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Journal Comment
Renewable Energy — Quo Vadis?

T

he December edition of the Journal contains
14 papers, split almost equally between
mining and metallurgical topics – there is
something to cover most interests.
Four papers deal with different aspects of coal
mining, with all having an underlying theme of
enhancing safety in mining. The next two
investigate the testing and mechanized
installation of rockbolts, also dealing with safety
in mining, albeit at a slight distance. The
remaining two mining papers also have an
indirect link to mining safety, with the first
investigating the numerical simulation of
surrounding rock creep. The second paper in this
mining group reviews previous methodologies for
stope boundary selection (alright, I confess,
somewhat of a stretch in finding a safety
association here!).
The point is that any research aimed at
improving safety in mining just has to be lauded.
Safety is the soft underbelly of mining, and
comes under constant attack by the public sector
and society at large. This Comment is not trying
to defend the safety record of the industry,
despite there being considerable reason and
evidence to do so. It is a fight that is just not
winnable, particularly when society singles out
one sector while it turns a blind eye to the 14 000
road deaths per year in South Africa, almost half
of them being alcohol-related.
So, back to coal. This too is an industry sector
under siege. Back in the 1970s the key issue was
acid rain from the sulphur dioxide emitted during
the combustion of coal for power generation.
Then it was particulate matter in the -10 m
range – then acid mine drainage from low-grade
waste dumps. Now it’s carbon dioxide and
greenhouse gas emissions and their contribution
to climate change and global warming. Scientific
consensus is that climate change is real
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(excluding the most rabid denialists), but there
remains disagreement whether climate change is
the result of natural causes that have yet to be
identified, or anthropogenic causes. While
acknowledging the disagreement, it must be
stated that the opinion of most climatologists is
heavily weighted in favour of anthropogenic
causes. In this case, what should be done about
the continuing and increasing use of coal
worldwide for power generation?
The cry from environmentalists is
‘renewables’. The construction of wind and solar
generation capacity is increasing year-on-year,
and there appears to be a belief within society
that this presents a clear alternative to the use of
coal for power generation. Regrettably, the
average layperson lacks the technical
wherewithal to understand the difference
between supplementing the grid with a small
amount of renewable power (easy to do), and the
necessity for maintaining high baseload capacity
(very difficult to do). The example cited is always
that of Germany, where it is stated that
photovoltaics can, when the sun is shining,
provide as much as 50% of demand, allowing
Germany to shut down its nuclear power stations
permanently. The key statement is ‘when the sun
is shining’. When it stops shining, Germany
simply buys available power from the integrated
European grid, with most of the shortfall,
ironically, being supplied by the nuclear stations
in France.
In most developing countries, such as South
Africa, this option is not available. Eskom is
already stating that its aging distribution grid is
unable to cope with the intermittent feed of
renewable power, and that the stability of the
grid is at risk nationally should the percentage of
renewables be increased much beyond the
present level.

          

Journal Comment (continued)
Eskom is pushing strongly for the
construction of up to 10 GW of nuclear generation
to increase baseload capacity. Unfortunately, the
technical merits or demerits of increasing nuclear
power capacity as a strategy for capping South
Africa’s carbon dioxide emissions has been lost in
the mire of the political war being waged around
the award of the contracts.
To return to renewables and baseload
capacity, much is being said about the availability
of localized energy storage systems to level out
the variability in the generation capacity of
renewables. The commissioning earlier this year
of the Ingula pump-storage scheme to the north
of the existing Drakensberg scheme provides
welcome baseload capacity by effectively using
off-peak power to pump water to a high-level
storage dam and subsequently generating
hydropower when it is needed during peaking.
There are also claims being made that molten
salt technology, as a heat storage system, could
extend the capacity of solar power generation by
an additional 2–4 hours after sunset. Others are
saying that the future lies in the storage of offpeak and/or variable power in battery farms,
citing recent progress in the development of highcapacity lithium and vanadium redox batteries.
And yet others say that variable renewable power
should be used to electrolyse water to produce
hydrogen, store it during off-peak periods, and
then ‘burn’ it in platinum-based fuel cells to
generate a stable and continuous power feed to
the grid when it’s really needed. What can I say,
other than we watch and wait with considerable
interest.

would be delighted to hear from you, but please
reply with your comments handwritten on a plain
postcard using the postal services.
So, back to the metallurgical papers in the
December issue of the Journal. Two papers
discuss novel processes for the extraction of zinc
from zinc ferrites by alkaline leaching and the
extraction of copper and gold from anode slimes.
There are two papers on process optimization,
one investigating the calcination of limestone to
produce a highly active lime for use in basic
oxygen furnaces during steelmaking processes,
and the other studying the influence of the pH of
the flotation pulp of an African haematite ore on
the final grade and recovery of the concentrate.
Finally, there is a paper on the novel technology
of spark plasma sintering for the sintering of
nano-reinforced composite materials. Although
this has been successful at a laboratory scale
only, there appear to be opportunities to
commercialize the technology for the production
of larger components with more complex shapes.
And that’s it – enjoy reading the papers in
this month’s Journal.

R. Paul
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But until we are able to provide technically
sound and economically viable solutions to the
variable nature of renewable power generation,
these technologies will play second fiddle to coal
as a certain and reliable means for baseload
capacity. As they say with conviction: ‘Coal is
dead, long live coal’ – or that’s what I thought I
heard! If you disagree with anything above, I
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Reflections on 2016 and a look
ahead to 2017

A

s we approach the end of the 2016 calendar year, it is time for us to take stock of the past 12 months and
imagine what lies ahead. What does 2017 have in store for the Southern African Institute of Mining and
Metallurgy? I can only imagine that the wheels will continue to turn positively for the mining industry from
where we draw our membership and support, as this has a positive bearing on us as the SAIMM. Yes, 2016 has been
a challenging year for our industry, but we all know that the commodities market is cyclical and our world requires
us to continue extracting minerals in order to sustain human survival. So, the glimmer of hope cannot fade away,
because as the common adage says, ‘if it is not mined it must be grown!’ It would be remiss of me not to share some
optimism with you for our mining industry in the medium term. The 2016 calendar year has also been a challenging
one for the SAIMM as we could not attract sufficient delegates to some of our conferences, resulting in a depressed
financial performance for the Institute. However, as the SAIMM, we still stand firm due to our resilient pedigree. Let
me share with you some reflections on 2016 to see why we remain firm.
We are what we are because of the excellent teamwork that goes into the SAIMM’s activities, starting with our
office staff, whose sterling efforts I deeply appreciate. We had one resignation from our conferencing team, but we
re-arranged ourselves without having to recruit a replacement. A retiring staff member at the end of the year will
also not be replaced, as some roles in the office will be re-defined. We will start 2017 with a new objective to
specifically address our communication needs so that the SAIMM is more visible on the social media platforms. We
have to remain relevant and adapt to the needs of our younger membership.
The SAIMM functions well because of the professional volunteerism from our members who serve on committees
that underpin the Institute’s key functions. I would like at this point to personally thank all our members who give
of their time to provide such service. Their contribution ensures that the SAIMM can continue to deliver value to our
membership. For example, the SAMREC/SAMVAL Committee (SSC) this year produced updated 2016 editions of our
internationally recognized SAMCODES, which were launched at the SAMREC/SAMVAL Companion Volume
Conference, held from 17to18 May 2016 at Emperors Palace in Johannesburg. I extend an open invitation to our
broad membership to join committees so that, looking ahead to 2017, we can grow from strength to strength as an
Institute.
This edition of the Journal is not a themed edition, but is comprised of papers of general and topical interest from
different countries, including China, Sweden, Australia, Iran, Poland, and South Africa of course. This demonstrates
that we continue to maintain the international character of our Journal. I am happy to tell you that the Journal’s
impact factor has increased in the past three years, from 0.17 in 2013 to 0.22 in 2014 and 0.24 in 2016, showing
that readers across the globe find value in our published papers and indicate this by citing them. I am therefore
inviting our readership to also consider submitting technical research papers to our premier journal as we look ahead
to 2017.
It is with considerable sadness that we also note the passing away of several of our long-standing members
during 2016. We owe it to them to continue upholding the values that the SAIMM stands for and contribute to
making it the great organization that it is and should be. Let us enter 2017 with a refreshed sense that the SAIMM is
our organization and every contribution we make individually, no matter how small it may seem, goes a long way in
ensuring the vibrancy of our beloved Institute. I am proposing a 2017 New Year’s resolution for the SAIMM
membership – let us re-ignite our professional volunteerism within our ranks and serve the SAIMM!
I would like to now take this opportunity to wish you all and your families a safe and enjoyable 2016 festive
season. I trust that we will all return safely to work in January 2017 and make it a productive and memorable year. I
am looking forward to interacting with you again on the President’s Corner during 2017!

C. Musingwini
President, SAIMM
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Potential use of thin spray-on liners for
gas management in underground coal
mines
by Z. Li*, S. Saydam*, R. Mitra*, and D. Chalmers*

Coal seam gas problems can adversely affect the safety and productivity of
underground coal mines, leading to fatalities and financial losses.
Conventional gas management technologies using ventilation and gas
drainage are unable to deal with the high and irregular gas emissions
associated with high-production longwall mining. New technologies need
to be developed to supplement the traditional gas management techniques
to minimize the hazard of coal seam gas. Thin spray-on liners (TSLs) have
gained some success for rock surface support since their introduction to
the mining industry. Due to their relatively low permeability and
appropriate mechanical properties, TSLs also show potential to be used as
a gas management tool in underground coal mines.
In this paper we review the current gas management challenges and
discuss the potential use of TSLs as a gas management tool in
underground coal mines. This may involve reducing gas migration into the
excavations/roadways, enhancing in-seam gas drainage, and preventing
spontaneous combustion. Some potential areas for future research work
are identified.
>+;967
thin spray-on liner (TSL), gas management, underground coal mining.
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When a coal seam is influenced by mining
activities, gas stored inside is liberated into the
underground ventilation system. Gas
emissions have created serious difficulties for
the coal mining industry around the world.
Therefore, coal mines have to develop effective
strategies to control the gas concentration
below the threshold value to meet statutory
requirements. Ventilation has been the first
solution in gas management for underground
coal mining. When the emitted gas cannot be
effectively diluted by ventilated air, gas
drainage using pre- and/or post-drainage has
to be introduced. However, even with
ventilation and gas drainage, irregular gas
emissions usually increase the gas concentration in roadways and slow down the
development rate, thus causing significant
economic loss to the coal mining industry
(Thakur, 2006). Therefore, new technologies
need to be developed to address this issue and
mitigate the explosion risk.
A thin spray-on liner (TSL) is a thin
chemical-based coating or layer that is applied
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TSLs are multicomponent polymer materials
that can be applied to a rock mass surface at a
thickness of 3–5 mm as a sealant or as surface
support (Saydam and Docrat, 2007). There are
many TSL products on the market. They differ
by mix type such as liquid/liquid or
liquid/powder and by polymer-based type
(Northcroft, 2006). The polymer-based TSLs
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onto mining excavations with a thickness of 3
to 5 mm (Lau et al., 2008; Richardson et al.,
2009; Saydam and Docrat, 2007). Due to the
operational benefits regarding both safety and
logistics, TSLs have achieved some success as
a ground support tool for some specialized
applications, such as repairing shotcrete
(Lacerda and Rispin, 2002), supporting the
hangingwall in gold mines (Carstens and
Oosthuizen, 2004) and supporting the
longwall T-junction sections in coal mines
(Thyrock et al., 2010).
Besides ground support, due to their
relatively low permeability TSLs also show
potential to be used as a gas management tool
in underground coal mines. For gas emission
control purpose, TSLs may serve as a sealing
skin to prevent irregular gas emissions from
the ribs and keep the gas concentration in the
roadway below the statutory requirements and
guarantee the development rate. For gas
drainage enhancement purpose, TSLs can
prevent the ventilation air from migrating into
the gas drainage boreholes and increase the
gas drainage efficiency. For spontaneous
combustion control, TSLs have the potential to
slow down the oxidation process or even stop
it due to the lack of oxygen migration through
the coal seam.

Potential use of thin spray-on liners for gas management
can be classified into six groups: acrylics, liquid latex where
latex is any known polymer, polyurethane, polyurea,
methacrylate, and hybrid (Kaiser and Suorineni, 2006).
Depending on the curing mechanism and liner formation,
TSLs are categorized into two different types: reactive and
nonreactive (Rispin and Garshol, 2003). Reactive TSLs cure
quickly, but are sensitive to water and barely stick to wet
surfaces; furthermore, they can only be applied with strict
safety precautions. On the other hand, nonreactive TSLs cure
slower but bond well to wet and dry surfaces and can be
applied with normal safety precautions (Kaiser and
Suorineni, 2006; Northcroft, 2006). For safety reasons, the
majority of current products on the market are nonreactive,
with modifications to reduce the curing time.
TSLs are more flexible than shotcrete, which has a typical
thickness of 25–100 mm depending on the need. Effective
polymer support is created by a continuous membrane, which
adheres firmly to the rock. An ‘ideal’ TSL should have
appropriate mechanical properties and comply with a number
of operational, environmental, and economic standards. A
list of desirable characteristics of an ideal TSL is shown in
Table I. The manufacture of a number of TSL products has
been stopped, since they do not possess adequate physical or
chemical properties. However, newer products are continuously developed and introduced (Yilmaz, 2007).

