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constrained by low efficiency at such fine sizes. Selective flocculation has the potential to overcome these constraints
to a degree. This paper reports on a study of the potential to improve separation efficiencies of haematite from slimes
by coupling selective flocculation with magnetic separation.
The use of 3D ground penetrating radar to mitigate the risk associated with falls of ground in Bushveld
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Some of the advances in ground penetrating radar (GPR) technology are discussed. Case studies at two Bushveld
Complex platinum mines are used to demonstrate the niche role for GPR; that of immediate hangingwall assessment to
identify geological features that could potentially result in falls of ground. Several obstacles still need to be overcome
to enable GPR to become a routine tool in local mining operations.
Improving cathode morphology at a copper electrowinning plant by optimizing Magnafloc 333 and
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When electrowinning is coupled to a solvent extraction operation, it is important to minimize the amount of surfaceactive additives used, as their presence tends to increase phase disengagement at times. In the present work the effects
of Magnafloc 333 and chloride concentrations were studied with the aiming of minimizing se the amounts currently
being added while producing an acceptable copper cathode morphology.
Milling circuit optimization study for Kroondal no. 1 platinum concentrator
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Multotec was engaged by MINOPEX to provide support aimed at improving the performance of the milling circuit at
Kroondal no. 1 concentrator. The scope of work included determining the optimum lifter profile that would provide the
necessary mode of breakage, the optimum top ball size required to break the top feed size, as well as the energy required
to achieve the target grind for the current F80. The impact of the recommended changes is being evaluated and
consultation is ongoing.
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To Publish or not to Publish – and what
to publish - that is the Question!

K

nowledge is the key to life, employment, the economy, and the country. It is nowhere
more important than in scientific and technical journals that aspire to deliver the
‘best of the best’ to the professional and intellectual members of society. Such
knowledge is expected to encourage intellectual growth, to ensure innovation, to enhance
understanding of key issues, and ultimately, to improve the prospects for the economy
and the country.
However, knowledge comes in different ‘packages’. It may be manifested at different
levels of originality, across different disciplines, and aimed at different technical
communities. This multiplicity is compounded by the variety of sources from whence it
comes, each with different purposes. In academia, ‘publish or perish’ is a requirement
to ensure tenure and promotion for academic staff, while for postgraduate students
publishing one or more papers in accredited journals is a requirement before success can be achieved and a
degree assured. For academic institutions, successful publication in high-impact journals carries with it financial
rewards for both staff and the institution as well as international recognition and status in global academic
rankings. In fact, researchers who publish in journals with high Impact Factors are regarded as among the
most important assets at any academic institution. For these reasons, university staff are strongly encouraged
to publish in journals with the highest credit ratings. Credit rating is determined by what is known in scientific
circles as the Impact Factor.
A journal’s Impact Factor, however, is of little relevance to the industrial mining and metallurgical
community. In the latter case, papers dealing with innovative topics and practical applications are of greater
relevance. Proof of this is the extremely high number of ‘hits’ (i.e. the number of SAIMM Journal papers opened
on-line per month) are been reported compared to all other journals in South Africa. This reflects high interest
in the SAIMM Journal content. However, the Journal’s Impact Factor, namely, the referencing of SAIMM papers
in other journal papers, was reported to be among the lowest relative to other accredited journals. This is of
concern to the discerning academic community.
In a country such as South Africa, with highly active mining and metallurgical communities in both
the academic domain and in industry, a good balance between papers supplying both applied technology
information for those in industry and highly accredited fundamental research for those in academia is of the
utmost importance.
The question going forward is how to achieve the balance in the SAIMM Journal in order to serve the
interests of both sectors. This matter will be addressed when new ‘Rules of Engagement’ for the SAIMM’s
Journal are considered by the Publication Committee and members from ASSAf and SciELO at a meeting to be
scheduled in early 2020. All concerned will be welcome to attend. The prime purpose will be to address the
needs for both sectors in 2020.
Impact Factor. As described on the Sci.Journal.org website: A Journal Impact Factor is a measure reflecting
the average number of citations to articles published in science and social Journals. In simple terms, a citation
occurs when an article is cited (quoted as a formal reference) in other published articles, all in accredited
journal[s].
NB: ASSAf: ASSAf is the official national Academy of Science of South Africa and represents the country
in the international community of science academies. It was formed in response to the need for an academy of
science congruent with the dawn of democracy in South Africa - activist in its mission of using science for the
benefit of society. The mandate of the Academy encompasses all fields of scientific enquiry and it includes the
full diversity of South Africa’s distinguished scientists. The Parliament of South Africa passed the Academy of
Science of South Africa Act (Act 67 of 2001), as amended, which came into operation in May 2002.
NB: SciELO: SciELO South Africa is an open-access (free to access and free to publish) searchable database
of selected, high quality South African scholarly journals. The project is inspired by a global movement towards
the implementation of online journals, pioneered by the Scientific Electronic Library Online (SciELO) project,
based in Brazil.
R.M.S. Falcon
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Selflessness in Leadership

T

his is my third installment on the topic of leadership, and specifically the
leadership characteristics necessary to achieve sector and national objectives.
In the first two articles I discussed vision and courage, respectively. South
Africa has visionary leaders, in both the public and private sectors, who
have acted with courage during the toughest times in the sector and the
development of the country. However, South Africa has remained in the category of
‘having so much potential’ for the past 10–15 years. Why is this so if we have such
great and courageous leaders?
This question leads me to my discussion on the third trait of leadership –
selflessness. What do I mean by this expression? Simply put, it is a person who
acts without regard for self-gain, but rather to benefit others. It could be a distant
reference to the ‘servant-leader’. It is not my aim to cast judgement on selflessness, or enquire into
its presence or lack thereof, especially as regards the individuals mentioned in my previous article.
I’ll let you, the reader be the judge for yourself. My aim in these discussion articles is to highlight the
characteristic for its worth in a leader and in leadership.
Selflessness, in my view, is an important trait given the positional power that most leaders tend to
occupy and enjoy, with access to unprecedented resources. The temptation for abuse of this power is
undeniable but avoidable.
With the emerging trend of ecosystem concepts being adapted by business (which frankly remains
misunderstood) and the adoption of digital technologies, selflessness as a leadership characteristic that
prevails throughout the whole organization will be a determinant of success.
Here’s where I am going with this: there’s an increasing inevitability of stakeholder management
and building of strong relationships. Successful organizations will distinguish themselves through the
strengths of their relationships, where they will have contributed to the relationship for the combined
benefit of the business and its partners in the relationships within their operating contexts. Organizations
in these relationships will bring their best (the ‘A-game’) for the benefit of the relationship and the
system, not for what the individual organization can obtain. The sustainability of the system results in
each contributor thriving, with the outcome of increasing trust within the system and reinforcing the
strength of the ecosystem relationships. This concept applies equally and as strongly on digital platforms.
Therefore selflessness is evidently going to be the foundation of building trust with our stakeholders
as business leaders. This concept can be stretched further to address the perennial question of what the
role of business is. Selflessness in the conduct of our mining operations has to be part of the response to
that question.

M.I. Mthenjane
President, SAIMM

First Article: Leadership,
Vision, and Dreams

Second Article: Leadership:
Vision, then courage to act
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Synopsis
Gob-side entry retaining technology (GERT) is a popular layout of the roadway in many modern coal mines
due to its outstanding advantages in high production yield ratio and enabling the ‘Y’ shape ventilation
configuration. During the past two decades, various standing supports, as the critical component of GERT,
have been proposed and implemented. However, few systematic investigations have been conducted.
This paper starts with a concise introduction of the movement of the strata overlying the standing
support when the whole service period of retained gob-side entry is considered. A recently proposed new
classification of standing supports based on the cross-section is then described. To obtain an in-depth
comparison of each standing support, the advantages and drawbacks are investigated based on the
installment procedure, economic benefits, and mechanical behaviour. Furthermore, recommendations
for further research topics have been identified, such as the development of novel hybrid composite
structures either in terms of the backfilling materials or the confining material. These backfill materials
include coal rejects concrete, geopolymer concrete, high water-content slurry, and other environmentally
friendly materials made of industry by-products. Emerging materials, including fibre-reinforced polymer
(FRP) composites, high-strength steel, geosynthetic material, and combinations of these materials,
should be considered. The key purpose of this review is to offer solutions for the development of easyto-construct, cost-effective, and environmental friendly standing support for GERT.
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Introduction
The layout of the roadway has always been a matter of significant importance in mining engineering,
for both researchers and coal operators, as the roadway is usually regarded as the ‘throat’ for coal mines
(Li et al., 2016). Gob-side entry retaining technology (GERT), one of the most important components of
an integrated pillarless retreat mining system, is normally defined as an innovative layout of roadway
that leaves the tailgate close to the gob with some artificial standing supports, which will be used for
the adjacent working panel (Zhang et al., 2014; Han et al., 2018). The artificial standing supports can
also be set up in front of the working panel to reduce the manual risks compared to those generally
constructed behind the working panel. The typical layout of the GERT is presented in Figure 1a.
Compared to traditional layouts of roadway, as shown in Figure 1b, it is believed that there are
various advantages of GERT, not only in terms of technical aspects but also the economic benefits (Liu
et al., 2018; Duan, Sun, and Li, 2019). It is obvious that the extra driving of roadway is not required
due to the re-use of the tailgate for the next combined working panel. In other words, the tailgate
with GERT can be thus shared by two working panels, which is significantly important for coal mines
in hard rock where the driving of roadways is very difficult in practice. Accordingly, with the use
of GERT, the coal pillar can be successfully recovered, increasing the yield of coal to some extent if
appropriate standing support has been installed. Moreover, the recovery of the coal pillar can prevent
load concentration, which poses a potential risk during the excavation of an adjacent coal seam.
Another outstanding benefit of GERT is the constructed pathway for ’Y’ shaped ventilation (see Figure
1a) in gassy coal seams. The fresh air goes through both the tailgate and the maingate to the gas
drainage entry. The gas drainage boreholes can be always drilled in GERT toward a conjunct coal seam
for gas pre-drainage. The most important of these benefits is that the GERT is generally located at the
low-stress zone, contributing to the stability of the roadway surrounding rock. Hence, GERT has been
widely accepted and used in a large number of coal mines in China, resulting in the popularity of the
pillarless driving system.
The role played by standing support, the main component of GERT, is significantly important. The
stability of standing support is a primary concern in the design of GERT. During the past two decades,
various standing supports have been proposed and put into practical application in China based on a
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Figure 1 – Comparison between (a) the new Y-type ventilation system with GERT and (b) the traditional U-type ventilation system

large amount of experimental test work and numerical analysis
as well as theoretical analysis. The differences between these
commercially-available standing supports are either in terms of
the outer container materials (e.g. steel and fabric) or the infill
backfilling materials (e.g. coal rejects, cementitious material,
and concrete). As a result, GERT has been accepted by more and
more coal mines in China to balance the relationship between
economy, safety, and engineering requirements. Current research
has revealed some critical geological factors, including the
thickness of the immediate roof, the dip angle, overburden depth,
mining height, lithology of the immediate roof, and the length
of cantilever main roof block, that will significantly affect the
stability of standing support used in GERT (Yang et al., 2016).
Moreover, other mining parameters such as the properties of
the main roof and the load distribution and deformation of the
standing support can also affect the stability of standing support.
Although a large number of investigations have been conducted
to improve understanding of GERT, little attention has been paid
to the systemic analysis and comparison of various standing
supports under different geological conditions. There is still no
standard as a reference to guide mining engineers choosing
appropriate standing supports for practical application. An indepth review of GERT as described in existing literature reports is
therefore urgently required.
Against this background, we conducted a systematic review
of the standing supports used in GERT and possible future
developments. This paper starts with a theoretical analysis of the
overall movement of the overlying strata, particularly considering
the stress distribution on standing supports. Based on the roles
played by the standing support at different periods during its
service life, the market-available standing supports have been
classified into two categories according to their cross-sections, i.e.
packing wall and tubular column. The advantages and drawbacks
of each typical standing support have been carefully clarified and
compared. Finally, directions for further research on the infill
backfilling material, the types of external confining material,
and possible cross-sections are discussed to encourage the more
widespread use of GERT in coal mines.
The purpose of this paper is to provide an insight into the
standing support systems in GERT as a reference for the stability
control of the surrounding rock. The information is expected
to provide a systematic reference to assist mining engineers
to better understand either the theoretical foundation or the
practical application of GERT.

Theoretical foundation
A large amount of research has been conducted to explore the
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deformation mechanism of the overlying strata in longwall
systems by experimental investigation, theoretical analysis
(Deng et al., 2010; Lu, Hua, and Zhao, 2011), numerical
simulation (Zhang et al., 2018a) and field monitoring (Bai et
al., 2015; Su et al., 2015). As a result, the stress distribution
on standing support used for GERT is well understood (Li et
al., 2016). Unlike the conventional layout of roadway, where
the chain pillar is kept as a barrier to each working panel,
GERT normally serves two working panels. As a result, both
the deformation characteristics and the load distribution of the
overlying strata will be significantly different. A diagram of the
key layer and critical block for longwall operations, and sketch of
the load distribution on standing support, is presented in Figure 2.
Generally, the standing support is set up along the working
panel to form the new loading resistance structure for the next
combined working panel. However, the breakage of the overlying
stratum, in particular the failure of block B (see Figure 2), will
significantly affect the loading conditions of the standing support
in practice. It is apparent that (Figure 2a) the standing support
will be in a situation of ‘load controlling’ when it is exactly under
the failure line between block A and block B. That is, the main
role played by the standing support is to provide a given loading
resistance capacity. In other words, the deformation caused
by rotation of block A can be controlled by a standing support
with sufficient stiffness and strength. ‘Load controlling’ is also
regarded as an ideal situation for the success of GERT. The other
situation is termed ‘displacement controlling’, as shown in Figure
2c where both the strength and deformation capacity of the
standing support should resist the deformation of block B. In this
situation, the standing support will generally be compressed by
the closure of the caving zone and thus the deformability is much
more critical than stiffness. Figure 2b presents the situation,
between ’load controlling’ and ’displacement controlling’, where
the effect of standing support seems to be more complex. In this
case the standing support should provide sufficient stiffness,
strength, as well as deformation capacity. In fact, it is difficult to
determine the most important feature of standing support that
should be taken into consideration for this situation.
As mentioned earlier, the location of standing support is
generally restricted by the limited space between the roadway
and working panel. However, the load conditions will mainly
depend on the standing support. That is, the interaction between
standing support and the overlying stratum will lead to a
different distribution of the failure line of key blocks such as
block A and block B. The critical roles played by the standing
support at different stages are therefore discussed to provide a
better understanding of the effect of standing support in GERT.
The Journal of the Southern African Institute of Mining and Metallurgy
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(a)

(b)

(c)

Figure 2—Diagram of GERT and stress distribution behaviour (Wang et al., 2015)

The entire service period of standing support is divided into three
stages: (1) the early stage of construction; (2) the excavation of
first working panel; and (3) the excavation of the second working
panel.

Early stage of construction
The early stage of construction is defined as the period from the
first setting up of the standing support to the regular collapse of
the immediate roof behind the working panel. During this period,
the purpose of standing support installed behind or ahead of the
working panel is mainly to provide a suitable support stiffness
to avoid the separation of the immediate roof. Early strength of
the standing support is therefore desirable. With the movement
of the working panel, the breakage of the overlying strata
develops from block A to block B, accompanied by significant
deformation, as shown in Figure 2. It is not necessary to resist
the whole weight of block B in practice since that the ‘big
structure’ consisting of block A and block B will be generated in
this stage. The basic requirement for standing support is to adapt
to the large deformation with a similar deformation rate to that
of the immediate roof. Therefore, standing supports such as the
concrete crib, which are too stiff to deform sufficiently, may fail at
the beginning of this stage.
A stiff standing support will be much more suitable
to generate the ‘load controlling’ situation once the basic
requirement for deformation capacity is reached. The use of stiff
standing support can accelerate the failure of the immediate
roof along the working panel and block B will fail in the mode
shown in Figure 2a. In this situation, the stability of both
standing support and the roadway will be much easier to achieve.
Generally, stiffer material will deform less. To provide the ideal
standing support with sufficient stiffness together with the
required deformation capacity, many technical measures have
been applied, which will be discussed later.

Excavation of the first working panel
It is well known that the main consideration for standing support
in the early stage of construction is to maintain the stability of
The Journal of the Southern African Institute of Mining and Metallurgy

the immediate roof to prevent the separation of the overlying
stratum. Forming the ‘load-controlling’ situation is the other, but
not the essential, objective in that stage. In contrast, the features
of standing support, in particular, the load-carrying capacity and
deformability, seem to be critical during excavation of the first
working panel. During this stage, an appropriate load-carrying
capacity is required to maintain the stability of the roof nearby
the gob to cut off the main roof as high as possible, otherwise the
load on the standing support will increase abruptly. Therefore,
strength and stiffness are essential for standing support during
this stage.
Figure 3 shows the distribution of stress in the surrounding
rock during the entire service life of GERT, from the excavation
of the roadway for the first longwall panel (Figure 3a) to the
second longwall panel (Figure 3d) with three roadways. It is
apparent that the stress applied to the standing support increases
significantly with the excavation of a longwall panel. During
this stage, the standing support should be suitable to absorb
the stress without any damage to the immediate roof and floor.
However, it is difficult to identify whether it is under the ‘loadcontrolling’ situation or ‘displacement-controlling’ situation.
Accordingly, the design of standing support becomes more
complex to cater for different geological conditions, exemplified
by the fact that standing supports in some mines have failed
early in their service life.

Excavation of the second working panel

With the caving of the second working panel (see Figure 3d),
the redistribution of the stress causes a large deformation of the
standing support. The main source of this stress is the adjacent
pressure caused by the movement of the second working panel. It
is critical to maintain the stability of the standing support during
this stage, like in first stage. As shown in Figure 2, the loading
concentration factor (ki) will reach its peak value (k1) when the
standing support is affected by the excavation of second working
panel. In this stage, the deformation capacity of the standing
support becomes the most important concern. High-strength
standing support will lead to potential problems in roof control
behind the second working panel.
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(a)

(b)

(c)

(d)

Figure 3—The distribution of stress in the surrounding rock with GERT (Liu and Zhao, 2017)

Figure 4—Statistical classification of GERT in coal mines: (a) type of infill materials, (b) depth of mining (Cao et al., 2016)

From Figure 2, the following technical requirements for the
standing support used in gob-side entry are indicated.
➤ 	Early strength and sufficient deformation capacity are
required to prevent the separation of overlying strata
in the first stage. High-strength standing support is
recommended to generate the ‘load-controlling’ situation.
➤ 	Suitable load-carrying capacity is required to maintain the
stability of the roof nearby the working face to cut off the
main roof as high as possible when the first working panel
has caved.
➤ 	Appropriate deformation capacity and strength are
necessary for the success of the GERT in the excavation of
the second working panel.

Typical standing supports used in practice
In the past few decades, a wide variety of standing supports and
corresponding manufacturing procedures have been proposed
and put into practical application to promote the adoption of
GERT. The history of the standing supports used for GERT can be
divided into the following four stages:
(1) Concept proposed and trials conducted. Wood crib was
initially proposed as the standing support to maintain the
stability of surrounding rock in the initial stage. During
this period, the hydraulic prop was also introduced as an
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alternative to the wood crib due to its ease of installation.
Coal rejects have been used together with the hydraulic prop
to seal the gob.
(2) Rapid development of hybrid structures. Composite
structures consisting of different types of infill backfilling
material and external confining material have been widely
accepted in this stage. Compared to standing support in
the early stage, these composite structures exhibit high
performance due to the composite effect.
(3) Self-formation of standing support. The new layout
of roadways resulting from the use of the roof cut shortarm beam mining method (110 mining method) has been
proposed recently to form the standing support from the
surrounding rock itself rather than artificial supports. More
detailed information can be found in following section.
(4) Novel composite structures incorporating emerging
materials. Some emerging materials such as high-strength
steel, fibre-reinforced polymer (FRP) composite, and geogrid
have been introduced as confining materials. Meanwhile,
various new-generation infill materials such as geopolymer
concrete and coal rejects concrete have been proposed by the
authors of this paper.
The classification of GERT is generally discussed according
to infill materials and mining depth as shown in Figure 4, from
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 5—Typical standing supports used in practical applications

Table I

Summary of typical standing supports used for GERT
No.

Shape

Type
Wood crib
Hydraulic prop

1

Packed wall

Confining material
N/A

Bagged coal rejects wall

Plastic bag

Concrete wall

Wood/steel formwork

Concrete block wall

N/A

Infill material

Others condition

Wood crib

N/A

Hydraulic prop

Geotextile bag

2

Standard concrete

< 32 MPa

Tang et al., (2010)

Coal rejects concrete

< 10 MPa

Tang et al., (2013), Wang and Zhao (2015)

Standard concrete

Wang, Zhang, and Fan (2011)

Light concrete

Luan et al., (2018)

Portland cement

***

Pozzolan cement

***

CSA cement

Sun et al., Zhang et al., (2018b)

Aerated cement

***

Precast concrete block

Cementitious material

Non-filling

Wang et al., (2009), Li and Yang (2015),
Sun et al., (2018)

Paste material wall

Plastic bag

Paste material

Rock block

N/A

Rock block

Sand-filled steel column

Telescopic steel tube

Sand/ aggregate

Steel tube

Standard concrete

Telescopic steel tube

Pumpable concrete

Steel tube

Coal rejects concrete

Concrete-filled PVC column

PVC tube

Coal rejects concrete

High-strength PVC

Cementitious material column

Plastic bag

Cementitious material

Steel mesh

Steel-reinforced concrete-filled
steel column

Steel ring + steel tube

Concrete

Steel ring/steel rope

Tubular column

Chen et al., (2012)

Full filling

Steel formwork

Concrete-filled steel column

Chen et al., (2012)
Huang et al., (2011),
Zhang et al. (2013),
Ju et al., (2015), Liu (2015)

Coal rejects/fly ash

Plastic bag
Cementitious grout wall

Reference

Self-cutting

He et al., (2018)
Guo et al., (2018)
Wang et al., (2015)

Double-skin steel tube
Steel tube
***

Note: *represents the novel structures proposed by the author, all of which are patent pending

a paper in which the researchers presented the statistical results
from 150 case studies of GERT (Cao et al., 2016). However, due
to the limitation of open literature resources, this classification
may not give a critical insight into the differences between each
standing support method used in GERT.
Consequently, we classify the existing standing supports
into two main categories, i.e. packed wall and tubular column,
according to their cross-sections, as shown in Table I. It should
The Journal of the Southern African Institute of Mining and Metallurgy

be noted that, except for the consideration of infill material, the
confining material (which is the critical component of standing
support) is discussed as well. More detailed information about
the new classification can also be found in Figure 5.

The packed wall
The packed wall is an artificial wall constructed next to the gob
of the first working panel to support the overlying stratum.
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Having one of the most popular cross-sections widely used in
practical applications, the packed wall is believed to be the most
stable standing support compared to its counterparts (Cao et al.,
2016). The packed wall is normally aligned along the direction
of movement of the working panel to build up the continuous
support structure. Details of the packed wall, including those
of the initial tests (wood crib and hydraulic prop), composite
structures, and self-forming structures, are discussed in the
following subsections.

Wood crib and hydraulic prop
Wood crib has been introduced as a standing support at the early
stage in the form of discontinuous packed wall along the gob
(Bai et al., 2015). However, insufficient stiffness to resist the
movement of the overlying stratum is believed to be the main
drawback. As a result, the wood crib was discontinued after a few
trials. However, the successful case study for the application of
wood crib provides the foundation for the growing popularity of
GERT, which has drawn researchers’ attention to the importance
of the stiffness and the effect of deformability. As an alternative
to the wood crib, hydraulic props have been introduced at some
mines with thin coal seams due to their high stiffness and
controllable deformability. However, the high price of hydraulic
props compared to wood cribs limits their wide application in
GERT.
Although the wood rib and hybrid prop have not been widely
used in practice, tests of these two types of standing supports
have successfully illustrated the importance of the balance
between stiffness and deformability. In particular, this is regarded
as marking a breakthrough in GERT from concept to practice.

The bagged coal rejects wall
To eliminate the necessity for transport and dispoal of coal rejects
i.e. the waste material from coal processing, some researchers
have proposed the utilization of bagged coal rejects to form the
packed wall as the standing support in GERT (Liu, 2015; Zhang
et al., 2018). A large amount of research has been conducted
to explore the feasibility of the use of coal rejects, both at the
laboratory scale and in the field (Huang et al., 2011; Ju et al.,
2015). These studies revealed that the physical properties of

coal rejects, including the grain size, density, and the moisture
content, will directly affect the compressive behaviour of the
packed wall. Figure 6 shows two selected practical applications of
GERT with the bagged coal rejects wall.
The installation procedure can be summarized as follows:
➤ 	Fill the plastic bag with compacted coal rejects to reduce
void
➤ 	Transport the bagged coal rejects to a site nearby the gob
➤ 	Stack the bagged coal rejects in a line to form a packing
wall with the desired width and height
➤ 	Double-check the gaps between the coal rejects wall and
the roof as well as the bagged coal rejects to prevent the
overflowing of CH4 and water from the gob
➤ 	Repeat steps 1–3 during the movement of the working
panel until the stopping line (Figure 7).
There is no doubt that the cost of this type of standing
support is acceptable for coal mines due to the utilization of the
industry by-product (coal rejects). However, there are also some
safety and engineering concerns for practical application. As
pointed out, it is difficult to prevent the overflowing of CH4 from
the gob to GERT, constituting a potential risk to miners working
in this roadway. The non-airtight packing wall will also result
in the loss of fresh air, with consequent difficulty in ventilation
management. In addition, the strenuous work of setting up
the bagged coal rejects wall is counter to the trend for modern
coal mines, and may result in bodily injuries. In addition, the
stiffness of bagged coal rejects packing wall is another technical
factor to be considered. Its compressive strength is about 3 MPa,
corresponding to a peak vertical displacement of 250 mm (10% of
the height). The low stiffness cannot meet the basic requirements
to cut off the immediate roof. Additional strengthening methods
should be carried out as well. That is the reason this type of
packing wall is used only for coal seams less than 1.5 m thick.
Based on the above discussion, it can be concluded that the
bagged coal rejects packing wall can be used only for certain
geological conditions where the emission of CH4 is not very high
and the height of roadway is restricted, despite the fact that it is
still believed to be an environmentally friendly and cost-effective
standing support for GERT.

Figure 6—Photographs of GERT with bagged coal rejects wall (Ju et al., 2015; Liu, 2015)

Figure 7—The preparation procedure for the bagged coal rejects wall
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The concrete wall
Apart from bagged coal rejects, various types of concrete
including standard concrete, foam concrete, and coal rejects
concrete have been used to construct the packing wall in GERT in
recent years (Figure 8). The high strength of concrete is believed
to be the primary advantage compared with bagged coal rejects.
Among these concretes, coal rejects concrete is regarded as the
most cost-effective backfilling material in GERT. More detailed
information is contained in the next section. Since the coal rejects
concrete wall is based on the bagged coal rejects packing wall, the
advantages of using coal rejects will be described as well.
To maintain the stability of the coal rejects packing wall at the
early stage of construction, high-strength structural steels and
wood cribs are normally used as the permanent mould for casting
coal rejects concrete in situ. Correspondingly, the manufacturing
procedure has been changed to some extent. Firstly, the structural
steel and the wood cribs should be set up and fixed together
by double-ended thread bolts on the cleaned flat floor behind
the working panel. To provide a safe working environment,
hydraulic props should be set up as temporary support around
the composite mould. The coal rejects concrete can then be
prepared on site by mixing the required amounts of cement, fly
ash, and other necessary binders together with water. The coal
rejects concrete can be cast into the fixed mould to form the wall.
Pre-loading can be applied by the double-ended thread bolts after
the concrete has cured (Figure 9). The thread bolts are believed
to provide extra lateral confinement to infill coal rejects concrete,
which enhances the stiffness and the ductility. The final step is
to double-check for any small cracks or gaps between the packed
wall and the roof. Cement paste is usually used to fill these cracks
to prevent methane overflowing from the gob.
Compared with bagged coal rejects, a coal rejects concrete wall
has several advantages:
➤ 	The mixture can be poured directly into the mould by a

grout system, by which means the labour required from the
miners can be significantly reduced
➤ 	The stability of the standing support is enhanced due
to the decreased void space, which has been filled will
cementitious paste
➤ 	Quality control is much easier by referring to the mixture
design code for standard concrete
➤ 	The use of structural steel is believed to provide extra
support to the overlying roof before the curing of the
backfilling material.
Most importantly, the width of the wall can be reduced due
to the relatively high strength of coal rejects concrete. These
advantages were proved by practical applications in Qishan
coal mine of Jiangsu Mining Company, where the mining depth
exceeds 800 m. Even though there are many examples of
successful applications of coal rejects walls, the quality should be
tested in the laboratory before use in the field.
Although the performance of the coal rejects concrete
wall seems to be better than that of its counterparts, it is still
considered to be a brittle material. Two solutions have been
proposed to improve this method – the application of doubleended thread bolts together with steel mesh to enhance the
ductility of the concrete, and the use of a soft layer on the top
of concrete to generate a composite structure. Similar to the coal
rejects wall, the use of double-ended thread bolts with steel mesh
can provide extra confinement to the concrete, enhancing the
compressive strength and axial ductility. However, this increases
the complexity of installing the wall compared to a standard
concrete wall. Recently, Tan et al. (2015) showed that applying
a soft layer on the top of the wall can significantly change the
brittle behaviour of concrete.
The soft layer, as shown in Figure 10, can be made of
low-strength concrete or timber, the latter of which is easy to
construct. The final stiffness of the composite concrete wall is
directly related to the stiffness of these two materials.

Figure 8—GERT with concrete wall

Figure 9—The layout of double-ended thread bolts for a concrete wall
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 10—The soft-strong structure and its mechanical behaviour (Ning et al., 2014; Tan et al., 2015)

Figure 11—Typical concrete brick walls

The concrete brick wall

Cementitious grout wall

The concrete brick wall is another novel structure developed in
recent years as an alternative standing support to the standard
concrete wall. A concrete brick of standard size avoids the
shortcomings of standard concrete in terms of the final setting
time. The use of precast concrete bricks ensures a designed
compressive strength (Figure 11). The special equipment
designed for transportation and installation can effectively reduce
the potential safety risk for miners. In addition, the use of precast
concrete brick changes the building process of the packing wall
from a manual basis to a much more efficient automated basis.
Considering the density of standard concrete, the foam
concrete brick is recommended for the construction of concrete
brick walls. From an engineering point of view, this packing
wall has the same problem as mentioned for standard concrete.
To modify the inherent brittle behaviour of concrete, additional
strengthening methods should be considered. Furthermore,
compared with the standard concrete wall, which can be cast
in situ to reduce material transportation costs, a decision to
utilize a concrete brick wall should take into account the extra
transportation requirements.

Pumpable standing support material, which is proposed based
on the concrete brickwork and high-pressure pump system, has
been widely used in GERT. The cementitious material is the main
component of pumpable support, for which the basic requirement
is fluidity. Therefore, some typical cementitious materials were
developed. Foamed cement (aerated cement), Portland fly ash
cement, Portland Pozzolana cement, and ettringite-based cements
have been put into applications to cater for different geological
conditions.
The outer container can be made of steel or alloy formwork,
fibre bags, and geogrid. If steel or alloy formwork is used (Figure
12a), the most significant problems would be the complex
manufacturing process and potential risks of bodily injury, which
limit widespread application. Traditionally, these formworks
cannot be reused. Similar to other structures, the gap between the
roof and support has not been completely eliminated. Moreover,
the confinement provided by the formwork will be weakened
once the formwork has yielded since the formwork cannot match
the deformation of the surrounding rock. Because concrete is
regarded as a brittle material, the buckling of the steel will lead to
failure of the whole system.

▶

898

NOVEMBER 2019

VOLUME 119

The Journal of the Southern African Institute of Mining and Metallurgy

State-of-the-art of standing supports for gob-side entry retaining technology in China

(a) Steel module

(b) Fabric bag (Zhang et al., 2018b)

Figure 12—Two typical cementitious grout walls

Figure 13—Pumpable concrete wall in GERT (Cui, 2014)

In order to remedy this situation, plastic sheet formwork
(Figure 12b) is proposed to provide confinement to backfilling
material. These flame-retardant resin materials or geogrids can
meet the requirements in mining engineering. A significant
advantage is that these soft bags can be folded into any shape,
which is convenient for transportation and can reduce the
stacking space as well.
Plastic bags filled with material with a high water content,
one of the most popular cementitious materials, rather than
the concrete-filled steel columns, can be regarded as the
breakthrough from a manufacturing perspective. The water-topowder (w/p) ratio ranges from 1.5 to 8 according to the practical
situation. The high w/p material is easy to pump and difficulties
in terms of storage, transportation, and construction can be
overcome. With the ancillary technique including temporary
reinforcement, the stability of support structures and the upper
overlying stratum can be maintained.
Moreover, pumpable concrete has also been used in pumpable
standing supports. Compared with cementitious grout, the early
strength of the concrete and the small axial strain are drawbacks
of these structures, although there have been some successful
field applications.

Pumpable concrete wall
Although cementitious grout has been normally accepted due
to its advantageous setting time and long pumpable distance,
for most of the cementitious grouts available on the market,
the relatively high cost is the main concern for coal operators.
Against this background, another type of pumpable concrete wall
was developed recently by researcher from Xi’an University of
Science and Technology (Cui, 2014).
As shown in Figure 13, geotextile has been introduced
to make the rectangular module. A direct comparison can be
made between geotextile and the traditional plastic bag. Unlike
The Journal of the Southern African Institute of Mining and Metallurgy

the plastic bag, water can pass through the geotextile, which
provides the possibility to use high-water content concrete. It
is well known that the strength of concrete will be significantly
affected by an increase in the water-to-cement ratio. However, for
this pumpable concrete wall, such influence is minor. The main
role of the high water content is only to improve the pumping
characteristics. With the continuous loss of water passing
through the geotextile bag, an appropriate (lower) water-tocement ratio will be reached even though the initial ratio is much
higher. Due to its flowability and high strength, this pumpable
concrete wall has been successfully used in more than 30 coal
mines in China.

Pillarless retaining
Currently, the ‘110 mining method’ is developed on the basis of
the ‘cutting cantilever beam theory’, which is regarded as the
third major mining science innovation for China (He, Zhu, and
Guo, 2015). As opposed to existing theory, ground pressure is
utilized for the purpose of advance roof caving by precutting to
form a cantilever beam above the gob-side roadway. Part of the
roof rock mass is driven down by the precutting methodology. As
a result, only one roadway is excavated for one working panel,
while the other one is retained from the last mining cycle without
leaving coal pillars in the mining area. Figure 14 shows a flow
chart of the entry retaining technology and a diagram of the
roadway on site.
Compared with standard GERT, this method can significantly
reduce the cost of artificial standing supports and ensure 100%
recovery of coal pillars. The core technology for this method
includes directional roof precutting, a reliable support system,
and remote real-time monitoring.

Tubular columns
Recently, various cylindrical columns have been proposed and
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Figure 14—Flow chart of the entry retaining by roof fracturing and the gangue wall (Wang et al., 2018; Yang, He, and Cao, 2019)

tested as the standing support used in GERT. Compared with the
packing wall, the utilization of the circular columns can reduce
the amount of raw material for the whole support structure while
eliminating transportation difficulties. Although the concretefilled steel tube and pumpable standing support have been
widely used in tailgates for a long time, few reports can be found
regarding GERT. Therefore, in this section, three typical columns
are introduced in detail.

The aggregate-filled steel column
The aggregate-filled steel column was first used in Jining No. 2
mine as a type of standing support for GERT, as shown in Figure
15. The outer container of this novel structure consists of two
steel tubes with different diameters. The diameter of the upper
tube is slightly larger to provide the deformation capability. Due
to the existence of the inner void to accommodate the aggregate,
the upper steel tube cannot provide a stiff support until the
aggregate is compacted. With increasing load, the steel tubes
and the aggregate undergo coordinate deformation. In order to
enhance the stiffness of this structure, the appropriate water
content was investigated before application.
Owing to the special design of the outer steel container, this
structure can be used several times as long as no significant
buckling or rupture of the steel tube occurs. However, the
significant shortcoming for this structure is the control of the
inner space, which will affect the early strength of the aggregate
column. If the outer steel tube is to be used a second time for
the next roadway (Figure 16), the appropriate safety measures
should be taken.

Figure 15—The basic structure of the aggregate-filled steel tubular column

The concrete-filled steel column
The concrete-filled column, termed the Can® support, is similar to
the aggregate-filled column but is filled with ordinary concrete or
light concrete, with the confining pressure being provided by the
outer steel tube (Figure 17). Because of the outer steel tube, the
strength of the concrete is promoted and the surrounding stress
is also changed from two-dimensional to three-dimensional,
which will be better for the brittle concrete (Wang et al., 2015).
At the same time, the buckling of the steel tube is delayed by the
concrete filling, which can provide an appropriate support for the
upper strata to retain the stability of the roadway.
Traditionally, the concrete was pumped by special equipment
which ensures that the working panel is not too crowded for
miners. With the use of the outer steel tube, the stability of the

Figure 16—Aggregate-filled steel column tested in the laboratory and in practical application
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Figure 17—GERT with concrete-filled tubular columns (Wang et al., 2015)

Figure 18—GERT with HWM-filled plastic bag column (Yu et al., 2019)

whole structure is also more reliable than those using aggregate,
where the interior space is not easy to control. The application
result seems to be satisfactory. The largest deformation is 50
mm in total, which can be regarded as acceptable. In order to
guarantee the integrity of the ventilation, especially for gassy
mines, it is necessary to use a coal gangue wall together with the
concrete columns.

