995), increasing by almost 100% from
the bottom to the top of the column. The increase in gas
holdup with height is attributed to the hydrostatic expansion
of bubbles (Yianatos et al., 1995; Zhou and Egiebor, 1993).
Despite the reported increase in gas holdup along the
column height, the CFD literature on column flotation does
not account for this phenomenon. This could result in the
under-prediction of gas holdup, particularly in cases where
the available experimental measurements were taken near
the top of the column. For example, Koh and Schwarz (2009)
reported an average gas holdup of 0.176 for the whole
column compared with 0.23 measured at the top part of the
column. The height of this column was 4.9 m. Industrial
flotation columns are typically 9-15 m high (Finch and
Dobby, 1990). This highlights the significance of considering
the axial gas holdup variation in column flotation CFD
models.
The aim of the present work was therefore to investigate
the application of CFD for predicting not only the average gas
holdup, but also the axial gas holdup variation in the column.
In this regard, CFD was used to model a cylindrical pilot
column that was used in previous studies on axial gas holdup
distribution (Gomez et al., 1991, 1995). Since the
corresponding experimental work was performed in twophase systems with water and air only (in the presence of a
frother), two-phase simulations were conducted in the
present study in order to simulate the actual conditions in the
pilot column.
In an attempt to understand the observed axial variations
in gas holdup, Sam. Gomez, and Finch (1996) conducted
experiments in which axial velocity profiles of single bubbles
were measured. However, column flotation involves a swarm
of bubbles as opposed to single bubbles. Swarms of moving
bubbles are known to have velocities that are different from
those derived for the case of single bubbles (Gal-Or and
Waslo, 1968; Delnoij, Kuipers, and van Swaaij, 1997). CFD is
capable of predicting the entire flow fields of the various
phases involved in the flotation process. For this reason, CFD
is a suitable tool that can be used to simulate the axial
variation in bubble velocity in order to understand the spatial
gas holdup distribution in the column. Axial bubble velocity
profiles are therefore included in this study in the context of
their possible relationship with the axial gas holdup profile
along the column height.

identified and investigated for the column. The gas holdup
data available for the column was therefore used to validate
the CFD results in the present work. In the experimental work
(Gomez et al., 1991, 1995), the column was divided into
three sections over which pressure measurements were
taken. An illustration of the column is provided in Figure 1 to
show the position of the pressure sensing devices and their
respective distances from the top of the column.
For the air-water system the gas holdup can be
determined from the pressure difference p between two
points separated by a distance H according to the following
equation (Gomez et al., 1991:
[1]
The gas holdup in the experimental work was therefore
calculated from pressure measurements taken over the three
sections using pressure transducer 2 for the top part, water
manometers 1 and 2 for the middle part, and water
manometers 2 and 3 for the bottom part. The average gas
holdup for the whole column was calculated using the
readings from pressure transducer 3.
The experimental measurements were conducted for
superficial gas velocities (Jg) of 0.72, 0.93, 1.22, 1.51, 1.67,
2.23, and 2.59 cm/s. Superficial gas velocity is defined as the
volumetric flow rate of gas divided by the column crosssectional area (Finch and Dobby, 1990) and is measured
in cm/s.

#'@2<6?8@6?97:>3;><5
 
A two-fluid model has been recommended for studying largescale flow structures in pilot- and industrial-scale bubble

?97:>3;><5@<4@;/?@7<8025
The pilot flotation column was used in previous research
(Gomez et al., 1991, 1995) to study gas holdup in the
collection zone. It has a diameter of 0.91 m and a height of
approximately 13.5 m. The experimental work was conducted
with air and water only in a batch process. Air was
introduced into the column through three Cominco-type
spargers.
This column was selected for the present CFD modelling
studies because axial gas holdup variation had been earlier
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Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
columns, due to its relatively low computational cost (Delnoij,
Kuipers, and van Swaaij, 1997). A Eulerian-Eulerian twofluid model was therefore selected in the present research,
considering the large size of the pilot flotation column that
was to be modelled. Subsequent CFD simulations in this
study were performed using the Ansys Fluent 14.5 software
package.
In the Eulerian-Eulerian approach the different phases
are considered separately as interpenetrating continua.
Momentum and mass conservation equations are then solved
for each of the phases separately. Interaction between the
phases is generally accounted for through inclusion of the
drag force, while other forces such as the virtual mass and lift
force can be neglected (Chen, Sanyal, and Dudukovic, 2004;
Chen, Dudukovic, and Sanyal, 2005; Chen et al., 2009).
Momentum exchange between the phases in this study was
therefore accounted for by means of the drag force only.
Since there is no mass transfer between the phases, the
Reynolds -averaged mass and momentum equations are
given as:
[2]

[3]

the ideal gas law to compute the density of the secondary
phase (G) as a function of the local pressure distribution in
the column according to the following equation:
[6]
where  is the local relative (or gauge) pressure predicted by
CFD, pop is operating pressure, R is the universal gas
constant, Mw is the molecular weight of the gas, and T is
temperature.