!! ! ! 
TSLs had been used in civil engineering as sealants for many
years before being introduced to the mining industry
(Kuijpers, 2004; Yilmaz et al., 2003). TSL materials for the
mining industry were initially designed as sealants to limit
the weathering of rock, and later were intended to be used as
a substitute for mesh or shotcrete (Spearing et al., 2009;
Yilmaz, 2007). The idea of using TSLs as surface support was
initiated in the late 1980s in Canada and was originated by
the thought that a liner as thin as 5 mm should perform the
same as, or even better than, shotcrete (Archibald, 2004;
Yilmaz, 2011). Since the 1990s, TSL support has become a
focus of mining industry due to the considerable operational
benefits, with the potential to reduce mining costs (Ozturk,
2012).

Table I

6><3?8.=:?7/9<+;:?3=:>9?/9;/>98=>7?<:6?5.<9<58>9
=78=57?!4;6=1=>6?19;4?7/3>+;269><2*?(&&&#
9;/>98+?;9?5.<9<58>9=78=5
Non-combustible

>5;44>:6>6?9<:0>
Flame spread ratingmax < 200

Tensile strength

> 5 MPa

Adhesion strength

> 1 MPa (hard rock),
> 3–4 MPa (weatherable ground)

Shear strength

> 2 MPa

Curing time

<1h

Temperature tolerant

0–50℃
> 1 m2/min

Application rate
Pot life

>1h
< $20 per m2

Cost
Application

Minimal or no surface preparation

Rebound
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TSLs have undergone research and development for over
20 years, with numerous trials conducted in underground
mines. Belfield (2006) reported that over 50 mines around
the world have used TSLs for rock support. Potvin et al.
(2004) listed the most common usages of TSLs, and these
applications were usually at locations with exceptionally
unfavourable ground conditions or ground control problems
(Yilmaz, 2011).
 Support between rock anchors
 Supporting areas with limited access and/or logistics
constrains
 Mesh replacement
 As primary support immediately after blasting
 Temporary support (can be covered by shotcrete at later
stage if necessary)
 Temporary support in TBM tunnels (permanent support
can be installed behind the equipment)
 Reducing rockburst damage
 Pillar reinforcement
 Face support
 Large machine borehole lining and stabilization
 Stabilization of return air tunnel
 Orepass lining
 Prevention of rockfalls caused by unravelling, slabbing,
or loosening of small blocks of rocks
 Rigid ventilation seals
 Prevent ground degradation from weathering fretting
and swelling.
In spite of the adverse ground conditions, most of the
TSL trials have proved to be successful for their planned
application in specific areas (Potvin et al., 2004). For some
TSL application cases, poor bonding, falling of large slabs,
peeling, tearing, and damage due to blasting and moving
machinery were observed (Nagel and Joughin, 2002;
Tannant, 2001). In these applications, TSLs were used
mainly for temporary support for strata control and ground
stabilization. However, the use of TSLs is still limited to
special applications rather than to general application as a
systematic surface support, as are mesh and shotcrete. Their
use has not become widespread in underground mines.
The advantages of TSLs are fast application rates, rapid
curing time, reduced material handling compared to shotcrete,
high tensile strength with high areal coverage, high adhesion
which enables early reaction against ground movement, and
ability to penetrate into joints (Kuijpers et al., 2004; Pappas
et al., 2003). These properties ease logistics, improve on cycle
times, increase mechanization, and improve safety for
underground support (Stacey, 2001). In spite of these
benefits, the original aim of using TSLs as an alternative to
mesh and shotcrete has not yet been achieved. Most of the
products on the market are still undergoing study and field
trials, and no reports yet exist about TSLs being systematically applied as surface support in mines (Darling, 2011).
Several reasons may contribute to this. Firstly, the support
that a TSL can provide is not fully understood (Tannant,
2001) although many efforts have been made to study the
support mechanism using analytical (Fowkes et al., 2008;
Mason and Abelman, 2009; Mason and Stacey, 2008) and
numerical (Dirige and Archibald, 2009; Tannant and Wang,
2002; Wang and Tannant, 2004) methods. Secondly, the
design of TSLs as surface support systems is currently based
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Besides ground support, a report by European experts also
mentioned the advantage of using TSLs as a barrier against
gas movement because of their relatively low permeability
(EFNARC, 2008). During the past few years, much research
has been carried out to study the permeability characteristics
of different TSLs.
The first permeability test of a TSL reported in the
literature was by Archibald and de Souza (1993), who
investigated the potential of a polyurethane-based TSL for
blocking radon gas entry. They carried out radon gas
permeability tests with different TSL thicknesses. Their
results showed that with a thickness of 0.37 mm, the TSL
product tested could effectively reduce the radon flux by as
much as 94%, and such potential promised to improve significantly with increasing TSL thickness. Archibald and de
Souza (1993) emphasized the potential use of TSLs in
restricting hazardous gas inflows. It is important to note that
the hazardous gases, easily diffusing from rock pores into the
working area, cannot be effectively blocked by shotcrete due
to its high permeability (Tannant, 2001).
Similar tests were conducted by Saghafi and Roberts
(2001). They measured the permeability of a cement latexbased TSL product for methane, carbon dioxide, and carbon
monoxide. Their results indicate that the permeability of the
tested TSL is in the range of nanodarcies. They reported that
the permeabilities for methane and carbon dioxide are very
similar, whereas the permeability for carbon monoxide is a
few times higher. However, both the tests conducted by
Archibald anddDe Souza (1993) and Saghafi and Roberts
(2001) considered only the TSL material itself, without
considering the substrate it was applied to; the substrate will
determine the adhesion strength for a particular TSL material.
Previous test results show that there is a linear relationship
between the efficiency of the TSLs in controlling gas flow and
their adhesion strength to the substrate (Hussain et al.,
2012).
Considering the interaction between TSLs and the
substrate applied, Mass and Renken (1997) conducted radon
gas permeability tests on concrete coated by different
cementitious-based TSLs with the test apparatus shown in
Figure 1. Their results showed that the coatings tested all
exhibited excellent permeability coefficients; two to three
orders of magnitude smaller than the average concrete
          

permeability coefficient. Mass and Renken (1997) further
stated that any sealants placed on a highly permeable
concrete would greatly reduce the permeability.
In order to investigate the potential of TSLs as a gas
management tool in underground coal mines, Hussain et al.
(2012) carried out permeability tests on coal samples coated
with three different TSL materials (two polymer/
cementitious-based TSLs and one cement/latex TSL) of
varying thicknesses. The tested gases include carbon dioxide
and nitrogen. A ‘Hassler’ type core holder was used for this
test, as shown in Figure 2. The experimental results indicate
that the TSLs tested could reduce the gas permeability of coal
by up to three orders of magnitude. This was the first test to
investigate the potential use of TSLs for coal mine gas
management, and the results showed favourable potential.
However, the permeability tests were conducted only with
nitrogen and carbon dioxide; methane, the gas of main
concern in underground coal mining, was not tested. The
influence of gas adsorption on permeability was not
considered in the test either, which influenced the accuracy of
the results, as coal permeability is pressure-dependent due to
different degrees of gas adsorption (Zhou et al., 2013a,
2013b).
Permeability results from TSLs of different mix base
chemistries were compared based on the literature available,
and the following order of permeability obtained:
polymer/cementitious-based TSL < polyurethane-based TSL <
cementitious-based TSL. Specifically, the permeability of
polyurethane-based TSL is about one order of magnitude
lower than that of the cementitious-based TSL; while the
permeability of polymer/cementitious-based TSL is about
four to five times lower than that of cementitious-based TSL.
The polymer modifications can significantly reduce the
permeability of TSLs, and this finding also conforms with
previous research results (Golsby, 2015).

,=029>?(%'5.>4<8=5?;1?/>94><$=3=8+?8>78?<//<9<827?1;9?5;:59>8>?<:6
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on experience, assumptions and field observations, and cost
considerations (Jjuuko and Kalumba, 2014), and application
guidelines are needed for using TSLs as a surface support for
different ground conditions. Thirdly, there is still a lack of
standard laboratory test methods to determine the mechanical
properties of TSLs, with only tensile and tensile-bond
strength tests having met with general acceptance from TSL
stakeholders to date (Archibald, 2001); this makes it very
difficult to compare and select among different TSL products.
TSL technology is not yet mature and still under
development. It should be noted that a TSL application may
not replace traditional ground support such as rockbolts.
However, TSLs have performed well when combined with
other types of support, such as rockbolts plus TSL plus
shotcrete and rockbolts plus TSL plus mesh plus shotcrete
(Hussain et al., 2012).

Potential use of thin spray-on liners for gas management
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! ! ! !  
The quantities of gas contained in coal seams are a function
of the degree of coalification and permeability of the
overburden (Noack, 1998). When influenced by mining
excavations, the gas is emitted into the ventilation system.
Inadequate air quantities in the ventilation system may cause
gas to accumulate to dangerous levels, and may result in gas
explosions under certain circumstances and conditions
(Lunarzewski, 1998). Table II shows some of the major mine
explosions since 2000 (Karacan et al., 2011; State
Administration of Coal Mine Safety, 2014; United Nations,
2010). Due to the explosion risk, gases have always been
regarded as a threat in underground coal mining. Every coal
mine has to institute effective gas control strategies to
maintain the gas concentration in the working areas below
the statutory requirements.
The amount of gas emitted into mine workings depends
on a number of factors. The most important of these are the
productivity of the coal mine, the gas content of the coal
seam, presence of other coal seams in the vicinity of the seam
being worked, operational variables, and geological
conditions (Karacan et al., 2011).
Gas emissions in underground coal mines can be
classified into emissions from development ribs and from
longwall panels. Although many methods have been
developed for estimating gas emission for both development
and longwall panel production stages (Karacan et al., 2011;
Lunarzewski, 1998; Noack, 1998), these methods often lack
accuracy due the numerous defining parameters and
assumptions involved. Besides, irregular gas emission makes
the estimation more difficult.

residual level. This process can be described by Equation [1]
and Figure 3 (Moreby, 2005):
[1]
where, Eg is the rib emission rate in L/s/100 m; E0 is the
initial gas emission rate (t = 0) in L/s/100 m;  is the rate of
decay; and Er is the residual emission (t = ) in L/s/100 m.
For development headings, the total amount of gas
liberated from coal at the face over a period is dependent
upon the gas content of the coal and the mining rate.
However, gas emission at the face is not regular but
fluctuates over very wide limits, depending upon the mean
mining rate and method of mining (Vutukuri and Lama,
1986). Strategies must be adopted to control this irregular
gas emission to establish workable conditions in the
development headings.

 
In longwall mining, gas is emitted from the seam being mined
as well as from the surrounding medium, which may contain
very large amounts of gas, particularly in the surrounding
seams. Saghafi et al. (1998) demonstrated that the amount of
mine gas emissions exceeded the gas content of coal by a

   
As headings advance into the virgin coal seam, free and
adsorbed gas from the immediate ribs of a development
heading are released. Typically, the rib emission rate is a
function of the age of the rib. Initially, the emission rate is
relatively high, followed by a rapid decay from this peak to a
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China

14 February 2005

Sunjlawan, Haizhou shaft, Fuxin

214

USA

2 June 2006

Sago, West Virginia

12

20 September 2006

Lenina, Karaganda

43

Russia

19 March 2007

Ulyanovskaya, Kemerovo

108

Ukraine

19 November 2007

Zasyadko, Donetzk

80

USA

5 April 2010

Upper Big Branch, West Virginia

29

Turkey

17 May 2010

Karadon, Zonguldak

30

19 November 2010

Pike River Mine

29

29 March 2013
1 April 2013

Babao, Baishan, Jilin

36
17

Kazakhstan

New Zealand
China
China

12 May 2013

Taozigou, Luxian, Sichuan

28

China

13 December 2013,

Baiyanggou, Hutubi, Xinjiang

21

China

21 April 2014

Hongtutian, Yunnan

14
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factor of four, due to the emissions from the overlying and
underlying strata, as shown in Figure 4. Therefore, gas
emissions during longwall mining are very difficult to predict
and may depend on many factors besides the gas content of
the mined coal.

  
As the coal mining environment becomes deeper and gassier,
problems associated with gas management becomes more
significant (Karacan et al., 2011). A well-designed
ventilation system can deal with low to medium gas emission
problems. When it is not economic or not operationally
practicable to manage gas emission by ventilation alone, gas
drainage using pre-drainage and/or post-drainage is required
to reduce the gas emissions in the working areas.

 
Ventilation has been the first recourse for controlling gas
emissions (Karacan, 2008; Karacan et al., 2007; Noack,
1998). The supply of sufficient fresh air to dilute the gas to
safe limits and render it relatively harmless is essential for
the safety of longwall mining (Schatzel et al., 2008). This
method is applicable only in mines where gas emission is low
to medium. The system will fail when high gas emission is
encountered because of high costs and unacceptable air
velocities at the working places. Thakur (2006) indicated that
with a well-designed ventilation system, it is economically
feasible to handle specific gas emissions up to 28.3 m3 per
ton of coal mined.

 
Mine operators often try to supply maximum ventilation air
based on the capacity of the system to dilute the gas concentration. Nevertheless, as time passes and the roadways
become longer, ventilation capacity may decline because of
leakage (Schatzel et al., 2008). Furthermore, gas emissions
that flow into the ventilation system may increase as mines
progress into deeper and gassier coal seams, and as longwall
operation parameters change (e.g. increased advance rates)
(Karacan et al., 2011). Consequently, it has become
increasingly difficult to control the gas concentration below
statutory requirements by ventilation alone, as this will
require impractically large quantities of air (Gillies and Wu,
2013).
When it is impractical to control gas concentration by
ventilation alone, gas drainage using pre-drainage and/or
post-drainage techniques has to be introduced to reduce
the gas contents and emissions (Brunner et al., 1997).