The high-water material-filled plastic bag column
This is a novel column filled with material with a high water
content, which is popular in GERT. Compared with the concretefilled column, this column is more convenient to construct and
the interior void is easier to control. The filling material with high
water content provides an appropriate fluidity as well as high
early strength, which is important for the stability of the gob-side
entry retaining.
Figure 18 shows the application of cementitious grout-filled
columns in GERT. The outer tube is not made of steel but plastic,
which is lighter. In order to enhance the strength of the column
some other material, such as coal rejects and construction wastes,
can be filled in the tube. It is evident that the strength of all three
types of filled columns will be enhanced by outer confinement ,
and the coordinate deformation of the fill seems to be the most
important factor affecting performance.
However, there are many advantages compared with the wall
structure, despite the fact that the columns increase the difficulty
of controlling the ventilation. The stability of the structure
and the distribution of the stress are changed to some extent.
Enhancing the stability of the columns and reducing the buckling
of the outer tube are priority issues to be solved before this
structure becomes more popular. Thus, identifying a novel outer
material that can supply a reasonable confining pressure for the
inner material is very urgent.

(CNY), approximately equivalent to 390 US dollar, 15% of that
of the hydraulic prop. More detailed information used for the
calculation based on an assumed load-bearing capacity of 5000
kN can be found in the original paper (Wang et al., 2015).
It has been noted that the economic benefits of the application
of GERT are directly relevant to the revenue from the additional
coal extracted and the total cost of the standing support.
Although the additional revenue is not difficult to calculate,
obtaining an accurate cost for the standing support including
installation, transportation, and other costs over the whole life of
the support is a complex exercise. As a result, the data presented
in Figure 19 will vary for each coal mine with different depths
and transportation systems.

Design-based classification
The above sections have systematically presented detailed
information on the typical standing support methods used
in GERT according to their structural shape. Design-based
classification illustrates the development of standing supports
and provides the foundation for recommendations for further
research. As described in Figure 20, standing supports are
initially classified into three types according to design criteria –
load controlling, displacement controlling, and load controlling
plus displacement controlling.

Economic benefits evaluation
Figure 19 shows the costs of the different types of standing
support, based on the data presented in Wang et al. (2015). The
cost of raw materials for the concrete-filled steel tubular (CFST)
column and hydraulic prop has been compared. To provide
5000 kN axial load, the cost of the CFST is 2726 Chinese Yuan
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 19—Comparison of the cost of raw materials for typical standing
supports used in GERT
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Figure 20—The design-based classification of standing supports used in GERT

For the load-controlling situation, strength and stiffness are
the two main factors to be considered in the design. Stiff standing
supports such as the concrete crib, concrete block, and rock block
are generally used to achieve the successful application of GERT.
As mentioned earlier, it is difficult to make sure the standing
support is exactly under a load-controlling situation. Some
additional soft materials with ‘non-yielding ’ characteristics,
such as timber, will be placed on the top of these stiff standing
supports, although the stiffness will be affected.
In the case of displacement controlling, standing supports
with a large deformation capacity are highly recommended.
Compared to the requirements of stiffness and strength, the
deformation is much more critical so as to adapt to the rotation
of the key block. As a result, standing supports with loadshedding behaviour, such as the aggregate-filled steel column,
wood crib, hydraulic prop, and bagged coal rejects wall, can be
successfully applied in GERT for some coal mines. It should be
noted that these structures are not used alone in practice. To
provide sufficient load-bearing capacity, cable bolts and some
other strengthening methods are usually applied. That is, the
successful use of soft standing support does not indicate that this
is the ideal choice for GERT.
The most common situation is the combination of load
controlling and displacement controlling, where both the
load-bearing capacity and deformation capacity should be
well designed. Since stiffer materials always have a smaller
deformation capacity, the effective method of balancing these
two parameters is the use of confining material. The brittleness
of stiff material can be successfully changed by an exterior
confining material. One good example is the concrete-filled steel
tubular (CFST) column, where the stiff concrete core is in a state
of triaxial compression. In addition, some other standing support
including the concrete-filled PVC tubular (CFPT) column, steelconfined concrete tubular (SCCT) column, PVC confined paste
material (PCP) column, and bagged confined coal rejects (BCCR)
wall, are used as well.
Although the confining material can change the state of infill
material, the majority of existing standing supports are associated
with load-shedding behaviour and are therefore not ideal
choices for GERT. Based on the analysis of the movement of the

▶

902

NOVEMBER 2019

VOLUME 119

overlying stratum on standing supports, it is critical to develop a
novel ’strain-hardening’ standing support by introducing some
innovative materials. These novel hybrid structures, illustrated in
Figure 20, will be discussed in the following section.

Further research and directions
Although various standing supports have been proposed and
used in gob-side entry technology, further research in this area,
especially in terms of the support structure, is required.

Backfilling materials
As discussed above, normal concrete and CSA cement-based
backfilling material have been widely used in gob-side entry for
different mine conditions. However, more investigations should
be carried out to identify economical and environmentallyfriendly backfilling materials to reduce the use of Portland cement
and emissions of CO2. Here, some potential developments in
backfilling material are discussed.

Modified cementitious material
Based on the successful use of Portland cement as a bonding
agent in underground mines (Patchet, 1977), different types
of cementitious materials, including gypsum-lime mortar, fly
ash-slag mortar, and silica-active geopolymer mortar, have been
investigated as alternatives to conventional construction and
building materials in civil engineering (Davidovits, 2002; Hardjito
and Rangan, 2005; Shen, Zhou, and Zhao, 2007; Liu, Zhang,
and Tan 2015). However, previous research focused mainly on
the compressive strength rather than the high water-to-powder
ratio and setting time, the latter of which is the primary concern
for use underground. Therefore, the development of innovative
cementitious material by adding some chemical components
to enhance the water-to-powder ratio becomes very important
(Komnitsas and Zaharaki, 2007; Kong, Sanjayan, and SagoeCrentsil, 2007). These chemical activators normally include
NaOH and CaO (Yang, Qian, and Pang, 2008; Rattanasak and
Chindaprasirt, 2009; Zhou, 2009; Somna et al., 2011). Industry
by-products such as slag, lime, and fly ash should also be
considered (Erdem and Ölmez, 1993; Degirmenci, 2008; Huang
and Lin, 2010).
The Journal of the Southern African Institute of Mining and Metallurgy
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As discussed earlier, the compressive strength required for
cementitious material is not critical. It is possible to use coal
washing rejects with an appropriate particle size to partially
replace cementitious material (Yu et al., 2019). As well as fine
coal washing rejects, there are some other ideal materials like red
mud, coarse sand, and rubber particles for possible application.
Even though there are many choices for the development of
cementitious products, the key point is that these innovative
materials should have good pumpability and a suitable setting
time compared to existing available cementitious materials.

Precast environmental concrete
The application of premixed concrete used in construction and
building is believed to be an ideal solution for GERT underground
in a confined working space. A change of the manufacturing
order can successfully reduce the hazards of manual operation.
With the setting up of the coal washing system underground
(Cao, Shang, and Zhang, 2018), it becomes much easier to collect
coal rejects in situ. Therefore, much attention should be paid to
the use of coal rejects as an alternative to normal aggregate. In
addition, the potential pozzolanic properties of coal rejects should
be improved to generate geopolymer concrete (Li et al., 2013).
Aside from coal rejects-based geopolymer concrete, some other
typical concretes can be also introduced to GERT underground.
Recycled aggregate concrete (Etxeberria et al., 2007) and rubber
concrete (Sukontasukkul, 2009) show outstanding advantages
not only in terms of their light weight, but also cost-effectiveness.

Solid backfill materials
Apart from coal rejects, which have been widely accepted as a
backfilling material, there are some other potential backfilling
materials (Li et al., 2019). Recycled concrete lumps, coarse sand,
soil lumps, and waste bricks are not only expected to play the
same role as coal rejects, but their use will have environmental
benefits (Sun, Zhang, and Zhou, 2018; Sun et al., 2018; Zhang et
al., 2018c). The use of foldable rubber bricks or rubber columns
will present advantages as well. However, a critical environmental
evaluation should be carefully conducted before practical
application, due to the existence of harmful elements in these
recycled materials.

Other concepts
Some new concepts proposed during the past decades should
be progressed to practical application. High-strength rubber
containers filled with compressed air or water would constitute a
novel standing support. In addition, some non-Newtonian fluids
can be considered to replace water in waterproof containers. The
obvious advantage of non-Newtonian fluids is their load-bearing

capacity under dynamic loading caused by mining activities.
Figure 21 presents the rheology and the effect of non-Newtonian
fluids. Since there are no reports of non-Newtonian fluids used
in underground supports, much more attention should be paid
to these, from the initial selection to practical application. NonNewtonian fluids have been suggested as an infill material for
rapid-yield props with a similar structure to hydraulic props
(Roberts and Brummer 1988).

Confining material
Steel and polymer have been considered as two typical materials
for the outer container to provide sufficient confinement.
However, they are not perfect materials from a design aspect.
Therefore, some novel materials, including fibre-reinforced
polymer (FRP), ultra-high molecular weight polyethylene
(UHMWPE), and other composite materials can be considered as
alternatives to steel and polymer (Teng et al., 2002, 2003).

High-strength steel
There are many reports concerning high-strength steel-confined
concrete columns, which have smaller cross sections than
conventional columns. With the use of high-strength steel,
the mass of steel will be significantly reduced for the same
confinement, which will help relieve the transportation tasks
and facilitate the construction procedure. Recently, a highstrength steel with a yield strength of over 1100 MPa has become
available (Jiang et al., 2017). This steel should be investigated
further to better understand its applicability as a confining
material. The other potential application of high-strength steel is
to manufacture new-generation circular steel sets for use in deep
underground mines (Beus and Chan, 1980; Chang et al., 2014).

Fibre-reinforced polymer (FRP)
Fibre-reinforced polymer (FRP) composite material has been
widely used in civil engineering during the past two decades.
Compared to steel, FRP possess several advantages, including
its high strength-to-weight ratio and good corrosion resistance.
Considering the short-time service requirement of standing
support in GERT, FRP is believed to be one of the best choices as
a confining material. Figure 22 shows the tensile stress-strain
curves of typical FRP composites (Wu, Wang, and Iwashita,
2007).
It is clear that the liner behaviour of FRP is superior compared
to that of normal steel. However, it should be noted that the
ultimate strain of FRP is much less than that of steel. To maintain
the stability of standing support under large deformations, a
combination of steel and FRP is regarded as a better choice.

Figure 21—Rheology of non-Newtonian fluids and shear-thickening materials (Wei et al., 2018)
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 22—Typical stress-strain curves for FRP composite (Wu, Wang, and Iwashita. 2007)

effect on the confining action on the infill material. These
standing supports with circular cross-section are believed to be
the ideal choice from a design aspect. Due to the variable height
of the roadway where the standing support is generally installed,
the telescopic circular column should be investigated further.
The manufacturing and installation processes should be kept as
simple as possible.

Oval-shaped columns
Figure 23—Composite confining materials

Composite materials
Compared with high-strength steel and FRP materials, the
emerging composite materials shown outstanding combination
effects and eliminate the defects when each the material is used
alone. A good example of a composite confining material is the
FRP-confined steel tubular column, where the outer buckling of
the steel tube will be effectively restrained (Hu, Yu, Teng, 2011).
The other type of FRP-steel composite consists of a steel grid
or mesh cylinder with an FRP jacket covering both sides of the
mesh, as shown in Figure 23a. As mentioned earlier, the main
role of the outer container used in standing support is to provide
confinement rather than to resist axial loading, therefore the
novel FRP-steel mesh composite is believed to be much more
cost-effective for the same confinement. Most importantly, the
steel mesh will provide sufficient residual loading resistance after
the rupture strain of FRP is reached.
The PVC tube and biaxial geogrid (Figures 23b and 23c)
have been recently introduced in underground mining as novel
confining materials. It should be noted that either the biaxial
geogrid or the PVC tube will be generally placed in an axial
direction to restrict the movement of infill material, which
helps enhance the strength. Due to the light weight and large
deformation capacity of the geogrid and PVC, these are believed
to be among the most the effective confining materials for
standing support.

Cross-sections
Telescopic circular column
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Concluding remarks

After several decades of sustainable development, gob-side
entry retaining technology is widely used in China as a main
component of ‘green’ mining systems. The author has presented
a systematic analysis and summary of the standing supports
currently in use. According to the cross-section, these standing
supports were divided into two categories, the packed wall and
the tubular column. To identify direction for further research, the
detailed preparation and installation procedure for each type of
support were discussed and compared.
➤

The cross-section of the standing support will have a significant

▶

The confinement provided by an exterior container with either
square or rectangular cross-section is believed to be inferior to
that of a circular column. Taking FRP-confined concrete as an
example, when the same amount of FRP composite is used, the
extent of enhancement is directly related to the corner radius
(Al-Salloum, 2007). As shown in Figure 24, with increasing
corner radius, the effect of force concentration in the corners of a
square column will be reduced, resulting in a relatively uniform
distribution of the confining pressure.
As an alternative to the existing packed wall where the
cross-section of the columns is generally rectangular, the author
proposed the oval shaped cross-section to enhance the confining
action of the exterior container. Here it should be noted that the
loading condition of an oval column is different from that of
the conventional rectangular columns used in construction and
building. Each column in the row is restricted by the two columns
on either side (see Figure 24d). The confining action and the
mechanical behaviour of this wall of oval-shaped columns should
be thoroughly investigated as well.
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GERT
	
is an innovative layout of roadway for underground
coal mines. As one of its essential components, the
stability of standing support is vital to the success of
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Figure 24—The effect of corner radius on confined concrete in square, circular, and oval shaped columns

➤

➤

➤

GERT compared to traditional support technology using
wide coal pillars. Due to the existence of the ‘key layer’
and ‘critical block’ over these artificial standing supports,
a large deformation capacity seems to be much more
critical for standing support than strength and stiffness.
Standing
	
support in the form of wood cribs and hydraulic
props made GERT possible. Since then, different types
of standing support have been developed and put into
practices in coal mines with various geological conditions
and mining methods. The most popular standing supports
are the packed wall made of wood cribs, hydraulic
props, bagged coal rejects, concrete, concrete brick, foam
concrete, rock blocks, and cementitious material. The
other type of standing support is the tubular column, and
includes the aggregate-filled steel column, concrete-filled
steel column, and plastic bag column filled with highwater content material.
Further
	
research into backfilling materials for standing
support should be conducted. Based on the analysis of
existing materials, the modified cementitious material
containing industry by-products, precast environmental
concrete using coal rejects, solid backfill materials such
as recycled concrete, and other emerging materials can be
investigated as possible alternative to current backfilling
materials.
Combinations
	
of steel and FRP, as well as biaxial geogrid,
can be considered as alternatives to steel and fabric for
exterior containers to improve the confinement on infill
material. A change of cross-section is the other effective
method to improve the confining action of the exterior
container. For standing support used in GERT, the ovalshaped rectangle is proposed as a promising choice for
the next generation of standing support.

The main aim of this paper is to provide a systematic
overview of the standing support used in GERT and to point
out areas for further research to progress the technological
development of the next-generation standing support. Therefore,
the author only focuses on the description of the backfill material,
confining material, and cross-section rather than the combination
of these three components. A large variety of innovative standing
supports will become available when these components are
properly selected to meet the requirements for service under
different geological conditions and loading states.
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Synopsis
In the process of designing a fire safety system for underground mines, computer fire models can be used
to analyse and estimate the consequences of fire scenarios for the evacuation process and the safety
of mineworkers. The models need to be fed with data, some of which is stochastic in nature. Recent
literature addresses the need for a computationally effective methodology for introducing uncertainties
in the input parameters of fire and evacuation models to improve safety in underground mines.
This research paper presents the results obtained from a methodology that implements Monte Carlo
simulation, which follows the normal distribution of the fire load and the pre-movement time uncertainty
to generate multiple scenarios that are simulated in a 3D model to show the propagation of combustion
products through the mine ventilation network. These results are then used to estimate the fractional
effective dose (FED) of fire combustion products in workers, and the available safe egress time (ASET)
and required safe egress time (RSET), which can highlight the safety issues in the evacuation process.
To demonstrate the model, a case study of the SASA- R.N. Macedonia lead-zinc mine was used in
which 50 variations of scenarios were simulated. The results from the simulations are analysed and
potentially harmful fire scenarios highlighted.
In addition to being able to identify potentially dangerous fire scenarios, the model can also help in
the process of conducting fire risk assessment and in improving the evacuation system in the case of an
underground mine fire.
Keywords
underground mines, Monte Carlo simulation, available safe egress time, required safe egress time,
fractional effective dose.
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Introduction
Underground fire represents one of the most dangerous hazards in mining, with potential to cause large
losses of human life and other challenging safety issues (Smith and Thimons, 2010; Adjiski, Despodov,
and Serafimovski, 2017). For this reason, much effort has been devoted to predicting the effects of
underground fires and using the results to design emergency procedures to protect people working
underground.
When using fire simulation models for carrying out analyses of fire consequences and evacuation
procedures, there is a degree of uncertainty concerning input variables (Kong et al., 2013; Li,
Hadjisophocleous, and Sun 2018; Azarkhail, Ontiveros, and Modarres, 2009). Due to the fact that
some of the input parameters are stochastic in nature, the results of the simulation need to be treated
carefully. Examples of such parameters that affect fire and evacuation simulation models are fire
location, fire load, fire growth parameter, pre-movement time of evacuation, speed of evacuation, etc.
(Guanquan and Jinhui, 2012; Hietaniemi, 2007; Jahn, Rein, and Torero 2008). If the uncertainties in
such parameters are ignored and point estimates are selected, the output from the fire simulation could
indicate either a safe or an unsafe situation, depending on the inputs selected by the user. Therefore,
in order to obtain more accurate results, there is a need for more advanced techniques to quantify
uncertainties. There are few techniques that can address uncertainty, but the most cost-effective and
reliable technique is the Monte Carlo simulation (Kong et al., 2013; Vanorio and Mera 2012; Au, Wang,
and Lo, 2007).
Numerical simulations of fire scenarios where uncertainty in input variables is considered can be
computationally expensive, and therefore a technique is needed that can combine the results from the
fire simulation and evacuation in a computationally effective way. The work presented in this paper
introduces a methodology that combines four steps, shown in Figure 1, to evaluate the evacuation
process.
In the first step of this methodology, the basic fire parameters are calculated using computational
fluid dynamics (CFD) analysis. These will serve to guide more precise modelling of the burning rate
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Figure 1—Flow chart for the implementation of the methodology

(BR) of the material and also for comparison of the heat release
rate (HRR) curves from the generated fire scenarios. The second
step combines Monte Carlo simulation with a fire load model to
address the propagation of uncertainty in the materials affected
by the fire, which will generate variations of the fire scenario. In
this step we will also construct a model for the propagation of
uncertainty in the pre-movement time in the evacuation process.
The third step uses the VentFIRE™ module in the ventilation
software Ventsim, for simulation and calculation of combustion
products from the scenarios previously generated with the
Monte Carlo technique. The VentFIRE™ module uses dynamic
simulation techniques to simultaneously model toxic gases, heat,
and air flow changes from the fire scenario in an underground
mine environment over a period of time. For increased accuracy
in modelling the input parameters of fire scenarios in the
VentFIRE™ module, we will use the data obtained from the CFD
analysis, which will allow us to input the BR curve and also to
compare the generated HRR curves. In the fourth step, we will
calculate the FED and the ASET/RSET values when evacuating
from a specific location in the mine for all of the generated fire
scenarios. In the process of calculating the FED and the ASET/
RSET parameters, we take into account the pre-movement time
uncertainty that is modelled by the Monte Carlo simulation,
variations of the average evacuation speed, and the fixed (30
minute) capacity of the self-contained self-rescuer (SCSR) device.

Literature review
This section presents a narrow-scope literature review, serving
to situate the current study within the relevant literature. Since
research into fire safety and its effects in underground mines
involves many disciplines, previous research efforts have been
conducted in many different areas.
Salem (2016) presented results obtained from combining the
Monte Carlo simulation technique with a fire model to predict
the ASET in four different fire scenarios that involve typical ship
layouts. His results indicated that the ASET is always affected by
the input stochastic parameters.
Hostikka and Keski-Rahkonen (2003) developed a risk
analysis tool for computing the distributions in the fire model
output variables. The tool combines Monte Carlo simulation and a
two-zone fire model (CFAST) to estimate the failure probability of
redundant cables in a cable tunnel fire, and the failure and smoke
filling probabilities in an electronics room during an electronics
cabinet fire. A methodology for the calculation of sensitivity
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of the output variables to the input in terms of the rank order
correlations is also presented
Xie et al., (2012) presented a methodology that combines
Monte Carlo simulation with FDS plus Evac to quantify the
impact of uncertain parameters on evacuation time in commercial
buildings. The results indicate that the methodology can
effectively quantify the uncertainty in evacuation time caused by
the uncertainties associated with the input parameters. They also
stated that the pre-movement time is the most significant factor
among the uncertain input parameters considered.
Guanquan and Jinhua (2006) presented the effect of occupant
pre-movement time and occupant density on evacuation time
in two hypothetical scenarios inside a multi-compartment
building. According to the results, there are different effects on
evacuation time when pre-movement times are characterized by
explicit values and a normal distribution. Therefore, to calculate
the evacuation time more reasonably, the main conclusion
stressed the use of probability distribution to depict the occupant
pre-movement time. In this article, the authors use normal
distribution to characterize the pre-movement time to study its
effect on evacuation time.
Tosolini et al., (2012) presented a sensitivity study for the
ASET performance criteria. The authors make a comparison
between the Fire Dynamic Simulator (FDS) results and an
analytical approach for a quick estimation of the ASET in an
enclosure. The results of this study show that the methodology
is usable as a decision support tool for emergency evacuation
design.
Li-li et al., (2013) used the FDS software and the evacuation
software Building-Exodus to simulate smoke movement and the
egress of the occupants of an underground pedestrian street.
From their simulation, they obtained results for the ASET and the
RSET, and by comparing both times, they were able to conclude
whether the existing underground pedestrian street meets the
evacuation requirements.
Adjiski et al., (2015) developed a system that uses available
software to work out complete evacuation plans that include the
analysis of fire scenarios and the optimal routes for evacuation.
The authors also presented a methodology for the modelling and
simulation of fire scenarios in underground mines.
Most of the reviewed studies focused on fire stochastic
parameters of the two-zone fire models or the CFD models of
buildings or small civil areas. Very few studies extended this
phenomenon to underground mines or considered the effect
The Journal of the Southern African Institute of Mining and Metallurgy
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it has on the evacuation process. This research will present a
methodology for introducing uncertain parameters in fire and
evacuation scenarios in underground mines. The main idea is to
take a fire scenario and, by processing the stochastic inputs for
fire and evacuation parameters with Monte Carlo simulation, to
generate multiple scenarios that will help to easily identify weak
links in the fire and evacuation system.

Methods
CFD analysis of a fire scenario
Using sophisticated CFD fire models, we can simulate the
movement and concentration of gases and heat generated by
a fire through an area, and estimate the response of various
fire protection systems. We used the PyroSim software, which
is a graphical user interface for the Fire Dynamics Simulator
(FDS) (PyroSim User Manual, 2014). The FDS simulates fire
scenarios using CFD optimized for low-speed, thermally driven
flow. The numerical method essentially consists of a finite
difference approximation of the governing equations and a
procedure for updating these equations in time. The software
solves numerically a large eddy simulation (LES) form of the
Navier-Stokes equations appropriate for low-speed, thermally
driven flow, with an emphasis on smoke and heat transport from
fires (McGrattan et al., 2013). The governing equations and the
numerical method can be found in McGrattan, Baum, and Rehm
(2007).
In this paper, we will model a fire scenario in which we will
approximate the fire load from the Atlas Copco Scooptram ST3.5
loader and calculate the HRR and the BR in PyroSim. Moreover,
for simplification purposes it can be assumed that the tyre,
hydraulic fluid, and diesel fuel which are contained in the fire
load are known values, regardless of the fact that the value for
the diesel fuel is usually stochastic in nature, depending on fuel
tank status (full, empty, or in-between).
The 3D geometry, meshing, and numerical modelling were
carried out using PyroSim. The geometry of the underground
mining section and the operating parameters of the ventilation
system are shown in Figure 2.
In the LES simulation, the grid size is an important factor to
be considered. A more detailed and smaller grid size gives more
information of the turbulent flow but needs a longer computing
time. According to the FDS6 user’s guide for simulations
involving buoyant plumes, a measure of how well the flow field
is resolved is given by the non-dimensional expression D*/dx,
where D* is a characteristic fire diameter and dx is the nominal
size of a mesh cell (McGrattan et al., 2013):

Table I

Approximate fire load calculation and input parameters
for the fire scenario from Atlas Copco Scooptram
ST3.5
Weight or volume

Tyre

Diesel fuel

Hydraulic fluid
170 L

248*4=992 kg

250 L

Density (kg/m3)

1150

918

760

Simplified chemical
hydrocarbon formula

C 4H 6

C12H23

C36H74

Heat of combustion (kJ/kg)

44 004

46 108

48 544

Burning rate of material kg/
m2.s] (Roh et al., 2007)

0.045

0.062

0.039

A reference citation in the FDS User Guide (Stroup and
Lindeman, 2013) used a D*/dx ratio between 4 and 16 to
accurately resolve fires in various scenarios.
With consideration of the computational time and numerical
accuracy, a moderate mesh size is suggested as follows:
➤	
➤
➤	
➤	
➤
➤

Characteristic fire diameter D*:1.488
Nominal
	
size of a mesh cell dx: 0.149
D*/dx ratio: 9.98
Actual dx are 0.139; 0.148; 0.15 (m)
Distances
	
are 30; 4; 3; (m)
Total
	
number of cells is 116 640.

Figure 3—HRR from one tyre

[1]
where Q̇ is the heat release rate (kW), r∞ the density (kg/m3), cp
the specific heat (kJ/kg*K), T∞ the ambient temperature (K) and g
the acceleration due to gravity (m/s2);

Figure 2—3D geometry and ventilation parameters of the model
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Figure 5—HRR for diesel fuel

Figure 8—BRM for hydraulic fluid

Figure 9—Simulation results from the fire load in the PyroSim software

Monte Carlo simulation
In the process of modelling fire scenarios, some uncertainty
is related to the input values to the simulation, which may be
caused by lack of information on the actual conditions. In fire
scenarios and evacuation procedures, any outcome, such as the
concentration of toxic gases in a certain location and the time for
evacuation, is a function of all possible uncertain input variables
having an effect on that outcome. For example, if we define an
event F as the concentration of toxic gases in a certain location
being above a certain value y, the probability of F happening
depends on a number of random variables, each of which has a
probability distribution. These random variables can be denoted
by a vector X = [X1, X2,… Xn]T, and the probability that F
happens is then a function of X and time, as the fire scenario or
evacuation procedures is a time-dependent model (Lindström and
Lund, 2009):

Figure 6—BRM for diesel fuel

PE(Y ≥ y) = g( X,t )

Figure 7—HRR for hydraulic fluid

From the approximate fire load calculation and the chemical
and physical characteristics of the materials shown in Table I,
we get the results shown in Figures 3–8 from PyroSim. These
results will serve as a guide that will allow us to input the BR
curve to the VentFIRE™ software module and also to compare
the generated HRR curves. Figure 9 shows the simulation results
from the fire load in the underground mining section calculated in
PyroSim.
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[2]

PE belongs to a random distribution and in this paper it is
calculated using the Monte Carlo simulation technique, where
the input variables are sampled randomly from their respective
distributions to generate variations in the fire scenarios and the
evacuation process. The distributions of the uncertain parameters
are drawn from their probability density function (PDF), which
shows the values that the parameter can be assigned and how
often these values are to be expected. The PDF is defined by the
type (normal, lognormal, triangular, uniform, etc.), the minimum,
the maximum, the mean (μ), and the standard deviation (s).
Which PDF should be chosen for each random input parameter of
the fire scenario is a question that many researchers have tried
to answer (Frantzich, 1998; Holborn, Nolan, and Golt, 2004;
Magnusson, Frantzich, and Harada, 1995). It should be noted
that many of the fire input parameters are stochastic in nature
and no-one can be certain about the type and amount of material
involved in a certain fire scenario. Because of this, in order to
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 10—Monte Carlo simulation model for (a) fire load and (b) pre-movement time

reduce the complexity of this process, the authors decided that
uncertain input values for the fire scenarios simulated using
Monte Carlo simulation would be the fire load, on which the
amount of smoke and toxic gases generated depends, and also
the pre-movement time, which has an impact on the time for
evacuation.
Due to the lack of data about which type of PDF to choose,
which is usually impossible to decide upon in practice, the
authors refer to Frantzich (1997), who pointed out that it is not
that important if the random input parameters have not been
assigned the exact distribution type, and also added that the most
important information concerning a random parameter is the
minimum and maximum values, mean, and standard deviation,
which should be chosen based on a combination of statistical
and experimental data and also expert judgment. He also noted
that the most common type of PDF used for most of the random
input parameters is the normal distribution. Because of this, the
authors decided to use the normal distribution for the PDF. Figure
10 illustrates the basic idea behind the approach adopted.
In the process of introducing the uncertainty of the fire load,
we took the assumed approximate calculations for the amount of
flammable material in the fire scenario (Table I), and input them
into the Monte Carlo model with a normal distribution, defined
by μ = 50 and s=15 (Figure 10a). The reason for the selected
numbers behind μ and s is to give a versatile distribution of
fire load for each generated fire scenario, because no-one could

be certain about the type and amount of flammable material
involved. The model is set to generate scenarios in which the
amount of flammable material is expressed in percentages
for direct input into the VentFIRE™ software module. In the
pre-movement time, during which the mineworkers need to
recognize and react to the fire scenario, we introduce uncertainty
in the form of normal distribution-generating scenarios that
will have different impacts on the evacuation time (Figure
10b). In determining the values for the mean and the standard
deviation of the pre-movement time, we took the assumed time
for recognition and reaction in the event of a fire and also the
assumed time for putting on the SCSR. For the reaction time, we
will assume that the workers will not try to extinguish the fire.
These assumptions set μ = 240 seconds and s = 120 seconds for
the pre-movement time. The source and basis for the selected
values constitutes a research investigation in itself. With the
assumption that the mineworkers will not try to extinguish the
fire, this leaves only the time parameters for recognition of fire
scenario and for putting on the SCSR. The time to recognize a
fire scenario and process this information at the same time when
panic begins is very difficult to determine. The time needed to
put on the SCSR is usually around 60 seconds, which leaves the
assumption time to recognize a fire scenario at around 180
seconds. The standard deviation of 120 seconds is set because of
the differences in perception and training for SCSR usage for each
mineworker.

Figure 11—Generated scenarios for fire load from the Monte Carlo simulation model
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Figure 12—Generated scenarios for pre-movement time from the Monte Carlo simulation model

VentFIRE™ software module
CFD simulations of complicated processes always involve a
trade-off between the computational time required and the
accuracy of the results. It should be noted that CFD analysis is
usually used to represent a small section of the model, because
of the large number of calculations performed in the analysis.
In a situation where we have multiple complicated fire scenarios
and especially in underground mines, which can have several
kilometres of interconnected tunnels, a technique is needed that
can generate results from different scenarios in a computationally
effective way. In this paper we present a model that combines
two methodologies for modelling and simulation of fire scenarios
in underground mines, in order to obtain increased accuracy in
generating the required results for a reasonable computing time.
The Pyrosim software is used to calculate fire parameters
from a fire scenario in a small section of the underground mine
ventilation network. In this CFD model, we approximate the fire
load from an Atlas Copco Scooptram ST3.5 loader and calculate
the HRR and the BR. The results from this step are then used
as a guidance for a more precise modelling of the BR curve, and
also to compare the generated HRR curves from the VentFIRE™
software module (Ventsim Visual™ User Guide 2014), which
will calculate the fire combustion parameters from the fire
load through the underground mine ventilation network. The
VentFIRE™ software module requires as input the combustible

material composition in percentages, the time range for each time
step in the BR curve, and the burn rate in kg/h. The working
principle of the software allows the use of only one burn rate, and
because of this the authors used the averaged value from the CFD
analysis of the three material types as one burn rate.
For this purpose, a 3D model of the underground ventilation
network of the SASA- R.N. Macedonia lead-zinc mine was
prepared in Ventsim (Figure 13). The simulated results from this
model were then used to calculate the FED and ASET/RSET for
each generated scenario.

Life safety assessment and evacuation in case of fire
In the event of fire in an underground mine the mineworkers
may be subjected to untenable conditions that may lead to
injury or death. Untenable conditions during fire are defined
as environmental conditions in which human life is not
sustainable due to exposure to heat, inhalation of toxic gases,
or visual impairment due to smoke. The ultimate evaluation
of performance-based fire protection design generally hinges
on whether mineworkers can evacuate successfully, based
on comparison of the two timelines, ASET and RSET (Purser,
2003). The basic aim of the timeline approach is to show that
mineworkers are considered safe when the ASET is greater than
the RSET with a sufficient safety margin (Figure 14).
This timeline approach is summarized as (Guanquan and
Jinhua 2006):

Figure 13—Ventilation network of the Sasa-R.N. Macedonia underground mine, built in the Ventsim software
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Figure 14—Timeline approach for mineworker safety evacuation

ASET > (RSET + an appropriate safety margin)

[3]

RSET = td + ta + tp + tm

[4]

where, td is the time from ignition to detection, ta the time from
detection to issuing the evacuation warning, tp the time before the
mineworkers begin to move towards an exit (including the time
to recognize and react to the situation), and tm the time required
for the mineworkers to travel to a place of safety.
During the evacuation process in underground mines, there
are many uncertain factors associated with the mineworkers and
the process itself. Therefore, in order to achieve a reasonable level
of accuracy in modelling the evacuation, the effect of uncertain
parameters on evacuation time should be examined. Fire
detection and alarm time are influenced mainly by fire detection
and alarm systems, and in terms of the overall evacuation time
are close to being a constant and do not need to be considered
in any further detail in this research. Hence, the mineworker
evacuation time te is defined as the sum of the pre-movement
time and the movement time:
te = tp + tm

[5]

Due to the randomness of human behaviour in each
evacuation fire scenario, the pre-movement time is different for
each mineworker and can be considered as a stochastic value
following some probability distribution.
When mineworkers are widely distributed, which is generally
the case in underground mines, there is likely to be a wide
variation in the pre-movement time, but when a group of
mineworkers is together in a single area, the range of the premovement time tends to be narrower.
Existing knowledge in this area does not provide the
pre-movement time probability distributions for different
mineworkers, and only suggests that it has been widely accepted
that the pre-movement time follows some kind of a probability

density distribution (Xie et al., 2012). In this research, the Monte
Carlo technique with normal distribution is presented to depict
the pre-movement time (Figure 10b). To simplify the research,
evacuation speed uncertainty is taken as four different average
speeds, which will have an impact on the overall evacuation times
for all of the generated fire scenarios. Results from the Monte
Carlo simulation model of the pre-movement time are shown in
Figure 12.
Untenable conditions during a fire can be examined by
approaches that determine the cumulative effect of exposure to
fire products over time, presented in terms of FED (fractional
effective dose). The fundamental concept of the FED approach is
the summation of the proportional fractions of doses of toxicants
at every time increment, and when the accumulated sum
reaches a specified threshold safety value, this represents the
time available for escape. A FED value of 1.0 is associated with
the sub-lethal effects that can make mineworkers incapable of
completing their own evacuation. Purser (2002) suggests a model
to assess the exposure to toxic fire products by determining
the FED for each asphyxiant at each discrete time interval Dt as
follows:
[6]

[7]

[8]

[9]

Figure 15—FED, RSET, and ASET calculation model
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Table II

Values of constants K and D for different activity levels
Activity

K

D

At rest

2.81945*10-4

40

Light work

8.2925*10-4

30

Heavy work

1.6585*10-4

20

where [CO] is the average concentration of carbon monoxide
(ppm) over the time increment Dt in minutes; K and D are
constants depending on the activity of the person (see Table II for
values for different levels of activities); %CO2 is the concentration
of carbon dioxide (which although not toxic at concentrations of
up to 5%, stimulates breathing and can increase the rate at which
toxic fire products are inhaled; and (20.9 – %O2) is the oxygen
percentage vitiation over the time increment ∆t.
Accordingly, from the previous statements the ASET timeline
may be taken as the interval between fire ignition and the
exposure time required for FEDToxicity to reach a value of 1.0.
In this paper, the parameters for FED, RSET, and ASET are
calculated according to the model shown in Figure 15.
From the model, it can be seen that the FED and ASET
parameters are connected in terms such that the model
determines the FED parameter at each discrete time interval
∆t (Equations [6]–[9]). This process of determining the FED
parameter to reach the value of 1.0 at ∆t, after the capacity of the
SCSR is exhausted and inhalation of toxic gases has started, can
give the corresponding ASET timeline.
In order to calculate the RSET parameter, the model in Figure

15 requires input data for the average speed of evacuation (m/s),
the distance to the place of safety (m), as well as the input data
of the pre-movement time from the Monte Carlo simulation
model.