 
Generally, the drag force per unit volume for bubbles in a
swarm is given by:
[7]
where CD is the drag coefficient, dB is the bubble diameter,
and UG – UL is the slip velocity. There are several empirical
correlations for the drag coefficient, CD, in the literature. The
drag coefficient is normally presented in these correlations as
a function of the bubble Reynolds number (Re). A constant
value of the drag coefficient may also be used (Pfleger et al.,
1999; Pfleger and Becker, 2001). The bubble Reynolds
number is defined as:
[8]

[4]
In the present study, water was modelled as the
continuous phase (primary phase) while air bubbles were
treated as a secondary phase which is dispersed in the
continuous phase. The volume fraction (or gas holdup) of the
secondary phase was calculated from the mass conservation
equations as:
[5]
where rG is the volume-averaged density of the secondary
phase in the computational domain. The volume fraction of
the primary phase was calculated from that of the secondary
phase, considering that the sum of the volume fractions is
equal to unity.
In order to obtain the correct local distribution of the gas
phase, previous researchers implemented compressibility
effects in their CFD models using the ideal gas law
(Schallenberg, Enß, and Hempel, 2005; Michele and Hempel,
2002). Similarly, the axial gas holdup variation in the present
study was incorporated in the CFD simulations by applying
          

In the present research, simulations were carried out with
three different drag coefficients. The first set of simulations
was performed using the universal drag coefficient (Kolev,
2005). Subsequent simulations were conducted with the
Schiller-Naumann (Schiller and Naumann, 1935) and MorsiAlexander (Morsi and Alexander, 1972) drag coefficients in
order to compare the suitability of the three drag models for
the average and axial gas holdup computation in the flotation
column. The equations describing the three drag coefficients
are outlined in Table I.
The universal drag coefficient is defined differently for
flows that are categorized as either in the viscous regime, the
distorted bubble regime, or the strongly deformed capped
bubbles regime, as determined by the Reynolds number. At
the moderate superficial gas velocities simulated in this
study, the viscous regime conditions apply. The equation
presented in Table I is the one that is applicable when the
prevailing flow is in the viscous regime. Further details about
the universal drag laws are available in a recent multiphase
flow dynamics book (Kolev, 2005).


Turbulence was modelled using the realizable k- turbulence
model (Shih et al., 1995) which is a RANS (ReynoldsAveraged Navier-Stokes) based model. In the RANS
modelling approach, the instantaneous Navier-Stokes
equations are replaced with the time-averaged Navier-Stokes
(RANS) equations, which are solved to produce a timeaveraged flow field. The averaging procedure introduces
additional unknowns; the Reynolds stresses. The Reynolds
stresses are subsequently resolved by employing
Boussinesq’s eddy viscosity concept, where the Reynolds
!"@..,
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where q is the phase indicator, q = L for the liquid phase and
q = G for the gas phase, q is the volume fraction, q is the

phase density, and (U q ) is the Reynolds-averaged velocity of
the qth phase, while Sq is the mass source term,

F G-L is the interaction force between the phases, and qqg is
the gravity force. Closure relations are required in order to
close the Reynolds stress tensor which arises from the
velocity fluctuations u'. The liquid phase was modelled as
incompressible, hence its continuity (mass conservation)
equation is simplified as follows:

Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
Table I

/?@6:=1@7<?44>7>?5;9@09?6@>5@;/?@#'@9>208=;><59@>5@;/?@3:?9?5;
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stresses (or turbulent stresses) are related to the velocity
gradients according to the following equation:

 
[12]