Pre-drainage methods aim to reduce the gas content of the
coal seam before mining for the purpose of reducing gas
emissions during development and longwall production.
Post-drainage methods (also known as goaf or gob drainage)
aim to capture gas during longwall phases to reduce the
amount of gas managed by ventilation.
When coal seams have a sufficiently high natural
permeability, gas drainage has been a positive and reliable
method for controlling high gas emissions in mines. DuBois
et al. (2006) investigated the use of in-seam boreholes for
shielding the entries from gas flow. Their results showed that
after gas drainage for 6 to 24 months prior to any mining, the
gas emissions into the entries reduced by between 30% and
35%. However, gas drainage has met with limited success in
low-permeability coal. Almost 50% of the underground inseam gas drainage programmes delivered little to no benefits
to gas content reduction (Black and Aziz, 2008). Besides low
permeability, many other factors also restrict the efficiency of
in-seam gas drainage (Black and Aziz, 2009):
 Insufficient drainage time prior to intersection by
development gateroads
 Insufficient monitoring and management of borehole
performance, resulting in low to no flow due to
accumulation of water and/or coal fines within the
borehole
 Insufficient monitoring and management of the gas
reticulation pipe network, with blockages or significantly restricted flow capacity due to accumulation of
water and/or fines in sections of the range
 Poor standard of sealing holes following intersection by
development, resulting in air in the pipe range and
reduced suction pressure
 Insufficient standpipe length and sealing (grouting)
standard, resulting in air dilution in the pipe range and
reduced suction pressure
 Boreholes drilled down-dip and not in the optimum
orientation for maximum drainage performance
 Absence of in-hole dewatering where boreholes have
been drilled down-dip, resulting in water accumulation
restricting gas desorption.
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A method that can offer a substantial increase in
drainage time is surface-to-inseam drilling (Black and Aziz,
2009). This method allows drainage to take place for several
years prior to mining (Thakur, 2006). However, with very
low permeability strata this method has limited success in
reducing the gas content (Packham et al., 2011).
A promising technique referred to as ‘enhanced gas
recovery’ was firstly described by Puri and Yee (1990). This
technique involves injecting a gas, which is different to the
seam gas, into the coal seam to stimulate methane (or other
gas) production (Packham et al., 2011). This technique may
help to increase the production of gas from coal seams and
improve the recovery rate from low-permeability coal.
Although promising, this technique is still under
development, and the mechanism for the stimulation is not
yet fully understood.
As the seams worked become deeper and gassier, gas
drainage has been progressively adopted to reduce the in situ
gas content and gas emission. However, gas drainage is
effective only for coal seams with high permeability; besides,
gas drainage needs time to become effective and it cannot

Potential use of thin spray-on liners for gas management
solve the irregular gas emission problem in underground coal
mines timeously, which may cause the stoppage of work in
development headings and longwall faces.
The limitations of both ventilation and gas drainage
require new techniques to be developed to deal with irregular
gas emission problems, enabling development and production
activities to continue uninterrupted.

;8>:8=<3?27>7?;1? '7?1;9?0<7?4<:<0>4>:8
! ! !!  
During longwall development, headings are driven into gassy
coal and gas is released as the seam is depressurized, at a
rate that is a function of gas content, pressure, and
permeability (Noack, 1998). When ventilation and gas
drainage are not sufficient to control the gas emissions, the
development headings have to be stopped for safety reasons,
which is not acceptable for mining companies. A technology
is urgently needed for reducing the gas emissions rate in this
situation, allowing the headings to advance.
Due to their relatively low permeability, TSLs may have
the potential to deal with irregular gas emissions. Their
operational benefits, such as rapid application, rapid curing,
and low volume required allow the timely sealing of the
irregular gas emission area. Their appropriate mechanical
properties, such as high tensile strength and elongation, can
also deal with deformable ground conditions. It is worth
pointing out that these benefits cannot be provided by other
sealing techniques such as shotcrete. A schematic of TSL
applied in an irregular gas emission area is shown in
Figure 5. The application of TSL may reduce the gas emission
rate in the development heading and allow the advance of the
heading. Besides the gas management benefits, application of
a TSL may also help to maintain the stability of the fresh
excavations.
Based on the permeability test results of Saghafi and
Roberts (2001), Gerard (2007) conducted a theoretical
analysis of the effectiveness of TSLs in reducing rib
emissions. He stated that a sharp drop in rib emissions would
occur once TSL spraying begins, and this process is
illustrated in Figure 6. Although the study showed the
potential for reducing rib emissions with TSLs, there was no
field trial or data to support these assumptions. However,
these theoretical results did show the potential of TSLs for
reducing rib emissions and field trials are recommended to
prove these assumptions. At the same time, problems
associated with the application of TSLs can be addressed.

   ! !  !!  
Because of the influence of the excavation, stress-induced
rock fracture near the roadway will increase the permeability
of the coal mass near the roadway (Zhou and Lin, 1998), as
shown in Figure 7. This will cause serious air leakage around
a drainage borehole due to the high suction pressure created
by gas drainage (Xia et al., 2014a), as shown in Figure 8a.
This air leakage may not only result in a low gas drainage
concentration, but also lead to many other hazards, such as
spontaneous combustion of coal, gas combustion, and gas
explosion (Xia et al., 2014b). Apart from the risks, Palchik
(2002) stated that if the migration air can be reduced by onehalf to one-third, the drained gas flow rate can increase 1.5–2
times. Therefore, there is an urgent need to develop an
effective method to deal with ventilation air migration into
the drainage boreholes.

,=029>?% .>;9>8=5<3?9=$?>4=77=;:?529">?=8.? '?<//3=>6?<8?
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1 – Roadway roof, 2 – coal seam, 3 – roadway floor, 4 – ventilation air
migrates into drainage borehole, 5 – drainage borehole, 6 – drainage
borehole seal, 7 – TSL material
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Potential use of thin spray-on liners for gas management
Measures need to be taken to deal with this air leakage
around gas drainage boreholes. In gas drainage practice, a
sealing material such as polyurethane is used to seal the
borehole; however, it can seal only the borehole itself, and
the internal cracks of the coal seam are not blocked off (Lu et
al., 2014). A TSL may be used to reduce the migration of
ventilation air into the drainage boreholes. After spraying,
the TSL material will bond firmly to the coal ribs and form a
liner with low permeability. The liner can seal the cracks
around the drainage holes and prevent the migration of
ventilation air into the drainage holes, as shown in Figure 8b.
The performance of the drainage hole is enhanced: on the one
hand, the purity of the drained gas is increased as the path
between the ventilation air and the drainage holes is sealed;
on the other hand, the suction pressure can help desorption
of gas from the coal and increase the gas production.
Furthermore, the TSL can also reduce the rib emission rate to
the ventilation system, which enhances gas management in
underground coal mines.
A field trial of using TSL for enhancing the gas drainage
efficiency was carried out by Tenney et al. (2015). The trial
involved spraying a polymer/cementitious-based TSL on the
area surrounding gas drainage boreholes, whereby the TSL
acts as a thin membrane decreasing the permeability of the
coal. The results showed that the methane purity was
increased by 9.14% and air contamination reduced by 7.93%
after the application of the TSL. However, problems are also
associated with the trials, such as the variability of the
methane flow rate, the interpretation of the results, and the
area for spraying the TSL material, which need to be
investigated in future tests. The advantages and
disadvantages of gas emission control techniques are
compared in Table III.

It is important for the mine ventilation engineer to be
conscious of the zones in which spontaneous combustion is
most likely to occur. Typical areas where spontaneous
combustion can occur are along ventilation leakage paths.
Leakage can occur in rib fractures around ventilation
stoppings, through faults or cracks passing through a pillar,
or along the bed separation in any remaining coal left in the
roof (Ham, 2005; McPherson, 1993). Oxygen may
accumulate in these areas where insufficient ventilation
exists, resulting in the inadequate dispersion of heat from
oxidation (Cliff, 2009).
TSLs have the potential for controlling spontaneous
combustion. If a spontaneous combustion event was
discovered in a chain pillar, then a TSL could be sprayed on
the ventilation intake side to prevent any further oxygen
from entering the leakage path. If detected early enough, the
oxidation process may slow down and eventually be stopped
due to the oxygen deficiency. In fact, if a TSL has already
been sprayed onto the ribs (whether for support or other gas
management reasons), spontaneous combustion may have
been avoided already, as shown in Figure 9.

A>:8=3<8=;:?$>:>1=87?/9;"=6>6?$+? '7
Ventilation power costs have a direct relationship with
frictional head losses in mine airways. A reduction in the
airway friction factor would result in a corresponding
reduction in power costs. TSLs have a very low ventilation

  ! ! !!  
Spontaneous combustion of coal has been a serious problem
for coal producers and users for many years. As a result of
spontaneous combustion, the coal producers may suffer
(Ham, 2005; Simion et al., 2005):
 Fatalities caused by hazardous gases
 Loss of equipment
 Loss of a large amount of coal reserves.

,=029>?&%<4/3>?;1? '?/;77=$3+?/9>">:8=:0?7/;:8<:>;27
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Table III
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Ventilation

• Most common method of dealing with gas emission

• Not effective with high gas emission, because of high costs
and unacceptable air velocities
• Ventilation capacity may decline due to leakage

Gas drainage

• Reliable method for controlling high gas emission in mines
• Reduces the gas content of the coal seam and
shields the development entry
• Can capture gas for power generation

• Needs long drainage time prior to intersection by development road
• Limited success in low-permeability coal
• Fractures around the drainage pipe, resulting in air dilution and
reduced suction pressure
• Cannot deal with irregular gas emissions

TSL

• Very low permeability
• Can deal with irregular gas emissions
• Many operational benefits such as rapid application,
rapid curing, low volume required
• Can bring other benefits such as ground support,
spontaneous combustion control, and reducing the
ventilation friction factor

• TSL cannot be applied alone to control gas emission; it has to be
applied to supplement other techniques

• Applicable in mines with low to medium gas emission
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friction factor, which gives them potential to improve mine
ventilation capabilities (Archibald and de Souza, 1993; de
Souza and Archibald, 2002).
Archibald and de Souza (1993) carried out wind tunnel
simulations of airways, made of plywood, to evaluate the
friction factor (K) parameters associated with the installation
of a polyurethane-based TSL. This work demonstrated that
the TSL used had a ventilation friction factor about
0.00249 N.s2/m4, which is approximately two to four times
lower than that of typical mine airway rock surfaces. The
introduction of TSL material in mine airways could therefore
serve to reduce system friction head losses while maintaining
good environmental quality (dust reduction) and improving
mechanical support performance.
A field determination of friction factor parameters was
conducted by de Souza and Archibald (2002) in conjunction
with a field application. As shown in Figure 10, the field
application was carried in a 91 m long, stable fresh air drift at
an underground mine. The airway resistance, friction factor,
and roughness height were calculated from the data from
three ventilation surveys. The results indicated that the liner,
on average, decreased the airway resistance by 7.44%, the
friction factor by 7.42%, and the roughness by 12.19%.
However, only one TSL material was tested and the benefits
of TSL for ground support were not investigated in this study.

'244<9+
This paper reviewed the current gas management challenges
and presented the potential benefits of TSLs for gas
management in underground coal mines. These may include
reducing gas emissions into the ventilation system,
enhancing the in-seam drainage performance, and controlling
spontaneous combustion.
Since their introduction, TSLs have received increasing
attention from the mining industry around the world due to
the significant benefits they bring, such as low volume, rapid
application, and rapid curing, with great potential to reduce
mining costs. However, this technology is not yet mature and
is still under development. Most of the products on the
markets are still undergoing study and field trials.
For safety reasons, reactive TSLs such as polyurethane-,
polyurea-, or methacrylate-based materials are not
recommended for underground applications. Most of the

products on the market are nonreactive TSLs with modifications to reduce the curing time.
Motivated by the potential for using TSLs as a barrier
against gas movement, many tests have been conducted to
investigate the permeability characteristics of different TSLs,
either with or without considering the interaction with the
substrate. Among all the TSL materials tested, the
polymer/cementitious-based TSLs have the lowest
permeability and are recommended for gas management in
underground coal mines from a permeability perspective.
Gas emissions can adversely affect safety and production
in underground coal mining. Appropriate approaches and
equipment are needed for controlling gas emissions in order
to provide safe working conditions. Ventilation and gas
drainage are the most important techniques for this purpose.
However, irregular gas emissions will usually increase the
gas concentration in the roadways and slow down or even
stop development. To address this issue, TSLs have the
potential to be used as a ‘cosmetic’ support for sealing the
fractured zone and decreasing the irregular gas emissions.
During underground in-seam drainage, the application of
a TSL may prevent gas migration into the drainage holes
through the fractures near the ribs, thus increasing the
drained gas purity and gas production. Furthermore, the
application of TSL can also help decrease the rib emissions to
the ventilation environment.
TSLs have the potential for controlling spontaneous
combustion by sealing the leakage path and thereby reducing
the oxygen level in the spontaneous combustion locality. In
fact, if applied early enough, TSLs could also prevent the
occurrence of spontaneous combustion.
The application of TSLs could also potentially reduce the
friction resistance of the ventilation airway, thereby reducing
power and ventilation costs.