Results and discussion
In order to simplify the model presented in this paper, we will
make two simplifications, in which we will not carry out a fire
risk assessment to determine the locations of most likely fire
scenarios, and calculate the evacuation process for only one
group of workers. With these simplifications, we determine the
hypothetical locations of the fire scenarios and the group of
workers, which are shown in Figure 16.
The results from the CFD model for the calculation of HRR
and BR for the approximate fire load from the Atlas Copco
Scooptram ST3.5 loader are used to increase the accuracy in
modelling the input parameters in the VentFIRE™ software
module. The previously mentioned inputs for the fire load to
VentFIRE™ will generate the HRR curve and a comparison with
the HRR curves from the CFD analysis will serve to check the
output data from the fire scenario.
The process of introducing uncertainty in the fire load is done
in the Monte Carlo model with a normal distribution in which we
entered the assumed approximate calculations for the amount
of flammable material in the fire scenario (Table I). The results
of this fire load uncertainty model, which is set to generate 50
scenarios for direct input into the VentFIRE™ software module,
are shown in Figure 11.
The results obtained in the first two steps of the methodology
shown in Figure 1 are then used in the VentFIRE™ software

Figure 16—Set-up of fire scenarios. Screenshot from the simulation of fire combustion parameters at 30 minutes from fire ignition (scenario 1)

Figure 17—Distance travelled with and without SCSR for average evacuation speed of 0.9 m/s
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Figure 18—Distance travelled with and without SCSR for average evacuation speed of 1 m/s

Figure 19—Distance travelled with and without SCSR for average evacuation speed of 1.1 m/s

Figure 20—Distance travelled with and without SCSR for average evacuation speed of 1.2 m/s

module, from which the movement of combustion products
through the mine ventilation network is calculated. The fire
combustion parameters for all of the 50 generated scenarios are
simulated and calculated in the VentFIRE™ software module. Due
to the set-up of the ventilation system, the combustion products
cannot move towards the mine exit, and therefore the safe place
is considered to be the first area toward the exit where there is
clean ventilation air (Figure 16).
The results obtained from the 50 scenarios are then used for
the calculation of FED, RSET, and ASET, in which we used four
different average evacuation speeds for each scenario, which
yields 200 scenarios for analysis. The distance travelled with the
SCSR device and the distance travelled after the capacity of the
The Journal of the Southern African Institute of Mining and Metallurgy

device was reached for different average evacuation speeds are
shown in Figures 17–20.
Figure 21 shows the results for FED accumulation of
combustion products in mineworkers after the capacity of
the SCSR was reached in each scenario for different average
evacuation speeds.
The results from the FED analysis can also be used to
evaluate and analyse each fire scenario along with the evacuation
process. The model determines the FED parameter at each
discrete time interval ∆t, and thus it also provides a timeline,
and if connected with the average evacuation speed can indicate
the most unsafe places generated from the mine fire scenario.
This type of analysis can significantly improve the evacuation
VOLUME 119
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Figure 21—FED accumulation for different average evacuation speeds

Figure 22—RSET timelines for different average evacuation speeds

and safety system in the event of a fire by introducing additional
procedures in the selected areas, and also facilitate determining
the optimal locations for refuge chambers.
Figure 22 shows RSET timelines, which include the sum of
the pre-movement and the movement time for different average
evacuation speeds.
The RSET results from this analysis show a very important
element in the process of performance-based fire protection
design in underground mines because they can demonstrate that
the proposed evacuation procedure meets defined objectives.
Due to the use of SCSRs with a capacity of 30 minutes, none
of the presented scenarios reached the critical time of the ASET
in which the FED value is greater than or equal to the specified
threshold safety value of 1.0.
The ASET is very important parameter in the process of
evaluating each fire evacuation scenario, because of its timeline
connection with the FED parameter and the possibility of
identifying evacuation and fire safety design solutions that would
increase the safety of the mineworkers.
Although the selected fire location in this research does not
generate scenarios that reached the critical time of the ASET, the
importance of the introduction and inclusion of this parameter
in the research speaks for itself, and also sets the foundation for
further expansion of the research.

Conclusion
This paper highlighted the importance of introducing
uncertainties in the stochastic input parameters of fire and
evacuation models for predicting the FED and, ASET/RSET
timeline used to analyse the consequences of a given fire scenario
in underground mines.

▶

916

NOVEMBER 2019

VOLUME 119

Because of the large number of uncertainties in fire and
evacuation models, and also in order to present the results within
a reasonable time, the authors decided to highlight and select
those uncertainties upon which the amount and concentration of
combustion products through the underground mine ventilation
network depend, and also the pre-movement time, which affects
the time for evacuation of each mineworker. In order to simplify
the research, the evacuation speed uncertainty was taken as four
different average speeds.
A methodology was proposed and used that includes CFD
analysis of the fire load, Monte Carlo simulation for fire load and
pre-movement time to generate variations of scenarios, dynamic
simulation of the movement of combustion products through the
mine ventilation network for all of the generated scenarios, and
calculation of the FED and ASET/RSET for each scenario.
A case study of the SASA- R.N. lead-zinc mine in Macedonia
was successfully used to demonstrate the methodology, in which
50 scenarios were simulated and the results used to calculate
the FED and ASET/RSET with four different average evacuation
speeds for each of the 50 scenarios. The results of the analysis
have proven the output sensitivity to uncertainties in the input
parameters in fire and evacuation models.
With this proposed model, we can identify the fire scenarios
that failed to satisfy the safety requirements and recommend
improvements to the system for evacuation. Moreover, in the
process of conducting the fire risk assessment, this model
provides a computationally effective way to combine the results
from the fire simulation and evacuation to find the safe routes for
evacuation, based on the FED and ASET/RSET results.
Future work will include extension of the research to deal
with the identified limitations of the proposed methodology. One
The Journal of the Southern African Institute of Mining and Metallurgy
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of these is the safety margin for the RSET calculation, which as
stated in this paper is a FED value of <1. The question is; how
much less? This intrigued our team, and will be the subject of
another study. The idea is to include system based on Arduino,
sensor board (CO and other sensors), and a smartphone with
a specially developed app for prediction of carboxyhemoglobin
(COHb) levels in human blood, which can be used as approximate
correlation between blood COHb level and clinical symptoms.
The proposed system is for real-time monitoring of the mine
environment and can be worn by every mineworker. The
relationship between the methodology presented in this paper
and this proposal for further research is that the smartphone app
for prediction of COHb leves can use the CO concentration curve
as input from the simulated fire scenario, and based on this give
a timeline with prediction of COHb with the corresponding clinical
symptoms and set the limit on the RSET timeline.
Opportunities for further research also involve extending the
parameters with a stochastic nature, such as the fuel tank status,
evacuation speed, and the remaining parameters that have a
significant impact on the fire scenario or the evacuation process.
Future extension of this work will also include modifications
to the methodology that will connect the process of fire risk
assessment to determine the locations of fire scenarios that can
reach the critical time of ASET, and to find and offer solutions
based on these results.
This research outlines a methodology that will hopefully
contribute to the process of identifying potential harmful fire
scenarios and testing the evacuation process, which significantly
increases safety in the event of fire in underground mines.
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Synopsis
The exploitation of shallow coal seams causes severe surface subsidence and triggers the development
of numerous ground fissures, which threaten the safety of underground mining and damage the surface
eco-environment. We studied the law of surface movement and the development of ground fissures at
three panels in the Daliuta coal mine, Shendong mining district of western China. The results showed
that mining-induced ground fissures developed in a cycle of ‘crack-expand-close’, and formed permanent
cracks that were arranged in an elliptical shape on the edge of the goaf. There was a positive linear
relationship between the fissure width and the surface horizontal deformation, as one would expect,
and a positive logarithmic relationship between the fissure angle and the mining rate during coal face
advancing. We propose a basis and standard for treating dynamic fissures which recommends that, to
ensure the safety of underground mining, the fissures should be treated when the surface cracks extend
as far as the fractured zone of rock strata. The results will support predictions of the development of
mining-induced ground fissures so that disasters can be prevented in shallow coal seam mining areas.
Keywords
ground fissure, shallow coal seam, surface subsidence, angle of ground fissure, eco-environment
protection.
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Introduction and background
Coal mines in western China are generally shallow (less than 150 m), with thin rock strata (no more
than 50 m) and thick, unconsolidated sand layers overlying the coal seams. It is widely accepted
that the large-scale exploitation of coal resources results in considerable damage to the Earth’s ecoenvironment (Bian et al., 2012; Tost et al., 2018). Mining-induced ground fissures develop frequently
because of discontinuous deformation of the surface (Zhang, Lu, and Kim, 2018), which cause
extensive damage to surrounding ecosystems and constitute a safety hazard during underground
mining (Mohseni et al., 2017), resulting in seepage and loss of surface and soil waters (He et al.,
2017; Li, Lei, and Shen, 2016). Vegetation withers and dies when soil moisture is lost through these
ground fissures, such that the surrounding ecosystems are changed irreversibly (Dagvadorj, Byamba,
and Ishikawa, 2018). Ground fissures also compromise the safety of underground mining activities,
especially when these fissures extend downwards and connect with the fracture zone of strata,
resulting in gas leakages, outbursts of water and sand, and other accidents (Hu, Wand, and He, 2014;
Malinowska and Hejmanowski, 2016).
The Shendong mining area, where there are 14 world-class coal mines and coal reserves amounting
to 223 Gt in total, is a good example of a concentrated large-scale coal mining area in an ecologically
sensitive area of western China. The coal seams are thick, at shallow depths, and are generally overlain
by a surface layer of thick loess and aeolian sands, and three to five layers of medium and fine
sandstones.
This intensively-exploited area lacks water resources. The conflict between modern coal mining
and the ecological fragility is the key constraint on the ongoing exploitation of the coal mines.
When the overlying strata fracture and the surface subsides in the mining area, numerous ground
fissures develop. For example, sand influx accidents have occurred frequently at panel 22402 of the
Halagou coal mine. In one incident, aeolian sands flowed into the panel through rock fissures, such
that a permanent funnel-shaped collapse pit 47 m in diameter and 12 m deep formed on the ground
surface. As a consequence, production had to be stopped. Therefore, the issue of how to prevent and
control ground fissure disasters is a major technical challenge for most coal mines, and studies of the
development of mining-induced ground fissures are urgently needed.
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Figure 1—Mining-induced ground fissures

Surface deformation in a mining area generally evolves over
time. Damage to the rock strata, surface damage, and ground
fissures also evolve over time as mining advances. Depending
on when they develop, ground fissures may be divided into two
types (Liu et al., 2013): dynamic ground fissures that develop
during mining and permanent ground fissures that develop after
surface subsidence. Dynamic ground fissures usually develop
above the panel when the strata rupture and the surface cracks;
these fissures tend to develop rapidly and are self-healing, as
shown in Figure 1a. Dynamic ground fissures threaten the safety
of underground mining, especially when the cracks extend to
the fractured zone of the rock strata, where sand outbursts and
gas leakages may occur. Permanent ground fissures, which are
generally wide, deep, and non-healable, usually develop on
the surface above the boundary of the goaf, where the most
stretching and deformation occurs. Large numbers of ground
fissures close together cause surface fractures, soil erosion, and
vegetation degradation, with consequences for the already fragile
eco-environment, as shown in Figure 1b.
To date, researchers have used various approaches to
examine the characteristics of ground fissures that have
developed in different underground coal mining settings,
including field measurements (Sun et al., 2015; Finfinger and
Peng, 2016), physical and computer numerical simulations
(Ghabraie, Ren, and Smith, 2017; Yang et al., 2018), and
remote sensing images (Zhang, Lu, and Kim, 2018; Zhao et
al., 2019). These studies found that dynamic ground fissures
often developed ahead of the advance of the panel (Gaur, Kar,
and Srivastava, 2015). Although dynamic ground fissures can
self-heal as mining advances, they pose a significant threat to the
safety of underground operations (Salmi, Nazem, and Karakus
2017a). Ground fissures, however, do not always self-heal;
several ground fissures distributed in the surface tensile zone
on the margin of a panel did not self-heal when the ground
subsided and so compromised the integrity of the surface ecoenvironment (Peng et al., 2016). Other researchers studied the
main influences on the development of mining-induced ground
fissures, and examined the relationships between ground fissures
and the mining conditions, such as the mining depth (Song et al.,
2016), thickness of the coal bed (Salmi, Nazem, and Karakus,
2017b), surface topography(Liu et al., 2015; Yin and Dong,
2015; Ishwar and Kumar, 2017), and the soil characteristics
(Han et al., 2014; Wang, Li, and Wang, 2017), and found
that the depth of the coal seam, the extraction height, and the
thin unconsolidated surface layers were the main factors that
influenced the development of ground fissures (Yang et al., 2016;
Zhao et al., 2016). Some scholars explored the mechanisms that
controlled the development of mining-induced ground fissures
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in the context of various theories, including rock failure theory,
surface deformation theory, and slope slip mechanisms. They
established a mechanical model that described the formation
of mining-induced ground fissures, and found that fractures in
rocks and soil caused by underground mining were fundamental
to the formation of ground fissures (Hartlieb et al., 2017; Zhu et
al., 2019).
The abovementioned studies provide useful information
about the development of mining-induced ground fissures.
However, the effects of local mining conditions on the
development of ground fissures need to be studied further.
First, because of the constraints imposed by field conditions,
it is difficult to obtain accurate information about how ground
fissures evolve during mining, and there is also uncertainty about
what technical methods should be used to obtain sufficient field
data to describe the mechanisms that control the development
of ground fissures. Secondly, although studies have shown that
there is a linear relationship between the width of the ground
fissure during development and the horizontal deformation of
the surface, the factors that control the formation of the ground
fissure are still not clear. Third, because dynamic fissures can
self-heal (Malinowska and Hejmanowski, 2016), researchers
have proposed that fissures should be remediated once the
surface has stabilized after subsidence. However, engineers
have found that the depth to which ground fissures and rock
fractures penetrate influences the safety of the mining operations,
especially in shallow coal seam mines. What mechanisms
therefore influence the depth to which ground fissures penetrate?
Under what conditions can ground fissures connect with the
water-flowing fractured zone? At present, there are no clear
guidelines for managing dynamic fissures. The overall aim of this
study, therefore, was to gain further insights into how mining
influenced the formation of ground fissures, using the shallow
coal seam of the Shendong coal mining area as the study site.
Specifically, we observed mining-induced ground fissures in situ,
and analysed the characteristics of surface deformation and the
formation and development of ground fissures. We examined
the relationships between the geological setting and mining
conditions and the development of ground fissures, and proposed
and tested a method for treating dynamic ground fissures. We
hope that the findings from our study will provide the theoretical
and technical basis for predicting and preventing the risks of
ground-fissure disasters related to mining shallow coal seams.

Geological and mining conditions of the study region
The Shendong mining area is one of the seven largest coalfields
in the world. Situated between 109°58'–110°30' E and 38°52'–
39°38' N, it includes the southeastern part of the Ordos Plateau,
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 2—Geographical map and geomorphology of Shendong mining area

the northern margin of the Loess Plateau in northern Shaanxi,
the southeastern margin of the Mu Us Desert, and the border
areas of Shanxi Province, Shaanxi Province, and the Autonomous
Region of Inner Mongolia in China; more specifically, it includes
the northern part of Shenmu County and the eastern part of
Fugu County in Shaanxi Province, the southern part of Ejin
Horo Banner, Dongsheng City, and the southwestern part of

Jungar Banner in the Autonomous Region of Inner Mongolia.
The mining area, shown in Figure 2, has an average elevation of
1200 m and extends over approximately 3 500 km².
Tectonically, the Shendong mining area belongs to the
Ordos Basin. It has a simple structure, and does not contain
large or medium-sized faults or well-developed rock fractures.
It is overlain mainly by medium or hard rocks, such as fine
sandstones, siltstones, and medium sandstones. The surface is
covered with Quaternary loess and aeolian sands and the soils
are dominated by sandy soil, loessal soil, red soil, and silty soil
that are, for the most part, poor quality, loosely structured, and
poorly permeable (Wang, Li, and Wang, 2017).
The Daliuta coal mine exploits three main coal seams,
known as the no. 1-2 seam, no. 2-2 seam, and no. 5-2 seam,
all of which are near-horizontal and are inclined at angles of
between 1° and 3°. In this study, we studied the three different
deep panels. Supercritical mining was used on the three panels,
and the surfaces were fully subsided. The mining was fully
mechanized and the longwall mining along the strike caused
serious ground subsidence and a large number of ground
fissures. Mining conditions for the three panels are shown in
Table I, and the generalized stratigraphic columns are shown in
Figure 3.

Table I

Main technical parameters for the three panels
Panel
(m)

Length
(m)

Width
(m)

Extraction height
(m)

Mining depth
(m)

Thickness of strata
(m)

Thickness of unconsolidated layer (m)

12208

1537

155

7.3

40.4

33.2

7.2

22201

643

350

3.9

73.0

60.7

12.3

52304

4548

300

6.9

234.9

204.7

30.2

Figure 3—Stratigrapic columns of the three panels
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Figure 4—Field monitoring

Figure 5—Depths of the fissures extracted from GPR

Field monitoring

Results and discussion

To observe the dynamic movement of the surface and the
development of ground fissures induced by underground mining,
we installed observation stations on the surface above each
of these panels. At each panel, we established one line along
the mining direction and one line perpendicular to it. All the
monitoring points and ground fissures were observed about every
four days. On each monitoring day, both the surface movement
and the plane positions of ground fissures were measured using
a GPS system, and the width and height of the ground fissures
were measured using a small steel ruler. The depths of ground
fissures were detected using ground penetrating radar (GPR), as
shown in Figure 4.
The newly-developed fissures were labelled at the monitoring
positions so that observations could be repeated. Each fissure
was monitored until it closed completely or stabilized. When
the width of the fissure was less than 1 mm, the fissure was
considered closed. The time from initial development until
complete closure was recorded as the development cycle. To
ensure the accuracy of observations, we followed the standards
outlined in the Specifications for Global Positioning System
(GPS) Surveys (GB/T 18314-2009) and the Specification for GPS
Real Time Kinematic (RTK) Measurements (CH/T 2009-2010).
We obtained the fissure positions using the real-time kinematic
(RTK) function of the GPS system with a precision of 10 mm/
km. The width and height difference of the fissure at its centre
were measured directly to a precision of 1 mm, and the depth was
detected to a precision of 0.1 m, as shown in Figure 5.

Dynamic features of surface movement and ground
fissures

▶
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The curve showing changes in the surface subsidence over time,
developed from the monitoring results, is shown in Figure 6. The
distribution of the measured ground fissures on the three panels
is shown in Figure 7, and the development of two fissures is
shown in Figure 8.
From the monitoring results, we were able to identify surface
movement and the development of the mining-induced ground
fissures.
➤ 	It can be seen from the surface subsidence curve that

Figure 6—Surface subsidence curve in the direction perpendicular to the
advance of panel 52304
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 7—Schematic diagrams of ground fissures and section of the respective panels during mining. Pink dotted lines represent dynamic ground fissures
measured during mining, and brown solid lines indicate permanent ground fissures after mining

Figure 8—Changes in ground fissure width, height difference, and depth as
a function of time

the panel had been fully developed. However, because
there was a valley (the Sanbula Valley) on the surface
in the centre the panel, while mining caused the overall
subsidence of the surface, the soil on both sides slid
towards the centre of the valley, and the subsidence of the
concave landform decreased. Therefore, the subsidence
curve of the central position exhibits a small peak. When
the land subsidence ceased, the subsidence in the centre
The Journal of the Southern African Institute of Mining and Metallurgy

of the valley was 578 mm less than that of the flat terrain,
and the slope of the valley decreased from 15.2 to 13.8
degrees, as shown in Figure 6.
➤ 	The high-intensity mining triggered depressions in the
ground, and also led to the development of numerous
ground fissures at the same time. The fissures were
distributed in a C-shape on the whole (Figure 7), similar
to the periodic elliptical-shaped fracture that formed in
the basic roof of rock strata (Chen et al., 2017; Sun,
Yang, and Zhao, 2017), as shown in Figure 9. In the
course of the coal face advancing, many dynamic fissures
were formed on the surface, which healed gradually, as
shown by the pink dotted lines in Figure 7. After mining,
ground fissures at the boundary of the panel developed
into permanent cracks and were distributed parallel to the
mining boundary, and eventually appeared as a C-shape on
the ground, as shown in the solid brown lines of Figures 7a
and 7b.
➤ 	Dynamically, the ground fissures evolved as mining
advanced, ahead of the panel face. They first appeared on
the surface above the centre of the panel, perpendicular
to the direction of advance, and then extended to the goaf
boundary. The fissures were widest and deepest in the
centre, and gradually became narrower and shallower as
they approached the boundary. After mining, the fissures
gradually closed, as shown in Figure 8.

Factors that trigger the development of ground fissures
To demonstrate further how the ground fissures developed, we
introduced two basic concepts:
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Unbroken

Original fracture

Periodic fracture

Figure 9—The elliptical-shaped fracture of the basic roof during mining

Figure 12—Relationship between depth and height difference of ground
fissures

Development law of mining-induced ground fissures

Figure 10—Profile of ground fissure and the panelw

To study how the fissures developed, we used regression
analysis to determine the relationship between the width, height
difference, and the depth, as shown in Figures 11, 12 and 13,
respectively.
d = 11.380W+0.916
[2]

	The horizontal distance, L, from a ground fissure to the
goaf boundary in the horizontal direction. This is positive
when the fissure is ahead of the advance position and
negative when behind
➤	The angle, a, between the line that links the fissure to the
goaf boundary and the horizontal line, as shown in
Figure 10.
The relationship between L and a is:
tana = H/L
[1]
where a = angle of ground fissure (degree)
H = mining depth (m)
L = horizontal distance of ground fissure (m).
We monitored 34 large ground fissures and more than 50
associated small fissures at the site. Summary statistics for the
34 large fissures are listed in Table II. Of these, the horizontal
distance was measured in situ, the corresponding angle was
calculated with Equation [1], and the advance rate was derived
from the statistics of the daily mining progress.

d = depth of ground fissure (m)
W = width of ground fissure (m)
h = height difference of ground fissure (m).
Figures 11–13 describe the development law of mininginduced ground fissures, as follows.

Figure 11—Relationship between depth and width of ground fissures

Figure 13—Relationship between height difference and width of ground fissures

➤

▶
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d = 1.5156 ln (h)+5.7372

[3]

h = 0.0426e

[4]

7.64W

where

➤ 	There was a significant linear increasing relationship
between the depth and the width. In other words, as the
width of the surface crack increased, the fissure became
deeper, which is consistent with the general development
of ground fissures. When there were slight cracks on the
surface (cracks that were 0.02 m wide), the fissure began
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Table II

Summary statistics for ground fissures
Case

Width (m)

Height
difference (m)

Depth (m)

Horizontal
distance (m)

Angle (°)

Surface horizontal
deformation (mm/m)

Advance rate
(m/d)

Panel

1

0.02

0.02

0.20

23.17

60.17

2

0.01

0.03

0.80

7.50

79.48

0.16

2

12208

0.18

12

3

0.05

0.05

1.50

28.80

4

0.03

0.06

1.50

11.61

54.52

0.19

1

73.97

0.21

5

0.05

0.08

0.30

7

13.22

71.88

0.09

9

6

0.12

0.10

7

0.13

0.11

2.20

17.81

66.21

0.42

3

2.40

20.36

63.25

0.59

8

0.33

2

0.21

3.80

19.95

63.72

0.90

2

9
10

0.15

0.23

3.10

17.81

66.21

0.55

5

0.10

0.23

2.50

12.97

72.2

0.33

9

11

0.20

0.34

3.80

16.31

68.02

0.82

7

1

0.35

0.38

5.40

4.79

86.22

1.52

12

2

0.51

0.42

5.80

6.90

84.56

1.91

8

3

0.34

0.49

4.20

9.78

82.32

1.32

2

4

0.32

0.52

5.00

7.31

84.24

1.36

8

5

0.24

0.65

5.00

5.43

85.72

1.03

10

6

0.35

1.05

5.50

6.08

85.21

1.59

11

7

0.42

1.20

6.00

5.30

85.82

2.13

10

8

0.19

0.20

3.30

4.32

86.59

0.85

13

9

0.14

0.12

2.50

3.93

86.9

0.58

13

10

0.09

0.08

1.90

7.26

84.28

0.39

7

11

0.19

0.16

3.00

6.23

85.09

0.67

5

12

0.13

0.10

2.20

9.26

82.72

0.43

3

1

0.08

0.08

2.00

3.24

87.44

0.31

5

2

0.22

0.20

3.30

1.88

88.51

0.80

10

3

0.10

0.07

1.80

3.12

87.54

0.41

8

4

0.15

0.10

2.20

4.16

86.72

0.40

3

5

0.13

0.15

2.90

4.31

86.6

0.25

3

6

0.13

0.12

2.50

2.26

88.21

0.41

9

7

0.05

0.07

1.80

3.12

87.54

0.24

8

8

0.26

0.22

3.51

3.24

87.44

0.80

5

9

0.16

0.09

1.80

2.12

88.33

0.41

10

10

0.14

0.15

2.30

3.12

87.54

0.46

8

11

0.10

0.11

3.10

3.24

87.44

0.16

6

to expand longitudinally, and the expansion depth was 0.80
m. The width reached a maximum of 0.51 m during the
monitoring, and the fissure extended to a depth of 5.80 m.
The correlation coefficient was 0.853. The results from the
regression were better, and the coefficient of proportionality
of the regression equation was 11.380, which means that,
when the width increased by 1 mm, the depth increased by
about 114 mm, as shown in Figure 11.
➤ 	There was a logarithmic increasing relationship between the
depth and height difference, with a correlation coefficient of
0.880. When the height difference increased from zero to
0.5 m, the rate at which the depth increased averaged 9.509,
while when the height difference increased by 0.1 m, the
depth increased by 0.951 m. When the height difference was
greater than 0.5 m, the rate of increase decreased to 1.421;
that is, when the height difference increased by 0.1 m, the
The Journal of the Southern African Institute of Mining and Metallurgy

22201

52304

depth increased by 0.142 m, and gradually stabilized, as
shown in Figure 12.
➤ 	There was an exponential increasing relationship between
the height difference and width, with a correlation coefficient
of 0.5772. When the width increased from zero to 0.26 m,
the rate at which the height difference increased averaged
0.8805, while when the width increased by 0.1 m, the height
difference increased by 0.088 m. When the width was greater
than 0.26 m, the rate of increase increased to 8.4164; that
is, when the width increased by 0.1 m, the height difference
increased by 0.842 m, and gradually stabilized, as shown in
Figure 13.

Relationship between fissure width and surface horizontal
deformation
We used regression analysis to determine the relationship
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between the fissure width and the surface horizontal deformation,
as shown in Figure 14.
[5]

W = 0.221e+0.027

where e = surface horizontal deformation (mm/m).
When the surface horizontal deformation reached 0.16
mm/m, fissures began to develop, and the width was 0.02 m. The
maximum width during the monitoring was 0.51 m, at which
point the horizontal deformation was 1.91 mm/m. There was an
obvious linear increasing relationship between the fissure width
and the horizontal deformation at the surface. As the deformation
increased, the width of the fissure also increased, and the width
increased by 0.221 m when the horizontal deformation increased
by 1 mm/m, as shown in Figure 14.

Relationship between ground fissure development and
advance rate
In conventional mining conditions, a ratio of mining depth to
extraction height of 30 is often considered the critical value for
discontinuous surface deformation. However, for shallow coal
seams, the tensile strength of the soil in the unconsolidated
layer is weak and is often negligible. Therefore, when the
rock strata fracture, the ground will suffer from discontinuous
deformation, and the thickness of the rock strata may be a more
useful metric than the mining depth. Many studies have found
that more ground fissures developed as the ratio of the rock
strata thickness to the extraction height increased. Meanwhile,

as the advance rate of the panel decreased, the number of
ground fissures increased. Therefore, the geological parameters,
namely the thickness of rock strata and the extraction height of
the coal seam, and the advance rate of panel are considered the
main influences on the development of mining-induced ground
fissures. We defined a variable called the comprehensive impact
parameter, which is the product of the advance rate and the ratio
of the rock strata thickness to the extraction height.
[6]

K = v * h/m

where K = comprehensive impact parameter (m/d)
v = advance rate of panel (m/d)
h = thickness of rock strata (m)
m = extraction height of coal seam (m).
The relationships between the comprehensive impact
parameter and the horizontal distance or angle of ground fissure
can be expressed by the following equations and are shown in
Figure 14:
L = -5.7324 ln(K)+33.483

[7]

a = 8.0032 ln(K)+45.590

[8]

There was a significant negative logarithmic relationship
between the horizontal distance and K, and a significant
positive logarithmic relationship between the angle and K, with
correlation coefficients of 0.9217 and 0.8947, respectively. The
regression effect was therefore very good.
As the K value increased, the horizontal distance increased
and the angle decreased, both logarithmically. When K increased
from zero to 150, the horizontal distance decreased rapidly from
about 30 m to 5 m, while the angle increased rapidly from 55° to
85°. When K increased from 150 to 300, the horizontal distance
decreased slowly, and eventually approached zero, while the
angle increased slowly and eventually approached 90°. In other
words, when K was greater than 150, the development of the
ground fissures was almost synchronous with the coal seam
excavation.

Technology for mitigating mining-induced ground fissures
Standards for mitigating dynamic ground fissures
Figure14—Relationship between width of the ground fissure and surface
horizontal deformation

Because dynamic fissures self-heal during the mining process,
scholars have proposed that dynamic fissures generally do not
need to be mitigated until the ground has subsided and is stable.

Figure 14—The relationships between the comprehensive parameter K and (a) the horizontal distance L and (b) angle α of the ground fissure
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In normal conditions, the overlying rock strata are generally
disrupted and surface movement occurs during underground
mining. The damage includes three zones, namely the caved
zone, the fractured zone, and the continuous bending zone from
the roof of rock strata to the surface. The caved zone and the
fractured zone are also called the water-flowing fractured zone.
However, in mining areas with large extraction heights, shallow
depths, and thick unconsolidated layers, a large number of
ground fissures often develop. Once the upward-moving fractured
zone of rock strata comes into contact with the downwardextending ground fissures, the safety of underground mining
will be compromised, and there may be outbursts of water
and sand, and gas leakages. In particular, the fractured zone
frequently reaches the surface when the rock strata are thick, and
the ground fissures become collapsing cracks, and the hidden
dangers are even more pronounced.
Thus, given the risks to safety of underground mining,
based on the relationship between the width or height difference
and the depth of ground fissures, and considering the empirical
formula of the water-flowing fractured zone, we propose a
standard for managing dynamic ground fissures. That is, when
the sum of the water-flowing fractured zone height and the
ground fissure depth is greater than the mining depth, dynamic
fissures should be managed. This can be expressed as follows:
[9]

d + H_w ≥ H

where Hw = height of the fractured zone (m)
H = mining depth (m).
Furthermore, dmax = H−Hw may be defined as the maximum
safe depth of dynamic fissures, and Equations [2] and [3] can
be substituted into the expression. The maximum safe width or
the maximum height difference of a dynamic ground fissure can
therefore be expressed as follows:
[10]

[11]
where Wmax = maximum safe width (m)
hmax = maximum safe height difference (m).
It is difficult to detect the depth of a ground fissure, but it is
easier to measure the width and height difference. We therefore
propose that the maximum safe width or the maximum safe
height difference are considered as the standards for managing
dynamic fissures. That is, when the width of a dynamic fissure is
greater than the value in Equation [10], or the height difference
is greater than the value in Equation [11], this means that the
ground fissure has connected with the water-flowing fractured
zone of rock strata. As a result, to ensure that the mining

operations can continue safely, the dynamic ground fissures need
to be mitigated.

Engineering practice
To mitigate dynamic ground fissures that develop during
underground mining, the following approach can be adopted.
First, a system should be set up to evaluate ground fissure
disasters. Then the height of the water-flowing fractured zone
of rock strata and the depth of the ground fissure should be
predicted from the geological and mining conditions of the
panel, and a grading system established with which to robustly
evaluate how the ground fissure might impact on the safety
of underground mining. The maximum safe width or height
difference of ground fissures at which production safety is
affected should be determined. A monitoring network should
then be set up to monitor the fissures in real time, and the
monitoring period should be determined from the advance rate.
The dynamic fissures can then be managed. Dynamic fissures are
treated differently from permanent fissures, and the main aim
of the treatment is to prevent the underground stope connecting
the surface, so that surface wind-blown sediment, loess, or
accumulated water cannot enter the panel, and underground
ventilation is maintained. Therefore, measures to treat dynamic
ground fissures should be taken, such as filling fissures, and
levelling the surface.
In Daliuta coal mine, panels 12208, 22201, and 52304 were,
on average, 40.4, 73.0, and 234.9 m deep respectively, and the
heights of the fractured zone of rock strata were 64.2, 49.7, and
62.7 m, respectively. In panel 12208, the fractured zone reached
the surface, therefore all dynamic fissures needed to be treated. In
panel 22201, the maximum safe width of the ground fissure was
1.88 m, calculated from Equation [10]. Field monitoring showed
that the maximum width of the ground fissure was 0.44 m, and
because it had not reached the control standard, the fissure did
not need to be mitigated. The maximum safe width of the ground
fissure in panel 52304 was 13.1 m, calculated from Equation
[10]. Field monitoring showed that the maximum width of the
developed ground fissure was 1.23 m, which was much less than
the standard and so it did not need to be mitigated either. The
development of dynamic ground fissures at the three panels is
shown in Figure 15.

Conclusions
➤

	With the Shendong mining area as the study site, we
carried out a field survey to examine how mining-induced
ground fissures developed, and found that:
(a) The development of dynamic fissures involved three
phases, known as ‘crack-extension-closure’
(b) During coal seam excavation, ground fissures
developed ahead of the advance position, and formed a
C-shape feature

Figure 15—Dynamic ground fissures above the three panels
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(c) Ground fissures were distributed in an elliptical shape
on the boundary of the panel when the ground stabilized
after subsidence.
	We studied the main influences on mining-induced ground
fissures and established relevant empirical models. The
relationship between the fissure width and the surface
deformation, and a model to predict the fissure depth,
were established. We propose the comprehensive impact
parameter K so that a dynamic prediction model of the
angle and the horizontal distance of ground fissures could
be established.
	We propose a standard for managing dynamic ground
fissures that is based on the empirical formula for the
height of the water-flowing fractured zone and the model
for predicting the depth of the ground fissure. The standard
is the maximum safe width or the maximum safe height
difference. We tested this standard on three panels with
different mining depths in the Daliuta coal mine.
	In this study, we focused on the geological mining
conditions of coal seams with thick unconsolidated layers,
thin rock strata, and shallow mining depth in western
China. Our methods for managing ground fissures need
to be verified further in real-life situations. As mininginduced ground fissure disasters are influenced by various
factors, such as the geological and mining environment,
topographic conditions, and physical and mechanical
properties of the rock and soil, the conditions and
development rules are more complex than those discussed
here. We hope that additional studies and research results
will be published in the near future.
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Synopsis
Flotation and leaching were investigated as possible processing routes for improving PGM recovery
from a Southern African oxidized PGM ore. Different flotation reagent schemes and lixiviants were
evaluated and their PGMs extraction response measured. Characterization of the PGM ore used in this
study indicated that it was enriched in oxide minerals as a result of weathering and therefore oxidic.
The maximum PGM flotation recovery achieved using sulphide co-collector schemes was 55.1% 3E (Pt,
Pd, and Au). Application of the hydroxamate oxide collector improved the flotation recovery to 74.7%
3E. The superior PGM recoveries achieved with hydroxamates probably lies in their ability to form
complexes with base metals such as iron. Direct leaching of oxidic PGM ore using different acids yielded
relatively low PGM extractions. Leaching in hydrochloric acid achieved extractions of 36.6% Pt and 8.8%
Pd, nitric acid achieved extractions of 34.5% Pt and 7.1% Pd. The best leaching results were obtained
using aqua regia, with extractions of 48% Pt and 24.5% Pd. In view of the low PGM extractions obtained
by leaching ROM ore, it was considered more promising to leach the concentrate as a way of further
upgrading it. The flotation concentrate with the highest PGM recovery was leached using sulphuric acid
in order to remove the base metals and further enrich it in PGMs. Extractions of 73.3% Cu, 82.9% Ni, and
8.1% Fe were achieved.
Keywords
PGM extraction, oxidized ore, flotation, leaching.