where t is the eddy or turbulent viscosity, k is the
turbulence kinetic energy, and ij is the Kronecker delta. The
turbulent viscosity is then calculated from the turbulence
kinetic energy (k) and the turbulence dissipation rate (). The
Reynolds stresses are formulated based on the turbulent
kinetic energy and shear stresses, which leads to better
understanding of the flow characteristics of the column. The
main difference between the standard k- turbulence model
and the realizable version of this turbulence model is due to
the different expression for the turbulent viscosity and an
enhanced transport equation for the dissipation rate of
turbulence, . The k- model is therefore a two-equation
turbulence model, since two additional transport equations
must be solved for the turbulence kinetic energy (k) and
dissipation rates (). The differences between the realizable
and the standard k- model would be more substantial
where the flow includes strong vortices and rotation, such as
in column flotation. Due to the abovementioned reasons, as
well as preliminary studies of the turbulence models for the
system under investigation, the realizable version of k-
model was applied in this study. For the realizable k-
model, the turbulence kinetic energy (k) and turbulence
dissipation rate equations can be found elsewhere (Shih et
al., 1995).
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The sparging of gas into the column was modelled using
source terms introduced in the gas-phase continuity
equations for the computational cells at the bottom of the
column. The gas phase is assumed to enter the column as air
bubbles. Cominco spargers like those that were used in the
simulated column are known for their uniform bubble
distribution over the entire column cross-section (Paleari, Xu,
and Finch, 1994; Harach, Redfearn, and Waites, 1990; Xu,
Finch, and Huls, 1992). The air bubbles were therefore
introduced over the entire column cross-section in the CFD
model without including the physical spargers in the model
geometry. The top of the column was modelled as a sink to
simulate the exit of the air bubbles at the top of the collection
zone. The mass and momentum source terms were calculated
from the superficial gas (air) velocity, Jg, as follows:
[13]
where g is the density of air (1.225 kg/m3), Ac is the column
cross-sectional area (m2), Jg is the superficial gas (air)
velocity (m/s), and Vcz is the volume of the cell zone where
the source terms are applied. The momentum source terms
were calculated from the respective mass source terms
according to the following equation:
[14]
For the batch-operated column, there are no inlets or
outlets for the liquid phase in the model. Boundary
          

Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
conditions were therefore specified for the column wall only.
In this case, no slip boundary conditions were applied at the
column wall for both the primary phase (water) and the
secondary phase (air bubbles). The application of a source
term of the sparger has been proven to be computationally
affordable; moreover, it helps to introduce the gas bubbles in
a uniform fashion across the column. The no-slip boundary
condition for the column walls is a very well-established
boundary condition that assumes that the fluid has zero
velocity relative to the column wall.

 
A CFD model (geometry) of this column was subsequently
developed considering the three sections as shown in Figure
2. Three-dimensional (3D) simulations of the cylindrical
column were then conducted for five different superficial gas
velocities, Jg, from 0.72 to 1.67 cm/s.
The meshing application of ANSYS Workbench was used
to generate the mesh over the model geometry. The mesh
was generated using the Sweep method, which creates a
mesh comprising mainly hexahedral elements. Griddependency studies were conducted in order to eliminate the
possibility of errors resulting from an unsuitable mesh size.
The mesh was therefore progressively refined from an
initially coarse mesh of cell size equal to 5 cm and number of
cells equal to 97 188 until there were no significant changes
in the simulated axial water and bubble velocity profiles.
The different mesh sizes that were investigated are
presented in Table II, while the axial velocity profiles
obtained for these meshes are shown in Figure 3 and Figure
4. It can be seen that the mean axial water and bubble
velocity profiles do not change significantly from mesh 3 up
to mesh 5. However, the axial velocity for mesh 5 is slightly
higher than for mesh 3 and mesh 4. Therefore, based on
these results mesh 4, comprising 884 601 elements with cell
size equal to 2.25 cm, was used for all subsequent
simulations, since it represented a reasonable trade-off
between the required accuracy and the computational time
for the simulations. A minimum orthogonal quality of 0.840
was obtained for the mesh.

scheme until convergence. In some of such cases the time
step size was changed from 0.05 seconds to 0.025 seconds to
enhance convergence. The simulations were run up to flow
times of between 400 seconds and 540 seconds since the
bubble residence time in a similar sized column was
measured at 4–5 minutes (Yianatos et al., 1994).

?908;9@=56@6>97099><5
Two sets of CFD simulations were carried out in this study to
predict the average gas holdup and the axial gas holdup
variation in the flotation column. The first set of simulations
was conducted using the universal drag coefficient to
calculate the drag force between the air bubbles and the
liquid. Another set of simulations was then performed with
the Schiller-Naumann and the Morsi-Alexander drag
coefficients in order to compare the suitability of the different
drag models for predicting gas holdup in the column. The
simulation results obtained with the universal drag
coefficient are presented first, followed by a comparison of
the results obtained with the three different drag coefficients.

 
 
Figure 5 shows the predicted instantaneous velocity vectors
of the liquid (water) at the vertical mid-plane position in the
column. The liquid velocity field shows a typical circulating


Momentum and volume fraction equations were discretized
using the QUICK scheme, while First Order Upwind was
employed for turbulence kinetic energy and dissipation rate
discretization. The QUICK scheme provides up to third-order
accuracy in the computations, while First Order Upwind is
easier to converge. The time step size was 0.05 seconds.
For simulations that were difficult to converge the First
Order Upwind scheme was used in place of the QUICK

'>10:?@
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Table II
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Mesh 1 (coarse mesh)