>5;44>:6<8=;:7
TSLs show potential to be used as a gas management tool in
underground coal mines. However, there has been limited
research into this topic. It is obvious that further investigation is needed in order to ascertain whether this technology
can have a significant impact on gas management. Multiple
laboratory and field tests under various conditions are
recommended. The application procedures for TSLs in gas
management in underground coal mines should also be
studied and incorporated with the laboratory and field test
results. Furthermore, an optimized application procedure of
TSLs for gas management should be put forward.
Besides gas management, the application of TSLs can
also bring many other benefits, such as in ground support
and ventilation. A financial and technical model should be
built to evaluate the cost-benefit of using TSLs in the coal
mining industry.
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A methodology for laboratory testing of
rockbolts used in underground mines
under dynamic loading conditions
by A. Pytlik*, S. Prusek*, and W. Masny*

Underground mining is subject to various natural hazards such as seismic
events, rockbursts, fire, and gas (methane). In general, an increase in the
extraction depth causes an increase in the likelihood of these hazards,
especially seismic activity and rockbursts. Dynamic phenomena such as
rockbursts and tremors have been recorded on six continents: Europe
(Poland, Russia, Czech Republic, Germany, and Slovenia), Asia (India, and
China), North and South America (USA, Canada, and Chile), Africa (South
Africa), and Australia. To select appropriate mine working supports for
such dynamic phenomena, the performance characteristics of such support
types must be determined under both static and dynamic load conditions.
This article presents information regarding the application of rockbolts
in Polish underground hard-coal mines. Dynamic phenomena occurring in
the mines from 2004–2013 are also characterized. A methodology
developed at the Central Mining Institute (GIG) for the laboratory testing
of rockbolts is presented. In this methodology, the bolts are loaded by the
direct impact of a free-moving mass (up to 20 000 kg) at speeds of up to
1.2 m/s. The facilities at GIG used to test the support under static and
dynamic load conditions are characterized, and the results of laboratory
tests on yielding bolts with a nominal capacity of 420 kN are presented.
These types of bolts are commonly used for reinforcing steel arches and
the surrounding rock mass in Polish coal mines. The results of the
laboratory testing of yielding bolts are discussed..
I5,GF?B
underground hard-coal mining, rockbolts, dynamic load, laboratory testing
methodology, yielding bolts.

CHFG?8@HEGC
Seismic events such as rock bumps and
tremors occur with great frequency during
underground mining. These phenomena have
been reported in such countries as Poland,
Czech Republic, Germany, France, Slovenia,
Russia, India, China, the USA, Canada, Chile,
South Africa, and Australia (Bräuner, 1991;
Potvin, Hudyma, and Jewell, 2000; Kidybin ski,
2003; Driad-Lebeau et al., 2005; Li, Cai, and
Cai, 2007; Whyatt and Loken, 2009; Durrheim
and Riemer, 2012; Holub, Rušajová, and
Holečko, 2011). Descriptions of the dynamic
events and their effects in the form of damage
to or destruction of supports have been
presented in many publications, both for hardrock mines as well as for coal mines (Brauner,
1991; Dubin ski and Konopko, 2000; Heal,
2010; Heal and Potvin, 2007; Simser, Joughin,
and Ortlepp, 2002; Kaiser and Cai, 2012; Cai,
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2013; Nierobisz, 2013; Mark, 2014; Masny
and Prusek, 2015). One of the main goals of
the research has been to develop methods,
criteria, and guidelines for the selection of an
optimal and safe support for mine workings
located in areas of rock bumps or tremors.
Example of such studies include the Canadian
Rockburst Support Handbook (Kaiser,
McCreath, and Tannant, 1996), or the
principles presented in the literature (Li, 2010;
Cai, 2013). The general principle in mine
workings subjected to the risk of a dynamic
load is to utilize a yielding support (yielding
bolts) or rebar bolts of various lengths. This
support can be connected to other types of
support such as mesh or shotcrete. All parts of
a support system must absorb the dynamic
energy released during the tremor or rockburst
as well as minimize the deformation
(convergence) of the working. A number of
construction solutions have been applied to
meet the principles of a yielding support in
regions of burst-prone ground. There are
numerous examples of bolts capable of
transferring dynamic loads, including Cone
Bolts, Durabar, D-Bolts, Roofex, Garford,
Yield-Lok, and CRLD (constant resistancelarge deformation bolts) (Ortlepp, Bornman,
and Erasmus, 2001; Neugebauer, 2008; Li,
2010, Campoli, Oldsen, and Wu, 2012; He and
Sousa, 2014). However, according to Kaiser et
al. (1996), due to practical and economic
limitations it is not practical to provide an
energy capacity greater than 50 kJ/m2 for
ground support. This level was termed the
‘maximum practical support limit’ (MPSL), and
once reached, it is considered impractical to
prevent damage to mine openings by
increasing the amount or changing the type of
ground support. Other strategic measures must
then be taken to reduce the rockburst damage
potential and workers’ exposure to hazards
(Heal, 2010).

A methodology for laboratory testing of rockbolts used in underground mines
To optimize the support selection for mine workings
subject to dynamic loads, laboratory and site tests were
conducted. Laboratory studies on the impact of dynamic
events on a support or their individual components have been
performed at many test facilities. These facilities are located,
for example, in Dortmund (Germany), Opava (Czech
Republic), Carletonville (Savuka mine, Republic of South
Africa), Greater Sudbury (Creighton mine, Canada), Noranda
Inc. Technology Center (Canada), Walenstadt (Switzerland),
and Kalgoorlie (Western Australia School of Mines,
Australia) (Gaudreau, Aubertin, and Simon, 2004; Human
and Ortlepp, 2004; Sosnica, 2008; Player, Villaescusa, and
Thompson, 2008; Roth et al., 2014). A comprehensive review
of test rigs was provided by Hadjigeorgiou and Potvin
(2008). Laboratory methods for testing dynamically loaded
supports are described by Player, Villaescusa, and Thompson
(2008). The authors have identified the following laboratory
test methods for simulating dynamic loads:
 Direct impact of mass on an element
 Impact of the structure/element on a fixed element
 Impact of the structure/element on a moveable element,
e.g. military collision testing of loaded railway wagons
 Impact of a mass on a load transfer mechanism or
energy dissipation element.
A number of underground tests of supports subject to
dynamic loads have been conducted in various mines,
including coal, copper, zinc, and iron ore mines. From the
perspective of test methodology, these tests can be divided
into two main groups. In the first group, the measurements
were performed during naturally occurring dynamic
phenomena. In the second group, the measurements of
dynamic events were conducted using explosives to simulate
dynamic phenomena (Kidybin ski, 1986; Stjern and Myrvang,
1998; Hagan et al., 2001; Tannant, Kaiser, and McDowell,
1992; Masny, 2006; Heal and Potvin, 2007; Hadjigeorgiou
and Potvin, 2008; Nierobisz, 2012).
Seismic activity experienced by Polish underground hardcoal mines from 2004–2013 is characterized in this article.
The current status regarding the scope of the application of
rockbolting in Polish coal mines is also described, along with
the methodology of laboratory dynamic tests of the bolts
developed at the Central Mining Institute, Katowice, Poland.
The results of selected tests of the yielding bolts are
presented.

and the lengths of damaged workings is shown in Figure 1
and Table I (Patyn ska, 2014).
Table I shows the production of coal in Poland from
2003–2013, including the seams mined in areas subject to
rockburst hazards, the number of rockbursts, the number of
accidents, and the length of damaged workings (Patyn ska,
2014).
The data presented in Figure 1 and Table I shows that
hard coal production decreased from 102.5 Mt to 76.5 Mt
from 2003 to 2013. During this period, 39% to 50% of coal
production originated from seams located in rockburst areas.
The number of rockbursts per year ranged from 1 to 5,
resulting in 125 minor to severe accidents and 11 fatalities.
Between 360 m and 3200 m of mine workings were
destroyed or damaged as a result of rockbursts. Examples of
damaged workings after rockbursts are shown in Figure 2.
According to Polish mining law, yielding-type support is
required in coal seams extracted in seismic areas subject to
rockburst hazards. Therefore, in most cases, yielding steel
arches support the workings. The arches are a primary
support installed in the working face during the development
by roadheaders. The distance between the arches ranges
from 0.5 m to 1.0 m. The steel arches have a V-shaped
cross-sectional profile and a mass of between 25 kg/m and
36 kg/m. Under demanding conditions, the steel arches are
reinforced using various types of support, mostly steel
horseheads, wooden and steel props, or cribs. In recent years,
bolts have been installed as reinforcement for steel arches
and the surrounding rock mass (Prusek and Masny, 2013;
Prusek, Masny, and Turek, 2014). Figure 3 shows the length
of the developed workings in 2012 and the proportions of
different types of supports used. An example of combined
support (steel arches, fully grouted rebars, and yielding bolts)
is presented in Figure 4.
The basic characteristics of bolts employed in Polish hard
coal mines are listed in Table II.

&IBHJ>D@EAEHEIBJDHJ  JDC?J7GAHJHIBHEC;J=IH<G?GAG;5
8C?IFJ?5CD=E@JAGD?J@GC?EHEGCB

ICIFDAJ@<DFD@HIFEBHE@BJG>J<DF?J@GDAJ=ECEC;JEC?8BHF5
ECJ$GADC?

Research on different types of supports used in underground
coal mines has been conducted at GIG for many years. The
tests are usually conducted by exerting static or dynamic
loads on the support. The technical specifications of the
dynamic test facility enable the examination of components
with dimensions of up to 5×2×6 m (height × width × length)
through the direct impact of a 1000–20 000 kg freely moving
mass. The maximum impact energy is 500 kJ, and the initial

In 2013 there were 30 underground coal mines, producing
76.5 million tons of hard coal, in operation in Poland. The
longwall method is used for the extraction of multiple seams.
In 2013, 107 longwall panels were retreated with single
entries (101 faces with natural roof caving into the gob and
six with hydraulic backfilling). The average depth of the
cover was 713 m; however, increasingly more collieries are
exploiting coal deposits located at depths of approximately
1000 m. The significant extraction depth and the stress
concentration caused by the interaction of edges or remnant
pillars in the mined-out seams induces seismic activity and
rockburst hazards in the mines (Stec, 2014). Information
regarding seismic activity, rockbursts, numbers of accidents,

.E;8FIJ2- DF?J@GDAJ6FG?8@HEGCJDC?JH<IJC8=7IFJG>JFG@178FBHBJECJ$GAEB<
@GDAJ=ECIBJ>FG=J033(#032(J9$DH5B1D4J032*:
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Table I

&GHDAJ<DF?J@GDAJ6FG?8@HEGC4J6FG?8@HEGCJ>FG=JBID=BJAG@DHI?JECJFG@178FBHJDFIDB4JH<IJD@@E?ICHJFDHI4JH<IJC8=7IFJG>
FG@178FBHB4JH<IJC8=7IFJG>JD@@E?ICHB4JDC?JH<IJAIC;H<JG>JH<IJ=ECIJ,GF1EC;BJ?D=D;I?J?8IJHGJFG@178FBHBJ>FG=
033(#032(J9$DH5B1D4J032*:
IDF

&GHDAJ
!HFD@HEGCJ>FG=JBID=BJ
6FG?8@HEGCJJ JJAG@DHI?JECJFG@178FBHJDFIDB
H

2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

100.40
96.99
99.50
94.50
87.40
83.60
77.5
76.1
75.50
79.20
76.47

@@E?ICHJFDHEGJ
9D@@E?ICHB%
I!HFD@HEGC:

G/JG>
FG@178FBHB

JHGJ;ICIFDA
41.8
39.2
41.0(1)
42.15
44.6(1)
41.9(2)
34.3(3)
35.8(4)
34.2(5)
37.60
36.90

40.9
39.4
41.2(1)
44.6
49.43(1)
50.12
43.8
47.04
45.36
47.47
48.25

G@178FBH
D@@E?ICHB
.DHDA

0.18
0.11
0.13
0.25
0.11
0.31
0.06
0.18
0.08
0.04
0.07

4
3
3
4
3
5
1
2
4
1
1

2
0
1
4
0
0
0
2
1
1
0

GCBI8IC@IJECJ
=ECIJ,GF1EC;B
IBHFG5I?J
D=D;I?4J
D>HIFJFG@1J>DAAJ9=:
9=:

H<IF
16
11
12
20
10
26
5
12
6
2
5

110
0
0
0
0
0
0
30
0
170(1)
50

145
358
270
> 510
530
710
101
87
168
210(1)
113

(1)Approximate data

.E;8FIJ0-D=D;I?J=ECIJ,GF1EC;BJD>HIFJFG@178FHB/J9D:JHFGC;J>AGGF
<IDIJECJH<IJ,GF1EC;4J97:J?I>GF=DHEGCJG>JBHIIAJDF@<IBJ

.E;8FIJ*-!D=6AIBJG>J@G=7ECI?JB866GFHJG>J,GF1EC;BJ8BI?JECJ$GAEB<
<DF?+@GDAJ=ECIBJ#JBHIIAJDF@<IBJDC?JB8FFG8C?EC;JFG@1J=DBBJFIEC>GF@I?
75J>8AA5J;FG8HI?JFI7DFBJDC?J5EIA?EC;J7GAHBJ9DFAE1G,B1EJDC?JGI14J032(
$F8BI14J033:J

Table II

DBE@J@<DFD@HIFEBHE@BJG>JH<IJ7GAHBJ8BI?JECJ$GAEB<
@GDAJ=ECIBJ9&8FI14J$F8BI14JDC?JDBC5/J032':
GAHJH56IJ

.E;8FIJ(-IC;H<JG>J?IIAG6I?J=ECIJ,GF1EC;BJECJ0320JDC?JH<I
6IF@ICHD;IJ8BIJG>J?E>>IFICHJH56IBJG>JB866GFHJ9&8FI14J$F8BI14JDC?
DBC54J032':

load setting of the hydraulic cylinders can be up to 2 MN.
Figure 5a shows the facility for the tests of yielding steel
arches under static load conditions. The test facility for the
lining support is shown in Figure 5b (Pytlik, 2013b, 2013c,
2014).