Introduction
Southern Africa, specifically South Africa and Zimbabwe, hosts the worlds’ largest deposits of platinum
group metals in the Bushveld Complex (BC), South Africa and in the Main Sulphide Zone (MSZ) of the
Great Dyke in Zimbabwe. The sulphide-rich BIC and MSZ are mostly exploited by underground mines
and the ore is treated by conventional metallurgical processes such as crushing, grinding, flotation,
smelting and matte production, and chemical refining. However, the fast depletion of sulphide PGMbearing minerals has triggered interest in exploring the possibilities of recovery of the PGMs from nearsurface oxidized PGM ores, which have proven to be more difficult to process by conventional means,
as an alternative source to sustain production of PGMs (Evans, 2002; Cramer, 2001). The resources of
oxidized PGM ores that are unmined, mined and stockpiled, or discarded as overburden waste in South
Africa and Zimbabwe are estimated at over 500 Mt. The economic benefits that could be realized in the
event of an alternative and effective processing technique being developed would be immense (Sefako,
Sekgarametso, and Sibanda, 2017).
Earlier attempts by PGM concentrator plants in South Africa and Zimbabwe to process oxidized PGM
ores by conventional flotation methods yielded poor recoveries, hindering commercial exploitation of
these resources (Oberthür et al., 2013). This has been attributed to some PGM values that fall within
the floatable size range not being floated and subsequently reporting to the tailings (Ramonotsi, 2011).
Studies attribute the poor PGM flotation recoveries to the complex mineralogy of oxidized PGM ores as
a result of alteration of the original pristine sulphide ores by weathering and oxidation. The weathering
of the PGM-bearing base metal sulphides such as pentlandite [(Fe,Ni)9S8], pyrrhotite (Fe1-xS), and
chalcopyrite (CuFeS2) is thought to proceed by diffusion of iron from the bulk lattice to the surface,
where it is oxidized. The oxidation product is hydrophilic iron (III) oxyhydroxide (FeOOH), which
coats the base metal particle surfaces and renders them less responsive to sulphide flotation collectors
(Legrand, Bancroft, and Nesbitt, 2005; Buckley and Woods, 1984; Vaughan, Becker, and Wright, 1997;
Mielczarski et al., 1996). The oxidation of Pt and Pd bismuth telluride minerals also results in the
formation of hydrophobic layers of Bi (III) and Te (IV) oxides and/hydroxides on particle surfaces (Elvy,
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Table I

Comparison of mineralogical characterization for pristine and weathered PGM
ores from the MSZ, Great Dyke (adapted from (Oberthür et al., 2013)
PGM minerals identified (%)

Discrete
PGM
grains (n)

(Pt,Pd)
(Bi,Te)*

PtAs2

(Pt,Pd,Ni)S

Pt and PtFe alloys

PGE-sulpharsenides

Others

Pristine MSZ
sulphide

801

50.1

19.0

8.5

2.4

11.9

8.7

Oxidized MSZ
sulphide

1293

11.4

57.2

28.3

3.1

0

0

Ore type

Williams, and Buckley, 1996). Shackleton (2007) suggested
that the oxidation of PGE bismuth telluride minerals could
most probably be attributed to the formation of bismuth oxides
because the oxidation potentials of bismuth are superior to those
of tellurides. A comparison of pristine PGM ore and weathered
PGM ore from the MSZ is shown in Table I.
Table I shows that the oxidized PGM ore contained much
more sperrylite (PtAs2) and cooperite combined with palladium
and nickel sulphides with the general formula ((Pt,Pd,Ni)S)
and significantly lower (Pt,Pd)-bismuthotellurides compared
to the pristine ore sample, which indicates its altered nature.
Additionally, the platinum group elements (PGEs) in oxidized
PGM ores also exhibit poor association with base metal minerals
which are easily recoverable with conventional sulphide xanthate
collectors (Becker. Wiese, and Ramonotsi, 2014). This complex
mineralogical characterization data was used as the basis for
devising non-conventional reagent suites to improve PGM
recoveries from oxidized ore.
Recently, several researchers have investigated different
methods to improve flotation recoveries of PGEs from the
oxidized PGM ores, including ore pretreatment with mineral
acids before flotation and sulphidization followed by xanthate
flotation. Pretreatment with sulphuric acid marginally improved
recoveries, possibly by removing the oxide layer from the
mineral surfaces so that fresh surfaces would be accessible to the
collectors (Ramonotsi, 2011). However, the implementation of
a corrosive acid preleaching process would require undesirable
infrastructural changes such as rubber lining of tanks or use of
stainless steel tanks, leading to high capital and operating costs.
The alternative would be to add equipment for neutralization of
the slurry to pH 9 prior to flotation. Newell and Bradshaw (2007)
improved PGM flotation recoveries from oxidized ore by using
controlled potential sulphidization to restore the floatability of
oxidized pentlandite. Sulphidization is an aqueous process by
which a non-sulphide mineral surface is converted to a sulphidelike surface and has been successfully used to improve the
flotation recoveries of oxidized copper minerals and oxidized
lead ores. (Orwe, Grano, and Lauder, 1998; Kongolo et al., 2003;
Castro, Goldfarb, and Laskowski, 1974).
Studies by Lee et al. (2009) have indicated that hydroxamate
co-collectors have the potential to improve PGM flotation
recoveries from oxidized ores because they can selectively form
complexes with some metals (Assis, Montenegro, and Peres,
1996). A further benefit of hydroxamates co-collectors is their
ability to improve the PGM flotation recoveries from oxidized
ores without reducing the performance of the traditional
copper sulphide collectors. (Becker, Wiese, and Ramonotsi
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(2014) indicated that it was possible to improve the PGM
flotation recoveries from oxidized PGM ore by using the AM28
hydroxamate co-collector. However, poor concentrate PGM grades
were achieved because the frothing properties of AM28 resulted
in poor selectivity due to increased froth stability.
Some researchers have evaluated various hydrometallurgical
processes as alternative routes to improve PGM extractions from
oxide ores. The cyanidation process, which has proven to be
effective for extraction of gold and silver by direct leaching of
oxidized ores and concentrates, achieved low recoveries when
applied to oxidized PGM ore (Musonda, 2015). Cyanidation
of low-grade PGM flotation concentrates was also considered
as a potential route for recovery of PGMs from low-grade ores
(Mwase, Petersen, and Eksteen, 2012), but such ores require
preleaching of base metals (Cu and Ni) to avoid high lixiviant
consumption. However, the limited base metal recoveries by the
alkaline hydrometallurgical techniques investigated so far and
the refractoriness of platinum minerals such as sperrylite (PtAs2)
have hampered the development of commercial cyanide processes
for the recovery of PGMs from low-grade and oxidized ores
(Mwase, Petersen, and Eksteen, 2012; Shaik and Petersen, 2017;
Mwase and Petersen, 2017). The other alternative maybe be the
preleaching of base metals with sulphuric acid to upgrade the
low-grade concentrates. This was considered in the current study.
The objectives of this investigation were first to conduct
flotation test work on an oxidized PGM ore from the Mimosa
mine in Zimbabwe using a sulphide flotation scheme and an
oxide flotation scheme using alkyl hydroxamate (AM810),
an improved hydroxamate co-collector which has not been
tested previously on oxidized PGM ores, and then do a direct
comparison of these schemes. Secondly, the direct leaching of
the oxidized PGM ore using aqua regia, HNO3, H2SO4, and HCL
was also evaluated for PGM extraction. The concentrate from the
flotation test work with the highest recovery was then upgraded
by leaching out base metals using sulphuric acid.

Experimental methods
Sample preparation and characterization
The ore was prepared for metallurgical test work by crushing to
100% –1 mm, homogenizing, and rotary splitting to obtain
1 kg representative aliquots. Approximately 300 g representative
samples of the oxidized ROM PGM ore were split out from the
bulk and pulverized to finer than approximately 90% –75 μm in
preparation for head analyses. PGM head analyses (in duplicate)
were done by fire assaying and lead collection with an ICP-OES
finish. X-ray diffraction (XRD) analysis was also carried out
The Journal of the Southern African Institute of Mining and Metallurgy
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Table II

Summary of flotation reagent conditions tested
Sequence of
reagent dosages

Reagent

1

Copper sulphate

Activator

2

Sodium isobutyl xanthate
(SIBX)

Primary
collector

3

Typical reagent
dosages (g/t)

Function

Conditioning
time (min)

40–50

5

100–150

2

FLOMIN C7133 (xanthogen
+ IPETC blend)

Secondary
collector

30–50

2

FLOMIN C5460 (sodium
isobutyl dithiophosphate +
IPETC blend)

Secondary
collector

30–50

2

AM 810 (hydroxamate
collector)

Oxide cocollector

50–100

2

Depressant

50–100

3

Frother

40–50

1

4

Depressant M98B

5

FLOMIN F200

to establish the bulk mineralogical composition of the ore by
identifying the major crystalline phases. The bulk mineralogical
composition obtained by XRD needed to be validated by
elemental analysis because amorphous minerals are not
detectable by XRD since it can only identify crystalline particles
(Dish, 1994). Hence additional pulverized samples were analysed
using X-ray fluorescence (XRF) to establish the elemental
composition of the ore.

Batch flotation tests
Batch flotation tests were carried out on samples milled to 80%
–75 µm at a slurry density of approximately 30% w/w solids.
Synthetic plant water was prepared using distilled water modified
by addition of ionic salts to achieve the ionic strength typical
of process water at concentrator plants (Wiese, Harris, and
Bradshaw, 2005). The tests were carried out using a 2.5 L
modified Leeds cell and a Denver machine operated at an impeller
speed of 1200 r/min. The three co-collector schemes and conditions
shown in Table II were tested to select the best reagent scheme
for flotation recovery of PGMs into the rougher concentrates.
Concentrates were collected manually by scraping off the
froth every 15 seconds into collection trays for 20 minutes of
cumulative flotation time. All flotation products were filtered,
dried, weighed, and analysed for PGMs by fire assay with an ICPOES finish.

Leaching tests
PGM dissolution test work was carried out on representative ROM
samples milled to 80% –75 µm using aqua regia, HCL, HNO3,
and H2SO4 to establish the extent of hydrometallurgical PGM
extractionre. All leaching tests were conducted in a 500 mL
round-bottom flask constantly agitated at 500 r/min by a
magnetic stirrer. A reflux condenser was used to maintain a
constant pulp density by minimizing liquid evaporative losses.
Base metal leaching with sulphuric acid was conducted
on flotation rougher concentrates to establish the efficiency of
upgrading of the low-grade PGM concentrates.

Elemental analysis
Table III shows the elemental composition of the oxidized ROM
ore determined by XRF.

Bulk mineralogy
The oxidized PGM ore feed sample was dominated by silicate
gangue minerals such as chabazite (21.82%) and quartz
(45.10%). Magnetite was identified as the major iron oxide,
accounting for 33.07% of the ore. The ore also contained
trace quantities of enstatite and anorthite. Chromite and
magnesiochromite were also identified as trace minerals. The
mineralogical characterization test work confirmed that the
Mimosa ore sample studied was a non-sulphide ore.
Table III

Elemental analysis (by XRF) of the oxidized PGM ore
Item no.

Element

1

Na

XRF analysis (wt%)
0.54

2

Mg

18.10

3

Al

5.25

4

Si

32.00

5

P

0.03

6

S

0.64

7

Cl

0.04

8

K

0.41

9

Ca

7.12

10

Ti

0.50

11

V

0.11

12

Cr

7.97

13

Mn

0.42

14

Fe

25.90

15

Co

0.05

Results and discussion

16

Ni

0.58

17

Cu

0.31

Characterization

18

Zn

0.05

Sr

0.02

This section presents the characterization findings and the
composition of the ore.
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Table IV

PGM head assay results for the Mimosa oxidized ore
sample
Item

Description

Assay (ppm)
Pt

Pd

Au

3E

1

Sample 1

1.45

0.85

0.09

2,39

2

Sample 2

1.38

0.84

0.09

2,31

1,42

0.85

0.09

2.35

Average

Head assay
The concentrations of PGMs in the oxidized ROM ore as
determined by fire assay with ICP-OES finish are presented in
Table IV.
The average PGM assay value obtained for the Mimosa
oxidized PGM ore was 2.35 g/t 3E. The low PGM head grade
and elevated concentrations of silicate and iron-based gangue
minerals compared to pristine ores help to explain the challenges
encountered during beneficiation by conventional processes (Xiao
and Laplante, 2004). Hence, non-conventional flotation reagent
schemes were investigated in an attempt to improve the PGM
rougher flotation recoveries from this ore sample.

Figure 1—PGM flotation recoveries and grades obtained at different AM810
dosages at constant SIBX dosage

The improvement in recovery resulted in a significant
decrease in grade, especially for Pt, which suggests poor
selectivity of the AM810 co-collector for PGM-bearing minerals
over the range investigated. The frothing properties of alkyl
hydroxamates, which were investigated by previous workers
(Yoon et al., 1992; Becker. Wiese, and Ramonotsi, 2014),
most probably contributed to poor selectivity at high alkyl
hydroxamate dosages. This suggests that an increase in
hydroxamate dosage must be accompanied by a compensating
decrease in frother dosage and changes to other reagents to avoid
excessive frothiness, which could result in gangue entrainment.
Having established that increasing only the AM810 dosage
achieved limited improvement in PGM recovery, the SIBX dosages
were simultaneously altered to influence the interactions between
SIBX and AM810. The step sizes of reagent dosages for this
stage of reagent optimization were determined using the steepest
ascent method (Myers, Montgomery, and Anderson-Cook,
2009). Figure 2 and Figure 3 show that PGM recovery and grade
generally improved with decreasing SIBX dosage and increasing
hydroxamate dosages for the range investigated.
This observation suggested that the oxide co-collector AM810
is more selective when the interactions of the primary collector
are minimized by lowering the SIBX dosages. Although earlier
work (Lee et al., 2009) showed that hydroxamates do not reduce
the efficiency of primary collectors, the results of this study
have shown that high dosages of primary sulphide collector
(SIBX) adversely affect the efficiency of AM810 hydroxamate
co-collector. Therefore, the interactions between primary sulphide
collectors and the hydroxamate are influential in reagent

Flotation test work
Table V presents the best results obtained from the reagent
dosage permutations tested. In all cases, each reagent was
tested at two levels (high and low) resulting in eight different
reagent conditions for each reagent scheme. The scouting tests
established that scheme 3 (hydroxamate-AM810 co-collector)
achieved the best PGM flotation recoveries compared to the
sulphide co-collectors, as shown in Table V. The AM810 cocollector was therefore adopted for further test work.
The effect of increasing AM810 co-collector dosage on PGM
recovery is shown in Figure 1. These preliminary flotation tests
suggest that PGM flotation recovery improves with increasing
hydroxamate dosages at low SIBX dosages.
Increasing the hydroxamate AM810 dosage at constant SIBX
caused a marginal increase in the Pt recovery and a significant
increase in the Pd recovery. This is consistent with results of an
earlier study (Shackleton, Malysiak, and O’Connor, 2007) which
indicated that Pd mineral species are more prone to oxidation
than Pt species. Hence, the hydroxamate oxide co-collector was
more effective in improving the rougher flotation recoveries of Pd
mineral species compared to Pt, which is relatively resistant to
oxidation because of its greater nobility.
Table V

Preliminary reagent scouting test work results
Reagent dosage (g/t)

▶
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Test conditions

Collector suite

Reagent scheme 1

Recovery (%)

SIBX

Co-collector

Depressant
(M98B)

Pt

Pd

Au

3E

SIBX & DTP

100

50

50

66.1

40.1

24.2

55.1

Reagent scheme 2

SIBX & xanthogen formate

150

50

100

60.9

37.7

40.5

51.8

Reagent scheme 3

SIBX & hydroxamate

150

50

50

74.0

48.4

29.9

63.1

NOVEMBER 2019

VOLUME 119

The Journal of the Southern African Institute of Mining and Metallurgy

PGM extraction from oxidized ores using flotation and leaching

Figure 2—Steepest ascent method for flotation reagent optimization –
platinum recovery and grade results

achieved at low solids/liquid ratio, probably because of the
availability of more lixiviant interacting with solids (Hosseini
et al., 2017). Increasing the solid/liquid ratio possibly caused
premature consumption of the lixiviant by gangue minerals
before leaching the targeted PGMs, since the low-grade ROM
ore was processed without prior upgrading at this stage of the
test work. Therefore a solid/liquid ratio of 2 g per 100 ml was
used in subsequent dissolution tests to evaluate the effects
of temperature and leaching time on PGM leaching recovery.
The overall PGM dissolution generally increased with leaching
temperature and time for the conditions studied, as shown in
Figure 6 and 7. These observations are consistent with the
literature (Baghalha, Khosravian, and Mortaheb, 2009), because
a higher temperature improved the reactions kinetics while
prolonged leaching time ensures that the leaching reactions reach
equilibrium.
The results of two processing routes investigated in this study
suggest that the most promising preconcentration route for these
resources seems to be flotation using oxide co-collectors such as
hydroxamates. Hydrometallurgical processing of ROM ore was
not efficient, like other preconcentration alternatives such as
gravity methods, which were proved to be inefficient by previous
researchers (Oberthür et al., 2013).
The low-grade of the flotation concentrate obtained with
hydroxamate co-collector suggests the need to investigate
concentrate upgrading using cleaning stages. The cleaning stages
would improve the concentrate grades at the cost of overall PGM
flotation recoveries but will probably reduce the operating costs
of subsequent hydrometallurgical processes because most of the
reagent-consuming gangue will be rejected.

Figure 3—Steepest ascent method for flotation reagent optimization – palladium recovery and grade results

optimization. Application of the steepest ascent method resulted
in an optimum rougher recovery of Pt and Pd of 78.5% and
69.3% respectively at modest grades of 17.90 and 9.44 g/t.

Dissolution test work
PGM dissolution test work
The PGM dissolution test work was carried out on representative
samples milled to 80% –75 µm using four different acids to
establish the best lixiviant system for extraction of PGMs
from the ROM oxidized PGM ore. The acids investigated were
hydrochloric acid (HCl), nitric acid (HNO3), sulphuric acid
(H2SO4), and aqua regia. The acid dissolution tests established
that aqua regia was the best lixiviant for hydrometallurgical
recovery of PGMs, as shown in Figure 4.
The aqua regia solution achieved superior extractions
compared to other lixiviants tested because PGMs form stable
chloro-complexes under the high oxidation conditions provided
by the reactions of HCl and HNO3 (Lide, 1995). Therefore,
further PGM dissolution tests using aqua regia were conducted
to establish the effect of pulp density, leaching temperature, and
cumulative leaching time on PGM recovery. The results are shown
in Figure 5–7.
Figure 5 shows that pulp density had a significant effect
on the leaching extractions of Pt and Pd. High extractions were
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 6—Effect of leaching temperature on PGM extraction

Figure 9—Effect of temperature on base metal leaching at 2M H2SO4
concentration

Figure 7—Effect of leaching time on PGM extraction

Figure 10—Effect of temperature on base metal leaching at 3M H2SO4 concentration

Figure 8—Effect of acid concentration on base metal leaching
Figure 11—Effect of temperature on base metal leaching at 4M H2SO4
concentration

Base metal dissolution test work
The PGM lixiviants investigated in recent studies, such as sodium
cyanide, thiocyanate, and aqua regia, are nonselective and hence
pre-leaching of base metals is necessary to minimize reagent
consumption (Mpinga et al., 2015). The results of hydrometallurgical upgrading of low-grade PGM concentrates by removing base
metals using atmospheric sulphuric acid leaching are presented in
Figure 8–Figure 11.
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The highest base metal extractions by atmospheric pressure
H2SO4 leaching, of 82.9%, 73.3%, and 8.1% for Ni, Cu, and
Fe respectively, were obtained at 4M H2SO4 concentration and
105°C. The Fe leaching extraction was characteristically low,
which suggests that more intensive conditions such as hightemperature and high-pressure processes may need to be adopted
for efficient extraction of Fe prior to subsequent PGM leaching
(Mpinga et al., 2015).
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Table VI

Bill of materials for flotation and leaching routes
Total revenue/ton ore processed
Flotation route
Description

Head
assays

Recovery (%)

Mass (g)
produced/
ton ore

Pt

1.42

78.7

1.12

Pd

0.85

69.6

0.59

Leaching route
Recovery (%)

Mass (g)
produced/
ton ore

ZAR 438.00

48.6

0.69

ZAR 270.33

ZAR 261.50

14.7

0.12

ZAR 55.24

Revenue

Revenue

Totals

ZAR 699.50

ZAR 325.56

Discounted total revenue

ZAR 349.75

ZAR 162.78

Reagent costs
Flotation route
Material ID

Cost of ore/ ton

Unit cost
(ZAR/ton
ZAR 50.00

dosage (g/t)

Operating
cost (ZAR/
ton ore

–

ZAR 50.00

ZAR 21 819.61

150

ZAR 3.27

ZAR 117
6548.00

80

ZAR 9.41

Copper sulphate

ZAR 22 804.50

50

ZAR 1.14

F200 frother

ZAR 30 000.00

50

ZAR 1.50

ZAR 2 181.30

0

ZAR 6 107.64

0

SIBX collector
AM810 hydroxamate
co-collector

HCl
HNO3

Total costs

ZAR 65.33

Gross profit/loss

ZAR 284.42

Percentage gross profit/loss

Leaching route
Solid/liquid ratio

Table VI shows a preliminary economic evaluation of the flotation
and leaching processes.
The following assumptions were made for the economic
evaluation calculations.

➤

Startup Cost
ZAR

Topup mass (kg)

–

	The cost of recovering the oxidized PGM ore from
stockpiles was assumed to be R50 per ton, since no
additional mining would be required
	The total revenues of PGMs in the flotation concentrate
and leach liquor were discounted by 50%, considering
that further processing to produce pure metal would still
be necessary in each case.

The reagent costs were based on quotations from bulk
chemical suppliers in the mining industry. The flotation route
was shown to be profitable, with revenue exceeding reagent
costs by 81% while the leaching route showed a deficit of
–56%. This suggests that leaching of ROM ore would result in
excessive lixiviant consumption at the pulp density tested, and
hence different operating conditions for the hydrometallurgical
route must be developed for the leaching process to be feasible.
Although the profitability of the flotation route will be reduced
when other operating costs such as utilities and labour are
considered, this preliminary economic evaluation indicated that
The Journal of the Southern African Institute of Mining and Metallurgy

Operating cost
(ZAR/ ton ore
ZAR 50.00

2g/100ml

44625.00

97340.51

44.625

ZAR 97.34

2g/100ml

17500.00

106883.70

17.50

ZAR 106.88

204224.21

ZAR 254.22
-ZAR 91.44

81%

Economic evaluation of flotation and leaching routes

➤

Startup mass
(kg)

-56%

more research effort should be directed towards optimizing
flotation as the first preconcentration step, as opposed to purely
hydrometallurgical processing.

Conclusion
Flotation and hydrometallurgical processing routes for improving
PGM recovery from a non-sulphide or oxidic PGM ore were
investigated. The results indicated that alkyl hydroxamate cocollectors were most effective for flotation recovery of PGMs from
oxidized ore, with 78.5% Pt recovery using AM810. The superior
PGM recoveries achieved by the AM810 co-collector were
attributed to the ability of hydroxamates to form stable complexes
by chelation with metals such as iron and copper, which are
present in PGM-bearing minerals. The superior improvement in
Pd flotation recoveries compared to Pt suggested that Pd mineral
species were more oxidized and hence amenable to oxide cocollector than Pt species. The low flotation concentrate grades
were attributed to the frothing properties of hydroxamates,
which suggests that more tests need to be conducted to establish
selective conditions. Additionally, cleaner flotation tests should
be completed on rougher flotation concentrates produced using
hydroxamates to determine the potential extent of upgrading and
hence evaluate the feasibility of this processing route.
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PGM extraction from ROM ore by aqua regia leaching was
strongly dependent on dissolution temperature and pulp density,
with high temperatures (85°C) and low solid to liquid ratios (2
g per 100 ml) obtaining the best PGM recoveries of 48% for Pt
and 24.5% for Pd. However, the hydrometallurgical processing
of ROM ore using nonselective solvents like aqua regia would
not be recommended because of the high lixiviant consumptions.
The use of flotation co-collectors such as hydroxamates as the
first preconcentration step would be a more practical solution,
and smelting or leaching can be carried out as the subsequent
extraction stage. The low-grade flotation concentrate may be
upgraded hydrometallurgically using sulphuric acid pressure
leaching, because the atmospheric conditions used in this study
achieved limited base metal extractions (73.3% Cu, 82.9% Ni,
and 8.1% Fe).

Lide, D.R. (1995. CRC Handbook of Chemistry and Physics. CRC Press, London.
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Synopsis
The majority of lignite deposits in Greece consist of multiple thin lignite layers and are traditionally
estimated using a one-dimensional compositing approach that can potentially lead to large errors,
particularly in the presence of medium to severe tectonic disturbance and uneven vertical distribution of
the seams. Drill-holes are evaluated using mining and processing criteria leading to a number of mineable
lignite ‘packages’ along each hole, the sum of which is reported as the total mineable lignite at each drillhole horizontal location. The total mineable lignite thickness values from the various drill-holes and
associated weighted average qualities are interpolated horizontally, leading to a two-dimensional model
of mineable lignite. A more advanced version of this one-dimensional approach has been applied in the
past, with improved results. In this version, the one-dimensional approach was limited to a single mine
bench and repeated separately for each bench, thus reducing the scale of potential errors and better
approaching the vertical distribution of mineable lignite. Lignite deposits, such as the one examined in
this paper, require the development of a thorough stratigraphic model to allow the reporting of accurate
lignite resources and to form a solid basis for mine planning and the calculation of lignite reserves. The
evaluation of mineable lignite using mining and processing criteria can then be applied to correlated
and modelled lignite seams, leading to an overall three-dimensional model of the deposit that allows
accurate calculation of lignite resources even in the presence of deformation. This paper presents all
three modelling approaches through a case study based on part of a real lignite deposit. The effects
of using each of the approaches are analysed and the benefits of the three-dimensional approach are
clearly demonstrated.
Keywords
resource estimation, drill-hole data, compositing, aggregation, correlation.

Introduction
The modelling problem
Coal and other stratiform deposits consisting of multiple layers require a lot of time and effort to
produce a representative geological model that will allow accurate estimation of resources and provide a
solid basis for effective mine planning. The transition from such a 3D geological model of stratigraphy
to an effective run-of-mine model that can be used to calculate reserves is a critical part of this process.
Approaches to achieve this transition range from one-dimensional mineable coal compositing of
drill-hole data to more effective three-dimensional aggregation of mineable coal seams based on an
appropriate stratigraphic model. Coal and lignite resource modelling has been covered in a number of
studies (Tercan and Karayiğit, 2001; Heriawan and Koike, 2008a, 2008b; Kapageridis and Kolovos,
2009; Olea et al., 2011 ; Hatton and Fardell, 2012; Roumpos, Liakoura, and Barmpas, 2011, 2014;
Tercan, Ünver, and Hindistan, 2011; Deutsch and Wilde, 2013; Tercan et al., 2013)
Thin-layered lignite deposits (known as Zebra deposits) are the main source of fuel for the
production of electrical power in Greece (Figure 1). Mainly located in the northwest region of the
country, in the Amyntaio-Ptolemais basin, Greek lignite deposits belong to the upper Pliocene.
Overburden material belongs to the Pleistocene and Holocene (Anastasopoulos and Koykoyzas, 1972).
Over the lignite-bearing strata lies a series of green-gray clay and marl layers – an alternation of mainly
sandy clays, calcareous marls, and silty clayish marls. A series of yellow-brown sandy layers follows,
consisting of mainly calcareous sands with clay intercalations and occasionally sandy marls. In this
formation, numerous lenticular intercalations of sandstones and consolidated conglomerates exist. Over
the yellow-brown layers lies a series of red-brown clays and conglomerates – an alternation of reddish
sandy clays and poorly consolidated conglomerates with clay-silica matrix.
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2. O
 ne-dimensional compositing of drill-hole mineable
lignite intervals per bench—1D bench mineable intervals
method
3. T
 hree-dimensional mineable lignite aggregation of
correlated lignite seams.

Example data-set

Figure 1—Typical example of an excavation face in a thin-layered lignite
deposit

The large number of lignite layers combined with the
complexity of their spatial distribution, and the large number of
drill-holes from different campaigns analysed by different people
and using different methodologies, has led to the adoption of
an over-simplistic approach for the estimation of resources and
reserves of these deposits. Locally developed software used for
this purpose since the early 1990s (and still in use today) is
based on a one-dimensional compositing approach (referred to
as 1D mineable intervals). Each drill-hole is composited using
mining and quality criteria forming mineable lignite sections,
the sum of which is reported as the total mineable lignite at
the drill-hole horizontal location. The total mineable lignite
values from the various drill-holes are interpolated horizontally,
leading to a two-dimensional grid model of the mineable lignite
parameter. This approach is capable of calculating global lignite
resources with acceptable accuracy provided the sample density
is sufficiently high. However, it is particularly prone to errors
in calculating local lignite resources, which are necessary for
effectively planning and scheduling a continuous mining process.
Another issue with this approach is the sensitivity of the results
to potentially incomplete or incorrectly interpreted drill-holes
which, due to the one-dimensional nature of the modelling
process, can lead to significant errors in local resource estimates.
A further development of the 1D mineable intervals method
was introduced and adopted in 2012, partially solving the
problem of over-generalizing the vertical distribution of mineable
lignite by splitting its thickness per bench. In other words, the
mineable lignite intervals produced by the previous method
are split and coded by bench – each bench is considered as a
separate ‘deposit’ with its own mineable lignite, overburden,
midburden, and underburden thicknesses and lignite qualities.
This approach (referred to as 1D bench mineable intervals) is
a significant improvement over the previous method, but close
examination of the produced models revealed similar issues as
before, although on a smaller scale. The aim of this paper is to
clearly present these issues, relate them to the lack of a complete
stratigraphic model of seam correlation, and demonstrate how
such a model would resolve them and form the basis for accurate
and more detailed lignite reserve estimation and mine planning.
In summary, three methods of lignite resource estimation are
discussed and compared:
1. One-dimensional compositing of total drill-hole mineable
lignite intervals—1D mineable intervals method

▶

938

NOVEMBER 2019

VOLUME 119

Data used to compare the lignite resource modelling approaches
in this paper comes from an exhausted lignite mine in NW
Greece. A small area of the mine was selected containing a
total of 24 drill-holes on a random grid of 5 × 5 m (Figure
2). The model limits cover an area of 1.32 km2. The names
and coordinates of the drill-holes have been changed for
confidentiality purposes. The area topography was not used in
the study for the same reason – the drill-hole collar was taken
as the top of overburden (excluding drill-hole C5). Reported
resources were limited only by the study area polygon – no pit
surface was used in the study. Figure 2 shows the drill-hole collar
locations in plan view. Drill-holes were named according to their
row and column number, which correspond to the section names.
For example, drill-hole A1 is located in section A and section
1. The 24 drill-holes comprised a total of 2950 original (raw)
intervals. The data-set was imported to a database and validated.

One-dimensional compositing of total drill-hole mineable
lignite intervals – 1D mineable intervals method
Method
The method for compositing drill-hole mineable intervals
described in this section is very similar to the one applied to
Greek lignite deposits (Karamalikis, 1992). The method used in
this paper employs the integrated Mineable Intervals option in
Maptek Vulcan software plus some extra steps before and after
applying this option to make it more suitable for lignite seams.
A comparative study has been performed in the past to prove
the similarity of the results produced by this approach and by
the software traditionally used for compositing of Greek lignite
deposits (Kapageridis, 2006). The method is applied using the
following steps.

Figure 2—Location and naming of drill-holes and sections used in the study
(drill-hole names are shown in black – section names are shown in red). The
green polygon marks the resource estimation area
The Journal of the Southern African Institute of Mining and Metallurgy

A comparative study of lignite resource estimation based on 1D drill-hole mineable lignite
➤

➤
➤

➤

➤

 ass 1: The program looks at samples down the hole and
P
classifies each sample as lignite or waste based on the ash
cut-off value specified.
	
Pass 2: The program combines adjacent samples of lignite
and waste to produce runs of pure lignite and pure waste.
	
Pass 3: Working from the top of the hole down, the
program checks if the waste interval between the first
lignite run and the subsequent lignite run is shorter than
the waste absorption maximum length. If the waste length
is longer than this limit, then the lignite runs are left as
separate composites and the waste length from the second
lignite run to the third is checked. If the waste length is
shorter than the limit, then the first lignite run, the waste
run, and the second lignite run are added together, and
the resulting ash value is computed. If the ash value
is higher than the lignite/waste cut-off value, then the
lignite and waste runs are left as individual composites
and the process moves on to the second and third lignite
runs. If the resulting ash value is lower that lignite/waste
cut-off value, then the interval is accepted as a single
lignite composite. The waste length between this new
lignite composite and the subsequent lignite run is then
checked, and the process described above is repeated.
	
Pass 4: At this stage there are lignite runs that incorporate
internal waste where possible and whose ash value is
below the lignite/waste cut-off value. The procedure then
continues to add upper and lower waste dilution to these
lignite runs. It will add adjacent waste samples up to a
specified dilution length. It should be noted that this step
will not disqualify any lignite runs. Roof and floor losses
are applied to lignite intervals and respective gains to
waste intervals.
	
Pass 5: The final pass checks all resulting lignite runs
to see if they are longer than the minimum lignite run
length. Lignite runs that are shorter than this limit are
reclassified as waste and absorbed into the surrounding
waste runs. All quality calculations are length-weighted.

Figure 3 shows a simplified example of the input (raw) and
output (composited) version of a drill-hole using the mineable
intervals compositing method (Kapageridis and Kolovos, 2009).
Lignite and waste raw intervals are combined to form mineable
lignite or waste composited intervals based on criteria such
as minimum lignite thickness, maximum waste absorption
thickness, mineable lignite ash upper limit (cut-off), and
mineable lignite roof and floor losses and dilution.

Compositing
Applying this method to the 24 drill-holes of the example dataset led to the generation of 1016 composited mineable intervals
of lignite and waste from the 2950 raw intervals. The generated
composites table was added to the original drill-hole database.
Table I presents the output of each of the five passes of the
mineable intervals compositing method on part of a drill-hole
from the data-set. Lignite intervals at each pass are coded as
CO. Waste horizons are coded as WASTE after the first pass.
Only part of the drill-hole is shown in the table. The total length
(thickness) of mineable lignite per drill-hole was calculated next.
This was stored together with other information such as the top
and bottom depth of mineable lignite in a formatted text file.
The file contained information on the thickness and depths of
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 3—Simplified example of (a) raw and (b) composited lignite and
waste intervals (Kapageridis and Kolovos, 2009)

overburden and midburden. These files were used to calculate
and locate lignite resources within the study area limits. A 0.5 m
minimum mineable lignite thickness and 0.3 m waste thickness
were applied. The maximum ash content for lignite was set to
36% and the roof and floor losses for lignite were 0.1 m.

Resource modelling
Using the information contained in the formatted text files for
the thickness, roof, and floor of the mineable lignite and the
corresponding values for overburden and midburden, grid models
were generated using the inverse distance weighting method. The
power of 1 for inverse distance was used for the roof and floor
models, while the power of 2 was used to model thicknesses.
Figure 4 shows sections III and C, which cross through the middle
of the study area – the overburden is clearly displayed as a single
layer, while lignite and midburden are shown together. The lack
of seam correlation means that it is not possible to display (and
model) lignite seams as separate layers in section.
As the lignite seams are not correlated, we rely on the total
mineable lignite thickness model for resource estimation. The
stripping ratio is also calculated using the total overburden and
midburden thickness models. Calculating lignite resources per
bench are based on the total mineable midburden/lignite ratio
and the thickness of their sum (lignite plus midburden) within
each bench. The same midburden/lignite ratio is effectively
applied to all benches, with the only possible varying parameter
being the thickness of the mineable lignite plus midburden. For
benches totally enclosed in the area between the roof and floor
of mineable lignite, this parameter is constant, leading to equal
resources being reported in these benches.

One-dimensional compositing of drill-hole mineable lignite
intervals per bench – 1D bench mineable intervals method
Method
The second approach considered is based on the five-pass
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Table I

Example of drill-hole composited with the five-pass mineable interval compositing method

Figure 4—Sections III and C showing composited drill-holes and modelled overburden (brown), lignite roof, and floor surfaces (black). Drill-hole C5 is not used for
the modelling of overburden roof and thickness. (Vertical scale is the same as the horizontal)
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compositing method discussed in the previous section, but adds
an extra pass where the produced lignite and waste composite
intervals are split and coded based on surfaces corresponding
to mining benches (Figure 5). The height of the benches can be
constant or differ between benches, and essentially controls the
vertical resolution of the calculation. As the interval splitting
takes place after any quality- and thickness-based classification
to lignite or waste, the added sixth pass does not reduce the total
mineable lignite of a drill-hole calculated by the previous method.
It simply distributes the mineable lignite and waste to separate
benches, allowing the more accurate calculation of resources per
bench. Mineable lignite or waste composite intervals vertically
crossing the floor of a bench are split in two components, each
coded according to the bench volume they belong to (e.g. CO560,
CO570, etc.). This approach was used in the lignite resources
estimation and mine planning study of the Mavropigi Field
(Public Power Corporation of Greece) in 2012.

Compositing
The 1016 mineable lignite and waste composite intervals from
the previous method were intersected with bench surfaces every
10 m vertically (pass 6). This led to the generation of 1404 new
composites that were stored in a separate table of the database.
Table II shows how this was done on the same part of the drillhole presented in Table I.
The total length (thickness) of mineable lignite per drillhole and bench was calculated next. This information was
stored, together with other information such as the top and
bottom depths of mineable lignite within each bench, in
separate formatted text files – one per bench. The files contained
information on the thickness and depths of overburden and
midburden in each bench. These files were used to calculate
and locate lignite resources within the study area limits for each
bench.

Resource modelling
The same process followed in the previous method, was applied
in the case of mineable lignite composites per bench. The
formatted text files were used to generate grid models of the
roof, floor, and thickness of mineable lignite, overburden, and
midburden. This time, there were several models corresponding
to the different benches, and resources were calculated per bench
using the composited mineable thicknesses per bench. There was
no need to use the waste to lignite ratio to calculate resources
per bench, as the mineable overburden, midburden, and lignite
thicknesses were calculated directly for each bench using values
related to each bench.
The horizontal extents of mineable lignite in each bench
had to be considered during modelling. Vertical variations in
lignite density meant that not all drill-holes contained mineable
lignite in each bench. This was addressed by applying polygonal
masks to the grid models, limiting their horizontal extents as
shown in Figure 6. This approach allowed the bench mineable
lignite models to maintain their interpolated thickness at their
edges, potentially leading to overestimation of mineable lignite
resources.