5.00

97 188

106 038

Mesh 2

3.75

203 280

218 764

Mesh 3

2.70

528 150

555 912

Mesh 4

2.25

884 601

925 328

Mesh 5

1.85

1 611 132

1 667 575
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flow in the column in which the liquid is rising in the centre
and descending near the walls of the column. This compares
well with earlier CFD predictions for flotation columns (Deng,
Mehta, and Warren, 1996; Koh and Schwarz, 2009), as well
as experimental data on bubble columns (Hills, 1974;
Devanathan, Moslemian, and Dudukovic, 1990). The type of
liquid circulation where upward flow exists in the centre
while downward flow prevails near the column walls is
referred to as ‘Gulf-Stream circulation’ (Freedman and
Davidson, 1969). The liquid circulation is intimately related
to non-uniform radial gas holdup profiles in the column
(Hills, 1974; Freedman and Davidson, 1969). This is because
the density difference produced by non-uniform radial gas
holdup profiles provides the driving force for the liquid
circulation in the column. Non-uniform gas holdup profiles
result in density differences, which will cause differences in
pressure across the column. The liquid will then circulate in
the direction of this pressure difference (Freedman and
Davidson, 1969).
The simulated axial velocity profile of water at midheight position in the column at time 540 seconds is
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presented in Figure 6. It can be seen that the water velocity is
positive (upward) in the centre of the column and negative
(downward) near the wall, hence confirming the circulation
pattern in the column. The axial water velocity profile shown
in Figure 6 is asymmetrical. Asymmetrical velocity profiles
have also been reported by other researchers who conducted
experimental studies on bubble columns (Devanathan,
Moslemian, and Dudukovic, 1990).

  
Figure 7 shows the time-averaged air volume fraction (gas
holdup) contours in the column obtained from the CFD
simulations. The gas holdup increases from the bottom to the
top of the column, the holdup at the top being almost twice
that at the bottom of the column. The axial increase in gas
holdup has been attributed to the hydrostatic expansion of
bubbles due to the decrease in hydrostatic pressure (Yianatos
et al., 1995; Schallenberg, Enß, and Hempel, 2005). In the
CFD simulations, the increase in gas holdup with increasing
height in the column is achieved by applying the ideal gas
model to compute the density of the air bubbles as a function
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significant increase in axial gas holdup. The decreasing
hydrostatic pressure therefore plays the major role in creating
an axial gas holdup profile in flotation columns.

    


of the predicted pressure field. Figure 7 also shows a radial
variation in gas holdup, where the highest gas holdup occurs
at the centre of the column.
The CFD model was further tested for the case in which
the effect of the hydrostatic pressure is neglected. In this
case, the air bubbles were assigned a constant density of
1.225 kg/m3. The simulation results in which the air bubbles
were modelled as incompressible (without hydrostatic
‘expansion’) were compared with the results in which
compressibility effects are accounted for using the ideal gas
law. This was done in order to determine whether there was
no other source of change in axial gas holdup. The axial gas
holdup profiles of the two cases are compared in Figure 8.
The case with compressibility effects shows an axial gas
holdup profile in which the gas holdup increases by at least
100% from bottom to top along the height of the column. On
the other hand, the incompressible case does not show a
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The gas holdup was obtained from CFD simulations as a
volume-weighted average volume fraction of the air bubbles
(or the average volume fraction over the whole volume). The
predicted average gas holdup for the whole column is
therefore the net volume-weighted average volume fraction
for the three sections (bottom, middle, and top) of the
column, while axial gas holdup was determined from the
local value of air volume fraction in each of the three
sections.
Figure 9 is a parity plot comparing the simulated
(predicted) average gas holdup against the experimental gas
holdup measurements (Gomez et al., 1991). The CFD
predictions seem to be in good agreement with the
experimental data.
The axial gas holdup predicted for each of the three
sections (bottom, middle, and top) of the column is also
compared against experimental data in Figures 10–13. The
increase of gas holdup along the column height can be
observed both in the CFD predictions and the experimental
data. The axial gas holdup prediction for the middle part of
the column gave an excellent comparison with experimental
data, while that in the top part was slightly under-predicted
for the higher superficial gas velocities (Jg = 1.51 cm/s and
1.67 cm/s).
On the other hand, it can be observed from Figures 10–13
that the axial gas holdup is over-predicted for the bottom part
of the column, especially at lower superficial gas velocities (Jg
= 0.72 and 0.93 cm/s). This may be because the CFD model
applies a constant bubble size of 1 mm and does not account
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for bubble coalescence and breakup in the column. When
bubble coalescence and breakup are significant, the bubble
size distribution in the column will be determined by the
relative magnitudes of bubble coalescence and breakup
(Bhole, Joshi, and Ramkrishna, 2008). At lower superficial
gas velocities bubble coalescence will be the dominant
process (Prince and Blanch, 1990), hence the experimental
gas holdup in the bottom part of the column will be lower
than the predicted value if the resulting average bubble size
is larger than the 1 mm that was used in the simulations.
However, with increasing superficial gas velocity bubble
breakup reduces the average bubble size to around the 1 mm
value used in the simulations, hence the observed
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improvement in axial gas holdup prediction for the bottom
part of the column at higher superficial air velocities (i.e., for
Jg = 1.51 cm/s and 1.67 cm/s).