Yielding bolts
Rebar bolts (rigid)
Injection bolts
Cuttable bolts
Expansion shell bolts
Cable bolts

ED=IHIFJG>J7GAH IC;H<JG>J7GAH GD?+7IDFEC;
9==:
9=:
@D6D@EH5J
.FG=
&G
.FG=
&G
91:
20
16
20
25
20
18

30
40
43
41
40
18

3.0
1.0
1.3
3.0
0.8
6.0

12.0
3.1
11.0
6.0
1.5
6.0

280–430
120–300
50–430
30–120
120
300
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One issue that influenced research on methodologies for bolts
subjected to dynamic loads was the lack of relevant Polish
standards. Initially, this methodology (Pytlik, 2005) was

designed to determine the dynamic resistance of yielding
bolts under so-called ‘explosive’ rockburst conditions
associated with the rapid disintegration of coal. This
methodology assumed that a bolt should dissipate the impact
energy without its elements being destroyed. The kinetic
energy of the load is 25.0 kJ. A traverse with a mass of 2000
kg was used to exert the static load on a bolt prior to the
dynamic impact. The test consisted of an impact by a 4000 kg
free-falling mass. The parameters were selected in accordance

A methodology for laboratory testing of rockbolts used in underground mines
[4]
After substituting Equations [1] and [3] into Equation
[4], we obtain
[5]
where
m1 – mass of free-falling mass, kg
m2 – mass of traverse, kg
h – fall height of free-falling mass, m
g – acceleration due to gravity, m/s2.
The average friction force Ft from the start of the bolt
protrusion from the cylinder until the end of the feed of the
bolt is calculated as follows:
.E;8FIJ'-&<IJHIBHJ>D@EAEHEIBJDHJH<IJICHFDAJECEC;JCBHEH8HIJ9  :/J9D:
.D@EAEH5J>GFJHIBHEC;JBHIIAJDF@<IBJDHJ>8AAJB@DAI4J97:J>D@EAEH5J>GFJHIBHEC;JAECEC;
B866GFHBJ9 B<GH@FIHIJDC?J&:J

with the assumptions made for cases of ‘explosive’
rockbursts. This resulted in an impact speed of approximately
3 m/s (corresponding to the impact of the free-falling mass
from a height of approximately 0.97 m). The high impact
velocity used in the tests does not correspond to the
rockburst model involving large masses of rock according to
peak particle velocity (PPV) studies (Kidybin ski, 1999).
The current research methodology (Pytlik, 2015) allows
the dynamic load of a large mass (from 10 000 to 20 000 kg)
to be applied to the bolt. The essence of the study consists of
statically preloading a bolt by a traverse with a mass m2. The
main dynamic load is exerted by the impact of a free-falling
mass m1 from a height h. During the test, the loading speed
vu depends on the height h. The impact speed vu is calculated
under the assumption of a plastic collision of the masses m1
and m2. The speed vo of the free-falling mass from the height
h at the traverse at the moment of impact is calculated from
[1]
where
h – height, m
g – acceleration due to gravity, m/s2.
The speed vo is not the speed of the dynamic load in the
test of the support component. After the plastic collision, the
system consists of combined masses m1 and m2. To calculate
the speed vu of the joined masses m1 and m2, the principle of
conservation of momentum is used:
[2]

[6]
where
t1 – feed start time of the bolt from the cylinder, s
t2 – feed end time of the bolt from the cylinder, s
Using the test facility, it is possible to examine both the
mechanical components of the bolt (Figure 6a) as well as the
bonded bolt in the steel cylinder (Figure 6b). The bolt is
placed in a cylinder filled with concrete with a specified
compressive strength.
During the test, the dynamic values of the breaking force
and deformation of the bolts are measured. These parameters
determine the stability of the support and are essential to the
development of support projects for mine workings.
The development of the test methodology was guided by
the analysis of seismic observations in Polish hard-coal
mines (Dubin ski and Mutke, 1996; Mutke, 2007) conducted
in the region of the so-called near-field wave. This research
showed that 90% of rock bumps occurred in the area where
the PPV reached 0.05 to 1.0 m/s. Other data from the
literature (Kidybin ski, 2009) revealed that for PPV  0.4 m/s,
there is a high risk of loss of stability of the mine workings.
This implies the possibility of support destruction. This PPV
value was also confirmed by Mutke (2012). In general, the
PPV value is considered as a measure of the dynamic effect of
the rockburst on the support (Potvin, Wesseloo, and Heal,
2010).
The speed of the free-falling mass in the GIG test facility,
vu, is not the same as the PPV on the surface of the mine
workings. The methodology assumes that such correlation
exists and applies only to the first impulse of the load and not
to the wave motion. This is because in addition to the wave
motion, there is another rock mass movement, which is a

from which we obtain
[3]
According to Equation [3], a portion of the kinetic energy of
the free-falling mass m1 is lost to set the traverse (with mass
m2) in motion. The combined system of masses m1 and m2
has a lower velocity. The speed vu is taken as the initial speed
of the load. This value is substituted into the kinetic energy
calculation formula of the combined masses m1 and m2:
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common cause of the destruction of mine workings
(Drzewiecki, 2002). This movement is associated with the
motion of large volumes of rock mass initiated by the
creation or propagation of discontinuities. The direction of
this movement is consistent with the area with the most
degrees of freedom.
The new methodology identifies five categories of bolts
based on dynamic resistance. The classification is based on
the initial velocity, vu, of rock masses moving into the mine
workings, as shown in Table III, where h is the fall height of
the free-falling mass:
Using the developed methodology, the performance
characteristics of bolts are determined under a dynamic
impulse load. During the tests, the bearing capacity and
yielding of the bolts are determined. These parameters are
important for the design of rockbolts intended for use in
areas subject to rockburst hazards.
Both the mechanical components of bolts (Pytlik, 2005,
2013a, 2015) – i.e., the wires, washers, and nuts – as well as
bolts bonded in a steel cylinder (Pytlik, 2015) can be tested
in the facility. The cylinders are filled with concrete or a
cement-mineral binder with a predetermined ultimate
compressive strength. Based on Polish standards (PN-G15092: 1999), the uniaxial compressive strength (UCS)
should be greater than 50 MPa. The test facility also allows
the adhesiveness of the resin or cement binder to the bolt
wires to be checked. When testing bolts bonded to a steel
cylinder, the length and dimensions can be adapted to the
requirements of Polish standards (PN-G-15092: 1999). For
bolts mounted sectionally in a cylinder, the standards require
the test length to be at least 210 mm. For bolts secured along
the entire length of the cylinder, a length of 1000 mm is
assumed. In practice, it is often assumed that the bonding
length of the bolts should not be less than 0.6 m. The initial
tension of the bolts should not be less than 30.0 kN.
The relationship of the bolt dynamic resistance Fd as a
function of load time t (at the desired impact speed vu)
characterizes the performance characteristics of a dynamically
loaded bolt. The maximum force of dynamic resistance Fdmax
is determined during the test. This value depends on the
kinetic energy of the free-falling mass. The maximum impact
speed vu at which any element of the bolt is not damaged (the
continuity of the material is not interrupted, and the bolt
retains its functionality) is the basis for classifying these
bolts into one of five categories of bolt impact resistance:
W1–W5.
The mass of the free-falling mass in the test facility is
taken as 24 000 kg, assuming that the average bulk density
of rocks moving into the mine workings is 2400 kg/m3, and

the volume is 10 m3.
A full tension test of a bolt using this methodology is
performed in two stages (Pytlik, 2015). In the first stage, the
bolt’s mechanical components are examined according to the
scheme shown in Figure 7.
The examination of the bolt consists of the following:
(a) Preparing the bolt to be tested by securing it on both
sides with nuts and washers
(b) Exerting a static load on the bolt (which simulates
pre-tension of the bolt) by a traverse with instrumentation with a total mass m2 = 4000 kg (traverse mass
mt = 3300 kg, instrumentation weight mo = 700 kg).
In the next step, the load is increased by an
additional mass m1 = 20 000 kg over 5 seconds. A
positive test result is obtained if the bolts transfer the
given load without damage (the continuity of the
material is not interrupted)
(c) Unloading the bolt by raising the free-falling mass
(m1) to a predetermined height h (in the range from
approximately 1 to 12 cm) corresponding to the given
load speed vu of 0.4 to 1.2 m/s
(d) Releasing the free-falling mass (with m1 = 20 000
kg) into free fall from a height h above the traverse
(m2 = 4000 kg).
The test result in the first step is considered to be positive
if any element of the bolt is not damaged (the continuity of
the material is not interrupted, and the bolt retains it
functionality).
During the bolt test, the instantaneous value of the
dynamic resistance force Fd is recorded. From the obtained
data, a maximum value Fdmax is determined. Before and after
the test, the length of the bolt L is measured. This enables the
elongation L of a tested bolt to be determined.
Bolts that pass the first stage of research are tested in
step 2. In this stage, a bolt is bonded to the steel cylinder.
The scheme of the test for this step is shown in Figure 8.
The examination of the bolt in the second stage consists
of the following:
(a) Installation of the bolt (Figure 8) into the steel
cylinder at approximately 400 mm. TSM 70 adhesive
with a nominal UCS of 70 MPa is used as the binder.
After the installation, the bolt is left for 14 days.
The binder achieves the required strength of UCS =
50 MPa over this time

Table III

=6D@HJFIBEBHDC@IJ@DHI;GFEIBJ>GFJFG@17GAHBJ9$5HAE14
032':

W1
W2
W3
W4
W5

 9=%B:

h 9@=:

0.4
0.6
0.8
1.0
1.2

1.3
3.0
5.0
8.0
12.0
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(b) A static load is exerted on the bolt (which simulates
pre-tensioning of the bolt) via a traverse with instrumentation having a total mass m2 = 4000 kg
(traverse mass mt = 3300 kg, instrumentation weight
mo = 700 kg). In the next step, the load is increased
using an additional mass m1 = 20 000 kg over 5
seconds
(c) The bolt is unloaded by raising the free-falling mass
(m1) to a predetermined height (h, in the range from
approximately 1 to 12 cm) corresponding to the given
load speed vu of 0.4 to 1.2 m/s
(d) Releasing the free-falling mass (m1 = 20 000 kg)
into free fall from height h onto the traverse (m2 =
4 000 kg).
The test result in the second step is considered to be
positive if the bolt transfers the given load without suffering
damage (the continuity of the material is uninterrupted), and
the bolt does not protrude from the steel cylinder by more
than 80% of its length.
The maximum values of the impact speed vu obtained
during the test in stages 1 and 2 form the basis for the classification of the bolt into one of the impact resistance
categories. These categories are shown in Table III (W1–W5).
When classifying a bolt, a lower impact speed from the test
results of stage 1 and 2 is selected.
During the tensile impact load test of a bolt bonded to the
steel cylinder, the momentary dynamic resistance force Fd of
the bolt is recorded. During this test, the maximum value
Fdmax of the momentary dynamic resistance force Fd of the
bolt is determined. Before and after the test, the length L of
the bolt and the bolt geometry are measured to determine its
elongation L or the length of the extension from the steel
cylinder Lw (Figure 9).
All measurement data was recorded with a minimum test
frequency of 9600 Hz. For the force measurement, strain
gauges and HBM measuring amplifiers were used. Each bolt
was tested according to the presented methods. If the
condition of the bolts allowed, tests on the destroyed bolts (or
shearing that occurred at the wire-binder or binder-concrete
interface) were continued to determine their post-critical load
capacity.
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In this section, selected results of the yielding bolt tests
conducted at the GIG facility under dynamic load conditions
using the methodology described in the previous section are
presented. The study objects were yielding bolts with a
nominal load-bearing capacity of 420 kN. A schematic of the
bolt is shown in Figure 10.
The bolts were composed of a bundle of eight wires with
a diameter of 7 mm, seven of which were located peripherally
to one wire at the centre. The bolts also incorporated a
cylinder liner and a nut with an M42 × 2 threading. The outer
diameter of the yielding bolt was approximately 23 mm, and
the length approximately 1.5 m.
Load-deflection curves of force F to elongation L of three
bolts are shown in Figure 11. Undamaged wires transferred a
load of 430 to 442 kN.
In a subsequent step, a test was conducted on the
mechanical components of the yielding bolts under dynamic
loading.
In the first stage of the examination, the bolts were found
to meet the requirements of the W3 impact resistance
category. The maximum dynamic resistance force Fdmax was
approximately 420 kN. An example chart of the dynamic
resistance force is illustrated in Figure 12. The abovementioned bolt was not damaged and maintained its functionality
during the test at an impact speed of vu = 0.8 m/s. After the
test, it was found that only the bolt wires had protruded from
the steel cylinder by approximately 80 mm. Fading vibrations
of forces are visible in the graph. Their envelope is similar to
a power curve.