Three-dimensional mineable lignite aggregation of correlated lignite seams
Lignite seam correlation
The last method considered in our study was based on the
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 5—Splitting and coding of mineable lignite and waste intervals per
10 m bench

geological analysis, correlation, and modelling of the original
(raw) lignite seams. The lignite seams were examined in crosssection and were manually correlated by selecting the drill-hole
intervals considered to belong to a particular seam and coding
an appropriate seam field in the database. This was a fairly
difficult and time-consuming process, the results of which were
influenced to some degree by the geologist’s interpretation. A
number of parameters were used to control correlation of lignite
seams, including material colour, location relative to characteristic
marl and sand horizons, fossil content, cohesion, friability, and
characteristics of surrounding marl horizons. Figure 7 shows
drill-hole sections III and C with the seam codes stored in the
database after correlation. This type of section helps to visualize
the way correlation works before actual modelling of the seams.
The software automatically links intervals with the same seam
code between successive drill-holes in a linear fashion, aiding
the user during correlation. A colour legend helps distinguish
between seams as in our case there were so many that the section
would become very confusing to the eye. Linking of correlated
seams is not allowed through drill-holes that don’t contain them.
Two characteristic marl horizons were used to group the lignite
layers into upper and lower horizons. Upper horizons were
numbered upwards (the lowest being U1) and lower horizons
were named downwards (the top one being L1). There was no
particular reason for this convention other than the need to have
a standard convention between drill-holes. Horizon splits were
named after the merging horizon, e.g. splits U8A, U8B, and U8C
merge to U8 (Table III).
All lignite seam codes and related splits were stored in
a special database table and field to be used for structural
modelling of the seams. A horizon list (table) was also stored
for reference by other functions of the software. The horizon
list should only contain stratigraphy that will be modelled. It is
important to list the horizons in proper stratigraphic order with
the first horizon being the uppermost deposit and the last horizon
being the bottom of the modelling area of interest. The smallest
split is defined in the ‘child split’ column. Child splits are merged
into larger horizons until the parent horizon is reached on the
right-hand side of the table. Horizons with no splitting are also
listed in the child split column. Table III shows the horizon list
and splits for our case study. The table is presented in two parts –
one for the upper horizons and one for the lower.
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Table II

Example of drill-hole composited with the six-pass bench compositing method

There were cases of very thin seams that occurred in only
one drill-hole, and a drill-hole that was missing most of the
upper lignite seams (C5). These and other stratigraphy issues
were resolved using a special operation in Maptek Vulcan called
FixDHD, which we discuss in the following section. FixDHD is
one of the first steps in the modelling procedure called Integrated
Stratigraphic Modelling (ISM).
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Validating and fixing seam correlation
Data for stratigraphic modelling, as in our case study, is provided
from a drill-hole database, with the horizons of interest noted.
It is rarely possible to clearly identify all horizons in every hole.
This may be due to:
➤ The geological nature of the deposit being drilled
The Journal of the Southern African Institute of Mining and Metallurgy

A comparative study of lignite resource estimation based on 1D drill-hole mineable lignite

Figure 6—Sections III and C showing composited drill-hole intervals per bench and modelled mineable lignite roof and floor surfaces per bench (black). (Vertical
scale is the same as the horizontal)

Figure 7—Sections III and C showing drill-hole database correlation – child splits are not shown linked to merge horizons. (Vertical scale is the same as the horizontal)

➤ Biases introduced when planning the drilling programme
➤ Poor logging practice
➤ Lost data.
Our data-set, even though limited to a small area of a much
larger deposit and consisting of only 24 drill-holes, presented the
following data collection issues that need to be addressed.
➤ 	Short holes, which are not deep enough to include all
horizons of interest or have a collar lower than the original
topography surface
➤ 	Difficulty determining the position of missing horizons that
have thinned to zero thickness
➤ 	Issues determining the position of daughter horizon
boundaries within their merged parent horizon.
The Journal of the Southern African Institute of Mining and Metallurgy

FixDHD was called to check the correlated lignite stratigraphy
and fix possible problems. Several problems were initially
identified that were preventing the software from resolving the
issues. These were problems related to the way correlation was
coded (e.g. wrong seam sequence or seams occurring in only one
drill-hole). In every trial run, the software produced a detailed
log file that explained the issues and suggested ways to resolve
them. Once these problems were addressed, a fixed version of the
lignite stratigraphy table was produced in the database. Table IV
shows how this table looks for drill-hole C5.
The horizons are shown from top to bottom in the fixed
table. As drill-hole C5 was missing the top part of stratigraphy,
several intervals were interpolated above its collar, shown with
a negative From and To relative depth. Intervals interpolated or
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Table III

Finalized lignite horizon table showing how horizon splits are joined to form larger
horizons based on the drill-hole database correlation

otherwise fixed are flagged with an ‘F’ next to the column that
was fixed (from, to, or thickness). Intervals unaltered in the
fixing process are flagged ‘DB’. The final Flag column summarizes
the changes associated with an interval. For example, an interval
with the original From value (column FF = DB) and a fixed To
value (column TF = F) will have a final flag DBF (column Flag).
Intervals with no changes are highlighted with light green in the
table. The software applies statistical modelling techniques to
restore missing or unavailable data from the stored stratigraphy
and manipulates the available data to meet required criteria for
modelling. If insufficient data is available to apply this technique,
less rigorous stacking methods are used. Similar changes to those
shown for C5 took place in other drill-holes, leading to a fixed
correlation that could be effectively modelled. The fixed version of
the database was compared against the original in the database
editor (in tabular format) and visually in sections showing
database correlation.

Structural modelling
Once the fixed lignite stratigraphic table was produced, structural
modelling of the lignite seams could be performed. Seam
persistence limits were generated to control the horizontal area
of the seams of the fixed lignite intervals. The same interpolation
method was used (inverse distance weighting with a power of
one) as previously for consistency. Grid models for the roof, floor,
and thickness of each seam were generated and masked with
the corresponding seam limits. Figure 8 shows sections III and
C with the modelled seams. It should be noted that no minimum
seam thickness or quality criteria have been applied up to this
stage. After roof and floor models for each horizon were created,
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thickness grids were automatically generated between adjacent
pairs of surfaces. Every node in each thickness grid was forced
to a value of zero or greater, which ensured that no horizons
crossed. Should a horizon cross its neighbour, either the floor
was forced to the roof position, or the roof was forced to the floor
position.

Compositing and quality modelling
For each of the modelled seams, it was necessary to generate
corresponding quality grids, one for each of the quality
parameters (ash, moisture, calorific value). Inverse distance
weighting to the power of two was used to interpolate composited
quality values (single value per seam and drill-hole) to the
respective grid models. Figure 9 shows ash contour maps for
some lignite seams. Estimating quality parameters separately
for each seam leads to a much more detailed quality model than
the previous two methods and allows the application of quality
mineability criteria in three dimensions instead of one.

Resource model development
The resource model was based on the HARP (horizon adaptive
rectangular prism) structure – a type of block model that
represents an entire integrated stratigraphic model. The HARP
model is created directly from grids or faulted triangulations. All
quality grids are automatically incorporated. A HARP model block
contains five points in the roof of the block and five points in
the block floor (Maptek, 2016). These points allow vertex angles
to fluctuate, which allows the block to conform to structure roof
and floor grids. HARP models accurately resolve horizons down
to a few centimetres of thickness without the need to make huge
models with extremely small Z sub-blocking.
The Journal of the Southern African Institute of Mining and Metallurgy

A comparative study of lignite resource estimation based on 1D drill-hole mineable lignite
Table IV

 ixed lignite stratigraphy of drill-hole C5 – fixed intervals are flagged F (fixed), while
F
original are flagged DB (database)

All structural and quality grids generated for the modelled
lignite seams of our study were used to construct a HARP model
using the horizontal extents of the considered area. Each HARP
block was initially coded as lignite or waste and allocated a seam
code based on the formulated horizon list. Waste block seam
codes had a prefix added to distinguish them from lignite (e.g.
BD_L7 for burden block above L7). Figure 10 shows two sections
through the produced HARP model coloured by ash estimates. It
is quite clear that the HARP structure allows the model to follow
precisely the modelled stratigraphy.

Generation of run-of-mine model

Run-of-mine (ROM) modelling in Maptek Vulcan simulates the
way in which material is extracted from a stratiform deposit.
Basic parameters are defined for extraction. The ROM HARP
model is constructed from the geological HARP model using three
The Journal of the Southern African Institute of Mining and Metallurgy

rules, applied to the mine modelling process in the following
order (Maptek, 2018):
1. M
 inimum mining thickness: Any horizon less than this
thickness is not mined by itself.
2. M
 inimum parting thickness: Any waste material
between seams less than this thickness is mined with
the next seam, resulting in composited seams. Waste
material becomes a parting in the composited seam. The
assumption when using this option is that burden material
less than this thickness cannot be separated in the pit, so
it is mined with the product. However, compositing only
takes place if the minimum product to waste ratio is met.
3. M
 inimum product to waste ratio: The total product to total
waste ratio in a working section must be greater than or
equal to this ratio. Total waste is defined as all in-seam
partings plus all between-seam parting.
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Figure 8—Sections III and C showing modelled lignite seams – note the interpolated seams above C5 collar. (Vertical scale is the same as the horizontal)

Figure 9—Estimated ash maps from some characteristic upper and lower lignite seams

In our study, the minimum mining thickness was set to 0.5 m
and the minimum parting thickness to 0.3 m. A 0.1 m roof and
floor loss was also applied. Figure 11 compares two sections of
the original (resource) and ROM HARP model showing the effect
of applying mining criteria to lignite seams in three dimensions.
Parts of seams disappear due to thickness criteria and others are
combined to form thicker mineable sections.

Results and discussion
The three methods compared in this paper were applied to
the same data-set, using the same mine planning software
package. Timewise, the first and simplest method of the three,
the compositing of mineable of total drill-hole mineable lignite
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intervals, was the fastest to implement (a couple of hours).
The number of drill-holes used plays almost no role to the time
required by this method. It was also very easy to set up and run.
The produced models and information take the smallest amount
of hard disk space.
The second method, compositing of drill-hole mineable
lignite intervals per bench, required more time than the first
method as the process was repeated for each bench considered
(4–5 hours altogether). It required an extra compositing step to
split the composites of the previous method by bench, and the
development of a more complex reserve model based on sets of
grids per bench. As all steps are fully automated, this method
was still very easy to set up and run.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 10—Vertical sections through lignite HARP model and floor of seam CO_13C coloured by ash – vertical scale set to twice the horizontal to show more details

Figure 11—Original resource HARP model section (top) and ROM HARP model section (bottom) showing the changes in lignite seams after the application of
mining criteria

The third and most complex method, mineable lignite
compositing of correlated seams, required correlation of lignite
seams between drill-holes – a step that took a couple of days
to complete for the 24 drill-holes of our case study data-set. It
is quite impossible to estimate how much time it would take to
correlate 100 drill-holes or more as it would depend on other
factors such as faulting, which did not affect the area considered
in this study. Once correlation was complete, the other steps took
little time to set up and run – a total of 4 hours to get the final
ROM HARP model after correlation.
Table V summarizes the resources calculated using each of
the three methods. The resources are split by bench, with the
waste quantities given in cubic metres while lignite is given in
tons assuming a 1.2 t/m3 specific gravity. Looking at the totals,
The Journal of the Southern African Institute of Mining and Metallurgy

it is clear that the higher the resolution of the calculation (going
from method 1 to 3) the lower the reported total lignite. However,
looking at the individual benches, the only real comparison can
be made between method 2 and 3, as with the first method there
is no real control over what is reported as bench quantities.
Calculating bench resources using method 1 essentially involves
applying the same stripping ratio on a different lignite plus
midburden total to derive the individual values. Only overburden
can be directly calculated from its modelled floor.
Both methods 2 and 3 report reasonably distributed
quantities per bench, but we can still see differences between
them. The effect of artificially grouping lignite intervals into
bench mineable sections leads to a slight overestimation in the
lower benches and some underestimation of the upper ones
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Table V

 ummary of bench resources (m3) produced by the three compositing methods (OB – overburden, CO – lignite,
S
MB – midburden)

compared to the numbers reported by method 3. In other words,
the more detailed and geology-driven model of the lignite seams
that method 3 is based on produces more accurate results
than the simplistic mineable lignite model of method 2. These
differences could have been much larger if faulting were present.
Comparison of quality parameters estimations gave similar
differences.

Conclusions and future work
Overall, it became quite clear during this exercise that the time
taken in building a complete stratigraphic model based on lignite
seam correlation is time well spent as it provides all the necessary
quantity and quality information in three dimensions and at the
highest resolution possible based on the available data. Any
efforts to replace seam correlation and compositing with onedimensional compositing of each drill-hole separately lead to
over-simplification of the geology and a significant reduction of
the effectiveness of mine planning.
Future work will include the application of all three methods
to a mined-out area of the deposit where production figures
are well-known and comparison with actual lignite reserves
is possible. The implementation of a geostatistical approach
to lignite quality parameters interpolation is also one of the
improvements planned to the current methodologies.
Finally, the authors recommend that additional drilling could
help increase the reliability of resource estimates, regardless
of the estimation procedure used, particularly in areas where
tectonism and other post-depositional factors have significant
effect. Future drilling and drill-hole logging should also be more
systematic, with more detailed descriptions and photography of
the cores to help in geology correlation modelling and lead to
better resource estimates. More systematic logging would also
allow the automation of the modelling process.
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Synopsis
Ultimate pit limit determination provides the outline of the optimal pit for use in the mine design process.
Ultimate pit limit determination for truck and shovel haulage systems can be completed with proven
mathematical optimality. For fully mobile in-pit crushing and conveying systems, a new ultimate pit
limit determination method must be developed that includes the additional constraints of a straight
wall for the pit exit conveyor and regularly flat pit floors. One of the major steps in the new method
is determining the orientation of the straight wall. A proposed method of achieving this using the
mathematical concepts of convex hulls and bounding boxes is presented, with an explanation as to
how it could be implemented in an ultimate pit limit determination algorithm. This method allows the
determination of ultimate pit limits for fully mobile in-pit crushing and conveying with a straight wall
oriented to provide the most value to the project.
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Introduction
In-pit crushing and conveying (IPCC) mining systems have been applied in the mining industry for
several decades, though the fully mobile variation has never been considered a strong option for use
in the metalliferous sector. However, interest in these systems has grown significantly over the last 15
years. This is due to their ability to increase the resource recovery (Nehring et al., 2018) and to reduce
or negate the impact of several issues in the industry, such as:
➤	 Increasing mining costs
➤ 	Mines becoming larger and deeper
➤	 Declining grades
➤ 	Shortages of labour and large off-highway tyres
➤	High fuel costs.
Although there is increased interest in this topic, there is still a lack of fundamental understanding
of the operational constraints of IPCC systems which influence the pit design, and how planning differs
from conventional truck and shovel (TS) systems. Both of these issues can be traced back to ultimate
pit limit (UPL) determination during the various stages of feasibility studies. UPL determination refers
to the calculation of the optimal shape and size of the pit that should be mined. ‘Optimal’ can refer to
many facets of a pit, though it is usually accepted to mean the pit that results in the greatest financial
value.
In this paper we introduce the UPL problem, highlight the differences required for use with fully
mobile IPCC (FMIPCC) systems, and present current work towards FMIPCC UPL determination. We
take a brief look at four common solution methods to the UPL problem, give an explanation of the
differences required for use with a FMIPCC system, describe two existing partial solutions for FMIPCC
UPL determination, present a potential solution for determining the orientation of the conveyor wall,
and a potential implementation method for the solution.

Ultimate pit limits
The problem
As UPL determination occurs at the prefeasibility and feasibility levels of study, there is a large range of
factors to include that are not fixed, such as which mining method is to be used (a TS method is usually
assumed), various economic parameters such as commodity prices (use the current price or a forecast?),
The Journal of the Southern African Institute of Mining and Metallurgy
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and extraction rate. In order to progress, many assumptions are
made regarding unknown or variable factors, and a block model
is created that shows the value of all material present.
Once this model has been constructed, the problem becomes
the calculation of what material should and should not be mined
in order to extract the minimum volume of material that has the
maximum financial value, respecting geotechnical constraints
of the safe wall angles. At this stage of the mine planning
process, the maximum financial value refers to the maximum
undiscounted value. In order to maximize the net present value
(NPV), which would be ideal, scheduling of the pit to comply with
mining and processing constraints must be completed, which
requires the input of the UPL. Following the calculation of this
maximum value pit, the outline (or shell) is used to design the pit
for each scheduled progressive pushback.

Solutions to the conventional UPL problem
When mining companies and research institutions first noted,
in the 1960s that computers could aid in the solving of the
UPL problem, a greater interest developed in the area. Many
algorithms were developed to solve the UPL problem. The four
most common solutions are floating cone, dynamic programming,
Lerchs-Grossmann, and network flow. These methods are
classified as either heuristic or rigorous, depending on the
availability of mathematical proof of optimality. Rigorous
algorithms have mathematical proof of optimality, whereas
heuristics methods do not (Kim, 1978).

Floating cone
First described by Carlson et al. (1966), the heuristic floating
cone algorithm has been widely used in industry due to its
simplistic nature, fast running time, and ease of comprehension.
As suggested by the name, the algorithm is based on
the combined value of all blocks within each cone that is
systematically imposed above each block from the top to the
bottom of the block model. If the value of a cone is positive, all
blocks within the cone are added to the optimal solution, and the
algorithm advances to the next block in the model.
As this method looks at each cone in isolation, it is not able
to factor in the joint support problem of UPL determination. The
joint support problem describes the situation when in isolation,
an ore block does not have a high enough value to carry the
required waste removal by itself, but the waste may be common
to more than one ore block, potentially making it worth mining
both, as shown in Figure 1. Due to this, there is no guarantee of
an optimal solution. Several methods of modifying this algorithm
have been developed in order to counter this limitation, as
summarized by Elahi Zenyi, Kakaie, and Yousefi (2011). While
these modifications have improved the accuracy of the algorithm,
they still do not guarantee the optimal solution as calculated
using a rigorous method.

vertical cross-sections of the block model, and then reassemble
to a complete model. Due to each cross-section being analysed
in isolation, they will inevitably not fit together in such a way
that maintains all required safe pit wall angles. This results
in a need to smooth out the walls in order to meet the pit wall
requirements. This smoothing is both time-intensive and subject
to error, with the resulting pit contour being far from optimum.
Several algorithms have been developed that have aimed to
implement pit optimization using dynamic programming in three
dimensions. Due to the complexity of the problem, they often
become impractical. Johnson and Mickle (1970) and Johnson and
Sharp (1971) conducted some of the earlier work in the area, and
maintained a similar algorithm to the two-dimensional approach.
However, when evaluating a block, the block value information
from the current cross-section and the perpendicular crosssection were taken into account, leading to more accurate results.
Koenigsberg (1982) presented the first example of a truly
three-dimensional dynamic programming algorithm to solve the
UPL problem. This algorithm considers the relationship between
levels within a column, and columns within a cross-section, in
addition to the block values from the current section of interest.
Though this now gives the ability to work effectively in three
dimensions, the algorithm is limited to having generalized wall
angle constraints. This means that the pit wall angles must be the
same in all directions.
Though there have been various advances in the dynamic
programming approach to solving for UPL, it evidently remains
impractical to use it accurately in three dimensions, for two
reasons; pit wall smoothing from the two-dimensional method,
and generalized pit wall angle constraints. Although these
algorithms are classified as rigorous, the proof of this shows that
they always achieve the optimum for the task assigned. This task
does not yet factor in all variables, and as such, the optimum
achieved is very rarely the true optimum for the block model.

Dynamic programming
The original dynamic programming algorithm published for
solving the UPL problem was by Lerchs and Grossmann (1965).
It is designed to work on two-dimensional economic block
models, in conjunction with a known set of pit wall angles that
provide the dependency relationships between blocks. This
algorithm always provides the optimal solution when operating
on a two-dimensional block model; however, open pits are threedimensional. The solution originally presented to extend this
method to three dimensions is to complete the algorithm for all
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Figure 1—Explanation of the joint support problem
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Lerchs-Grossmann
Lerchs and Grossmann (1965) also proposed an algorithm
to solve the UPL problem in three dimensions. The algorithm
is based on graph theory, where each node in the graph is
representative of a block in the economic block model. This gives
each node a weight equal to the economic value of a specific
block that it represents. Directed arcs within the graph represent
pit wall constraints and dependencies between blocks. Once
the graph is set up, solving for the ultimate pit is analogous to
solving for the maximum closure. In order to do this, Lerchs and
Grossmann developed an algorithm that uses a series of naming
conventions that dictate graph tree transformations that in turn
solve for the maximum closure, i.e. the UPL.
Due to its ability to use generalized pit slope rules, to work
truly in three dimensions, and always return the mathematically
provable optimal solution, the graph theory algorithm has
become the most commonly used algorithm in UPL optimization,
with commercial implementation in several mine planning
software packages, including Whittle4X, Datamine Studio 3, and
DeswikCAD.

For FMIPCC systems, there are other requirements for pit
design in addition to pit access and the mining width, due to the
use of conveyors. For conveyors to work efficiently, they must be
used in linear set-ups, similar to a strip-mining operation. This
requires mining benches to be mostly regular and horizontally
extensive (Atchinson and Morrison, 2011). Due to the nature of
conveyor operations, having large horizontal traverses, it is also
a requirement to have regularly flat pit floors to facilitate bench
conveyor shifts.
The third requirement is the inclusion of a straight wall for
the conveyor to exit the pit. Ideally, this straight wall should be
long enough for the conveyor to reach to the top of the pit from
the bottom without switching back. If the conveyor is required
to switch back on itself, it is recommended that the number of
transfer points be minimized due to the inefficiencies that stem
from material hangups and spillage (Spilker, Albers, and Lordi,
1980), which lead to an overall reduction in reliability of the
series connected system (Frankel, 1984). Figure 2 shows an
example pit with the various conveyors indicated. The ramp
conveyor is located on the straight conveyor wall which is
calculated within presented solutions.

Network flow

Partial solutions to FMIPCC UPL determination

In addition to presenting their graph theory algorithm, Lerchs
and Grossmann (1965) noted that the UPL problem can be
transformed into a network flow situation. In order to do this,
the graph theoretic tree is transformed into a bipartite network,
with each block in the model represented by a node in the
network. Nodes that represent positive value blocks are linked to
the source by arcs with capacities equal to the blocks’ economic
value, while nodes that represent negative value material are
linked to the sink by arcs with capacities equal to the absolute
value of the blocks’ economic value. Dependencies between
blocks are represented by joining the positive value blocks to
their respective overlying blocks by arcs with infinite capacity.
Once this is complete, the UPL is found by solving for the
maximum flow/minimum cut of the network.
Like the graph theory algorithm, this method is also able
to work with generalized pit slope rules, to work truly in three
dimensions, and always return the mathematically provable
optimal solution. Two aspects separate this method from the
graph theory algorithm, the first being that it is relatively easy
to understand in comparison to the graph theory approach. The
second is that due to the importance of the solution of general
network flow problems in operations research, a great deal
of resources has been devoted to the development of efficient
computer code to solve for maximum flows (Fox, 1978). The
most recent development in solving for maximum flows is the
pseudoflow algorithm (Hochbaum, 2008), which is implemented
in DeswikCAD for the determination of UPLs.

Floating trench
The most basic algorithm to adapt for use with FMIPCC systems
is the floating cone algorithm. Its natural extension into working
with a straight fixed wall is to lengthen the virtual cone that
sequentially floats over a block model to collectively find positive
value blocks and thus form a trench (Figure 3). The length of the
trench could be modified depending on how many switchbacks
of the ramp conveyor on the straight wall are appropriate for the
study. This trench would be floated until a positive-value fixed
wall location is found, and the traditional cones could be floated
to solve for the best pit from this wall location. Following this,
the algorithm could be reset, and the trench could find the next
positive fixed wall location.
This floating trench algorithm, though simple, would inherit

Major differences in pit design
Due to the different operational nature of FMIPCC haulage
systems compared with truck haulage systems, there are
fundamental differences in the requirements of pit design (Dean
et al., 2015). For a truck haulage system, the only requirements
for pit design are haul roads providing access to the pit, and that
the minimum mining width for the proposed equipment is met.
These two requirements do not have any impact on the UPL;
therefore, UPL determination can be completed as normal, with
pit design to follow.
The Journal of the Southern African Institute of Mining and Metallurgy
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Proposed orientation determination and implementation
method
The first item to note when discussing an orientation
determination method for FMIPCC UPL calculation is that
reverting to a fully heuristic solution is not ideal. For this reason,
the proposed solution runs as an extension to the rigorous
network flow solution.

Figure 3—Adaption of floating cone to floating trench: (a) one level deep
cone, (b) one level deep trench, (c) two level deep cone, (d) two level deep
trench

the generic floating cones’ weaknesses, as well as introduce
additional problems of its own. As the floating cone algorithm
does not require a fixed wall, there is no need to run the
algorithm more than once, since if a block is worth taking, it is
added to the ultimate pit and the algorithm continues. However,
with the introduction of a fixed wall in the form of a trench, the
algorithm would have to be run for each potential wall location
and orientation. Relocation of the trench and subsequent
solving of the problem for each fixed wall location would add
considerably to the solution time. This solution time would
further increase given that the model would have to be solved
for each of the four principal orientations of the block model. A
further disadvantage of this potential solution is that taking a
step back to an entirely heuristic solution is not justified given
that rigorous solutions to the foundation problem exist.

Adaptation and extension of network flow
Another proposed solution is to extend the use of a rigorous
method with a brute force approach to achieve the additional
requirements of FMIPCC systems. This is done by taking the
traditional UPL solution and including additional blocks on the
lowest level, as described in Figure 4. While the initial solution is
a rigorous one (Lerchs-Grossmann or network flow), this method
then adds additional blocks to the ultimate pit with no regard for
optimality. Due to the process of this algorithm, it is limited to
using only the four principal directions of the model.

Critical analysis of current developments
While both of these proposed developments in FMIPCC UPL
determination make some progress towards developing linearly
extensive, flat pit floors and a straight fixed footwall, they are
both subject to the same two limitations: the inability to calculate
an UPL in any orientation for the straight footwall; and the use of
non-rigorous methods, reducing the optimality of the results.
With regard to orientation, each of the existing developments
can only use the four principal directions of the block model
to locate a fixed footwall. As metalliferous deposits exist in
any orientation, it is necessary to calculate an orientation that
maximizes the potential value, working in the full 360° range.
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Figure 4—Artificial floor flattening process
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Secondly, due to the similarities between strip mining and
FMIPCC systems, it is important to highlight that the schedule will
closely resemble a stripping operation, radiating from the surface
at the location of the straight conveyor wall and progressing
across and deeper into the deposit. This in turn means that due
to the time value of money, material closest to the surface, and
closest to the straight wall where the conveyor is housed, retains
more of its value than material further away.
Thirdly, as the size of the UPL increases with depth due to
additional waste being removed to access lower ore blocks, the
optimal orientation for the UPL may change, depending on how
deep the flat pit floor is. As a result, the orientation of the UPL
must be calculated for each level of the block model acting as the
floor (i.e. limiting the levels which are available for optimization).
A simple block model is used to highlight processes
throughout the algorithm (Figure 5). Although this block model
is a simple, small example, the algorithm will operate on larger
block models. Waste blocks (yellow) have a cost of –1, while ore
blocks (green) have positive values of 1 or 4. The algorithms
for orientation determination and implementation are detailed in
the following sections, with an overview of the process provided
in Figure 6. Note that the bottom level of the example model is
omitted from Figures 7 and 8 as it does not form part of the UPLs
of any solutions.

Orientation determination
In order to determine appropriate orientations for FMIPCC UPLs
that maximize potential value in the creation of a straight fixed
footwall, the user must provide an orientation step size and a
discounting rate. The steps used to determine the orientation for
any level of the block model are as follows.
1.

2.

3.
4.

5.

Run a standard network flow solution with the level to
be used as the flat floor set as the minimum level of the
model. This will provide the blocks that are part of the
traditional UPL from the surface down to the limiting
level. This solution for the middle level being the floor is
shown in Figure 7, with blocks that are part of the UPL
shown in blue.
Starting with the deepest of the investigated levels,
the centroids of the blocks that are part of the UPL are
identified and their convex hull is determined. A convex
hull is the smallest polygon drawn that contains all
points of a set, in which a line drawn between any two
points in the set does not protrude outside the convex
hull (de Berg et al., 2008). The convex hulls of the
top two levels of the example block model’s traditional
solution are shown in Figure 8 in purple.
Rotation (c, current rotation) is set to 0°, the convex hull
is rotated anticlockwise by c°.
A bounding box is formed around the convex hull, with
an additional 0.5 block width distance added to each
side/end. This bounding box is rotated c° clockwise
to form the bounding box at orientation c° around the
original convex hull for the level. Note that the side of
the bounding box that is considered the conveyor wall is
the side opposite when the current rotation angle is on a
compass. The 0° bounding boxes of the top two levels of
the example block model are shown in Figure 8 in red.
The bounding box is split into sections based on how
long its sides are. The number of sections is the next
integer below the length, e.g. if the bounding box is 5.4
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Figure 6—Algorithm overview

Figure 7—Example block model traditional solution with middle level as the
floor
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Figure 8—Convex hull, bounding box, sections, and discounting powers of
example block model
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block widths long and 3.2 block widths wide, it will be
split into five sections in the corresponding direction, and
three sections in the other. Note that at 0°, the section
lines are equal to the block edges.
6. All blocks (ore and waste) within each small section
formed by the divisions made in step 5 are attributed a
discounting power based on their location with respect to
the conveyor wall, and their depth in the model. Blocks
that are between the conveyor wall of the bounding box
and the convex hull, as well as blocks inside the convex
hull, are included in the process. Blocks outside of the
convex hull towards other sides of the bounding box are
not given a discounting rate, as they are not required to
be mined. The value of each block is discounted using
the attributed discounting power and user-provided
discounting rate to a present value. The sum of blocks
on the level is taken and added to the cumulative total
for the current orientation. It is important to note that
the discounting powers attributed are not derived from
an actual schedule, but used to mirror the concept of
the time value of money. Figure 8 shows how these
discounting powers are attributed for the top two levels
of the example block model.
7. Steps 3–6 are repeated for each orientation between 0°
and 360° at intervals determined by the user. The step
size provided is essentially a control over the resolution
at which the user wishes to investigate the model.
8. Once all orientation values are calculated for the current
level, steps 2–7 are repeated for each level in the current
limited traditional UPL, progressing upwards towards the
surface.
9. Steps 1–9 are completed again with each level of the
block model being set as the limiting flat floor level.
10. At this stage, the algorithm has a total value for the
UPL for each orientation of the straight conveyor wall
(including the additional waste requiring extraction
to make a straight wall, and flat floor) and for each
potential flat floor level. It should be noted that although
these values are discounted in the same fashion as
present values are for scheduling purposes, it does not
reflect a scheduled pit. The discounting is only to mirror
the effects of the material being closest to the conveyor
wall being worth more than material further away.
11. These total values are scanned, with the maximum value
orientation for each flat floor level being highlighted to
the user in a list of options to be chosen to run. Multiple
orientations on the same level that have the same value
will each appear in the list of options as one may be
more favourable for geotechnical reasons. Each option
is stored with its discounted value, its maximum value
orientation, and the level at which the flat floor is located.

13. T
 he centroids of the blocks which are on the flat floor
level of the UPL are used to create a convex hull,
bounding box, and sections at the option’s orientation,
in the same way as was carried out during orientation
determination.
14. Once the sections have been created on the flat floor
level, additional dependencies are added to the model
from the far side of the model, towards the straight
conveyor wall. This provides the model with the
additional information required in order to create a
flat pit floor and straight conveyor wall. Note that this
process is only required to be completed on the lowest
level of the option. Figure 9 shows the additional
dependencies added to the middle level of the example
block model.
15. This updated model is fed into the network flow solver
again, where it is rigorously solved for the FMIPCC UPL,
which includes a flat pit floor and a straight conveyor
wall. Figure 10 shows the rigorous solution of the
example model with the additional dependencies on the
middle level included.
16. Steps 12–15 are completed for each option, with all
results being returned to the user in the form of an
undiscounted pit value, as expected for an UPL.

Discussion
Figure 10 shows the FMIPCC UPL of the example block model. It
can be seen that the solution has the required regular flat pit floor
and the straight conveyor wall on the bottom edge of the pit. This
shows that the proposed algorithm for FMIPCC UPL orientation
determination and implementation is successful in achieving the
two additional requirements for this small block model.
Figure 10 also shows that block (3,7) on the middle level
of the model is not mined as part of the FMIPCC UPL, whereas
it is included in the traditional solution. This is due to the two
additional blocks of waste that must be mined towards the
straight wall in order to include it in the solution. These two
blocks, and the three waste blocks above it that would require
mining, have a net value of –1. This shows that the flat floor
towards the conveyor wall is not being forced to be mined
based on the bounding box, but that the final solution remains
a rigorous process, resulting in the true optimum for that
orientation and depth.

Orientation Implementation
Once the orientation determination has been completed, and
the user has selected which options to run, each option is
implemented and solved using the following steps.
12. R
 un the standard network flow solution with the
minimum level to be used set as the flat floor level of
the current option. This will provide the blocks that are
part of the traditional UPL from the surface down to the
option’s flat floor level.
The Journal of the Southern African Institute of Mining and Metallurgy
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the mathematical concepts of convex hulls and bounding boxes.
This is used to implement discounted block values that mirror
the time value of money with respect to their location in relation
to the conveyor wall, in order to enhance the potential value of
the mine. The second phase uses the various maximum value
options from the first phase to add additional dependencies to the
traditional solution, which are then solved rigorously for each
case. This method leads to UPLs that have both regular flat pit
floors and a straight conveyor wall. Although the example model
used to explain the algorithm is small, the algorithm will operate
on larger models. It should be noted that as the block model size
increases, the time taken to reach a solution will increase, but as
computing power is significantly more advanced now this does
not pose a significant problem.
The inclusion of the additional requirements of FMIPCC
systems in a UPL determination algorithm advances the ability
to optimize and design the mine around the mining system. This
work leads directly into testing and verification of the method,
with potential avenues in the development of software.
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Synopsis
In view of the continuous depletion of titanium, rutile, and ilmenite mineral deposits, the search for
cost-effective practices for titanium production using vanadium titanomagnetite as raw material has
become increasingly important. In this study, vanadium titanomagnetite concentrate obtained from the
Panzhihua area in China was upgraded via fine grinding followed by magnetic separation to produce
high-quality vanadium titanomagnetite concentrate. The potential utilization of this concentrate was
investigated. Mineral liberation analysis and electron microprobe analysis were used to investigate the
deportment of the impurities and major minerals. Experimental results showed that magnetic separation
increased the Fe grade by 4% compared with the raw concentrate, while the total content of Al2O3, SiO2,
MgO, and CaO impurities decreased from 12.35% to 7.73%. Process mineralogy studies confirmed that
the proportion of titanomagnetite in the high-quality vanadium titanomagnetite concentrate increased
to 95.84%. Spinel and sphene were enclosed in the titanomagnetite particles at the nanometre scale,
which would make them practically impossible to remove through mineral processing techniques.
Keywords
beneficiation, vanadium titanomagnetite, fine grinding, concentration, magnetic separation, process
mineralogy.

Introduction
Vanadium titanomagnetite deposits are widely distributed around the world. Vanadium titanomagnetite
usually contains valuable elements such as Fe, V, and Ti; rare and noble metals such as Co, Tc, Ga, Pt,
and Pd can also be present (Chen et al., 2015; Zhu, Li, and Guan, 2016; Khomich and Boriskina,.2014;
Luo et al., 2013). Therefore, considerable value can be realized through comprehensive utilization
of the ore. Currently, vanadium titanomagnetite concentrate and ilmenite concentrate can be
obtained by traditional ore dressing methods such as magnetic separation, gravity separation, and
flotation. Generally, low-intensity magnetic separation is first conducted to beneficiate the vanadium
titanomagnetite concentrate after grinding of the raw ore. Then, flotation or electrostatic separation is
used to recover the ilmenite concentrate from the magnetic separation tailings (Hukkanen and Walden,
1985; Chen et al., 2011; Wang et al., 2017; Chen et al., 2013).
The Panzhihua area in China is very rich in vanadium titanomagnetite resources, with proven
reserves of approximately 10 Gt (Wang et al., 2016). The vanadium and titanium reserves rank
as third and first in the world, respectively (Du, 1996). Ilmenite concentrate from Panzhihua has
been concentrated by high-gradient magnetic separation and flotation. The ilmenite concentrate can
be treated with sulphuric acid to obtain titanium dioxide (titanium white) or by high-temperature
smelting to produce high-titanium slag. Approximately 30% of the titanium from raw vanadium
titanomagnetite can be recovered into an ilmenite concentrate. Low-intensity magnetic separation can
be used to obtain vanadium titanomagnetite concentrate, which is mainly used for producing steel
and recovering vanadium through a conventional blast furnace-converter smelting process. Almost all
the titanium remains in the titanium-bearing blast furnace slag, with 22–25% TiO2 as the by-product.
Owing to the low TiO2 content and complex mineral phases in the slag, the TiO2 is difficult to recover.
As a result, approximately 7400 Mt of titaniferous slag has been stacked as solid waste, which has
led to a considerable loss of titanium resources and environmental pollution (Huang et al., 2013; Jiao
et al., 2018; Wang et al., 2006; Wen and Zhang, 2011). Therefore, it is of considerable importance
to develop effective methods for the comprehensive utilization of the titanium resource in vanadium
titanomagnetite concentrate.
A direct reduction–electric furnace smelting process has been successfully applied in South Africa
and New Zealand for comprehensive utilization of vanadium titanomagnetite concentrate (Samanta,
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Mukherjee, and Dey, 2015). However, alkaline flux must be
added to the raw materials during the direct reduction process
to improve the separation between iron and slag. This indirectly
decreases the titanium grade of the raw materials. As a result,
the smelting slag contained 30–33% TiO2. The recovery of
titanium from smelting slag through hydrometallurgical or
pyrometallurgical methods is extremely difficult, owing to the
amount of impurities and complex mineralogical characteristics.
This kind of titaniferous slag (containing 30–33% TiO2) has also
been stacked as solid waste (Jena, Dresler, and Reilly, 1995).
Hence, effective extraction of titanium from titanium-bearing
electric furnace slag has become a significant problem. Research
has indicated that when the TiO2 content in titanium slag is
above 50%, it can be recovered by acid leaching methods (Zheng
et al., 2016). Therefore, to improve the TiO2 grade in titanium
slag, a reduction-melting process was pursued by Panzhihua
Iron and Steel Group. In this process, the reduction of vanadium
titanomagnetite concentrate (containing approximately 54% Fe)
was conducted in a rotary kiln or rotary hearth furnace, then
the metallized pellets were melted in an electric arc furnace in
the absence of a fluxing medium. The product titanium slag
contained 45–50% TiO2 (Liu, Wen, and Qie, 2015). However,
the content of impurities, especially the SiO2 content, was still
high, making the extraction of TiO2 from the slag very difficult
owing to the low acidolysis of the slag. Thus, it is essential to
decrease these impurities during the initial processing stage
to obtain the desired titanium slag (TiO2 > 50%) and make the
subsequent extraction of TiO2 feasible and effective. However,
minimal information is available regarding the preparation of
titanium slag with a higher TiO2 grade and the preparation of
titanium white by treatment of the titanium slag with sulphuric
acid. It is very important to solve the problem of efficient
utilization of the titanium resource present in the vanadium
titanomagnetite concentrate due to the large reserves of
vanadium titanomagnetite in Panzhihua. Unfortunately, only a
few studies have been conducted on the exploitation of titanium
slag obtained from vanadium titanomagnetite concentrate in
Panzhihua, mainly because of the complex phase composition
and high content of impurities such as SiO2, Al2O3, MgO, and
CaO. Decreasing the impurities in the vanadium titanomagnetite
concentrate to improve the mass ratio of TiO2 to impurities is an
effective strategy to obtain high-quality titanium slag through a
reduction–melting process (Lv et al., 2017).
The aim of this study was to upgrade raw vanadium
titanomagnetite concentrate to obtain a high-quality concentrate
by using a conventional and economical fine grinding and
magnetic separation process. To predict the effectiveness of the
technique, process mineralogy of the high-quality vanadium
titanomagnetite concentrate sample was investigated.