 
Table III shows the volume-weighted average velocity of air
bubbles obtained from the CFD simulations at different
superficial air velocities. For the constant bubble size of 1
mm used in the CFD simulations, the average bubble velocity
seems to decrease slightly with increasing superficial gas
velocity. This is perhaps due to the increase in average gas
holdup (volume fraction) resulting from the increasing
superficial gas velocity (López-Saucedo et al., 2011; Nicklin,
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Table III
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0.72

12.79

0.93

12.33

1.22

11.78

1.51

11.84

1.67

11.61

1962; Zhou, Egiebor, and Plitt, L. 1993). When bubble
volume fraction or gas holdup is increased, the drag force
increases hence the bubble velocity decreases.
The simulated axial velocity profiles of air bubbles at
different heights in the column are shown in Figure 14 for Jg
= 1.51 cm/s. It can be seen that the axial bubble velocity
decreases with height along the column. Previous research on
axial velocity profiles of single bubbles identified similar
bubble behaviour along the column height due to the
progressive increase in the drag coefficient resulting from
surfactant-induced changes at the bubble surfaces (Sam,
Gomez, and Finch, 1996). However, since the effects of
surfactants on bubble surfaces are not accounted for in the
present CFD model, the observed axial variation in bubble
velocity in this case must have its origins in some other
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mechanism, possibly the increase in the drag force resulting
from the increase in gas holdup with height along the
column. The observed decrease in bubble velocity with height
could result in an increase in bubble residence time and this
may cause a further increase in the axial gas holdup profile.
Figure 14 also shows a change in the shape of the axial
bubble velocity profile from a parabolic shape at the bottom
and in the middle to a more uniform profile at the top of the
column where the flow turbulence is fully developed.
In Figure 15, the axial velocity of bubbles is plotted
against height along the column axis. The velocity profile
obtained shows three stages, similar to the three-stage profile
described by Sam, Gomez, and Finch (1996) for single
bubbles rising in a 4 m water column in the presence of
frother. In the initial stage, the bubble velocity increases
rapidly (acceleration stage), reaching a maximum velocity of
23.2 cm/s at height of approximately 2.7 m in the column.
This value compares favourably with the maximum velocity
of 25.0±0.4 cm/s reported by Sam, Gomez, and Finch (1996)
for bubbles of 0.9 mm diameter. In the second stage
(deceleration stage), the bubble velocity decreases until at a
height of approximately 8.5 m. After that, the bubble velocity
appears to fluctuate around an average of about 11.5 cm/s
(constant velocity or terminal velocity stage). This value can
be compared to the terminal velocities of between 11.0 and
12.0 cm/s observed by Sam, Gomez, and Finch (1996) for
similar a bubble size (0.9 mm diameter).
An interesting observation here is that in spite of the fact
that this CFD model does not account for the effects of
!"@..,
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frother, the results in Figure 15 are similar to the three-stage
profile described by Sam, Gomez, and Finch (1996) for
bubbles rising in water in the presence of frother, where the
decreasing velocity in stage 2 was attributed to progressive
adsorption of surfactant molecules as the bubble rises. On the
other hand, Ishii and Mishima (1984) have shown that the
drag coefficient increases with increasing volume fraction of
particles (or bubbles) in the viscous and distorted particles
regime. The deceleration of bubbles observed in the CFD
results could therefore be related to the increase in gas
holdup along the column axis due to increases in the drag
force.

  

Simulations were also performed to compare the gas holdup
prediction when different drag coefficient formulations were
used. In this regard, CFD simulations were carried out with
three drag models, the universal drag, Schiller and Naumann,
and the Morsi and Alexander models. The parity plot
comparing the average gas holdup prediction for the different
drag coefficients is shown in Figure 16. It can be seen that
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there is no significant difference between the results obtained
with the three drag coefficients.
The average gas holdup results obtained with the three
drag coefficients are further compared against experimental
data in Table IV in terms of the mean absolute relative error
(MARE) between the CFD predictions and the corresponding
experimental measurements calculated as follows:
[15]
With MARE equal to 6.2%, the universal drag coefficient
performs better compared to the Schiller-Naumann (MARE =
7.9%) and Morsi-Alexander (MARE = 10.8%) coefficients.
The axial gas holdup predictions using the different drag
coefficients are compared with experimental data (Gomez et
al., 1991) in Figure 17 and Figure 18. There is again no
significant difference between the results obtained with the
three drag coefficients. For all three drag models, the gas
holdup prediction was very good for the middle part of the
column, good for the top part, and over-predicted at low
superficial gas velocity (Jg = 0.72 cm/s) for the bottom part of
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0.72