.E;8FIJ-@<I=IJG>JH<IJ=IDB8FI=ICHBJ6IF>GF=I?J?8FEC;JH<IJHIBHJ92:
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Figure 13 shows an example chart of the dynamic
resistance force of the bolt, which was destroyed by breaking
of the wires in a wedge clamp. The clamp was located inside
the cylinder liner.
In the second stage of the dynamic tests, the yielding
bolts were bonded to the steel cylinder with a TSM-70K
mineral cement-type binder. The characteristics of TSM-70K
were determined in accordance with PN-EN 196-1: 2006.
The UCS strengths after 1, 3, 7, and 28 days are shown in
Figure 14. To bind the bolts inside the steel cylinder, a hole
with a diameter of 32 mm was drilled.
As indicated by the graph demonstrating the strength of
the TSM-70K binder, the parameters considerably exceed the
requirements of the Polish standard (PN-G-15091: 1998).
The Polish standards specify that the minimum UCS strength
of cement and other mineral binders be 5 MPa after 3 days
following mixing of the components.
An additional test (not included in the Polish standards
governing the requirements) relevant to bolts used in mining
(PN-G-15091: 1998, PN-G-15091: 1999) was also
performed. The test consisted of pulling a bolt with a length
of approximately 400 mm out of the steel cylinder with a
quasi-static load (extension rate of the bolt, v, of approximately 20 mm/min). The test was performed 3 days after
binding in the cylinder. The force F pulling the bolt from the
steel cylinder as a function of bolt extension length L and as
a function of time t is shown in Figure 15.
During this test, the mechanical components of the bolts
were not damaged; however, the connection was sheared at
the wire-bonder interface. This study confirmed that the
anchor had a relatively high static load capacity of up to
350 kN after three days of being bonded. The greatest
bearing capacity loss occurred when a bolt protruded from a
cylinder a distance of approximately 220 mm.
The test results for the yielding bolts under dynamic
loading (14 days after bonding) are shown in the graphs in
Figures 16 and 18. The bolts were bonded to a steel cylinder

with a length of approximately 400 mm. The tests were
performed with an impact speed vu of 0.6 to 0.8 m/s. The
results of these tests were negative and prevented the classification of the bolts into the W3 category (they do not meet
the lower W2 category). The test results 21 days after
bonding are shown in Figures 19 and 20. A summary of test
results and calculations is shown in Table IV.
Based on the analysis of the graphs presented in Figures
16 and 18, it can be concluded that the wires protruded from
the cylinder in each of the laboratory tests (in tests of bolts
14 days after bonding). This was caused by shearing at the
wire-binder interface. The loss of adhesion between the wires
and binder in the steel cylinder previously occurred at a force
of Fd = 110 kN. As this process proceeded, the rod advanced
in pulses from the hole in the cylinder. The test was
continued until the bearing capacity of the bolt was totally
lost. The rod, washer, and nut remained intact after the test.
To test the effect of the binding time of a mineral binder,
various studies of bolts (21 days after the bolts were
mounted to the steel cylinder) were performed. As shown in
Figure 19, the bolt transferred the dynamic load without
being damaged. This load was exerted by the free-falling
mass released from a height of h = 0.4 m. This exceeds the
requirements for bolts in the impact resistance category W2.
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Although the rods protruded from the cylinder (over a length
of 27 mm), the bolt did not protrude from the cylinder. In
comparison with studies after 14 days, the wire-binder
interface transferred a load of Fd = 420.6 kN (an increase of
83% compared to sample no. 2, as shown in Figure 15; Fd =
230 kN) during the bolt test 14 days after mounting in the
cylinder. The first two maximum values of the force shown in
the graph (Figure 19) are related to the momentary sliding of
the rod at the interface with the binder. The bolt remained
able to dissipate an impact energy of Ek = 6.7 kJ. After
stabilization in the hole, damping of the bolt vibrations
occurred. The envelope is shown in the chart.
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Table IV

EIA?EC;J7GAHJHIBHJFIB8AHBJECJBHD;IJ0#JECJBHIIAJ@5AEC?IF
&IBHJ
CG/

8=7IFJG>J?D5BJD>HIFJ7GC?EC;
H<IJ7GAHJHGJDJ@5AEC?IF

 9=:

 91:

 91:

 9=%B:

 91 :

EB8DAJECB6I@HEGCJD>HIFJH<I
I!6IFE=ICH

1
2
3

14
14
14

0.03
0.04
0.05

332.5
349.8
401.2

148.7
162.9
169.1

0.64
0.74
0.83

5.1
6.7
8.4

No damage to the mechanical parts of the bolt.
Wires protruded fully from the cylinder.
Shearing at wire-binder interface.

4

21

0.04

420.6

302.3

0.74

6.7

No damage to the mechanical parts of the bolt.
Wires protruded from the cylinder to a length of 27 mm.

5

21

0.045

397.9

174.6

0.81

7.6

No damage to the mechanical parts of the bolt.
Wires protruded fully from the cylinder
Shearing at wire-binder interface

h - the fall height of the impact mass, m
Fdmax - the maximum dynamic resistance force, kN
Ft - the average frisction force, kN
vu – the impact speed, m/s
Ek – the kinetic energy, kJ.
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During the tests (classifying the bolt in the W3 category;
vu = 0.8 m/s), the bolts subject to an impact speed of 0.7 m/s
protruded from the steel cylinder. The bolt did not transfer
the load (without being damaged), as indicated in the graph
in Figure 20.
Figures 21 and 22 present examples of the yielding bolts
after the tests.
Under dynamic loads resulting from an impact at speeds
vu in the range of 0.6 to 0.8 m/s, none of the mechanical
components of the yielding bolt were damaged, indicating
that the weakest component was the wire-binder interface.
Thus, the length of the bonding in the hole must be
increased, ensuring full use of the bearing capacity of the
bolt. A significant increase in the load-bearing capacity of the
bolt can also be obtained by extending the setting time,
which was confirmed by the performed tests (21 days after
bonding).
The study also shows that, despite the shearing of the
connection between the rod and the binder, the bolt did not
completely lose its bearing capacity and continued to function
on the principle of frictional contact in the hole until complete
extension of the rod from the hole. During this frictional
contact, the resistance was observed to vary in pulses and
decreased to zero. Despite the relatively short cylinders (with
a length of approximately 400 mm) in the tests, maximum
values of the dynamic resistance forces Fdmax in the range of
330.0 to 420.6 kN were obtained. This is important for the
bolts’ post-critical performance, i.e., after shearing at the
wire-binder interface.
Analysis of the yielding bolt performance during its
extension out of the steel cylinder (after shearing at the rodbinder interface) demonstrated that the friction force between
the rod and the wall of the cylinder hole was nonlinear. This
was assumed by Gaudreau, Aubertin, and Simon (2004). The
shape of the frictional force envelope is similar to a power
function. In Figures 15 and 19, the protrusion process of the
rod from the cylinders consists of impulse forces. These
forces correspond to the rods slipping until the test is halted
or until the rods extend totally out of the cylinder. The charts
also show the equations of the envelopes of the friction force
Ft. The differences in performance of the yielding bolt after
14 and 21 days can be observed.

8==DF5
To select appropriate mine working supports for conditions
that may include exposure to dynamic phenomena, the
performance of such supports must be determined under
dynamic conditions. One of the commonly used methods of
support assessment under dynamic loading is laboratory
testing using a free-falling mass impacting a test object. This
article described a methodology for the laboratory testing of
rockbolts developed by and employed at the GIG for the study
of bolt behaviour under dynamic load conditions. The
parameters of the laboratory tests were defined by
considering the estimated speed of the rock mass during rock
bumps and tremors in Polish coal mines. In the GIG test
facilities, it is possible to dynamically load the tested bolts
using the momentum of a large freely moving mass (20 000
kg) applied to bolts at speeds of up to 1.2 m/s. In Polish
underground coal mines, the primary support of workings,
erected during development, is steel arches. Under difficult
geo-mining conditions, the steel arch and surrounding rock
mass are reinforced using bolts. During the exploitation of
coal seams, severe rockbursts and tremors occur each year.
The occurrence of these phenomena means that, prior to
application of different supports in mine workings, it is
necessary to assess their bearing capacity under dynamic
load. Such assessment is possible with the methodology
described in this paper, as confirmed by test results of
yielding bolts.
Given past experience, bolts with a minimum category of
impact resistance of W3 are recommended for use in Polish
underground coal mines.

@1CG,AI?;I=ICHB
This article presents a brief summary of work conducted by
the Central Mining Institute under the project Innovative
Technologies and Concepts for the Intelligent Deep Mine of
the Future. The project is implemented under the Seventh
Framework Programme of the European Union.
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Extraction of zinc from zinc ferrites by
alkaline leaching: enhancing recovery
by mechanochemical reduction with
metallic iron
by C. Zang*, L. Zhuang*, J. Wang*, J. Bai*, and W. Yuan*

This study evaluates the efficiency of using mechanochemical reduction to
assist the extraction of zinc from zinc ferrites by alkaline leaching. The
transition of zinc ferrite into a metastable state after mechanochemical
reduction with metallic iron contributes to the ready dissolution of zinc
from the activated zinc ferrites in alkaline solution. Zinc ferrites were
mechanochemically reduced under conditions of Fe:ZnFe2O4 mole ratio of
2:1, using 5 mm diameter stainless steel balls as the activation medium at
a mass ratio of balls to raw materials of 25:1. Subsequent leaching in 6
mol/L NaOH solution at 90°C resulted in more than 70% Zn extraction.
These results may be used to further develop a hydrometallurgical process
for recovering zinc from zinc ferrites in alkaline solution.
:6/4)'
zinc ferrite, mechanochemical reduction, metallic iron, alkaline leaching.

9324/)-025/3
Zinc is an important nonferrous metal required
for various applications in batteries, solder,
dielectric materials, and piezoelectric materials.
High-grade, easily concentrated ores are
becoming scarcer: to meet world demands for
zinc, it is necessary to develop economical and
environmentally safe metallurgical
technologies that use secondary materials such
as leach residues of roasted zinc concentrates
and electric arc furnace dusts. The zinc in the
majority of these wastes occurs in the form of
zinc ferrite (franklinite, ZnFe2O4), which is
very stable and insoluble in most acidic and
alkaline solutions (Langová and Matýsek,
2009; Youcai and Stanforth, 2000).
Several pyrometallurgical and hydrometallurgical processes (Jankovi et al., 2014;
Langová and Matýsek, 2010; Morcali et al.,
2012; Shawabkeh, 2010) have been proposed
for the treatment of zinc ferrites.
Pyrometallurgical methods are costly owing to
high energy consumption and their emissions
of toxic gases are considered an environmental
problem; hydrometallurgical methods are
preferred for process economy and environmental reasons (Copur et al., 2004).
Because of the need to eliminate elements
such as Fe, Cd, Ni, and Co from the leachate
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and the high acid consumption incurred for the
digestion of iron oxides, industrial-scale
utilization of acidic leaching processes has
been impeded. Only Zn and Pb dissolve
effectively in caustic alkaline solution, so
alkaline processes are often chosen to leach Zn
and Pb selectively from Zn-bearing dusts and
secondary resources (Youcai and Stanforth,
2001). However, it is difficult to extract zinc
from zinc ferrite by NaOH solution under
atmospheric pressure: the maximum reported
extraction of zinc from decomposed zinc ferrite
was only about 9%, after leaching in 10 M
NaOH solution for 3 hours at 93°C (Xia and
Pickles, 1999).
Youcai and Stanforth (2000) showed that
the zinc ferrite structure could be broken by
fusing it with sodium hydroxide: the dust was
hydrolyzed in water and then fused with
caustic soda at 350°C, following which 95% of
the zinc was leached. However, in addition to
leachable Zn, elements such as Fe and Ca may
also react with sodium hydroxide during
fusion of the zinc ferrite, resulting in high
consumptions of this reagent.
Mechanical activation of minerals
nowadays represents an important contribution to different fields of solids processing
technology. Mechanical activation comprises
high-energy ball milling, during which the
particles undergo repeated fracturing and cold
welding during collisions either between balls
or between a ball and the inner wall of the mill
(Gilman and Benjamin, 2009). In extractive
metallurgy, activation by high-energy milling
is reported to decrease the reaction
temperature in pyrometallurgical processes and

Extraction of zinc from zinc ferrites by alkaline leaching
increase the leaching kinetics of several sulphide and oxide
minerals in (Baláž and Ebert, 1991; Ping et al., 2011; Tiechui
et al., 2010; Zhao et al., 2009).
The aim of this study was to investigate the effect of
using mechanochemical reduction with metallic iron on the
extraction of zinc from zinc ferrites in alkaline solution.

#645+6321*

The zinc ferrites were provided by Nubiola Pigments Co., Ltd
(Shanghai, China). X-ray diffraction (XRD) analysis
confirmed their high purity (

 
  
Mechanical activation or mechanochemical reduction of zinc
ferrite was carried out using a planetary ball mill (QM-QX04,
Nanjing NanDa Instrument Plant, China). Stainless steel balls
with diameters between 1 mm and 5 mm were used as the
grinding medium. The mass ratio of balls to ferrite was 25:1.

of the total zinc was released from the zinc ferrite (Figure 2),
indicating that direct alkaline leaching is not an effective
means of extracting zinc from this source.