Methods
Fine grinding and magnetic separation
To obtain a high-quality vanadium titanomagnetite concentrate,
the raw vanadium titanomagnetite concentrate was upgraded
by fine grinding in a ball mill (ZQMF250×100) and magnetic
separation using a counter-rotation wet drum separator
(F800×300 mm). The fine grinding was carried out by wet
grinding at a solids to water ratio of 500:275 by mass). The effect
of the fineness of grind and magnetic field intensity on the Fe
grade and Fe recovery from the concentrate was investigated. The
recovery from the concentrate was calculated by the following
formula:
[1]
where η is the Fe recovery to the concentrate, WC is the weight of
the concentrate, WT is the weight of the raw sample, α is the Fe
grade of the concentrate, and β is the Fe grade of the raw sample.

Mineral liberation analysis
The process mineralogy of the high-quality concentrate was
studied to determine the purification efficiency using a mineral
liberation analyser (MLA, FEI 200) equipped with X-ray energydispersive spectroscopy (EDS). A total of 213 824 mineral
particles from high-quality vanadium titanomagnetite concentrate
were scanned.

Electron microprobe analysis (EPMA)
A JEOL JXA-8100 electron probe microanalyser equipped with
four wavelength-dispersive spectrometers was used to investigate
the characteristics of the minerals in the high-quality concentrate
sample.

Results and discussion
Effect of the fineness of grind on the magnetic
separation index
Chemical analysis of the raw vanadium titanomagnetite
concentrate indicated that the content of impurities was still
Table I

 hemical composition of the raw vanadium
C
titanomagnetite concentrate (wt%)
Fe (total)

TiO2

SiO2

CaO

MgO

Al2O3

V

S

53.47

12.46

3.68

1.24

3.25

4.23

0.39

0.66

Experimental
Materials
Raw vanadium titanomagnetite concentrate provided by
Panzhihua Iron and Steel Group Ltd. in Sichuan Province was
used in the experiments. The size analysis was about 87%
below 75 μm. The chemical composition is shown in Table I. The
content of Fe was 53.47%, and the grade of TiO2 was 12.46%.
The total content of the SiO2, Al2O3, MgO, and CaO impurities was
12.35%. As shown in the XRD spectrum in Figure 1, the main
crystalline phases present were titanomagnetite (Fe2.75Ti0.25O4)
and a small quantity of ilmenite (FeTiO3).
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Figure 1—XRD spectrum of raw vanadium titanomagnetite concentrate
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high, and the mass ratio of TiO2/(SiO2+MgO+Al2O3+CaO+TiO2)
was 0.48. Theoretically, the TiO2 grade of the titanium slag after
the reduction and melting of the raw vanadium titanomagnetite
concentrate should reach a maximum value of 48%. Therefore,
a low-intensity magnetic separation was performed first on the
milled raw concentrate. The magnetic field intensity was set at
1130 Gs. The relationship between the fineness of grind and
magnetic separation index (the grade and percentage recovery of
Fe from the concentrate) after one cleaning is shown in Figure 2.
From the results in Figure 2, it was evident that the Fe grade
increased as the fineness of grind increased. Specifically, the Fe
grade reached 55.56% when the grinding fineness was increased
to 90% –45 μm. A further increase in the grinding fineness did
not significantly improve the Fe grade. Therefore, a grinding
fineness of 90% –45 μm was chosen for the subsequent tests.

Effect of magnetic field intensity on the magnetic separation index after secondary cleaning
Since the Fe grade of the concentrate after one cleaning was
low, a secondary cleaning was performed at a lower magnetic
intensity. The magnetic field intensities used for the secondary
cleaning were 377, 502, 628, 754, and 879 Gs. The effect of
the magnetic field intensity on the Fe grade and Fe recovery of
high-quality concentrate after the secondary cleaning is shown in
Figure 3.
As shown in Figure 3, the Fe grade increased as the magnetic
field intensity decreased. However, decreasing the magnetic field
intensity below 628 Gs resulted in a little improvement in the
Fe grade, while the Fe recovery sharply decreased. Therefore,
a magnetic field intensity of 628 Gs was recommended. The
chemical composition of the obtained high-quality concentrate
is shown in Table II. The Fe grade reached 57.24%, with a TiO2
content of 13.15%. The recoveries of Fe and TiO2 to the highquality concentrate were 81.28% and 80.35%, respectively.
The total content of SiO2, Al2O3, MgO, and CaO impurities
decreased from 12.35% to 7.73%. The mass ratio of TiO2/
(TiO2+SiO2+Al2O3+CaO+MgO) increased to 0.63, which indicated
that the TiO2 content of the titanium slag could theoretically
reach approximately 63% after reduction-melting in the absence
of additive. Even after adjusting the binary basicity to 0.6–1.0,
the content of TiO2 in the slag could still remain above 55%.
It was demonstrated that by using a high-quality vanadium
titanomagnetite concentrate in the reduction–melting process,
the TiO2 content in the titanium slag product reached 60.68%
– a grade suitable for the preparation of titanium pigment by
treatment with concentrated sulphuric acid (Jiao et al., 2018).

Figure 2—Effect of fineness of grind on the Fe grade and recovery after the
first cleaning magnetic separation stage
The Journal of the Southern African Institute of Mining and Metallurgy

Bench-scale test work showed that more than 95% of the TiO2
in this slag could be leached, and a titanium pigment product
containing 99.6% TiO2 was produced successfully.

Production of iron concentrate via one-stage scavenging
In order to reduce resource losses as much as possible, an iron
concentrate with Fe grade 54.06% was obtained via one-stage
scavenging at a magnetic field strength of 879 Gs, which could
be used for blast furnace ironmaking. The complete flow sheet
is shown in Figure 4, and the test results in Table III. From Table
III, it can be seen that the total recovery of Fe in the high-quality
concentrate plus iron concentrate was above 93%, and TiO2
in the high-quality concentrate could be recovered to produce
titanium pigment, since the grade is acceptable for the Panzhihua
Iron and Steel Group. Moreover, the value of the high-quality
vanadium titanomagnetite concentrate achieved by above
mentioned technology can be increased by 10 dollars per ton with
a preliminary estimate. More importantly, the titanium slag with a
TiO2 content of 60.68% has great potential values.

Mineral composition and content
The results of the MLA analysis and the mineral composition and
content of the high-quality concentrate are shown in Figure 5 and
Table IV.
As shown in Figure 5 and Table IV, the proportion of valuable
minerals such as titanomagnetite, ilmenite, and haematite in

Figure 3—Effect of magnetic field strength on Fe grade and recovery

Table II

 ajor chemical components in the high-quality
M
vanadium titanomagnetite concentrate (%)
Fe (total)

TiO2

SiO2

CaO

MgO

Al2O3

V

S

57.24

13.15

1.41

0.40

2.36

3.56

0.40

0.22

Figure 4—Flow sheet for upgrading of raw concentrate
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Table III

Test results from the flow sheet in Figure 4
Product

Yield %

High-quality concentrate
Iron concentrate
Tailings
Raw concentrate

76.13
12.46
11.41
100

Grade %		

Fe (total)

TiO2

57.24
54.06
29.01
53.47

13.15
10.32
10.15
12.46

Recovery %
Fe

TiO2

81.28
12.53
6.19
100

80.35
10.36
9.29
100

Figure 6—EPMA images illustrating textural relationships between titanomagnetite and gangue minerals

and sphene (CaTiSiO5). Fine spinel and sphene were distributed
at the nanometre scale in titanomagnetite, and pyrope was
embedded in titanomagnetite at a scale of several micrometres.
This indicates that a further upgrading of the high-quality
vanadium titanomagnetite concentrate by mineral processing
techniques would be extreme difficult.

Size distribution of the main gangue minerals

Figure 5—MLA image of the high-quality concentrate

Table IV

 ineral composition and content of the high-quality
M
concentrate (wt%)
Mineral
Titanomagnetite
Ilmenite
Sphene
Plagioclase
Spinel
Pyrope
Corundum
Quartz
Diopside
Haematite
Pyrrhotite

Chemical formula

%

Fe2.75Ti0.25O4
FeTiO3
CaTiSiO5
CaSi3AlO8
(Mg0.5,Fe0.5)Al
Mg3Al2(SiO4)3
Al2O3
SiO2
CaMg(Si2O6)
Fe2O3/FeOOH
Fe1-xS

95.84
0.66
0.18
0.06
0.53
0.98
0.02
0.02
0.12
0.98
0.54

Total		

100.00

the high-quality vanadium titanomagnetite concentrate was
approximately 97.48%. The total content of gangue minerals was
less than 3%, with sphene (0.18%), spinel (0.53%), and pyrope
(0.98%) being the major gangue constituents.

EMPA analysis of titanomagnetite
As shown in Table II, the total impurity content in the highquality vanadium titanomagnetite concentrate was approximately
7%. The reason for this was elucidated from the results of EMPA
analysis of some representative titanomagnetite grains, as shown
in Figure 6.
From Figure 6, it can be seen that the titanomagnetite was
closely associated with spinel (MgAl2O4), pyrope (Mg3Al2(SiO4)3),
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The size distribution of the main gangue minerals in the highquality concentrate is shown in Table V. Almost of the sphene
was smaller than 38 μm, mostly in the −27 μm +6.8 μm fraction.
More than 90% of the spinel was less than 38 μm and mainly
between −38 μm and +4.8 μm. More than 90% of the pyrope
was below 45 μm and mainly distributed in the range of –48 μm
to +6.8 μm. Most of the gangue minerals were in the −38 μm to
+4.8 μm fraction. It was difficult to remove these impurities by
using physical mineral processing methods; this was the main
reason why the content of Al, Mg, and Si in the high-quality
concentrate was relatively high.

Conclusions and recommendation
1. T
 he content of impurities in raw concentrate produced
at the Panzhihua ore dressing plant was high. The total
content of Al2O3, SiO2, MgO, and CaO was 12.35%. The mass
ratio of TiO2/(SiO2+Al2O3+CaO+MgO+TiO2) was 0.48. The
comprehensive utilization of titanium and iron via reduction–
melting process from this raw concentrate may be difficult.
2. After the upgrading process with fine grinding and a twostage low-intensity magnetic cleaning, a high-quality
vanadium titanomagnetite concentrate was obtained. The total
content of Al2O3, SiO2, MgO, and CaO decreased to 7.73%. The
mass ratio of TiO2/(SiO2+Al2O3+CaO+MgO+TiO2) was 0.63,
which makes the concentrate suitable for the production of
titanium slag.
3. Process mineralogy of the high-quality vanadium
titanomagnetite concentrate showed that main gangue
minerals, such as sphene, spinel, and pyrope, were finely
distributed in the titanomagnetite particles, and their removal
by physical mineral processing methods would be extremely
difficult.
4. In practice, the upgrading process could be carried out directly
to treat raw concentrate without changing the original process.
Fine grinding to 90% -45 μm would be achieved through
The Journal of the Southern African Institute of Mining and Metallurgy
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Table V

Size distributions of major gangue minerals (wt %)
Fineness (μm)
+75
-75+45
-45+38
-38+27
-27+19
-19+13.5
-13.5+9.6
-9.6+6.8
-6.8+4.8
-4.8+3.4
-3.4+2.4
-2.4+1.75
-1.75

%

Sphene		

Cum. %

%

6.00
21.32
49.04
73.58
90.48
97.61
99.17
99.63
99.77
100.00

8.78
0.00
12.28
15.05
9.66
18.14
19.39
10.98
3.76
1.37
0.43
0.17

6.00
15.30
27.72
24.54
16.91
7.13
1.56
0.46
0.15
0.22

IsaMill or Tower mill technology, and a drum magnetic
separator or magnetic separation column could be applied
to obtain the high-quality concentrate and iron concentrate.
The tailings should be beneficiated to recover ilmenite.
Although the process outlined would involve some capital
costs and increase operating costs, the majority of TiO2 in
the high-quality concentrate would be extracted and used
to produce titanium pigment. Due to the huge resource and
high value of titanium dioxide, this would add considerable
value. Thus, this technique utilizes cost-effective practices
and a sufficiently flexible procedure for the comprehensive
utilization of vanadium titanomagnetite.
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The SAIMM announces the 5th Mineral Project Valuation Colloquium.
This very successful Colloquium has been run in 2011, 2012, 2014
and 2017. The Colloquium will start with the basics for determining
market values for mineral projects using the Income Approach
(Discounted Cash Flows). The Colloquium will then progress to
advanced discussions around shortcomings of the various current
methods as well as new approaches. This colloquium will thus cover
a broad selection of topics and should be of value for anyone in the
mineral asset valuation (MAV) space. Whether you a mining engineer,
project geologist or consultant, the lessons, presentations, and
discussions will cater to all experience levels, from novice to highly
experienced valuators.
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The focus for the first day will be on best practice in valuation
techniques. This will be targeted at those who do not perform
valuations regularly and in need of a refresher or those looking to
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of use to those working in industry who are exposed to or interact
with valuations. Those that are looking to engage more meaningfully
to improve their decision making and insights into mining and the
potential of projects and companies
The focus for the second day will be on more advanced topics and
discussions on some of the challenges with valuation. This day is
generally of benefit to more experienced valuators although it can be
helpful for less experienced valuators to have exposure to issues that
will confront them in the future. It is also an opportunity for them
to understand the limitations of valuations and the data on which
valuations are based. The discussion of these limitations is intended
to improve the ability of experienced valuators to interpret their
valuations and for discussions on ways to contextualise valuations
and provide more insightful feedback.
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Synopsis
With depleting reserves of high-grade iron ores in South Africa, the local minerals processing industry is
increasingly paying attention to fine tailings material as a potential resource for the future. A significant
proportion of these tailings consists of slimes, i.e. material finer than 38 μm. Upgrading of slimes by
physical separation techniques is usually constrained by low efficiency at such fine sizes. Selective
flocculation has the potential of overcoming these constraints to a degree. This paper reports on a study
that investigated that potential by coupling selective flocculation with magnetic separation to improve
separation efficiencies. The coupled process achieved an improvement in the grade of the magnetic
concentrate from 52.3% to 59.2% Fe at much the same Fe recovery. This constitutes an improvement in
separation efficiency from about 40% to 57%. These results were achieved under laboratory conditions,
confirming the positive indications found in the literature, and give an indication that similar results
may be possible at an industrial scale.
Keywords
selective flocculation, haematite, magnetic separation, SLon-100.

Introduction
In iron ore production in South Africa a significant proportion of the feed is lost as slimes.
Dworzanowski (2014) reports that South Africa’s major iron ore producer, Kumba Iron Ore’s Sishen
mine, discards approximately 3 Mt/a of –200 µm material as tails. These tails contain about 60% –
10 µm material (1.8 Mt/a) and constitute a valuable potential source of iron in the future.
Two approaches are currently being used for extracting iron ore from tailings, namely magnetizing
roasting and direct reduction (Li et al., 2010). In the former case, roasting reduces paramagnetic
haematite to ferromagnetic magnetite, enabling recovery via wet low-intensity magnetic separation.
However, both options are energy intensive, with temperatures ranging from 700°C to 900°C required
for magnetizing roasting and >1000°C for direct reduction. As the drive towards energy efficient
processes becomes more critical, alternative approaches to tailings slimes treatment are desirable.
However, the options are limited. Below 20 µm, only enhanced gravity separation, high-intensity
magnetic separation, and flotation are effective (Wills, 2016). Another option is to employ selective
flocculation, which involves the selective aggregation of the desired mineral from a mixture of minerals
using the bridging mechanism. Selective flocculation has been used to improve efficiencies, product
grades, and recoveries when treating haematite slimes by selectively increasing the effective size of the
targeted particles (Mathur, Singh, and Moudgil, 2000; Pascoe and Doherty, 1997; Roy, 2012; Song, Lu
and Lopez-Valdivieso, 2002).
Selective flocculation of haematite from gangue can be achieved through various methods using
microorganisms (Poorni and Natarajan, 2013; Pradhan et al., 2006); polymers (Abro, 2009; Abro
et al., 2013; Ahmed and Mahran, 2013; Arol and Aydogan, 2004; Drzymala and Fuerstenau, 2014;
Hanumantha Rao and Narasimhan, 1985; Kumar and Mandre, 2017; Ma, 2012; Weissenborn, 1996;
Weissenborn, Warren, and Dunn, 1994), and collectors such as sodium oleate (Pascoe and Doherty,
1997; Roy, 2012; Song, Lopez-Valdivieso, and Ding, 1999; Song, Lu, and Lopez-Valdivieso, 2002; Yin
et al., 2011).
Selective flocculation has been successfully applied at the industrial scale for haematite slimes at
Tilden Mines in the USA (Haselhuhn, Carlson, and Kawatra 2012), copper ore from the Democratic
Republic of Congo (Ansari, 1997), and potash ore (Forbes, 2011). However, certain factors have limited
its widespread application. These include complex ore mineralogy, poor liberation, smearing of minerals,
difficulties in controlling mineral surface properties and chemistry, water quality, and the entrainment
and physical entrapment of gangue minerals in the voids in the flocs (Haselhuhn, Carlson, and Kawatra,
2012; Drzymala and Fuerstenau, 2014; Mathur, Singh, and Moudgil, 2000).
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While flotation is the most commonly employed solid-solid
separator in a selective flocculation process, magnetic separation
can be used when the targeted minerals are paramagnetic (Arol
and Aydogan, 2004; Roy, 2012; Song, Lu, and Lopez-Valdivieso,
2002). Selective flocculation coupled with magnetic separation
has been termed the Floc Magnetic Separation (FMS) process by
Song, Lu, and Lopez-Valdivieso (2002).

The Floc Magnetic Separation (FMS) process
Song, Lu, and Lopez-Valdivieso (2002) applied the principle of
selective flocculation to the treatment of haematite slimes with
magnetic separation used as the solid-solid separator. Haematite
fines were first selectively flocculated, then subjected to magnetic
separation at a medium field intensity rather than high-intensity
or high-gradient magnetic separations, which are energy
intensive. As illustrated in Figure 1, the FMS process consists
of four stages, namely dispersion, selective hydrophobization,
hydrophobic flocculation, and magnetic separation. Dispersion is
necessary to prevent unwanted particle aggregation. In selective
hydrophobization a surfactant is added to selectively render the
target mineral (haematite) hydrophobic so that in the flocculation
stage only those targeted particles flocculate. Magnetic separation
then removes the flocs, leaving behind the unflocculated gangue
particles in the nonmagnetic product. Each of these stages is
further described in more detail below.
➤ Dispersion is a critical first step in the FMS process as it
minimizes aggregation of fines, clay particles, and slime
coatings on the mineral particles by controlling the charge
density at the solid-liquid interfaces or the electrical
charges of ultrafine particles (Bulatovic, 2007). Sodium
silicate, along with pH modifiers, is commonly used as a
dispersant in the minerals industry. In the FMS process,
typical dosage rates of sodium silicate dispersant range
from 900 g/t to 1 000 g/t (Song, Lu, and Lopez-Valdivieso
2002; Roy, 2012).
➤	 Selective hydrophobization, the second step in the FMS
process, involves the addition of appropriate surfactants
to render the magnetic particles, haematite, hydrophobic
so that the next step, hydrophobic flocculation, will
flocculate haematite particles selectively. Sodium oleate is
typically used as the surfactant with dosages in the region
of 0.5 kg/t to 8 kg/t at a pH range of 2.5 to 11 (Pascoe
and Doherty, 1997; Roy, 2012; Song, Lu, and LopezValdivieso, 2002; Yin et al. 2011). Yin et al. (2011) showed
that pH affects the equilibrium between the molecules of

oleic acid and oleate ions in solution, thereby affecting
both hydrophobicity and the size of the flocs that are
subsequently formed.
➤	 Hydrophobic flocculation involves the addition of a
flocculant that adsorbs onto hydrophobic surfaces under
conditions that grow flocs of a desirable size and condition.
Medium-density non-polar oils such as kerosene, diesel,
and paraffin are used as the flocculating agents in this
stage of the process. Song, Lu, and Lopez-Valdivieso,
(2002) found that kerosene dosages in the range of 1 kg/t
to 5 kg/t with 20 minutes conditioning time gave good
results. The growth of flocs is facilitated by mechanical
conditioning at low shear rates for a specific period.
Conditioning imparts sufficient kinetic energy to the
particles to overcome the energy barrier between them.
At a pH of 8, Pascoe and Doherty (1997) achieved the
biggest floc size (50% of the sample by volume larger than
30 µm) at a stirring speed and time of 1200 r/min and
20 minutes respectively. At an optimal stirring speed of
1400 r/min, Yin et al. (2011) determined that flocculation
commenced after 10 minutes of stirring with increasing floc
size observed after 20 minutes. Yin et al. (2011) also found
that increasing the residence time to 25 minutes resulted
in the rupture of flocs. To avoid froth formation during
stirring due to the presence of oleate ions, Song, Lu, and
Lopez-Valdivieso (2002) fixed the stirring speed to 1200
r/min and varied the stirring time from 5 to 30 minutes.
They found that the iron grade and recovery increased with
stirring time and reached a plateau at approximately 20
minutes.
➤	 Magnetic separation separates the paramagnetic
haematite flocs from the unflocculated nonmagnetic gangue
such as quartz. Song, Lu, and Lopez-Valdivieso, (2002)
and Roy (2012) both used the conventional Jones Wet
High-Intensity Magnetic Separator (WHIMS) at intensities
of 1 T to 1.52 T. Svoboda and Fujita (2003) showed that
at a magnetic field intensity of 1.06 T, haematite particles
smaller than 25 µm cannot be recovered as the drag forces
overcome the magnetic forces. However, Roy (2012) found
that increasing the intensity to 1.40 T and 1.52 T decreased
the particle size limit threshold to 22 µm and 21 µm
respectively.

The objective of the study
In the previous studies the conventional WHIMS unit was used

Figure 1—Schematic representation of the Floc Magnetic Separation (FMS) process applied to haematite (Song, Lu, and Lopez-Valdivieso, 2002)
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as the solid-solid separator. The factor differentiating this study
from previous work is the use of a laboratory-scale pulsating
WHIMS (SLon-100). The pulsating action in the SLon-100 helps
to free nonmagnetics trapped within the magnetic concentrate
and increases Fe recoveries at lower magnetic field intensities.
The pulsating action is also expected to reduce gangue
entrainment in the floc structure. The objectives of the study were
twofold:
➤ 	To investigate the impact of selective flocculation on the
product Fe grade and recovery achieved with the SLon
➤ 	To ascertain the optimal range of operating parameters for
selective flocculation for the particular ore studied, while
simultaneously maximizing the three response variables,
namely: separation efficiency, Fe grade, and Fe recovery.

Experimental
Ore sample
The haematite ore used in the study was selected for its simple
mineralogy. The material originated from Angola and graded at
37.34 ±0.47% Fe with silica as the main diluent (41.78 ±0.21%).
The material was ball milled to artificially create slimes (82.3%
passing 38 µm). Table I shows the material’s mineralogical
characteristics measured by the Mineral Liberation Analyser
(MLA) and indicates the milled material was well liberated; i.e.
89.0–91.5% of the dominant minerals were found in particles
where the mineral of interest constituted more than 80% of the
particle area. It also confirms the simple mineralogy of the ore
tested, with haematite the dominant Fe mineral and quartz the
dominant gangue mineral.

Reagents for selective flocculation
Sodium silicate was used as the dispersant, sodium oleate as the
collector, and paraffin was used as the non-polar oil. The required
mass of paraffin was weighed out to ensure the target dosage
was added. Sodium hydroxide and sulphuric acid were used for
pH modification and were prepared to solution concentrations of
1% and 0.5% by mass respectively.
Sodium silicate and sodium oleate were prepared as
solutions in concentrations of 1% by mass. The latter was
prepared according to the method recommended by Pascoe and
Doherty (1997). Water was heated to 60°C, the pH adjusted to
10.5, and the sodium oleate was added and stirred. Once the
sodium oleate had dissolved the solution was allowed to cool to
room temperature before use. Pascoe and Doherty (1997) also
recommended that fresh stock solutions of sodium oleate be
prepared weekly, and thus all reagents were prepared on a weekly
basis in the study. All reagent solutions were prepared with tap
water.

Optimizing the conditions for selective flocculation
The design of the experimental programme was complicated by
the four-stage nature of the FMS process, the interdependence
between stages, and the large number of variables (seven in
total) in the process. Song, Lu, and Lopez-Valdivieso (2002)
found that the most critical variables affecting flocculation were
particle hydrophobicity, kinetic energy input, and non-polar oil
addition, while Pascoe and Doherty (1997) found that sodium
oleate concentration, pH, shear rate, and agitation time were
the main factors that affected floc size. From the literature
it was evident that the most critical variables for selective
hydrophobization were pH and the sodium oleate dosage and, for
the flocculation stage, the dosage of the non-polar oil (paraffin),
conditioning time, and the shear rate during conditioning. To
simplify the optimization programme and to reduce the number
of variables that had to be optimized, the following experimental
design was adopted.
 ispersion was optimized independently using rheological
1. D
tests to determine the conditions that would achieve the
lowest yield stress in the slurry of haematite fines. The yield
stress indicates the force required to overcome the attractive
forces between the solids, thereby allowing for adequate
dispersion. The optimum conditions were found to be a
sodium silicate dosage of 1 kg/t at a pulp density of 45%
solids.
2. The shear rate during conditioning was fixed at 1200 r/min as
per the work of Song, Lu, and Lopez-Valdivieso (2002).
3. The selective flocculation conditions were optimized in two
stages. The pH, which affects both hydrophobization and floc
growth, was optimized first by conducting tests at pH values
in the range from 9.5 to 11, with typical values for the other
relevant variables – i.e. 1 kg/t sodium silicate, 1 kg/t sodium
oleate, 3 kg/t paraffin, and 10 minutes conditioning time
(Song, Lu, and Lopez-Valdivieso, 2002).
For each pH test, a representative 200 g sample of solids was
added to a 1 litre Denver flotation cell with 244.4 g of tap
water added to the cell to create a pulp density of 45% solids
by mass. The pulp was agitated at 1200 r/min to ensure a
homogeneous pulp. The sodium silicate was added and the
pH of the pulp was adjusted to the required level. The sodium
oleate and paraffin were then added and the pH re-adjusted
and the pulp conditioned for 10 minutes. Thereafter the pulp
was washed from the Denver cell into a beaker and subjected
to either sizing or magnetic separation. Floc size was
measured by laser diffraction using the Malvern Mastersizer
2000E with a sample dispersion unit (Hydro-2000 MU).
Selectivity of flocculation was measured by extracting the flocs
from the flocculated slurry using the magnetic separator and
determining their composition.

Table I

The mineral characteristics of the sample measured by Mineral Liberation Analyser (MLA)
Mineral

Heamatite
Quartz
Goethite
Total

Mineral abundance (%)

Liberation class
Proportion of mineral constituting ≥ 80% of
the particle area of the mineral of interest

51.2
45.5
2.1
98.8
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91.5
89.0
73.8

Proportion of mineral constituting 100%
of the mineral of interest of the particle area
69.2
68.7
71.0
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4. T
 he second step in optimizing the conditions for selective
flocculation focused on the remaining three critical variables:
the dosages of sodium oleate and kerosene, and the
conditioning time. To optimize these variables, tests were
conducted in which the other variables were set at their
already-determined optimum values. As in the optimizing
of the pH level, selective flocculation was coupled with
magnetic separation so that the effectiveness of the selective
flocculation conditions could be evaluated in terms of overall
metallurgical performance. A Box-Behnken experimental
design (NIST, 2012) was employed for these optimization
tests. Seventeen runs in triplicate were employed to study
the effect of the three factors (sodium oleate dosage, paraffin
dosage, and conditioning time, each at three levels) on the
response variables, namely the concentrate Fe grade and
recovery, and separation efficiency. Separation efficiency is
defined in Equation [1].
[1]
where Rv(product) is valuables (total Fe) recovery to the magnetic
concentrate, and Rg(product) is gangue (SiO2) recovery to the
magnetic concentrate.
5. T
 he optimum conditions found in the selective flocculation
optimization test work were retested three times to ensure
statistical confidence in the results.
Table II summarizes the experimental design employed and
shows which aspect was investigated, the associated operating
variables, the criteria used for finding their optimum values, and
the methodology used to determine those values.
As Table II indicates, magnetic separation was needed for
different purposes at three points in the experimental programme.
1. In ‘baseline tests’ to establish the metallurgical performance of

magnetic separation on samples before selective flocculation.
For the beneficiation of iron ore slimes, Da Corte et al. (2015)
determined the optima for most of the SLon-100 operating
variables and only the background magnetic field intensity
needed to be optimized for this study for the unflocculated
slimes. The intensities tested ranged from 3 kG to 6 kG for the
baseline magnetic separation tests. Although Da Corte et al.
(2015) tested a magnetic field intensity of 8 kG, a lower range
of intensities was selected as higher intensities require higher
energy inputs and to contain costs a maximum of
6 kG was selected. The best intensity was used for
determining the selectivity during the pH optimization stage
and selective flocculation optimization stage.
2. To extract flocs from the flocculated slimes when finding the
optimum pH for selective flocculation.
3. To establish the metallurgical performance of magnetic
separation after selective flocculation when finding the
optimum conditions for selective flocculation.

Results
Baseline tests: Magnetic separation without selective
flocculation
Three tests were conducted at three background magnetic field
intensity settings. The average results along with the associated
error bars (two standard deviations indicating 95% confidence
limits) are shown in Figure 2. The results follow the expected
trend, with increased mass pull and Fe recovery of the magnetic
product as the background magnetic field intensity increased. The
Fe grade of the magnetic product remained relatively constant
and within the 95% confidence limits across the intensities
tested.

Table II

Experimental design for optimizing the critical variables in the FMS process
Aspect
investigated

Operating
parameters

Response variable
measured

Measurement
technique

Measurement
instrument

Baseline tests:
Magnetic separation
without selective
flcoculation		

Magnetic field
intensity

Fixed conditions: Rod matrix (2 mm rods);
Pulsation frequency (250 r/min);
Pulsation amplitude (5 mm)
Variable conditions: Magnetic
field intensity (3 kG;
4 kG)

Concentrate Fe grade;
recovery and separation
efficiency

Magnetic separation

SLon-100

FMS process
Optimization 1		

Dipsersion

Sodium silicate dosage (0 kg/t; 0.5 kg/t;
1 kg/t; 1.5 kg/t)			
Pulp density (0%; 20%; 30%; 45%)			
Fixed conditions: Pulp density (45%);
Sodium silicate (1 kg/t);		
Sodium oleate (1 kg/t); 			
Paraffin (3 kg/t);
Stirring speed (1200 r/min);
Stirring time (10 min);
Magnetic field intensity (6 kG)
Variable conditions:
pH (9.5; 10.0; 10.5; 11.0)

Yield stress

Rheology

Physica Rheolab
QC rheometer

Floc Size

Laser diffraction
(digital particle size analysis)

Malvern Mastersizer 2000E
with sample dispersion unit
Hydro-2000 MU

Concentrate Fe grade;
recovery and separation
efficiency

Magnetic separation

SLon-100

Concentrate Fe grade;
recovery and separation
efficiency

Magnetic separation

SLon-100

pH

FMS process
Optimization 2
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Selective flocculation
conditions
(Sodium oleate dosage;
paraffin dosage;
conditioning time)

NOVEMBER 2019

Fixed Conditions: Pulp Density
(45%); Sodium silicate (1 kg/t);
pH (10); Stirring speed (1200 r/min);
Magnetic field intensity (6 kG)
Variable Conditions: Sodium
oleate (0.5 kg/t, 1 kg/t, 2 kg/t);
Paraffin (2kg/t, 3 kg/t, 4kg/t);
Stirring time (5 min, 10 min, 20 min)
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Figure 2—Magnetic separator performance without selective flocculation (95% confidence limits are indicated by the error bars)

Figure 3—The average cumulative volume % passing without ultrasonic displacement at a pH of 9.5–-11 and pump/stirring speed of 600 r/min

The separation efficiency increased with increasing
background magnetic field intensity due to increased Fe recovery.
Within the constrained intensity range tested for the SLon-100
in this study, the highest intensity of 6 kG was taken as the best
setting for the magnetic separator. In addition, the metallurgical
performance at this setting was taken as the baseline
performance of magnetic beneficiation of the iron ore slimes
without selective flocculation.

pH optimization
The average size distribution of flocs for each pH tested is
presented in Figure 3. It indicates increasing floc size with
increasing pH. For the feed pH 9, pH 10, pH 10.5, and pH 11,
50% of the sample by volume passes 13 , 15 , 19 , 21, and 33 µm
respectively.
Figure 3 suggests that a pH of 11 will yield the coarsest flocs.
However, as Figure 4 indicates, selective flocculation coupled with
magnetic separation indicated that a pH of 10 yielded the best
average Fe grades, recoveries, and separation efficiencies. Larger
standard deviations were observed at a pH of 9.5 compared
to the other tests. At 95% confidence, the individual response
variables for the remaining pH values are within range of oneanother and indicate no substantial variation with pH. A pH of 10
The Journal of the Southern African Institute of Mining and Metallurgy

was therefore selected for further test work: this pH yielded the
lowest standard deviation and, from a practical point of view, the
associated reagent costs would be less than for higher pH values.
Comparison of the floc size distribution with the metallurgical
performance data in Figure 4 indicates that the latter was the
better indicator to use when optimizing conditions for selective
flocculation. Therefore, the final stage of optimization involved
tests in which selective flocculation was coupled with magnetic
separation.

FMS optimization tests: Magnetic separation coupled
with selective flocculation
The experimental data was analysed using the statistical software
Design Expert (Stat-ease Inc., 2016). Design Expert incorporates
ANalysis Of VAriance (ANOVA) to analyse the significance
of each factor (i.e. of the relevant operating variables) and to
develop empirical models that describe the response variable
as a function of the factors. The models were used to generate
response surface contours for each of the significant response
variables. Thereafter the optimum operating range of each factor
was identified and experiments conducted at these optimum
conditions to validate the predicted optimal selective flocculation
performance.
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Figure 4—Average mass pull, Fe grade, Fe recovery, and separation efficiency in the magnetic product at three background magnetic field intensities (95%
confidence limits are depicted by the error bars)

Table III

 NOVA table for the quadratic model for the response
A
variable: separation efficiency
Source
Model
A-Sodium oleate dosage
B-Paraffin dosage
C-conditioning time
AB
AC
BC
A2
B2
C2
Residual
Lack of fit
Pure error
Cor. total

Sum of
squares		

df

Mean
square		

F value

p-value
Prob > F

4.51
0.75
0.98
0.24
0.47
1.40
0.00
0.11
0.10
0.47
0.87
0.46
0.41
5.38

9
1
1
1
1
1
1
1
1
1
7
3
4
16

0.50
0.75
0.98
0.24
0.47
1.40
0.00
0.11
0.10
0.47
0.12
0.15
0.10

4.04
6.04
7.90
1.93
3.79
11.32
0.00
0.90
0.77
3.79

0.039
0.044
0.026
0.208
0.092
0.012
0.959
0.374
0.408
0.092

1.50

0.343

Table IV

Response variable 1: Separation efficiency
Table III summarizes the results of the ANOVA with regard to
separation efficiency and shows that it is most sensitive to the
interaction between the sodium oleate dosage and conditioning
time (F=11.32), followed by the paraffin dosage (F=7.90), and
finally by sodium oleate dosage (F=6.04). The model developed
for this response variable using these factors and interactions is
given by Equation [2]. The model is significant, as suggested by
the high F-value and low p-value.
[2]

The interaction between sodium oleate dosage and
conditioning time is presented graphically by the response
surface shown in Figure 5. The interaction yields a relatively flat
response curve with maximum separation efficiency at the two
extremes of the range tested, namely:
➤ 	2000 g/t sodium oleate and 20 minutes conditioning time
➤ 	500 g/t sodium oleate and 5 minutes conditioning time.
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Figure 5—Interactive effect of sodium oleate dosage and conditioning time
on separation efficiency

 NOVA table for the two-level factorial model for the
A
response variable: concentrate Fe grade
Source
Model
A-Sodium oleate dosage
B-Paraffin dosage
C-conditioning time
AB
AC
BC
Residual
Lack of fit
Pure error
Cor total

Sum of
squares		

df

Mean
square		

F value

p-value
Prob > F

2.09
0.58
0.16
1.01
0.25
0.02
0.05
1.04
0.60
0.44
3.12

6
1
1
1
1
1
1
10
6
4
16

0.35
0.58
0.16
1.01
0.25
0.02
0.05
0.10
0.10
0.11

3.36
5.65
1.56
9.80
2.42
0.24
0.49

0.044
0.039
0.240
0.011
0.151
0.637
0.501

0.90

0.568

Response variable 2: Concentrate Fe grade
Unlike separation efficiency, the concentrate Fe grade is most
sensitive to conditioning time, followed by sodium oleate dosage,
as indicated by the high F-value and low p-value (Table IV). As
can be seen by the p-value, the two level factorial model for the
concentrate Fe grade is significant and is given by Equation [3].
The Journal of the Southern African Institute of Mining and Metallurgy
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Table V

[3]
Increasing the conditioning time increases the concentrate Fe
grade. This is shown in Figure 6, along with related data from
the literature. In order to compare the results of the current study
to previous work it was important to compare similar conditions
for both studies. Due to the Box-Behnken design, only one
data-point from the study could be compared with the data from
the literature that is presented in Figure 6. The same applies to
Figures 8 and Figure 9. The red solid lines in Figures 6, Figure
8, and Figure 9 represent the predicted values of the response
variables derived from the respective models generated from the
Box-Behnken experimental design.
The trend in Figure 6 is similar to that found by Song, Lu,
and Lopez-Valdivieso (2002), although in the current study
the concentrate Fe grade reaches a plateau after 5 minutes
rather than 10 minutes. The plateau indicates that increasing
the conditioning time above 5 minutes provides no significant
benefit.