3.56

3.86

0.084

0.93

4.77

4.98

0.044

1.22

5.97

6.91

0.157

1.51

8.21

8.20

0.001

1.67

9.50

9.27

0.024

Superficial gas velocity
(cm/s)

Average gas holdup (%):
experimenta

Gas holdup (%):
CFD

Relative
error

0.72

3.56

4.08

0.146

0.93

4.77

5.13

0.075

1.22

5.97

6.74

0.129

1.51

8.21

8.50

0.035

1.67

9.50

9.58

0.008

Superficial gas velocity
(cm/s)

Average gas holdup (%):
experimental

Gas holdup (%):
CFD

Relative
error

0.72

3.56

4.05

0.138

0.93

4.77

5.29

0.109

1.22

5.97

7.22

0.209

1.51

8.21

8.74

0.065

1.67

9.50

9.33

0.018

Mean absolute relative error (MARE) = 6.22%
Schiller-Naumann

Mean absolute relative error (MARE) = 7.89%
Morsi-Alexander
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Mean absolute relative error (MARE) = 10.77%

Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
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Table V
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0.72

2.08

2.87

0.380

0.93

2.78

3.71

0.335

1.22

4.17

5.15

0.235

1.51

5.90

6.18

0.047

1.67

6.94

7.00

0.009

Mean absolute relative error (MARE) = 20.11%
Schiller-Naumann
Superficial gas velocity (cm/s)

Gas holdup bottom section (%)
Experimental

CFD

Relative error

0.72

2.08

2.99

0.438

0.93

2.78

3.83

0.378

1.22

4.17

5.08

0.218

1.51

5.90

6.44

0.092

1.67

6.94

7.26

0.046

Mean absolute relative error (MARE) = 23.42%
Morsi-Alexander
Superficial gas velocity (cm/s)

Gas holdup bottom section (%)
Experimental

CFD

Relative error

0.72

2.08

3.03

0.457

0.93

2.78

3.92

0.410

1.22

4.17

5.37

0.288

1.51

5.90

6.52

0.105

1.67

6.94

7.09

0.022

Mean absolute relative error (MARE) = 25.63%

the column. The over-prediction of the local gas holdup at the
bottom part of the column can be attributed to bubble
coalescence, as explained above. The mean absolute relative
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errors calculated for the different drag coefficients for the
axial gas holdup prediction are presented in Tables V–VII. A
MARE above 20% was obtained for the gas holdup prediction
          

Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
Table VI
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=9@/<8603@2>668?@9?7;><5@+ *
")3?:>2?5;=8
#'

?8=;>-?@?::<:

0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 5.59%
Schiller-Naumann
Superficial gas velocity (cm/s)

3.11
4.64
5.84
7.79
8.72

0.148
0.006
0.103
0.015
0.007

0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 7.32%
Morsi-Alexander
Superficial gas velocity (cm/s)
0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 9.072%

3.57
4.61
6.44
7.67
8.66

Gas holdup middle section (%)
Experimental
CFD
3.11
3.77
4.64
4.78
5.84
6.29
7.79
7.94
8.72
8.96

Relative error
0.212
0.030
0.077
0.019
0.028

Gas holdup middle section (%)
Experimental
CFD
3.11
3.73
4.64
4.90
5.84
6.70
7.79
8.16
8.72
8.75

Relative error
0.199
0.056
0.147
0.047
0.003

Table VII
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0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 6.08%
Schiller-Naumann
Superficial gas velocity (cm/s)

4.92
6.67
8.22
11.32
12.8

0.004
0.043
0.079
0.088
0.089

0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 4.80%
Morsi-Alexander
Superficial gas velocity (cm/s)
0.72
0.93
1.22
1.51
1.67
Mean absolute relative error (MARE) = 6.05%

          

4.94
6.38
8.87
10.32
11.66

Gas holdup top section (%)
Experimental
CFD
4.92
5.24
6.67
6.51
8.22
8.49
11.32
10.68
12.8
12.01

Relative error
0.065
0.024
0.033
0.057
0.062

Gas holdup top section (%)
Experimental
CFD
4.92
5.2
6.67
6.75
8.22
9.2
11.32
11.04
12.8
11.65

Relative error
0.057
0.012
0.119
0.025
0.090
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Prediction of gas holdup in a column flotation cell using computational fluid dynamics (CFD)
in the bottom part of the column with all three drag
coefficients. On the other hand, the gas holdup in the middle
and top parts of the column was predicted with less than 10%
relative error.