 
The results for the leaching of zinc ferrite that was mechanically activated in a planetary ball mill are shown in Figure 3.
Compared with the non-activated sample, the zinc extraction
increased slightly: about 13% of the contained zinc was
released after 4 hours of mechanical activation.

 

Because the zinc was not extracted from zinc ferrites by
alkaline leaching after mechanical activation,
mechanochemical reduction with metallic iron was tested.


Leaching of mechanically activated or mechanochemically
reduced zinc ferrite was carried out in a flask placed on a
thermostatically controlled magnetic stirrer. Zinc ferrite was
added to 250 mL of NaOH solution and then leached at
constant temperature. The volume was kept constant by
adding water. The leach residue was thoroughly washed with
NaOH solution and water and then dried. The zinc in solution
was analysed by inductively coupled plasma atomic emission
spectroscopy (ICP–AES). The percentage of zinc leached was
calculated according to Equation [1]:

,5(-467%$5460271*1*5367*610&53(7/.7!3,6% 26+#6412-467 7 
170/306324125/3777'/*5)'7)63'527 7%

[1]
where W1 (g) is the mass of zinc ferrites; V1 (L) is the volume
of the leach solution; C1 (g/L) is the zinc concentration in the
leach solution; and C2 (%) is the zinc content in the zinc
ferrites.

<6'-*2'713)7)5'0-''5/3

Zinc ferrite was leached in 6 M NaOH at 90°C. Less than 2%
,5(-467$..6027/.7+60&13501*71025125/3725+67/37"53076241025/37.4/+
!3,6%

,5(-467 $417)5..41025/37#1226437/.72&67"5307.6445267417+126451*
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Extraction of zinc from zinc ferrites by alkaline leaching
   

  

The zinc ferrites were leached in 6 M NaOH at 90°C after 4
hours of mechanochemical reduction at different Fe:ZnFe2O4
ratios. The leaching efficiency increased considerably as the
proportion of metallic iron increased (Figure 4). Maximum
leaching efficiency was obtained when the Fe:ZnFe2O4 mole
ratio exceeded 2:1.
XRD patterns of the ZnFe2O4 after grinding with Fe at
different molar ratios for 6 hours are shown in Figure 5. The
intensities of the main diffraction peaks of ZnFe2O4 tended to
decrease as the Fe:ZnFe2O4 mole ratio increased. It is reported
that mechanically induced structural changes in zinc ferrite
cause its gradual transition into a metastable state (Boldyrev,
2006; Tkacova et al., 1996) as a result of mechanically
induced inversion and deformation of its octahedral
geometry, which can be enhanced by the addition of metallic
iron.
The chemical bonding environments of Fe2p, Zn2p in
zinc ferrite after mechanochemical reduction were analysed
by XPS, and the results are shown in Figure 6. As shown in
Figure 6A, it was found that the binding energy for Fe 2p3/2
in zinc ferrite is 710.15 eV, which matches well with the Fe3+
components in ZnFe2O4 (Pan et al., 2011; Bear et al., 2001).
After grinding with Fe, the peaks shift to lower positions by
about 0.18–0.19 eV, which indicates that the content of Fe2+
is increased according to the reduction of Fe3+ to Fe2+ (Hou,
2014) .
The zinc spectra of mechanochemically reduced zinc
ferrite in Figure 6B with the binding energies of Zn2p3/2 and
Zn2p1/2 are measured as 1021.47 eV and 1044.58 eV, which
is consistent with the XPS results for the standard ZnFe2O4
materials (Tahir and Upul Wijayantha, 2010.). The peak
positions of Zn2p3/2 and Zn2p1/2 shift to the lower binding
energy side after mechanochemical reduction with Fe, which
is evidence for the decomposition of zinc ferrite and
formation of ZnxFe3-xO4 solid solution (Hou , 2014; Kaneko,
2004).

In planetary ball milling, energy is supplied by the rotation of
the mill. Different rotational speeds therefore supply different
energies. This can significantly affect the reaction rate of the
mechanochemical reduction.
The effect of rotational speed of the mill on zinc
extraction is shown in Figure 8. Zinc extraction increased
with increasing rotational speed: 70.38% extraction was
achieved at speeds greater than 500 r/min.

/30*-'5/3'
Zinc in zinc ferrites can be leached in NaOH solution after
mechanochemical reduction with metallic iron. A mechanically induced inversion and deformation in the octahedral
geometry leads to the transition of zinc ferrite into a
metastable state. Over 70% of the contained zinc was
extracted from mechanochemically reduced zinc ferrites,
compared with less than 2% extraction for alkaline leaching

    
The effect of mechanochemical reduction time on zinc
extraction is shown in Figure 7. As expected, the rate of zinc
leaching increased with an increase in reduction time.
Maximum extraction was achieved after about 6 hours.

,5(-467$,6%#7!3%#7'#602417/.741713)7+60&13/0&6+501**746)-06)
'1+#*6'

,5(-467$..6027/.7+60&13/0&6+501*746)-025/3725+67/37"53076241025/3
.4/+7!3,6%
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Optimization of flotation pH for the
reverse flotation of an African lowgrade BIF haematite ore
by A. Fouchee*, N. Naudé*, S. Naik†, and K. Schommarz*

This article presents laboratory test work conducted on an African
haematite ore to determine the influence of the flotation pulp pH on the
final iron grade and recovery. Results show that a combination of an
isodecyl ether propylene amine/amino acetate and 1,3-propanediamine,
N-(3-(C10-C16-alkyloxy)propyl)-derivatives collector is suitable for
separating haematite from quartz. Higher iron grades were obtained at pH
levels between neutral and pH 9. This underlines the importance of the
surface charge effect of the ore on its flotation characteristics. The results
serve as good baseline conditions for further optimization.
40,.()
iron ore, froth flotation, mineral processing, flotation reagents.

3+*.,($%*-,+
Beneficiation of iron ore by flotation is widely
used in Brazil, India and China. In Africa,
however, this practice is not yet commercially
developed.
The aim of this test work is to serve as a
starting point by establishing suitable pH
conditions for the development of a practically
implementable reagent suite, which will then
be included in a larger beneficiation circuit for
producing high-grade iron ore sinter feed.
In the literature, African iron ore types are
graded as low-grade (60.0–62.9% Fe; 8.6–
12.5% SiO2 and insolubles), high-grade (66.0–
69.9% Fe; 0.8–4.5% SiO2 and insolubles), and
meduim-grade as the remaining portion
(Astrup et al., 1998). The low-grade ore used
in this work contains less than 60% Fe.
For Brazilian ores consisting of a
combination of haematite and quartz, it is
common to use corn starch as a depressant
and ether amine blends as collectors with
additional frothing characteristic (Araujo et al.,
2005). Work by Turrer and Peres (2010)
shows the possibility of using other
depressants successfully as well.
The main mechanism of the reverse
flotation of quartz from iron ore is based on
the electrostatic theory of flotation. This is due
to the strong pH dependence of the zeta
potential of the mineral edge planes on silicate
particles (Fuerstenau and Pradip. 2005).
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A low-grade haematite ore from Africa was
utilized for this flotation test work. Ore characterization consisted of particle size distribution, mineralogical characterization, and
compositional characterization. Sample
splitting and blending at a representative level
were conducted to produce feed samples for
laboratory-scale flotation tests.
The flotation reagent suite included 150 g/t
combined isodecyl ether propylene
amine/amino acetate and 1,3-P-propanediamine, N-(3-(C10-C16-alkyloxy) propyl)derivatives collector and a causticized corn
starch, with solution concentration of 2.0% by
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An electrical double layer, (inner and outer
Helmotz planes), as illustrated in Figure 1,
forms on the surface of particles submerged in
a solution. The charge in the outer Helmotz
plane is depicted by the potential-determining
ions on the mineral surface. The ion type that
is predominantly concentrated on the surface
is determined by the solution pH.
In general, a higher quartz recovery to the
froth phase is attained at pH 9, which is
attributed mainly to the largest negative
surface charge at this pH, (Vieira and Peres,
2007), as indicated in Figure 2.
Hydrophobicity of quartz increases as the zeta
potential becomes more negative, due to the
increased force between the negatively charged
quartz surface and the positively charged
amine molecule.
Sirkeci (2000) attributed the increased
quantities of silicate minerals reporting to the
froth phase to the equilibrium between ionized
and molecular amine species at pH 9.3.

Optimization of flotation pH for the flotation of a low grade haematite ore
calculated by the Rietveld method (Bergmann and Kleeberg,
1998), amounted to 47.5% haematite and 52.5% quartz.
XRF analysis, however, indicated 47.6% Fe2O3 and
51.4% SiO2. The balance of less than 1.0% (by weight)
consisted predominantly of Al2O3 and K2O. This indicated the
possibility for minor amounts of additional gangue minerals
in the feed.
Grinding curves, shown in Figure 3, were constructed for
10–40 minutes’ grinding times. Interpolation of the 20minute and 30-minute grinding data shows that milling of
each sample for approximately 25 minutes would result in
the desired feed particle size range of at least 80% passing
30 m.
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weight. An impeller speed of 800 r/min was maintained for
conditioning (at 66% solids by weight) and flotation (at 30%
solids by weight). The flotation medium consisted of
synthesized process water.
The flotation pulp pH was adjusted by addition of
chemical-grade NaOH or H2SO4. Chemical-grade corn starch
and dextrin depressants were evaluated, as well as industrialgrade sodium silicate dispersants.
Each feed sample was milled to approximately 80%
passing 30 m in a laboratory-scale mill, with hardened steel
rods as grinding media.
Flotation tests were conducted in a Denver-D12
laboratory flotation machine and a 2.6 litre vessel.
Chemical analysis of Fe and SiO2 was carried out using Xray fluorescence. Mineralogical characterization was
performed with by X-ray diffraction.

The starting point of this test work was to determine a
suitable depressant. The iron grade and iron recovery from a
laboratory flotation test at each of the individual pH levels
with different depressants is shown in Figure 4. Dextrin as a
depressant was evaluated only at pH values of 3, 5, and 9.
A baseline test, where no depressant was added to the
flotation pulp, showed that the iron-containing mineral,
haematite, has the highest natural hydrophobic tendency,
(floatability) around pH 7, where a low recovery of Fe2O3 to
the silica rougher tails is noted. This tendency decreases at
pH levels below and above pH 7 where lower flotation
recoveries are obtained, as seen in Figure 4. As also shown in
this figure, the normalized iron grade in the silica rougher
tails decreases below and above pH 7. This is due to the
change in surface charge to where Fe2+ ions predominate on
the particle surfaces.
At pH 3, no significant change in either the iron grade or
the iron recovery could be established by adding 400 g/t
depressant. At pH 5, however, an increase in the iron
recovery, from 32.0% to 41.0%, could be attained with starch
addition and to 51.0% Fe recovery with Dextrin addition. The
decrease in iron grade at pH 5, from normalized 23.1% Fe

"-#$.01 .-+(-+#1%$.01/+/')-)1&,.1* 01&.-%/+1-.,+1,.01&00(
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The results are presented in terms of a silica rougher flotation
circuit. The reverse flotation of iron ore is aimed at increasing
the iron content in the silica rougher tails to a saleable
product grade.

 
Seven samples of iron ore with a banded iron formation (BIF)
structure were blended and characterized as a composite.
Mineralogical analysis by XRD indicated only the presence of
haematite and quartz in the ore. The relative phase amounts,
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Optimization of flotation pH for the flotation of a low grade haematite ore
Figure 6 shows that it would be beneficial during reverse
flotation to keep the flotation pH range between neutral and
slightly alkaline, when the higher normalized iron grade
values at pH 7 and pH 9 are considered.
This test work is to be used for further optimization
studies, thus it is critical to consider the recovery of iron
minerals to the product as well. Turrer and Peres (2010)
noted good flotation performance in the region of more than
40% Fe recovery.
Figure 7 shows that although the normalized iron grade
in the silica rougher tails could be increased to above 29% Fe
at pH 7, the higher iron recovery at pH 9, (more than 35%),
irrespective of the depressant dosage, makes pH 9 a more
suitable pH level for reverse flotation of this African iron ore.
This again confirms the strong dependence of the flotation
result on the surface charge of the floated mineral (quartz),
as a result of the specific pulp pH environment.