Response variable 3: Concentrate recovery
No significant relationship was found between the recovery of
iron to the concentrate and the three operating variables: sodium
oleate dosage, paraffin dosage, and conditioning time. This can
be seen from Table V, which summarizes the statistical data for
four alternative empirical models of how the operating variables
influenced concentrate Fe recovery. The first three models were
not significant; their p-values were greater than 0.05. In the
fourth model, the cubic model, aliasing of variables occurred so
the model was omitted from further comparisons. (Aliases occur
when two or more variables vary together, and the effect of one
variable cannot be separated from the effect of the others.)

Comparison of magnetic separation with and without
selective flocculation
Figure 7 presents grade-recovery data from the study that is
relevant to an evaluation of the metallurgical performance of
selective flocculation coupled with magnetic separation. It shows
the ideal grade-recovery curve derived from the mineralogical

 odel evaluation for the response variable: concentrate
M
Fe recovery
Type of model

Linear
Two-level factorial
Quadratic
Cubic (Aliased)

Model Significance
(Signficant if model has large F-value with p<0.05)
F-value
p-value
0.6
1.62
0.8
13.35

0.63
0.24
0.63
0.02

analysis, and the Fe grade and recovery with and without
selective flocculation. Two data-points are shown to indicate the
performance after selective flocculation; one indicates the best
performance achieved among the 17 optimization tests before the
optimum conditions had been established (test 17); and the other
the test conducted at the optimized conditions (test 24). Test 17,
the best result for unoptimized conditions, showed that selective
flocculation had improved both the Fe grade and recovery at an
intensity of 6 kG at a sodium oleate dosage of 500 g/t, paraffin
dosage of 3 000 g/t, and conditioning time of 5 minutes. Test 24,
under optimized conditions (i.e. the same sodium oleate dosage
but half the paraffin dosage and slightly lower conditioning time
of 4.6 minutes) achieved better Fe grades at a slight drop in
recovery. Although the process separation efficiency for slimes
treatment is low compared to ideal separation as suggested by
mineralogy, selective flocculation under optimized conditions
improved the product Fe grade from 52.28% to 59.20% Fe with a
slight decrease in recovery from 72.1% to 69.9%.

Discussion: Comparison with the literature
Several researchers have conducted investigations similar to
those reported in this paper, so a comparison of findings is of
considerable interest and can provide useful insights into the
factors influencing selective flocculation of haematite fines.

Comparisons with respect to the optimum pH for selective flocculation
Zhou (2008), as cited by Yin et al. (2011), investigated shear
flocculation of ultrafine haematite and the solution chemistry of

Figure 6—Concentrate Fe grade as a function of conditioning time for the current study, compared to the findings of Song, Lu, and Lopez-Valdivieso (2002)
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Figure 7—Fe grade-recovery curve for the magnetic separation base case and selective flocculation tests

sodium oleate. Zhou (2008) found that at a pH of 8.6 the oleic
acid molecules and oleate ions in solution are in equilibrium,
resulting in maximum hydrophobicity and floc size. The work
of Yin et al. (2011) indicated that strong alkaline conditions
(pH >10) resulted in decreased floc size due to the increased
concentration of OH– ions that compete with RCOO– for
adsorption onto the surfaces of haematite particles, thereby
reducing the hydrophobicity of the particle surfaces. However,
the current study showed the opposite – floc size increased
with increasing pH. The discrepancy between the two studies
could be attributed to different ore characteristics and different
experimental conditions; namely the water employed (deionized
vs tap water), stirring time (20 minutes vs 10 minutes), and
sodium oleate dosage (3.94 × 10-4 M vs 2.69 × 10-2 M).
In addition, this study found that floc size was not necessarily
the best criterion for determining optimum conditions for
selective flocculation; the metallurgical performance achieved
when selective flocculation was coupled with magnetic separation
was found to be a better criterion. Accordingly, in the BoxBehnken design of the optimization test work it was assumed
that the optimum pH would be relatively independent of the
conditioning time and sodium oleate and paraffin dosages.

Comparisons with respect to separation efficiency
The study found that separation efficiency was lowest at the
highest sodium oleate dosage and lowest conditioning time. With
regard to conditioning time, Williams and Arbiter (1968) as cited
by Quast (2015) found that several micro-processes may occur
during the conditioning of haematite when fatty acids such as
oleic acid and tall oil are used as collectors in flotation. These are
➤ 	Removal of alteration films from mineral surfaces
➤ 	Dispersion of undissolved collector and insoluble
hydrocarbon oil
➤	 Mineral/collector interaction
➤	 Mineral/hydrocarbon oil interaction
➤ 	Desorption of collector from gangue minerals
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➤ 	Flocculation of floatable mineral in micrometre and
submicrometre sizes
The work of Laskowski and Nayamekye (1994), however,
suggests that at alkaline conditions the oleate is in soluble form
and equilibrium is established fairly quickly so that conditioning
time has little impact on the transportation of the collector species
to the mineral surfaces. Since the current study was conducted
under alkaline conditions (pH 10), the observation of decreasing
separation efficiency with decreasing conditioning time at sodium
oleate dosages exceeding 1000 g/t can be attributed to:
➤ Lower
	
probability of collision between the collector and
mineral surfaces
➤ Lower
	
shear stresses on the initially formed aggregates and
expulsion of mechanically entrained gangue
➤ Insufficient
	
time for the desorption of the collector from
gangue minerals.
It is envisaged that increased dosages of collector and
non-polar oil strengthen the adsorption of oleate ions onto
the haematite surfaces and lead to the creation of oil bridges,
both of which contribute to an increase in hydrophobicity. The
stronger adsorption may have resulted in a slight increase in
the entrainment of gangue, thereby reducing the separation
efficiency. The results obtained in this study correlate well with
those obtained by Roy (2012) as presented in Figure 8, with the
separation efficiency relatively constant at sodium oleate dosages
below 2 kg/t and decreasing separation efficiency as the collector
dosage increases. The results indicate that the range selected for
the collector dosage in this study was appropriate.

Comparisons with respect to concentrate Fe grade
The study found that, as with separation efficiency, the
concentrate Fe grade decreased slightly with increasing sodium
oleate dosages. Figure 9 shows the effect along with findings
from two other sources. Interestingly, the work conducted by
Song, Lu, and Lopez Valdivieso (2002) at a similar Fe head grade
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 8—Separation efficiency as a function of sodium oleate dosage for the current study as compared to the findings of Roy (2012)

Figure 9—Concentrate Fe grade as a function of sodium oleate dosage for the current study as compared to the findings of Roy (2012) and Song, Lu, and Lopez-Valdivieso (2002)

indicates that the concentrate Fe grade plateaus in the same
region as that for the current study. A comparison with the work
of Roy (2012) indicates that higher Fe concentrate grades can
be achieved at higher Fe head grades, neglecting the influence
mineralogy has on the separation performance.
With separation efficiency and concentrate Fe grade being
closely related to one another, the reasons for the effects of
sodium oleate dosage and conditioning time on Fe concentrate
grade are similar to those given for separation efficiency.
To conclude this discussion, it should be noted that the
conditions for the laboratory test work were somewhat idealized
and therefore the optimum conditions in industrial contexts may
be somewhat different from those found in the study. Examples
of obvious differences include simple vs complex mineralogy;
potable water supplied by Rand Water vs mine water (which may
contain several impurities or ions that may adversely affect the
The Journal of the Southern African Institute of Mining and Metallurgy

selectivity of the flocculation process); artificial slimes with clean
surfaces vs aged slimes with surface alteration; and laboratory
control vs plant control.
This study has shown that value can be derived from
selective flocculation coupled with magnetic separation. However,
as Figure 10 shows, the process is complex and numerous factors
affect separation performance in interrelated ways to the extent
that a careful laboratory and pilot programme is required before
contemplating implementation in industry.

Conclusions
The study reported in this paper found that selective flocculation
coupled with a SLon magnetic separator could recover 70% of
the Fe in haematite slimes at a grade of 59% Fe. The sample
originated from Angola and its head grade was 37% Fe. Without
selective flocculation, about the same recovery of Fe was achieved
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Mineral Processing, vol. 129. pp. 1–5.
Dworzanowski, M. 2014. Maximizing haematite recovery within a fine and wide
particle size distribution using wet high intensity magnetic separation. Journal
of the Southern African Institute of Mining and Metallurgy, vol. 114.
pp. 559–567.
Forbes, E. 2011. Shear, selective and temperature responsive flocculation: A
comparison of fine particle flotation techniques. International Journal of
Minerals Processing, vol. 99, no. 1–4. pp. 1–10.
Hanumantha Rao, K. and Narasimhan, K.S. 1985. Selective flocculation applied to
Barsuan Iron Ore tailings. International Journal of Mineral Processing, vol. 14.
pp. 67–75.
Haselhuhn, H.J., Carlson, J.J., and Kawatra, S.K. 2012. Water chemistry analysis of
an industrial selective flocculation dispersion hematite ore concentrator plant.
International Journal of Mineral Processing, vol. 102–103. pp. 99–106.

Figure 10—Graphical representation of the interrelationships between ore
characteristics, selective flocculation, and the solid-solid separator

using the SLon separator but at a much lower concentrate grade,
i.e. 52% Fe. This shows that selective flocculation improved the
separation efficiency from 40.0% to 56.8%. Although these are
laboratory results obtained under somewhat idealized conditions,
they do indicate the potential of the process quite clearly. They
also confirm the positive findings from the literature regarding
the potential of the FMS process as a viable means for recovering
values from haematite slimes that have been or are currently
being lost to tailings.
However, selective flocculation is a complex process with
the ore characteristics, flocculation conditions, and solid-solid
separator interacting in complex ways that affect separation
performance. The application of the FMS process would need
to be preceded by a careful experimental programme that deals
appropriately with these complications. In addition to its findings,
this study provides a useful guideline for how such a programme
might be implemented.
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Synopsis
Some of the recent advances in ground penetrating radar (GPR) technology are discussed in this paper;
in particular the move to, and potential value addition offered by, the 3D approach to surveying over
the more conventional 2D approach. Case studies at two platinum mines in the Bushveld Complex are
used to stress the fact that the niche role for GPR is that of immediate hangingwall assessment, aimed
at identifying geological features that could potentially result in falls of ground (FOGs). The paper also
highlights the obstacles that still need to be overcome to enable GPR to become a routine tool in local
mining operations, and recommendations are offered on how to address these obstacles through ongoing
research efforts.
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Introduction
The South African mining industry has always been plagued by incidents that result in injuries and
fatalities. A greater awareness of, and commitment to, addressing this problem has led to a significant
decrease in fatality rates over the last 20 years; however, the trend has recently plateaued (Figure 1),
suggesting that the industry still has much work to do towards achieving the zero harm objective. To
this end, the Minerals Council South Africa (MCSA) has called on all the stakeholders to reaffirm their
commitment and to remain focused on achieving zero harm.
A closer analysis of the modality statistics relating to mining fatalities indicates that falls of ground
(FOGs) has consistently been, and remain, the single biggest contributor to injuries and fatalities
(Vorster and Franklin, 2008; Department of Mineral Resources, 2017). FOGs may occur as soon as the
face has advanced after blasting or machine cutting, and can also occur after support has been installed.
There are many factors that contribute to the occurrence of FOGs; for example, insufficient support,
excessive bolt spacing, weathering, horizontal stress/weak roof rock, suboptimum mining practices,
and anomalous geological structure. Vorster and Franklin (2008) stated that the effects of FOGs can
be mitigated by careful adherence to appropriate parameters (excavation width, timing of support
installation, and characteristics of the support system).
In 2015, the consolidated South African Mining Extraction Research, Development & Innovation
(SAMERDI) strategy was accepted as a direct result of the government-driven Mining Phakisa (Creamer,

Figure 1—Fatality trend in South African mining
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2018). The main objectives of SAMERDI are to achieve zero
harm, increase efficiency, and reduce costs. One of the key
focus areas identified in SAMERDI is that of Advanced Orebody
Knowledge (AOK), which is based on the core discipline of inmine geophysics. The AOK programme supports the SAMERDI
zero harm objective by researching technologies that can
delineate the orebody and associated geological disturbances
to allow for better understanding of the rock mass and to aid
in mine planning and rock engineering design. The proposed
technology solutions include the routine application of 3D
ground penetrating radar (GPR) to assess the integrity of the
hangingwall in unsupported or partially supported workplaces.
GPR technology can also inform the selection of appropriate and
adequate support.
The potential role of GPR as a risk assessment tool has
previously been demonstrated and documented (van Schoor, du
Pisani, and Vogt, 2006; Vogt, van Schoor, and du Pisani, 2005);
however, the technology has, to date, not been widely adopted
or routinely implemented by the industry due to a number of
reasons. These reasons, which will be discussed in more detail
in the following section, relate mostly to the need to optimize
the logistics of data acquisition as well as data processing,
visualization, and interpretation.

The use of in-mine ground penetrating radar to date
GPR was first introduced to the local mining industry in the late
1980s (White, Frankenhauser, and Budd, 1989; Frankenhauser,
White, and Budd, 1990; Frankenhauser and Kelly, 1993; Fenner,
Kelly, and Frankenhauser, 1994; White et al., 1999). These early
investigations into the feasibility of GPR in underground mines
were driven by the need to find a tool that could map fractures
and fracture intensity in support pillars, both before and after
preconditioning. This pioneering GPR work was conducted by
the former Chamber of Mines Research Organisation of South
Africa (COMRO). The commercially available GPRs used in these
early trial surveys were not designed for, or well suited to, harsh
in-mine conditions. Furthermore, these systems were generally
difficult to use and did not meet intrinsic safety requirements.
These shortcomings were considered in the subsequent design
of two mine-worthy systems. The first was the SIR-2M system,
which was a collaborative effort between COMRO and GSSI
around 1992–1994 (Fenner, Kelly, and Frankenhauser, 1994);

the second was the RockRadar system developed around the
same time by ISS International and ISS Geophysics, South Africa
(White et al., 1999). The developers of RockRadar opted to focus
on a deeper probing system and therefore produced a range of
antennas between 90 MHz and 200 MHz frequency. In contrast
the SIR-2M was designed for shorter range applications (higher
frequency of 500 MHz). For about the next 5–0 years, these GPRs
were used mostly on an ad-hoc basis in a variety of in-mine
applications in local gold and platinum/chrome mines. However,
despite several promising and successful surveys, GPR was still
not implemented as a routine tool in any South African mines
by the early 2000s. The use of these systems was still hindered
by niggling problems. For example, the major criticism of the
SIR-2M was that in an effort to meet intrinsic safety requirements
the display was reduced from a full profile display to a single
trace display, which made on-site analysis impossible. The
major issue with the RockRadar system was portability – the
lower frequencies required for deeper probing necessitated larger
antennas and systems were often described as too bulky to be
used effectively and routinely in underground environments.
The next major effort to implement GPR in local mines
occurred under the PlatMine collaborative research programme
during the period 2002–2004 (van Schoor, 2004). One of the key
objectives of this project was to assess technological advances
in GPR and to compare different commercially available systems
and recommend the system(s) that best met specific user
requirements. Even though systems like SIR-2M and RockRadar
offered significant improvements on the earlier commercial
systems, there remained some negative perceptions around the
use of GPR, as alluded to above. In particular, potential endusers were still concerned about shortcomings in terms of ease
of use, portability, and real-time data display. Some of the newer
systems, like the Sensors & Software, Inc. (S&SI) RockNoggin
and GSSI’s SIR-2000 and SIR-3000, proved to be able to address
the above shortcomings adequately. During the following decade,
the use of GPR on platinum mines increased, with several mines
purchasing their own systems. It is estimated that a total of
approximately 30 GPR units were acquired by at least 20 different
mines during this period (Odgers, 2016). Figure 2 shows a
good example of how GPR can be a really useful tool when
utilized in the right environment and niche application, and the
platinum and chrome mines of the Bushveld Complex proved to

Figure 2—GPR scan of the immediate hangingwall in a local platinum mine (van Schoor, 2004)
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be generally conducive to the application of GPR. Rock engineers
in these mines are often concerned with chromitite stringers,
lithological boundaries, and key parting planes in the immediate
hangingwall, and these features represent excellent radar targets.
The data in Figure 2 was acquired using a S&SI RockNoggin GPR
with a 500 MHz antenna.
Despite the great strides that were made during the PlatMine
programme and subsequent years, the adoption of GPR
technology could still be considered as slow. By 2015 it was
established that, although some mines used GPR on a semiroutine or needs basis, it was still not integrated as a routine tool
in production environments. The perceived slow adoption can be
attributed to a combination of the following factors or obstacles.
	
negative perceptions regarding the performance
1. Remaining
of GPR – A commonly encountered perception is that GPR
generally does not perform well in hard rock mines. This
perception most likely stemmed from the fact that, in the
past, mines often attempted to apply GPR in non-ideal or
unsuitable environments and were disappointed when the
output did not match their expectations.
2. 	
Lack of sufficient understanding/knowledge of the technology
– This can be attributed to the fact that although most mines
have a resident geologist, access to an in-house geophysical
expert appears to be the exception. This point is closely linked
to the previous in that limited understanding/knowledge then
also contributes to the negative perceptions.
3. 	
Logistical challenges associated with the application of
GPR – Although modern GPR systems are much easier
to operate than the early systems described above (both
ergonomically and from a user interface perspective), GPR
remains challenging to apply as it still relies on manual data
acquisition in environmentally and geometrically challenging
sites.
4. 	
Slow turnaround times – Despite the advent of real-time data
display in modern GPRs, the ability to take advantage of
this feature is usually not exploited by mines and a common
complaint from industry is that there is often a waiting period
of several days before survey results become available.
5. Integration of results with other mining information – One
of the most valid criticisms of GPR has been the inability
to integrate GPR outputs with existing mine plans and
associated relevant information, and also to present GPR
results in a meaningful way.

6. Limited
	
spatial (3D) information provided by traditional
2D approach – The traditional 2D approach to in-mine GPR
involves the acquisition of single GPR profiles, which only
provide cross-sectional views of near-surface structure
directly below the GPR profile. In many geological scenarios,
the vertical and lateral spatial variation of features would be
of interest to decision-makers, and it is anticipated that 3D
GPR can provide this information.
The intention is to address the above obstacles through
focused research done as part of the SAMERDI AOK programme,
as well as other closely linked CSIR R&D projects. It should
be emphasized that it is absolutely critical to consider all the
above points in pursuing a technology solution. If any of these
obstacles are not adequately overcome, the intended adoption and
implementation will be compromised. The first topic that is being
addressed in the associated research activities, and which also
forms the main topic of this paper, is the evolution from 2D GPR
to 3D GPR. Research into this area includes a series of proof-ofconcept trial surveys aimed at demonstrating the potential valueadd offered by the 3D survey approach.

Proof-of-concept 3D GPR trial surveys
Survey planning and design
Proof-of-concept trial surveys were conducted at two platinum
mines (Mine A and Mine B) where the Upper Group Chromitite
no. 2 seam (UG2) is exploited. At Mine A, the hangingwall
consists of a chromitite stringer package made up of the
Intermediate Chromitite Layer (ICL) and the Leader Chromitite
Layers (LCL). This package typically occurs within the first 4 m
of the immediate hangingwall; however, its depth, thickness,
and undulation within the panel hangingwall is unknown.
At Mine B a similar problem is encountered – a shear zone is
known to exist, but its depth, thickness, and undulation within
the hangingwall is also unknown. Knowledge of these factors
is essential for selecting support design parameters such as
the length and density of the roofbolts required to support
the hangingwall. In order to determine the geometry of these
structures, 3D GPR trial surveys were conducted at selected sites
at these two mines. A RockNoggin GPR system with a 500 MHz
antenna was used to acquire the data (Sensors & Software Inc,
2018). A 500 MHz antenna in the platinum environment typically
achieves a penetration depth of about 4–6 m in the hangingwall,

Figure 3—GPR scanning layout at Mine A
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Figure 4—GPR scanning layout at Mine B

which is generally the depth of interest for hangingwall support
purposes.

Mine A
The test site at Mine A was a conventional narrow-reef stope.
Due to the geotechnical complexities encountered at the site, a
panel length of 15 m is used for stability purposes. The survey
was designed to cover the area of the hangingwall within two
rows of stick support elements. Figure 3 shows a schematic plan
view of the survey layout. In order to fast-track data acquisition,
data was collected in a zig-zag fashion. Two survey line spacings
were employed: 0.1 m in Block 1 and 0.2 m in Block 2. The
change in line spacing from Block 1 to Block 2 was motivated
by production-related time constraints, but also offered the
opportunity to assess the effect of increasing the line spacing on
the quality of the 3D GPR model.

Mine B
The second test site was a roadway in a mechanized platinum
operation. Figure 4 shows a plan view of the survey layout.

Data acquisition
Data was acquired by moving the 500 MHz antenna along the
hangingwall surface, following closely spaced parallel lines as
per the survey designs in Figures 3 and 4. The total numbers
of acquired survey lines were 26 (Mine A) and 17 (Mine B).
Figure 5 shows a photograph of the survey block with survey
line markings along the hangingwall of the roadway at Mine
B; this photograph reveals some of the logistical issues that are
associated with in-mine 3D GPR survey efforts.

One of the key findings of the trial surveys was that if
3D GPR surveys are to become a routine tool in hangingwall
investigations, the process of data acquisition needs to be
optimized. In particular, manually moving the antenna along premarked survey lines proved to be time-consuming and physically
challenging. During these surveys, the survey crew also had
to first spend some time marking out the survey block, as no
automatic positioning technology was used for georeferencing
the survey grid. Owing to the time needed for this important
activity, less time is available for actual data acquisition, and
consequently the very tight time constraints result in suboptimum surveys in terms of coverage or sampling density. Both
survey preparation and data acquisition are further complicated
in cases where the hangingwall is not at an easily reachable
height (as is sometimes the case in mechanized sections) or
if there is limited space for the survey crew in which to move
and manoeuver the antenna and system (as is often the case in
conventional narrow stopes). For these reasons, using manual
labour to conduct 3D surveys is not desirable from a health and
safety perspective – also because people are working underneath
a potentially hazardous hangingwall.
For effective 3D GPR surveys, positioning accuracy is
critical, in terms of in-line positioning of the antenna as well as
of relative line positioning (Groenenboom, van der Kruk, and
Zeeman, 2001; Lapazaran, 2016). With modern GPR systems
that are operated on surface, issues of positioning accuracy
can usually be mitigated through the use of high-precision
GPS systems, supported by on-board odometer systems (Rial
et al., 2006; Tanajewski and Bakuła, 2016). These positioning

Figure 5—Hangingwall survey block at Mine B. The grid of white spray paint markings was used to guide data acquisition
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Figure 6—2D radargrams from hangingwall survey block at Mine A

strategies can provide acceptable accuracy in most applications; in
some instances where very high precision is required – such as in
landmine detection or in high-resolution archaeological studies,
other technologies may also be employed. These could include
the use of inertial measurement devices (Chicarella et al., 2016;
Pasternak, 2014), photogrammetric methods (Barzaghi et al.,
2016), and inclinometers (Prokhorenko et al., 2012).
In the underground mining environment, GPS-based
positioning systems cannot be used, while some of the other
common positioning aids such as odometers also cannot be
employed effectively. In-mine GPR data acquisition is generally
much more prone to positioning errors than surface surveys.
This is particularly true of the hangingwall investigations
described above, where the antennas are manoeuvred manually
and the hangingwall topography is sometimes highly variable.
Furthermore, it is also challenging to maintain a constant
distance and angle between the antennas and the hangingwall
and to consistently follow the intended survey profiles accurately.
All of these sources of error, if not monitored and quantified,
could ultimately contribute to inaccurate data interpretation.
To summarize, the logistics of in-mine GPR ultimately need to
improve drastically in the following ways.
➤	 Remove people from the equation – this could potentially
be done by deploying GPR on an autonomous or remotecontrolled unmanned vehicle or platform. This topic is
currently under investigation in the SAMERDI AOK research
programme.
➤	 Improve accuracy by integrating GPR with suitable
The Journal of the Southern African Institute of Mining and Metallurgy

positioning systems – not only will this improve accuracy
and minimize human error, but it will also contribute to
reducing overall survey times by effectively removing the
need for manual preparation of the survey area as described
above, as well as the associated georeferencing of the
survey grid. This topic is also being investigated in the
SAMERDI AOK programme. It is envisaged that 3D laser
mapping technologies will be employed for mapping out the
mining excavation and for localizing the abovementioned
autonomous or remote-controlled vehicle.
➤	 Reduce survey times drastically – the actual data
acquisition time can be reduced significantly by adopting
a multi-channel survey approach. Arrays of, say, four or
more sensors can be employed to reduce the number of
passes required to complete a 3D grid survey. The use of
multi-channel systems to enhance survey accuracy and
productivity is well documented in other areas of applied
geophysics, such as in archaeological studies (e.g. Novo
et al., 2012; Novo, Dabas, and Morelli, 2012; and Novo et
al., 2013) and roadbed damage detection (e.g. Xu et al.,
2014).

Data processing, visualization, and interpretation
GPR data is processed to transform the collected raw data (which
comprises a collection of voltage vs time traces) into a meaningful
image of the subsurface. This is done by sequentially applying a
number of processing steps to the raw data in order to enhance
the signals/reflections of interest. These processing steps typically
include:
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Figure 7—3D GPR isosurface model of the hangingwall at Mine A

(1) A time-zero correction
(2) 	Mean subtraction (de-wow) to eliminate unwanted lowfrequency components from the data
(3) 	Automatic gain control (AGC) to amplify low-amplitude
ranges
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(4) Background
	
removal to suppress horizontally coherent
energy and to emphasize anomalies that vary laterally
such as diffractions; alternatively, filters can be applied
that emphasize horizontally coherent energy rather than
suppressing it.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 8—2D radargrams from hangingwall survey block at Mine B

To transform multiple 2D data-sets into a single 3D volume,
Sensors & Software’s GFP_Edit software was employed for the
georeferencing of grid profiles and to produce the 3D input file
that enables the depth slice module, Ekko_Mapper, to organize
and operate on the data as a volume. The Ekko_Mapper software
can be used to extract depth slices from the data volume, and can
also be used to export 3D volumes for visualization in third-party
visualization software tools such as Voxler. The basic processing
steps referred to above can be done either within Ekko_Mapper
or in any GPR processing software tool prior to depth slicing and
subsequent exporting for 3D visualization. Examples of processed
2D radargrams from Mine A are shown in Figure 6. For the
purpose of comparison, two radargrams, spaced approximately
1.6 m apart, are shown.
In the radargram interpretations presented in Figure 6, two
prominent reflectors can be identified at approximately 1 m
and 2 m within the hangingwall. These are interpreted as the
bottom and top contacts of the chromitite package. In addition,
two steeply dipping reflectors can be identified at 6 m and 8 m
along the survey line on LINE4 and at 8 m and 10 m on LINE16.
These are interpreted as steeply dipping fractures occurring in
the immediate 4 m of the hangingwall. The longer of the two
fractures cuts through the chromitite package while the shorter
terminates at the bottom contact of the package. The interaction
of the horizontally lying chromitite package and the steeply
dipping fractures could result in the formation of a potential
loose block of rock within the hangingwall. The interpretation
presented in Figure 6 gives important, but limited, information
about the hangingwall. As was alluded to previously, the 3D
approach can be used to extract more information by combining
the individually collected 2D radargrams into a single volume of
data.
Figure 7 presents the rendered 3D isosurface model of the
hangingwall at Mine A showing the imaged chromitite package
within the hangingwall. An isosurface is a surface of constant
value in a three-dimensional volume. Since reflections from
the chromitite package come from similar chromitite layers, the
isosurface representation enhances the delineation of the package
from the surrounding rock mass.
Figure 8 presents a comparison of two closely spaced 2D
The Journal of the Southern African Institute of Mining and Metallurgy

radargams from the Mine B survey, while Figure 9 shows the
rendered 3D model of the immediate hangingwall, with the
imaged chromitite package within the hangingwall.

Discussion of results
Mapping of key hangingwall features
The 3D GPR models of the hangingwall at both mines show
that 3D surveying can be used to image key features within
the immediate hangingwall. The survey at Mine A successfully
imaged the depth, thickness, and geometry of the chromitite
package within the hangingwall. For this survey, two line
spacings (0.1 m and 0.2 m) were used for data acquisition in
order to assess the effect of line spacing on the quality of the
rendered 3D model. No significant effect on the quality of the
model rendered was found. It should be noted that increasing
the line spacing beyond the antenna width will compromise
the accuracy of the 3D representation of the rock mass being
imaged. It is thus suggested that 0.2 m be used as the maximum
line spacing for data acquisition for an antenna with a centre
frequency of 500 MHz. The rendered model indicated that the
chromitite package is at a depth of 1 m within the immediate
stope hangingwall and about 1 m in thickness. The bottom
and the top contacts of the package were imaged at 1 m and 2
m within the hangingwall respectively. The model also shows
that the package is flat-lying and parallel to the surface of the
hangingwall within the surveyed area.
A very important aspect of 3D GPR needs to be highlighted
here: One should not rely only on the 3D views and derived
visualizations, such as depth slices, to reveal all potential features
of interest in a survey. Instead, one should jointly consider 3D
views and individual 2D cross-sectional views to extract the
maximum useful information from the acquired data (van Schoor,
Nienaber, and Marais-Werner, 2017). While a 3D view offers a
more attractive and intuitive visualization of the data, it does
not always reveal some of the subtle features that may be of
interest to the end-user. This is so because the 3D processing
introduces an additional level of filtering and smoothing and
this, coupled with the more global view of the whole data volume
(compared to the more localized 2D perspective), may result
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Figure 9—3D GPR model of the hangingwall at Mine B
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in the suppression of smaller-scale features. This is evident in
the 3D analysis of Mine A, where the steeply dipping features
seen in the 2D radargram (Figure 6) do not manifest clearly in
the 3D views (Figure 7). The value of the 3D survey approach
and associated 3D visualizations is nevertheless significant. For
example, in beam thickness investigations, if the target plane
is flat-lying, one or two 2D radargrams may provide sufficient
information to inform support design for the excavation.
Selected 2D analyses may, however, fail to detect beam thickness
variations in all dimensions. This is, for example, evident in the
comparison of LINE4 and LINE16 acquired at Mine A (Figure 6).
On the LINE4 radargram the bottom contact depth varies between
approximately 1.0 m and 1.8 m along the profile; however, on
LINE16 it remains mostly between 1 m and 1.2 m. This variation,
which might be critical from a rock engineering and support
design perspective, would not necessarily be detected when using
a traditional 2D approach.
The survey at Mine B also successfully imaged the
depth, thickness, and geometry of the shear zone within the
hangingwall. The zone was found to be fairly flat-lying and at a
depth of 1 m within the immediate hangingwall of the roadway.
The zone is about 1 m in thickness, with the bottom and top
contacts imaged at 1 m and 2 m within the hangingwall at the
surveyed area.
The above shortcoming of only considering selected 2D
profiles in an area is also evident in the analysis of the survey at
Mine B. Figure 8 compares a profile acquired close to the centre
of the roadway with a profile located approximately 2 m away,
closer to one of the sidewalls. Note that in the first radargram, the
depth of the top contact of the shear zone in the central portion
of the radargram is approximately 2.5 m, while in the second
radargram it appears approximately 0.5 m deeper. This difference
might prove to be critical from a rock engineering and support
design perspective. While this variation can be quantified much
better through a detailed analysis of the 2D radargrams, the 3D
views in Figure 9 do provide some first-pass visual cues.
Another advantage of 3D modelling is that it provides rock
engineers, geologists, and mine planners with an added layer of
information to add to their 3D CAD mine models. The rendered
3D models can be zoomed in/out and rotated to allow viewing
from different angles and perspectives. Additionally, depending
on the type of the target being imaged, different volume outputs
can improve visualization and enhance delineation of the targets
of interest. Data from the two underground sites presented above,
where the targets of interest were planar extending structures,
indicated that volume rendering and isosurfaces are the most
effective 3D representations of the volume data.

Implication / value-add for mining
This proof-of-concept study demonstrated that 3D GPR can be
used as a hazard mapping tool, particularly for assessing the
stability of the hangingwall. The technology, when applied in 3D
mode, has the potential to identify and quantify the risk posed
by falls of ground in underground mines. This can assist mine
personnel such as rock engineers in making better-informed
decisions with regards to optimization of required hangingwall
support, such as roofbolt length and density. 3D GPR surveying
can add value to mining in terms of improving safety by assisting
in falls-of-ground mitigation, thus contributing to the ‘zero harm’
objective of the industry.
The Journal of the Southern African Institute of Mining and Metallurgy

Conclusion and recommendations
Since the introduction of GPR to the South African mining
industry more than two decades ago, the potential of the
technology as a routine hangingwall assessment tool has been
demonstrated on numerous occasions. However, adoption
and development of the technology to fulfil this role has been
relatively slow. Several reasons for this have been given in this
paper, but the matter essentially boils down to the fact that the
technology has never been sufficiently optimized and adapted
for it to be implemented on a routine basis without being a
hindrance to production-related activities. Ongoing research,
conducted as part of the SAMERDI strategy and aligned to CSIR
research activities aims to address the obstacles that have in the
past prevented GPR from becoming a routine AOK solution. The
research will address various aspects of the GPR survey process,
including the reduction of survey and data turnaround times,
improving positioning and data accuracies, and making the data
acquisition process safer.
One of the first and most important topics that has been
tackled is advocating the use of 3D GPR instead of the singleprofile 2D approach that has traditionally been used for in-mine
surveys. The adoption of the 3D approach ‘kills two birds with
one stone’ – it firstly will enable decision-makers to obtain
more complete geological/geotechnical information by assessing
a complete volume of the immediate hangingwall instead
of selected cross-sectional profiles; secondly, it will enable
operators to speed up data acquisition significantly, provided
a multi-sensor/multi-channel system can be employed. In the
trial surveys reported on here, the first step of demonstrating
the value-add of the 3D approach was successfully completed;
the 3D data examples presented clearly reveal the type of
quantitative information that could not be extracted easily with
the traditional 2D approach. The study did, however, reveal a
very important point relating to 3D GPR – analysis of the 3D
models should always be done in conjunction with individual 2D
radargrams to optimize the extraction of detailed information.
While the 3D views do provide a bigger picture perspective of the
characteristics of geological structures in an area, 2D analysis of
cross-sectional radargrams is still important for extracting subtle
and detailed features that may not manifest clearly in the 3D
models.
Going forward, one of the next steps in the GPR research
journey would involve the deployment of a multi-sensor GPR on
a suitable remote-controlled or autonomous platform. The latter
could be a dedicated, customized robotic or unmanned platform
or it could be an existing mining machine. It is anticipated that
the ideal deployment platform may depend on the mining method
and layout. The successful implementation of a GPR deployment
platform will not only contribute to reducing survey times, but
it could also help to remove people from potentially hazardous
hangingwall scenarios; for example, in executing routine entry
examinations.
Another important topic for ongoing GPR research is that of
in-mine positioning. 3D GPR requires a high level of positioning
accuracy and this will become more critical when data acquisition
is automated or remote-controlled. The successful implementation
and integration of a high-precision positioning system will
also contribute to reducing survey times as it will eliminate the
need for time-consuming survey layout and marking as part
of the survey preparation process or for pre- or post-survey
georeferencing of the survey site.
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As a final recommendation, the continued trial/demonstration
survey approach is strongly advocated. However, it is imperative
that such surveys be conducted with the known niche
applications of GPR in mind. It is also critical to continually
raise awareness in the local mining industry regarding ongoing
GPR research activities to help mitigate the remaining negative
perceptions relating to GPR, and also to enhance the appreciation
and understanding of GPR and its strengths, weaknesses, and
pitfalls through regular knowledge transfer activities.
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Synopsis
Electrowinning circuits normally use a number of additives in the electrolyte to promote smooth, compact
deposits. These cathodes have the best levels of purity. When electrowinning is coupled to a solvent
extraction operation, it is important to minimize the amount of surface-active additives used, as their
presence tends to increase phase-disengagement times. In the present work the effects of Magnafloc 333
and chloride concentration were studied with the aim of minimizing the amounts currently being added,
while producing an acceptable copper cathode morphology. Magnafloc 333 is a non-ionic polyacrylamide
that promotes the plating of smooth, dense copper deposits with minimal impurities. Chloride is added
to promote the growth of dense, fine-grained, low-impurity copper deposits on the cathode. A Hull
cell was used for the test work. Optimum Magnafloc 333 and chloride concentrations for a synthetic
plant electrolyte were found to be 0.01 g/L and 0.025 g/L, respectively. These concentrations were then
used to plate laboratory-scale copper cathodes from synthetic and plant electrolytes. Scanning electron
microscopy was used to analyse the morphology of the cathodes plated. Many polyhedral crystals were
deposited from the synthetic electrolytes, but deposits from the plant electrolytes tended to be spherical,
with a large degree of porosity at the lower Magnafloc 333 concentration of 0.01 g/L. Polyhedral deposits
were associated with high-quality, smooth plated cathodes.
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Electrowinning, copper, Hull cell, Magnafloc 333, chloride ion.
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Introduction
Copper cathode quality is of great importance because it is sold in its as-stripped state. Organic
additives, such as Magnafloc 333, are added to the electrowinning circuit to ensure a smooth plated
surface. This project aimed to establish a relationship between the concentrations of Magnafloc 333 and
chloride ions and their effects on the cathode morphology.