R

Universal gas constant

Re

Reynolds number, dimensionless

Sq

Mass source term for phase q, kg/m3-s

T

Temperature

#<57809><59

V

Volume, m3

CFD modelling was applied to study the gas holdup and its
variation along the collection zone of a pilot flotation column.
Both the predicted average gas holdup and the axial (local)
gas holdup were in good agreement with the experimental
data available in the literature. The generally known gas
holdup profile, with the gas holdup values increasing upward
in the column and having maximum values in the centre of
the column, was also predicted by the CFD simulations.
Three drag models, the universal drag, Schiller-Naumann,
and Morsi-Alexander drag coefficients, were compared in
order to determine the suitable drag model for average and
axial gas holdup prediction in the column. The three drag
coefficients all produced good prediction of both the average
and local gas holdup. Therefore, any of these three drag
coefficients can be used to model flotation column
hydrodynamics.
An axial bubble velocity profile was also observed in
which the bubble velocity magnitude decreased with height
along the column. The reason for this could be the increase in
drag coefficient resulting from the axial increase in gas
holdup along the column height. However, the decrease in
axial bubble velocity along the column height can result in a
further increase in the axial gas holdup variations compared
to the effect of the hydrostatic pressure only. The axial
variation in gas holdup could therefore be explained as
having its origins in two interrelated processes; the
hydrostatic expansion of air bubbles and the development of
a bubble velocity profile in which the axial velocity of bubbles
decreases with height along the column.

H

Separation distance for gas holdup measurement

P

Pressure difference


T


Viscous stress tensor, Pa
Air volume fraction or gas holdup

G

Prandtl number for turbulence kinetic energy,
dimensionless

k

Prandtl number for turbulence energy dissipation rate,
dimensionless





Volume fraction



Turbulence dissipation rate, m2/s3



Viscosity, kg/m-s

t

Turbulent viscosity, kg/m-s



Density, kg/m3


B
D
G, g
i, j
L
q

Bubble
Drag
Gas
Spatial directions
Liquid
Phase
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Contact: Johan de Korte
Tel: 079 872-6403
E-mail: dekorte.johan@gmail.com
Website: http://www.sacoalprep.co.za
2–3 October 2019 — 2nd The SAMREC/SAMVAL
Companion Volume Conference
‘An Industry Standard for Mining Professionals in
South Africa’
Emperors Palace, 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

24–27 June 2019 — Ninth International Conference
on Deep and High Stress Mining 2019
Misty Hills Conference Centre, Muldersdrift,
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

17–18 October 2019 — Tailing Storage Conference
2019
‘Investing in a Sustainable Future’
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

4–5 July 2019 — Smart Mining, Smart Environment,
Smart Society
‘Implementing change now, for the mine of the future’
Midrand
Contact: Yolanda Ndimande
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: yolanda@saimm.co.za
Website: http://www.saimm.co.za

13–15 November 2019 — XIX International Coal
Preparation Congress & Expo 2019
New Delhi, India
Contact: Coal Preparation Society of India
Tel/Fax: +91-11-26136416, 4166 1820
E-mail: cpsidelhi. india@gmail.com, president@cpsi.org.
inrksachdevO1@gmail.com,
hi.sapru@monnetgroup.com
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11–13 March 2019 — 7th Sulphur and Sulphuric
Acid 2019 Conference
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
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Company Affiliates
The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited

eThekwini Municipality

Multotec (Pty) Ltd

AECOM SA (Pty) Ltd

Expectra 2004 (Pty) Ltd

Murray and Roberts Cementation

AEL Mining Services Limited

Exxaro Coal (Pty) Ltd

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

Exxaro Resources Limited

Namakwa Sands(Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

Filtaquip (Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

FLSmidth Minerals (Pty) Ltd

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(Pty) Ltd

Franki Africa (Pty) Ltd-JHB

OPTRON (Pty) Ltd

Anglo Operations Proprietary Limited

Fraser Alexander (Pty) Ltd

PANalytical (Pty) Ltd

Anglogold Ashanti Ltd

G H H Mining Machines (Pty) Ltd

Arcus Gibb (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

Atlas Copco Holdings South
Africa (Pty) Limited

Glencore

Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining
BASF Holdings SA (Pty) Ltd
BCL Limited
Becker Mining (Pty) Ltd
BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering Pty Ltd

Perkinelmer

Hall Core Drilling (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Sol

Hatch (Pty) Ltd

Precious Metals Refiners

Herrenknecht AG

Rand Refinery Limited

HPE Hydro Power Equipment (Pty) Ltd

Redpath Mining (South Africa) (Pty) Ltd

Immersive Technologies

Rocbolt Technologies

IMS Engineering (Pty) Ltd

Rosond (Pty) Ltd

Ivanhoe Mines SA

Royal Bafokeng Platinum

Joy Global Inc.(Africa)

Roytec Global (Pty) Ltd

Kudumane Manganese Resources

RungePincockMinarco Limited

Leco Africa (Pty) Limited

Rustenburg Platinum Mines Limited

Longyear South Africa (Pty) Ltd

Salene Mining (Pty) Ltd

Lonmin Plc

Sandvik Mining and Construction
Delmas (Pty) Ltd

Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Magnetech (Pty) Ltd

SANIRE

MAGOTTEAUX (Pty) LTD

Schauenburg (Pty) Ltd

Maptek (Pty) Ltd

Sebilo Resources (Pty) Ltd

MBE Minerals SA Pty Ltd

SENET (Pty) Ltd

MCC Contracts (Pty) Ltd

Senmin International (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Smec South Africa

MDM Technical Africa (Pty) Ltd

Sound Mining Solution (Pty) Ltd

Metalock Engineering RSA (Pty)Ltd

SRK Consulting SA (Pty) Ltd

Metorex Limited

Technology Innovation Agency

Data Mine SA

Metso Minerals (South Africa) Pty Ltd

Time Mining and Processing (Pty) Ltd

Department of Water Affairs and Forestry

Minerals Council of South Africa

Timrite Pty Ltd

Digby Wells and Associates

Minerals Operations Executive (Pty) Ltd

Tomra (Pty) Ltd

DMS Powders

MineRP Holding (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

Mintek

Umgeni Water

DTP Mining - Bouygues Construction

MIP Process Technologies (Pty) Limited

Webber Wentzel

Duraset

Modular Mining Systems Africa (Pty) Ltd

Weir Minerals Africa

Elbroc Mining Products (Pty) Ltd

MSA Group (Pty) Ltd

Worley Parsons RSA (Pty) Ltd

Bouygues Travaux Publics
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing SA Pty Ltd
CSIR Natural Resources and the
Environment (NRE)

L
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We strive
to offer
you the
lowest
cost of
ownership
Weir Minerals is a leading
designer and manufacturer of
mine dewatering solutions, slurry
pumps, hydrocyclones, valves,
screens, centrifuges, crushers,
feeders, washers, conveyers,
rubber lining, hoses and wearresistant linings for the global
mining and minerals processing,
sand and aggregate, and power
and general industrial sectors.
For more information contact us
on +27 11 9292600

Minerals
www.minerals.weir
www.weirafricastore.com
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Embracing the Fourth Industrial Revolution in the Minerals Industry
Driving competitiveness through people, processes and technology in a modernised environment
12-13 JUNE 2019

|

JOHANNESBURG

|

SOUTH AFRICA

BACKGROUND
The SAIMM ran a very successful conference in 2017, which was called ’New Technology and Innovation in Mining’. Now, two
years on, it is time to update ourselves on the latest developments, both in the digital world as well as the physical world
of the minerals industry.
Our industry, steeped in great tradition and innovation, now finds itself facing new challenges, and many operations
have already embraced these challenges and introduced people-centric technologies that are truly at the cutting edge of
innovation.
Besides showcasing many exciting innovations and case studies, the conference will be supplemented with a trade show
where many of these technologies will be featured.
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improvement through innovative
but practical techno
olo
logi
gical solution
ns ai
aime
med
me
d at imp
mprooveeme
m ntts in
qu
ual
alit
ity,
it
y out
y,
u pu
p t an
and
d pr
prod
oduc
od
ucti
uc
tivi
ti
vity
vi
ty..
ty
Itt is al
also
s aim
so
med
d at acchi
hiev
evving
g a common vis
isio
is
ion
io
n of ‘th
t e ar
th
at
off thee pos
ossi
sibl
si
ble’
bl
e as weell as
e’
expl
p or
pl
o in
ing
g neew pa
para
radi
ra
d gm
di
g s fo
forr
mining
mini
n and
ng
n met
etal
allu
l rg
lu
rgyy in the futuree.

Mine managers
Operational managers
Mine engineers
Mine planners
Geol
Ge
olog
ol
og
gis
ists
ts
M ni
Mi
n ng
ng tec
echn
hnic
hn
iccal sta
taff
ff
Tech
Te
ch
chn
hni
nica
call in
info
form
fo
rmat
rm
atio
at
ion
io
n sp
pec
e ia
ialililist
stss
st
Cons
Co
nsul
ns
u ta
ul
tant
ns
nt
Cont
Co
ntra
nt
ra
act
c or
orss
Sttud
den
ents
tss
Acad
Ac
adem
ad
emic
em
iccs
Rese
Re
sear
se
a ch
ar
cher
erss
er
Meta
Me
tallllllur
ta
urgi
ur
g ca
gi
call Mana
ageers
Meeta
allllur
urgi
ur
gistts
gi
Prrocces
esss de
d sign engineers
r
rs

Submission of Abstracts

1 March 2019

Submission of Papers/
Presentations

5 April 2019
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