Additive concentrations
Most Cu electrowinning plants use smoothing agents in their electrolytes to improve copper cathode
quality. Additives promote the plating of smooth, dense copper deposits with minimal impurities
(Davenport et al., 2011). Various additives are available, such as thiourea, gelatin, animal glue,
polyacrylamides, polysaccharides, and saccharides, and are commonly used as levelling and brightening
agents in copper electrodeposition and electrowinning. According to Muresan et al. (2000), thiourea
decomposes, leading to contamination of the cathodic deposit with sulphur. In the past guar was the
most commonly used additive in copper electrowinning, because of its compatibility with solvent
extraction (Davenport et al., 2011) . It has been used as a levelling agent for more than 40 years to
produce good quality copper cathodes (Cui, 2014). In recent years, guar has largely been superseded by
synthetic products that allow better quality control of the product and are easier to prepare (Robinson
et al, 2013). Magnafloc 333 is a very high molecular mass non-ionic polyacrylamide flocculant that
undergoes hydrolysis in acid or alkaline solutions, but is stable under neutral conditions (Caulfield,
2002). Fabian, Ridd, and Sheehan (2006) studied the effect of activated polyacrylamide on the surface
morphology of electrodeposited copper and found that the surface roughness with a diluted electrolyte
was statistically lower than when the additive was either prepared in water, in full-strength electrolyte,
or in alkaline solutions.
Cobalt is often added to minimize the corrosive degradation of the lead anodes normally used in the
electrowinning of base metals from sulphate electrolytes (Mirza et al., 2016). Cobalt ions promote the
evolution of oxygen at the anode rather than the oxidation of lead and lower the anode potential in the
process (Nikoloski and Nicol, 2008) without materially affecting cathode quality.
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Chloride in the electrolyte has both beneficial and detrimental
effects on the electrowinning process. Chloride ions are
usually present in electrolytes as a result of chloride transfer
through solvent extraction, or are intentionally added as either
hydrochloric acid or sodium chloride (Davenport et al., 2011).
Chloride ion concentrations usually range from 0.02 g/L to
0.03 g/L (Cui, 2014). They promote the growth of dense,
fine-grained, low-impurity copper deposits on the cathode.
When using stainless-steel cathode blanks, the chloride ion
concentration must be kept below approximately 0.03 g/L
to avoid pitting corrosion on the anode surface (Beukes and
Badenhorst, 2009). When pitting corrosion occurs, the copper
will deposit in the pits, causing it to adhere to the cathodes
and making it very difficult to strip the copper sheet from the
cathode (Davenport et al., 2011). An undamaged, passive layer
of controlled roughness on the stainless steel surface allows for
both sufficient adherence and ease of stripping.

Hull cell
The Hull cell (see Figure 1) offers a simple and precise method of
conducting plating tests with various electrolytes. The apparatus
is an electroplating cell fabricated by Dr Richard Hull in 1939 that
can aid in optimizing the following parameters (Gabe, 2007):
➤ 	The effect of impurities
➤ 	The effect of pH
➤	 Additive concentrations
➤	 Current density range
➤	Metal ion concentrations.
The Hull cell can also be used to determine the throwing
power of electrolytes, and brightness levels and irregularity
in plate deposits (Institute for Interconnecting and Packaging
Electronic Circuits, 1997).
The Hull cell had a trapezoidal shape and a volume of
267 mL. The cathode is at an angle of 39° to the anode as shown
in Figure 1. When an electrical current is supplied to the cell,
the distance between the anode and cathode will determine the
current density. The further away the cathode is from the anode,
the lower the current density will be and thus a lower plating
thickness can be expected. The separation distance determines
the cell voltage. This geometry allows the test panel to be placed
at an angle to the anode. As a result, the deposit is plated at
different current densities that can be measured with a Hull cell
ruler. The total current will determine the current density of the
overlap area. For acid copper baths, it is suggested that copper be
used as both cathode and anode (Kocour, 2018). This is to avoid
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where I is the current density in mA/cm2 at any point on the
cathode, i is the total current in amperes, and x is the distance in
centimetres from the high current density end of the cathode to
the point at which the current density is desired.

Experimental
Initial test work was carried out using the Hull cell as shown in
Figure 2. The synthetic electrolyte had the composition shown in
Table I. The composition reflected that of the plant electrolyte,
and was made up using laboratory-grade reagents, with the
metals added as sulphate salts. The concentrations of chloride
and Magnafloc 333 were varied according to a full factorial
design and the values for the low, medium, and high levels are
shown in Table II. The ranges were selected according to plant
operating conditions, as well as aiming for minimum Magnafloc
333 concentrations, because lower concentrations would be more
economical and less likely to affect the solvent extraction circuit.
A constant current of 3 A was used to operate the Hull cell. The
electrolyte was preheated to 45°C and the cell was placed inside
a water bath to maintain the temperature of the electrolyte.
Plating time for each run was 5 minutes. The copper electrodes
were prepared for use by sanding with 35 μm sandpaper under
running water. Each run was carried out in triplicate to test for
reproducibility. The reproducibility was found to be very good as
regards the morphologies seen on the different current density
areas.
The results from the Hull cell experiments were used to
conduct a second set of experiments using a conventional
laboratory electrowinning cell. A lead anode and stainless-steel
cathode were used. The back and edges of the cathode were
masked to enable stripping of the copper deposits. The exposed
areas were measured, and the values used to calculate the current
density for each experiment. The electrolyte composition was
the same as the synthetic electrolyte used in the Hull cell. The
additive concentrations were varied. Chloride concentrations were
0.025 g/L and 0.03 g/L, and the Magnafloc 333 concentration
was 0.01 g/L. The electrolyte temperature was maintained at
45°C in a water bath. The current in the cell was 0.63 A. The
plating time for each experiment was 5 hours. Two runs were
also conducted using plant electrolyte with compositions shown

Figure 2—Experimental set-up

Figure 1—Schematic diagram of the Hull cell

▶

the effects of lowering the copper concentration during plating.
The current density can be calculated using the formula given
by Pletcher and Walsh (1993):
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Table I

Synthetic electrolyte composition
Component

Concentration (g/L)

Cu2+
H2SO4
Co2+
Mn2+
Fe

42
175
0.2
0.04
1.7

Table II

Additive concentrations for experimental design
Levels

Chloride (g/L)

Low
Medium
High

0.02
0.025
0.03

Magnafloc 333 (g/L)
0.001
0.005
0.01

in Table III. Magnafloc 333 was added to to obtain electrolyte 2.
The cathode was rinsed with water and dried before stripping the
deposit.
Selected areas of deposits were studied using a Jeol IT300
scanning electron microscope (SEM).

Results and discussion

surface. Table IV shows the average amount of copper that was
deposited under the various experimental conditions, as well as
the widest current density ranges that gave an acceptable deposit
morphology. A wide current density range is expected to make
the electrowinning operation more robust. The widest current
density range with an acceptable deposit morphology, shown in
Figure 3, was obtained with an electrolyte containing 0.025 g/L
chloride and 0.01 g/L Magnafloc 333. Based on the amount of
copper deposited, the current efficiency was not optimal. This
was not unexpected because the chloride and Magnafloc 333
concentrations were quite high, resulting in a relatively high
inhibition intensity (Winand, 1992), which causes inhibition of
the main cathodic process.
In area 1 (Figure 3) the current density was the highest;
around 1291 A/m2. The deposit appeared dark and was very
feathery and dendritic, as expected. This is due to extremely high
rates of nucleation compared with the rate of growth. High rates
of nucleation still occurred in region 2, where the current density
was around 645 A/m2, which is approximately double the normal
plant current density. Powdery deposits were obtained, as shown
in Figure 4 (top image), with particle sizes up to about 10 µm.
The best quality deposit was obtained in region 3, where the
current density was 390 A/m2. This deposit was compact with a
small grain size, generally less than 10 µm. On a micro scale, the
surface was not very smooth, as seen in Figure 4 (bottom image),
accounting for the dull finish seen in Figure 3.

Hull cell results and discussion
A benefit of using the Hull cell for test work is that deposit
morphologies over a wide range of current densities can be
investigated in a single experiment. At high current densities,
poor morphologies are expected, with powdery and dendritic
deposits, due to deposition occurring at, or close to, cathode
surface boundary layer diffusion control for copper ions. At low
current densities, deposition will occur under activation-control
conditions, which is expected to result in fairly smooth deposits,
although at low production rates. Figure 3 shows a cathode
with the high current density region to the left. The deposit
at high current density is dark in colour due to its very rough

Figure 3—Hull cell cathode obtained under optimal conditions, also showing
the numbered areas referred to in the text

Table III

Plant electrolyte compositions
Plant electrolyte

Cu2+ (g/L)

H2SO4 (g/L)

Co2+ (g/L)

Mn2+ (g/L)

Fe (g/L)

Chloride (g/L)

Magnafloc 333 (g/L)

42
42

175
175

0.2
0.2

0.04
0.04

1.7
1.7

0.03
0.03

0.01
0.02

1		
2		

Table IV

Hull cell results – average current density range and mass of copper plated
Chloride concentration (g/L)
0.02
0.02
0.02
0.025
0.025
0.025
0.03
0.03
0.03

Magnafloc 333 concentration (g/L)

Average Cu plated (g)

Current density range (A/m2)

0.001
0.005
0.01
0.001
0.005
0.01
0.001
0.005
0.01

0.36
0.4
0.4
0.4
0.38
0.35
0.38
0.34
0.4

470–505
475–580
430–550
520–550
445–500
350–400
520–600
500–550
415–445
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Table V

Cathodes plated from various electrolytes
Synthetic electrolyte 1
Mass: 3.7 g
Current density: 262 A/m2
Current efficiency: 98%
Synthetic electrolyte 2
Mass: 3.5 g
Current density: 312 A/m2
Current efficiency: 93%
Plant electrolyte 1
Mass: 3.3 g
Current density: 447 A/m2
Current efficiency: 88%

Plant electrolyte 2
Mass: 3.5 g
Current density: 292 A/m2
Current efficiency: 93 %

Figure 4—Scanning electron micrographs of areas 2 (top) and 3 (bottom) in
Figure 3

Electrowinning results and discussion
Table V illustrates the stripped cathodes obtained in synthetic
electrolytes with different chloride levels, and in two plant
electrolytes with different Magnafloc 333 levels.
Synthetic electrolyte 1, containing 0.025 g/L chloride and
0.01 g/L Magnafloc 333, produced a deposit that was quite
compact and dense. SEM images showed mostly polyhedral
crystals, with sharp edges and flat, smooth surfaces. Very few
spherical nodules were noticed. Synthetic electrolyte 2, containing
0.03 g/L chloride and 0.01 g/L Magnafloc 333, gave a very
similar good-quality deposit, with some spherical nodules visible,
as shown in Figure 5. Both deposits were fairly level, but with
visible cracks and pores. The cracks possibly indicate stress
in the deposits. Copper deposits electrowon in the presence of
polyacrylamides were found by Coetzee (2018) to exhibit cracks
in certain cases. Fewer pores were seen at the higher chloride
level.
For plant electrolyte 1, containing 0.031 g/L chloride and
0.01 g/L Magnafloc 333, there were many spherical nodules
visible, with much void space and cracks between them. The
nodules were generally between 50 and 100 µm in diameter.
Void space is undesirable, because electrolyte would be trapped
in the deposit, lowering its quality. The nodules had very rough

▶

986

NOVEMBER 2019

VOLUME 119

Figure 5—Electrowon deposit in synthetic electrolyte with 0.03 g/L chloride
and 0.01 g/L Magnafloc 333

surfaces. In general, the deposit was rougher and darker in colour
than those from the synthetic electrolytes.
A much more compact surface was produced from plant
electrolyte 2, which contained double the amount of smoothing
additive at 0.02 g/L Magnafloc 333. The spherical nodules
present had an average size of 50 to 80 µm. The nodules still had
rough surfaces and pores and cracks were visible in the deposit,
as shown in Figures 6 and 7.
It is concluded from the evidence presented here that surfaces
with many spherical nodules tended to be rough in appearance,
while surfaces with more polyhedral crystals tended to be
smooth. An example of the latter is shown in Figure 7.
The plant electrolytes produced visibly poorer quality
deposits than the synthetic electrolytes, even at higher Magnafloc
333 levels. This is probably associated with higher levels of
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 7—An example of polyhedral crystals in the copper deposit.
Synthetic electrolyte with 0.025g/L chloride and 0.01 g/L Magnafloc 333

tests had cracks, which became worse with increased levels of
additives.
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Synopsis
Multotec was engaged by MINOPEX to provide support aimed at improving the performance of the
milling circuit at Kroondal no. 1 concentrator.
A sampling campaign was carried out around the circuit with the objectives of minimizing scats
generation, increasing product fineness to meet the envisaged grinds, and investigating the possibility
of increasing throughput. The scope of work included determining the optimum lifter profile that would
provide the necessary mode of breakage, the optimum top ball size required to break the top feed size,
as well as the energy required to achieve the target grind for the current F80. The lifters installed and
operating conditions were analysed to determine the impacts they might have on the performance of the
mill. This led to optimization of the liner design to effect the improvements.
Changes to the lifter profile aimed at achieving the required charge behaviour without adversely
affecting liner life were recommended for the primary and secondary mills. No changes were recommended
regarding the top ball sizes.
There were limitations to what the primary mill could achieve because of the available mill power
and operating conditions. The secondary mill was observed to draw more power than was necessary.
This power was being lost without achieving the required milling. Recommendation was made to reduce
power input for the secondary mill from 4410 kW to 3630 kW. This would not have an adverse effect on
the grind.
Other options to improve the grind included consideration of mill filling and percentage solids. These
required further grinding laboratory tests for verification.
The impact of the recommended changes is being evaluated and consultation is ongoing.
Keywords
milling, optimization, lifter profile, ball size, mill power, mill speed.

Introduction
Kroondal no. 1 platinum concentrator, operated by MINOPEX SA, treats UG2 ore. Until 2010/2011,
the primary mills were operated as rod mills running at 68% of critical speed. The rod mills were
subsequently converted to ball mills. At the end of April 2013, the gearbox of primary ball mill no.
1 was changed in order to run the mill at 78.4% of critical speed with the aim of running at higher
tonnages while delivering the same grind. However, the objective was not achieved; instead, the
throughput decreased and more scats (particles that are too coarse to be ground in the ball mill) were
generated. Following this observation, the speed of the mill was reduced to the previous speed of 68%
critical.
The concentrator staff carried out a sampling campaign at the end of August 2013, by which time
the mill speed had already been changed back to 68% critical. A further sampling campaign was carried
out at the end of March to early April 2014. The mill was still producing scats, though less than at 78%
of critical speed.
The original milling circuit design for the Kroondal platinum concentrator was based on the
following:
➤ 	Primary milling discharge of 30% passing 75 µm
➤ 	Secondary milling discharge of 67–72% µm, with natural fines grits.

Comminution circuit description
The Kroondal (KP1) plant consists of two primary ball mills converted from rod mills, which are running
in parallel, and a secondary ball mill. The primary mills are lined with composite rubber liners while
the secondary mill is lined with a rubber liner. Figure 1 shows the primary milling circuit, and Figure
2 the secondary milling circuit, with the sampling points during the Minopex-Kroondal 1 and Multotec
sampling campaign indicated.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 1—Simplified flow sheet of the primary milling circuit, indicating sample points (blue spots)

Figure 2—Simplified flow sheet of the secondary ball milling circuit, indicating sample points (blue spots)

Primary mill feed consists of DMS sinks, fines from DMS flash
flotation tailings, DMS effluent, and primary cleaner tailings.
The discharge from each primary mill is combined with mill feed
cyclone overflow and pumped to the primary rougher flotation
feed surge tank.
Primary rougher tailings are sent to a dewatering cyclone, the
underflow is sent to the secondary mill, while the overflow goes
to the desliming cyclone feed tank. The secondary cleaner tails
stream is combined with the dewatering cyclone overflow, and
the combined stream is pumped to a deslime cyclone cluster. The
deslime cyclone underflow is transferred to the secondary mill
feed and the overflow bypasses the secondary mill and combines
with mill discharge in the mill discharge sump.

Objectives
The investigation of the Kroondal (KP1) milling circuit was aimed
at understanding how the circuit was performing and determining
how the processing and efficiency could be improved.
In order to achieve the objectives, the scope of the study was
devised to include:

▶
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Table I

 roondal (KP1) primary and secondary ball mill
K
specifications
Description
Mill diameter (m)
Mill length (m)
Mill filling (% of mill volume)
Mill speed (% of critical)
Mill power available (kW)
Ball top size (mm)
Discharge type
Feed top size (mm)

Primary ball mill

Secondary ball mill

3.8
5.8
32
68
1500
80
Overflow
30

5.5
9.08
34
74
5500
40
Overflow
F80 of 150 µm

➤ 	Analysis of the current situation
➤ 	Determining the optimum lifter profile that would provide
the required mode of breakage
➤ 	Determining the optimum top ball size required to break
the top feed size and the energy required to achieve the
target grind for the current F80.
The Journal of the Southern African Institute of Mining and Metallurgy
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Analysis
The lifter geometry, operating conditions, and milling circuit
performance were analysed to determine where design or
operational changes were needed to realize the required
improvements.

Mill lifter profiles
Current lifter profile
Figure 3 shows the current lifters installed in the primary and
secondary mill. The lifters are 210 mm wide, with heights of
160 mm and 170 mm for the primary and secondary mills
respectively. The primary mill lifter height-to-angle (H2A, defined
as the height from the base of the lifter to a front face angle) is
80 mm, while that for secondary mill is 89 mm.
Simulations were conducted to establish the load behaviour
and trajectory of balls/charge inside the mill. The simulations
were conducted using LSD‘s MillTraj and PFC-3D DEM software.
MillTraj software uses trajectory models to track the outermost
ball trajectory of selected ball sizes which sit against the lifter
and plate (Royston, 2001). The MillTraj software also predicts the
likely position of the toe of the charge and is able to estimate the
ratio of shell plate width to the exposed lifter height, indicated
as the S/H ratio. The S/H ratio ranges and their effects on
throughput and specific energy as reported by Moller and Brough
(1989) are shown in Figure 4. From Figure 4, the ideal strategy
would be to design around a S/H ratio of 2.5 and change-out the
lifters at a ratio of around 5.5 in order to obtain optimum mill
performance and liner life. PFC-3D DEM simulation traces the
trajectories of individual charge balls. Mill ball trajectory analysis
was conducted to establish the influence, and provide insight
into the effect, of mill speed and lifter geometry on the ball layer
trajectories.
As indicated in the introduction, the gearbox was changed
twice, first to increase the primary ball mill speed from 68%
to 78%, then to revert back to 68% of critical speed, hence the
analysis of current lifters looked at the two speeds.
From Figure 4, it can be observed that the S/H ratio of the
liners, at 1.99, was much lower than the recommened design
ratio of about 2.5, which is the minimum in order to balance the
mill performance and liner life. This necessitated a redesign of the
liners to minimize the impact on grinding perfomance.
The simulations showed (Figure 5 and Figure 6) that
increasing the mill speed from 68% to 78% of critical resulted
in the outermost balls shifting outward to the toe position of
the charge. Mill speed increase (Royston, 2007) can increase
both impacts of balls at the toe and charge turnover, improving
mill performance through increased ’ball-charge participation’

0

1

2

3

4

Valid for 75% of ncr

5

6
Proportion S/H

Figure 4—Typical ratio of shell plate width to the exposed lifter bar height
(S/H ratio) (Moller and Brough, 1989; Powell et al., 2006)

although as mill speeds increase above 78-80% of critical,
lifter efficiency may fall and affect overall mill performance.
Ball impact in the toe region of the charge is necessary for
good size reduction, but balls falling on the shell above the toe
position may damage both the shell liner and the balls and cause
excessive metal wear. Under normal circumstances, increasing
the mill speed would be expected to increase the impact breakage
of material in the size range closer to the –30 mm feed top size.
The increase in energy resulting from increased speed would also
be expected to knock down and eliminate the scats. However, the
opposite was observed and more scats were generated instead.
Although no reasons could be established for the increased
scats generation, it seems that the increase in mill speed
might have resulted in an expanded charge, reducing ball-rock
collisions. The expanded charge might also have resulted in
less selective classification; thus reducing the residence time of
coarser particles.
An analysis of the outermost trajectory of balls in the
secondary ball mill was conducted at 74% of critical speed (the
speed at which the mill runs). The lifters in the secondary ball
mill seemed to be overly aggressive and appeared not to provide
the abrasion and attrition modes of breakage needed for the
finer feed of F80 150 µm. The same approach used in analysing

Figure 3—Current (when new) lifter profiles for primary ball mill (left) and secondary ball mill (right) recessed into the shell plate
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Figure 5—MillTraj simulation of the outermost ball layer trajectories in the primary ball mill at mill speeds of 68% (purple) and 78% (green) of critical

Figure 6—PFC-DEM simulation of the installed primary ball mill lifters (lifter
on the left in Figure 3)

to determine the lifter profile that would result in the outermost
ball layer impacting at the toe position of the charge for both
the primary and the secondary mills. For the primary mills, lifter
profiles for the two mill speeds were determined. This could
allow manufacturing of the optimum lifter profile given the
speed at which the mill would operate. Three options for lifter
profiles were presented to the client. Two options with different
lifter widths were for a mill operating at 68% of critical speed,
while the third option was in case the mill was to run at 78% of
critical speed. The three options with the current lifter profile for
primary mill are shown in Table II. Figure 7 and Figure 8 show
the PFC DEM simulations of the selected options of lifter profiles
presented to KP1 plant for the primary mills together with that of
the current lifters at the two mill speeds.

Determination of optimum top ball size and energy requirement
the movement of the charge in the primary mill was used for
secondary mill. In order to avoid duplication, only figures
showing the primary mill are indicated.

Lifter profile optimization
The optimizing of the lifter profiles took into consideration the
following:
➤
➤
➤

➤
➤

	UG2 ore is characterized by weak large fragments and
stronger small fragments
	UG2 ore does not require very high-energy impacts to
break the larger fragments
	The increased scats generation was assumed to be the
result of charge expansion (more cataracting), hence
increased/easier flow of scats through the charge and a
shorter time in the mill
	The possibility of increasing cascading while at the same
time retaining some charge cataracting
	Achieving the study objectives without adversely affecting
lifter life.

Furthermore, MillTraj simulations were conducted at different
lifter specifications in terms of height, height-to-angle (H/A),
effective lifter height, and face angle (angle of attack) in order

▶
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Characterization of ore hardness as well as plant stream flow
rates and particle size distribution (PSD) was conducted in order
to estimate the theoretical make-up ball size and energy required
to achieve the target grind. Bond Ball Work Index (BBWI) tests
on DMS feed sample and primary ball mill conveyor belt cuts
were used to characterize ore hardness. The BBWIs for the DMS
feed and primary ball mill conveyor belt cut samples were found
to be 18.14 kWh/t and 14.4 kWh/t respectively. Data from the
sampling campaign and historical data from the plant were used
to determine the streams flow rates and PSDs. Samples were
taken from points indicated in Figure 1 and Figure 2.
Figure 9 shows the variation in PSD for the three sets of
samples collected from the primary ball mill no. 1 discharge.
A simple average of the sample cuts collected at t = 0, t = 30
minutes, and t = 60 minutes was used to represent a stream PSD.
Stream PSDs for the primary ball mill no. 1 are shown in Figure
10. From the stream PSDs; F80 and P80 were obtained and used in
expressing the mill feed and product PSD.
Make-up ball sizes were estimated using the ball size
equation proposed by Bond (1957) (Equation [1]) and the results
are shown in Table III. The ball sizes used were found to meet or
exceed requirements and could not have been the cause of the
scats generation.
The Journal of the Southern African Institute of Mining and Metallurgy
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Table II

Current lifter profile and lifter profile options presented to the KP1 for consideration
Profile

Width (mm)

Height (mm)

Face angle (°)

H2A (mm)

Effective H2A (mm)

Speed (% of critical)

Shell plate thickness (mm)

Current
Option 1
Option 2
Option 3

210
210
165
210

160
160
160
160

30
20
20
35

80
90
90
90

15
25
25
25

68/78
68
68
78

80
80
80
80

Figure 7—Mill load behaviour with current and proposed lifters at 68% of critical speed

Figure 8—Mill load behaviour with current and proposed lifters at 78% of
critical speed
Figure 10—Primary ball mill no. 1 stream-averaged particle size distributions

where B is the optimum top-up ball size (mm), F80 is the new feed
80% passing size (μm), SG is specific gravity of the ore being
milled, N is the percentage of critical speed, Wi is work index of
the feed material, Di is mill diameter inside liners (m), and K is a
constant with a value of 350.
Energy determination was aimed at ascertaining the energy
requirement for the current ball mill feed and product size, and
this was related to the mill power available. To establish the
energy required, the population balance model (PBM) using the
sampling campaign PSD as well as BBWI test results were used.
The specific selection function (Herbst and Fuerstaneu, 1973)
that incorporate the specific energy (P/mp) was used, i.e.:
Figure 9—Primary ball mill no. 1 discharge particle size distribution

[2]
E

[1]
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where Si is the specific selection function, independent of mill
operating parameters, P is the industrial mill power drawn, and
mp is the industrial mill hold-up. Si is the proportionality constant
known as the specific rate of breakage per unit time.
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Table III

Top ball size requirements for the mill feed sizes
Description

Primary ball mill no. 1		

F80, mm

Primary ball mill no. 2

Secondary ball mill

10.287

0.354

Speed, %

68

8.425		
78

68

74

Ball size, mm

75

72

83

14

Table IV

Grinding power consumption and requirements to achieve target grind
Mill

Feed rate (t/h)

F80 (mm)

Current		

Power (kW)

% –75 µm

Target

Power (kW)

Primary mill no. 1

154.2

8.425

25.98

1209

40

1671

Primary mill no. 2

164.8

10.287

20.56

1008

40

1878

Secondary mill

301.45

0.354

54.17

4410

70

3627

The PBM breakage and selection functions parameters
were established and used to determine the energy required to
achieve the target grind. Table IV indicates the current power
consumption and that required to achieve target grinds.
The simulations indicated that more power than is available
would be required for the primary ball mills at the current F80 and
throughput in order to meet the 40% –75 mm target. In the case of
secondary ball mill, it appears that power was being lost without
achieving a grind of 70%–75 µm.

Conclusion and recommendation
The study of the current situation and optimization allowed the
lifter profile to be determined that would result in the required
load behaviour for optimal grinds. Changes to lifter profiles,
including increasing effective lifter height-to-angle (H2A) and
front face angle and reducing the lifter width for the primary
ball mills were proposed. The decrease of lifter width was aimed
at increasing the mill volume available in order to increase the
throughput, while the changes to lifter effective H2A and the
front face angle were aimed at attaining the required balance
between abrasion, attrition, and impact breakage. For the
secondary ball mill, lifter height and effective lifter height were
decreased. This was aimed at increasing the abrasion and
attrition modes of breakage.
The analysis of historical data and sampling campaign data,
together with the simulation, indicated that at the current F80,
there was not much room for improving primary mill grinding.
Grind improvement would require reducing the F80. This would
have an impact on the performance of the DMS plant. However,
there is the possibility of increasing the mill charge to between 35
and 37%, bearing in mind that a properly designed retaining ring
would be required to prevent balls escaping from the mill.
For the secondary mill, there is scope for improving power
utilization and milling performance. It was observed that power
consumption could be reduced from about 4410 kW to about
3630 kW while at the same time achieving the target grind of
70% –75 um. Other options suggested in order to improve the
grind were to look at testing the impact of percentage solids and
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mill filling. Further laboratory tests coupled with simulations are
suggested in order to verify the findings before implementation.
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14–17 June 2020 — 2nd European Mineral Processing and
Recycling Congress – EMPRC 2020
Aachen, Germany
Contact: Jürgen Zuchowski, Email: gdmb@gdmb.de
Website: https://emprc.gdmb.de
22–23 June 2020 — Renewable Solutions for an Energy
Intensive Industry Colloquium 2020
Kathu, Northern Cape
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
AECOM SA (Pty) Ltd
AEL Mining Services Limited
Air Liquide (PTY) Ltd
Alexander Proudfoot Africa (Pty) Ltd
AMEC Foster Wheeler
AMIRA International Africa (Pty) Ltd
ANDRITZ Delkor(Pty) Ltd
Anglo Operations Proprietary Limited
Anglogold Ashanti Ltd
Arcus Gibb (Pty) Ltd
ASPASA
Atlas Copco Holdings South Africa (Pty) Limited
Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axiom Chemlab Supplies (Pty) Ltd
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
Bond Equipment (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)
Data Mine SA
Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
Duraset
Elbroc Mining Products (Pty) Ltd
eThekwini Municipality
ExMente Technologies (Pty) Ltd
Expectra 2004 (Pty) Ltd
Exxaro Coal (Pty) Ltd
Exxaro Resources Limited
Filtaquip (Pty) Ltd
FLSmidth Minerals (Pty) Ltd
Fluor Daniel SA ( Pty) Ltd
Franki Africa (Pty) Ltd-JHB
Fraser Alexander (Pty) Ltd
G H H Mining Machines (Pty) Ltd
Geobrugg Southern Africa (Pty) Ltd
Glencore
Hall Core Drilling (Pty) Ltd
Hatch (Pty) Ltd
Herrenknecht AG
HPE Hydro Power Equipment (Pty) Ltd
Immersive Technologies
IMS Engineering (Pty) Ltd
Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA
Joy Global Inc.(Africa)
Kudumane Manganese Resources
Leco Africa (Pty) Limited
Leica Geosystems (Pty) Ltd

▶
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Longyear South Africa (Pty) Ltd
Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd
Magnetech (Pty) Ltd
MAGOTTEAUX (PTY) LTD
Maptek (Pty) Ltd
Maxam Dantex (Pty) Ltd
MBE Minerals SA Pty Ltd
MCC Contracts (Pty) Ltd
MD Mineral Technologies SA (Pty) Ltd
MDM Technical Africa (Pty) Ltd
Metalock Engineering RSA (Pty)Ltd
Metorex Limited
Metso Minerals (South Africa) Pty Ltd
Micromine Africa (Pty) Ltd
MineARC South Africa (Pty) Ltd
Minerals Council of South Africa
Minerals Operations Executive (Pty) Ltd
MineRP Holding (Pty) Ltd
Mintek
MIP Process Technologies (Pty) Limited
MLB Investment CC
Modular Mining Systems Africa (Pty) Ltd
MSA Group (Pty) Ltd
Multotec (Pty) Ltd
Murray and Roberts Cementation
Nalco Africa (Pty) Ltd
Namakwa Sands(Pty) Ltd
Ncamiso Trading (Pty) Ltd
New Concept Mining (Pty) Limited
Northam Platinum Ltd - Zondereinde
Opermin Operational Excellence
OPTRON (Pty) Ltd
PANalytical (Pty) Ltd
Paterson & Cooke Consulting Engineers (Pty) Ltd
Perkinelmer
Polysius A Division Of Thyssenkrupp Industrial Sol
Precious Metals Refiners
Ramika Projects (Pty) Ltd
Rand Refinery Limited
Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies
Rosond (Pty) Ltd
Royal Bafokeng Platinum
Roytec Global (Pty) Ltd
RungePincockMinarco Limited
Rustenburg Platinum Mines Limited
Salene Mining (Pty) Ltd
Sandvik Mining and Construction Delmas (Pty) Ltd
Sandvik Mining and Construction RSA(Pty) Ltd
SANIRE
Schauenburg (Pty) Ltd
Sebilo Resources (Pty) Ltd
SENET (Pty) Ltd
Senmin International (Pty) Ltd
Smec South Africa
Sound Mining Solution (Pty) Ltd
SRK Consulting SA (Pty) Ltd
Time Mining and Processing (Pty) Ltd
Timrite Pty Ltd
Tomra (Pty) Ltd
Ukwazi Mining Solutions (Pty) Ltd
Umgeni Water
Verni Speciality Construction Products (Pty) Ltd
Webber Wentzel
Weir Minerals Africa
Welding Alloys South Africa
Worley
The Journal of the Southern African Institute of Mining and Metallurgy

DIGITALIZATION
IN MINING

CONFERENCE 2020

OBJECTIVES
The objectives of this conference are to showcase
global thought leadership in digital transformation,
in mining, but also in other industries, to understand
the ‘art of the possible’, and to gain understanding
of how emerging advances in these technologies
and applications can be transferred into our industry.
Success for Southern Africa’s Mining Industry lies
in Collaboration, Open Innovation, and knowledgesharing unlike ever before. This event thus provides
for a timely and appropriate platform from which to
make an impact.

BACKGROUND
The Fourth Industrial Revolution (4IR) is the
term for the world’s digital transformation
journey. Every day, it gathers more pace. Here,
constant innovation is inevitable. It now drives
competitiveness among successful global
companies.
What is also clear is the mining industry, and in
particular mining in Africa, must understand
where we are on the innovation curve. We need to
develop strategies to not get left behind.
This requires deep knowledge of the potential
impact and value of digitalization on mining
and metallurgical processes. We also need to
understand the Ïnternet of (Mining) Things in both
opencast and underground mines.
Automation, virtual and augmented reality, real
time information management and control are
all components of this journey. The underground
mining environment in particular, has challenges
to address.

WHAT YOU WILL EXPERIENCE
Delegates will experience, within this
conference:
•

Keynote speakers from around the globe who
are at the forefront of Digitalization

•

Case studies and live stream feeds to global
thought leadership

•

Live demonstrations of state of the art
technologies, systems and practices

•

Showcasing of the latest developments
in Digitalization, applied in real mining
environments

•

Networking with global leaders in this area

•

Interactive discussions to address particular
challenges

•

A platform to discuss challenges.

CALL FOR PAPERS/PRESENTATIONS
Papers are called for on any
of the following topics:
•
•
•
•
•
•
•
•
•
•
•
•

International and local case studies and
success stories
Emerging and novel technologies
Automation, remote operation and real time
management
Change management and skills
development
Monitoring systems and sensors
Impacts on health, safety and productivity
Data collection and transmission
Data analytics
Impact on mine planning and optimization
Fleet management
Oreflow management
Digital Strategy.

KEY DATES
3 FEBRUARY 2020 ABSTRACTS SUBMISSION
10 FEBRUARY 2020 ABSTRACT ACCEPTANCE
9 MARCH 2020
SUBMISSION OF PAPERS/
PRESENTATION OUTLINE

WHAT YOU WILL LEARN
Delegates will learn where global best
practice exists. Even better, how to transfer
these practices into local operations. They
will also learn how the challenges of change
management have been addressed, and how
people can be taken along this journey.
Presentations will inform on data collection,
screening, transmission and analysis. The
objective is real time decision making at the
right level in the organisation for proactive
control before things go wrong.

FOR FURTHER INFORMATION, CONTACT:
Gugu Charlie,
Conference Co-ordinator

E-mail: gugu@saimm.co.za
Tel: +27 11 834-1273/7
Web: www.saimm.co.za

RECONNECTING
WITH THE

FUTURE

A SYSTEMS-THINKING
WORKING-DAY FOR
#THINKINGEXECUTIVES

22 APRIL 2020
THE EQUINOX LEADERSHIP
AND INNOVATION CENTRE,
SANDHURST, SANDTON
1 ECSA POINT

Workshop

for and by executives

on systems thinking
for 21st century success

Understand organisational and external
interdependencies for higher efficiencies
Deal with the VUCA world syndrome proactively
Imagine and create the future
Meet and learn from unusual collaborators
Strengthen risk appreciation and capacity
Everything is connected, in life and in business. To explore how this
understanding determines short- and long-term success, we are hosting
our first ever Systems Thinking Workshop, aimed at the #thinkingexecutive.
You will walk away from this exclusive executive one-day workshop;
u Knowing what internal and external dependencies affect your
organisation’s efficiencies
u Better able to imagine and create the future you want within the VUCA
reality
u Having engaged with unusual collaborators, including from the
international sporting world, with a completely fresh appreciation of risk
in a relational economy.

FOR FURTHER
INFORMATION, CONTACT:
Camielah Jardine,
Head of Conferencing

In an interconnected world, participate and connect with like-minded
senior executives and global leaders to manage your own forces for
change towards growth, sustainability, and the future of the industry.
For senior executives only, you are invited to take up this opportunity to
develop yourself to lead – really lead! - in the 21st century. Participation
is limited, so sign up now, to ensure your place with us in our first ever
exclusive Systems Thinking Workshop for #thinkingexecutives.

E-mail: camielah@saimm.co.za
Tel: +27 11 834-1273/7 • Web: www.saimm.co.za