2,+%'$)-,+)
The test work presented in this article forms part of a more
complete and in-depth study and shows that for the reverse
flotation of iron ore, the flotation pH is more significant than
the depressant types and dosage. It also underlines the
importance of the surface chemical effects and indicates that
flotation in a slightly alkaline pulp environment, where better
iron recoveries are attainable, serves as good baseline
conditions for further flotation optimization.
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The influence of the pulp pH in the laboratory flotation test is
more significant than the influence of the starch depressant
dosage over a broad pH range, as shown in Figure 6. The
iron grade in the silica rougher tails seems to be influenced
only marginally by an increase of depressant dosage from
100 g/t up to 800 g/t (especially at pH 9).
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(where no depressant was used) to between 9.9% and 10.3%
Fe (for either dextrin or corn starch) can be attributed to the
non-selectivity of the depressants at this pH, thus quartz
minerals are also depressed. At pH 9, a slight increase in the
iron grade is noticed with the use of starch as a depressant,
where a normalized iron grade of 25.9% Fe was obtained.
Dextrin at this pH resulted in an iron recovery of 67.0% at a
normalized 23.1% Fe grade.
Additional tests at pH 7 showed that the use of starch
and no depressant produces similar results. Here the increase
to a normalized 30.1% Fe grade (for starch) and 30.4% Fe
(for no depressant) is offset by iron recoveries of 23.2% and
21.2%. At pH 11, where Fe3+ ions predominate on the particle
surface, a high iron recovery of more than 80% could be
attained only at a normalized iron grade of 8.2% Fe (for
starch) and 2.4% Fe (for no depressant).
Figure 4 corroborates the theory that the adsorption of
the depressant on an oxide mineral surface is driven by the
surface charge. In terms of the normalized iron grade in the
silica rougher tails, it also shows very little difference
between the types of depressant in slightly alkaline
conditions.
The addition of a sodium silicate dispersant was tested to
improve the selectivity of the reagent suite in conjunction
with starch as a depressant. Figure 5 compares a baseline
test, where no dispersant used, to the use of 80 g/t and 100
g/t of two dispersant types. The figure also shows the iron
recovery obtained using each dispersant type and dosage
corresponding to the best normalized iron grade.
Figure 5 shows that when using 80 g/t FloatSil1 as a
dispersant, the normalized iron grade was increased to 28.4%
Fe at pH 9 and 20.5% Fe at pH 5. Using this dispersant
resulted in an iron recovery of 63.5% at pH 7 and 58.2% at
pH 9. The use of FloatSil2 at pH 5 resulted in no
improvement in terms of the normalized iron grade,
compared to a test where no dispersant was used. Changing
the dispersant type to FloatSil2 or increasing the FoatSil1
dispersant dosage to 100 g/t did not result in any significant
improvement in the iron grade at pH 9.

Optimization of flotation pH for the flotation of a low grade haematite ore
silicate minerals. Advances in Colloid and Interface Science, vol. 114–115.
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Distinguishing and controlling the key
block structure of close-spaced coal
seams in China
by S.R. Xie*, Y.J. Sun†, S.S. He*, E.P. Li*, S. Gong*, and
S.J. Li*

Based on the complicated geological production conditions and abnormal
strata behavior of the fully mechanized caving face No. 102 in the Xinyang
Coal Mine, we analyze the breaking and forming process of distinguishing
key block structures in close spaced coal seams. This analysis establishes
an integrated mechanical model of these distinguishing structures.
Furthermore, the horizontal force TAB generated by downward key blocks
A and B is quantified, as is the Pressure PG exerted by key block B on
caved gangue. Finally, the interaction mechanism is revealed. Analysis of
the results using Mathematica reveal the following: 1. Both TAB and PG
exhibit approximately inverse relationships to coal pillar width b; 2. TAB
exhibits an approximately exponential relationship with mining height M
of which the base is greater than 1; 3. PG exhibits an approximately
arctangent relationship with mining height M. Combining these results
with field observations, we conclude that the area in the vicinity of
supports 100#–120# in the upper area of working face No. 102 is the likely
zone of abnormal strata behavior. Thus, this area was classified as a key
control area. Based on these results, the graded support control technique
is proposed. Application of this technique in the field resulted in a
reduction in the rate of hydraulic support system malfunction from 47% to
7% in the key control area. In addition, during times of periodic mining
pressure, the roof caving height value never exceeded 0.3 m and the
maximum spalling depth never exceeded 0.2 m. Overall, the results
indicate that this new technique has markedly increased the stability of
surrounding support rock material.
72 .-&#
close-spaced coal seams, distinguishing key block structure, graded
supporting control, malfunction detection.

/)-.&+*)0./
Close-spaced coal seams are widely distributed
in China, and mining proceeds from the
uppermost to the lowermost seam (Zhang et
al., 2008). In the case of coal seams in close
proximity, a particular set of risk factors
becomes pertinent. These include disturbance
of lower seams during the mining of overlying
ones and the decrease in mechanical stability
of lower coal seams following repeated
movement of key blocks in main coal seam
roofs. This inevitably results in behaviour
such as heavy wall spalling and support
damage to fully mechanized caving faces in
lower-lying coal seams, which necessitates a
significantly increase in the measures to
support surrounding rock material (Zhang et
al., 2010; Huang et al., 2013; Xie et al.,
2013).
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In recent years, detailed research has been
conducted on overlying strata behaviour and
control methods. Zhu et al. (2010) established
the ‘granular media block’ mechanical roof
model for lower-lying coal seams and used it
to analyse immediate roof structure stability
and, ultimately, to derive mechanisms of roof
collapse. Ju et al. (2010, 2013) studied seam
support damage and dynamic mining pressure
mechanisms while the lower working face
crossed the tendencies of coal pillars, and
proposed that both support damage and
dynamic mining pressure should be attributed
to the rotation of the top key blocks of
boundary coal pillars. Wei et al. (2010)
performed mechanical analyses of key block
stability based on key strata control theory and
identified three different forms of key strata
instability in adjacent goafs. Hou and Li
(2001) mechanically analysed the main roof
structure formed by key blocks at different
stages in a fully mechanized gob-side roadway
driving process.
Most of the research to date has focused
on analysing ordinary key block structure, and
then proposing appropriate control methods.
Research on structure with key blocks in
different layers of rock strata, i.e. distinguishing key block structure, has seldom been
undertaken.
Mining face no. 102 in the Xinyang coal
mine was selected as the study site for this
paper because of its particular overlying key
block structure. Due to the mining sequence,
the key blocks that resulted from mining
activity at working faces no. 104 and no. 9102
in different rock layers comprise the distinguishing key block structure of mining face
no. 102. Thus, the working mechanism of the
distinctive key block structure is obviously

Distinguishing and controlling the key block structure of close-spaced coal seams
different from the ordinary key block structure. The structure
was not taken into consideration during the preliminary
support design process. Strong mining pressure was
encountered above the working face, and the seam roof
collapsed in places when certain hydraulic supports were
damaged.
This research focused on the actual working mechanism
and certain critical mechanical elements of this distinctive
structure (i.e. stress and shear force). The aim of the research
was to develop an appropriate control technique (which was
ultimately named the ’graded support control method’) and to
test this technique at mining face no. 102.

6/(0/22-0/(31*(-.+/&
Xinyang coal mine is located in Gaoyang town, which is 14
km from Xiaoyi in Shanxi Province. Mainly coal seams no. 9
and 10, which are respectively 1.5 m and 7.8 m in thickness,
are mined. The average separation between the seams is 0.43
m. The seams are located at a depth of 300 m, and dip at a
shallow angle.
Mining face no. 102 is located beneath mining goaf no.
9102 and has a working face length of 220 m. Thus, its
immediate roof is comprised of caved stable gangue. Its main
roof consists of limestone with a thickness of 9.26 m and its
immediate floor consists of mudstone. The primary
constituent of the main roof of mining face no. 9102 is
limestone with a thickness of 8.95 m. The lithological section
of the fully mechanized caving face no. 102 is shown in
Figure 1.
Work on the no. 9 and no. 10 coal seams of the adjacent
mining face (no. 104) has been completed using a fully
mechanized caving method. With a view to maximizing the
coal recovery, the preparation roadways of mining face no.
102 were laid out so as to reduce the coal pillar width. The air
return and haulage roadways were laid out 13 m and 20 m
from the overlying goaf, respectively. The detailed roadway
layout of mining face no. 102 and the adjacent mining area is
shown in Figure 2.

Based on the specific geological conditions of mining face
no. 102, the difficulties related to controlling strata behaviour
and surrounding support rock stability can be summarized as
follows:
 Strong strata behaviour was encountered frequently in
some areas, and the support resistance reached 30 MPa
at times, even during the normal mining stage. When
periodic mining pressure acted on the mining face, the
safety valves installed in hydraulic support structures
opened and the degree of column shrinkage was high
 Because a uniform support type was applied to the
entire mining face, some supports functioned
permanently at critical status with a limited allowance
coefficient, which contributed to the incidents in the
support surrounds
 If a particular support structure happened to leak
(shown in Figure 3a), then adjacent supports could
become overloaded as they absorbed the burden that
the failed support had been bearing. Thus, the
malfunction rate of support systems increased and
overall support capacity decreased, resulting in largescale support failures
 Since the top coal was broken due to the impact of
mining activity in goaf no. 9102, a roof collapse
occurred under abnormal mining pressure (shown in
Figure 3b) that initiated failure of the overhead support
and heavy spalling on the coal wall of the mining face.

%0(+-23$.1&1 3,1 .+)3.'3/.33!0/0/(3'1*231/&31&1*2/)3!0/0/(
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Distinguishing and controlling the key block structure of close-spaced coal seams
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The ‘masonry structure model’ of overlying strata explains
the strata behaviour with respect to stope mining and
provides an essential theoretical basis for strata control and
support design. Using calculations based on this model, we
concluded that the stratum located near the lower masonry
structure was the 8.95 m thick limestone layer, which was
9.99 m away from the roof of mining face no. 9102 of the no.
9 coal seam. The stratum located by the upper masonry
structure was the 9.26 m limestone layer, which was 45.38 m
away from mining face no. 104 in both the no. 9 and no. 10
coal seams. These upper and lower masonry structures,
located on two sides of the return air roadway coal pillar of
mining face no. 102, formed adjacent key block structures
that bear profound significance for mining face no. 102.
These structures produced a superposition influence area of
abutment pressure on the side of the coal pillar. Moreover,
the upper masonry structure generated an inclined stress
(named B) on key block A at an angle () to the vertical
direction (Figure 4). The existence of this stress was verified,
and its magnitude was shown to be high when the steel strip
folded between the two roof anchors of the return air
roadway for mining face no. 102. This stress was transmitted
from the hinge point between key blocks A and B to key
block B, and accounted for the changes that caused key block
B to act as caved gangue. It is clear from the above analysis
that the strata behaviour and surrounding support rock
control of mining face no. 102 is distinctive.
Given that the key blocks located within both the upper
and lower masonry broke at the elastic-plastic boundary in
the coal pillars, the distance between the broken line and the
coal pillars is expressed as (Li, 2008):

By substitution of the same parameters as for Equation
[1], the lengths of key block B and B are calculated as 24 m
and 46 m, respectively.
Furthermore, the integrated mechanical model of the
distinguishing key block structure was established on the
basis of the broken structure feature along mining face no.
102 and its neighbouring section, shown in Figure 4.

 !#%"!#&#%#"&$& &$!&
Key block A plays a role in transmitting force between key
blocks B and B within the lower masonry structure, i.e. the
force generated by rotation and subsidence of key block B to
block A would act on block B. Therefore, the forcing status of
key block A has theoretical significance for integrated
structure stability and strata behaviour at mining face no.
102. Furthermore, key block A is stable as a result of the
combined action of lateral abutment stress BZ of mining face
no. 9102, squeeze stress B from block B to block A,
supporting force p from lower lying strata to block A, and
FBA, TBA from block B to block A. These forces are illustrated
in Figure 5.
According to elastic-plastic limit equilibrium theory,
vertical stress at an arbitrary point in the limit equilibrium
area is expressed as (Xie, Yang, and Liu, 2006):

[1]

where x0 is the distance between the broken line and the coal
pillars (in metres); C is the coal cohesion strength (in MPa); 
is the internal friction angle (in degrees); P is the support
resistance of coal pillars (in MPa); M is the mining height at
mining face no. 104; is the lateral coefficient; k is the
maximum concentrated stress coefficient; is the average
bulk density of the overlying strata (in kN/m3); and H is the
average depth of the coal seams (in metres).
By substituting the parameters of mining faces no. 9102
and no. 104 into Equation [1] we obtain x1 = 5.2 m, and x2 =
18.4 m. This means that the broken positions of key block B
and B in coal pillars are respectively 5.2 m and 18.4 m away
from the side of the coal pillars.
By means of plastic limit analysis, the length of the arc
triangle block is written as (Li et al., 2012c):

%0(+-23$ /)2(-1)2&3!2*"1/0*1,3!.&2,3.'32 3,.*3#)-+*)+-2

where L0 is the length of the arc triangle block (in metres); LZ
is the periodic mining pressure distance (in metres); and LM
is the length of the mining face (in metres).
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[2]

Distinguishing and controlling the key block structure of close-spaced coal seams
[3]
Given that the lateral abutment stress borne by key block
A at mining face no. 9102 is regarded as linear and nonuniform, Equation [3] could be written as:
[4]
where

where BZ is the lateral abutment stress of mining face no.
9102 (in MPa); h is the main roof thickness of mining face
no. 9102 (in metres); m is the mining height of face no. 9102
(in metres); a is the bottom strength of key block A (in
metres); a=b − x1; b is the coal pillar width between mining
faces no. 104 and no. 9102 (in metres); x1 is the distance
between the broken line of key block B and the side of the
coal pillar (in metres); and is the angle between main roof
broken line of no. 9102 mining face and vertical direction.
Then,

where B is the degree of subsidence of key block B (in
metres); LB is the length of key block B (in metres); h1 is
the immediate roof thickness of mining face no. 104 (in
metres); Kp is swell coefficient of the immediate roof; and  is
the dynamic friction coefficient between block A and updown strata.
Using the MathematicaTM software package, the variation
of the horizontal force TAB with mining height M of mining
face no. 104 and coal pillar width b is acquired as shown in
Figure 6.
The following conclusions can be drawn from Figure 6.
 TAB displays an approximately inverse relationship with
coal pillar width b and an exponential relationship with
mining height M of which the base is greater than 1
 TAB is hardly affected at low values of M and b
 TAB increases with increasing M. The rate of increase
becomes greater as M increases, but decreases when b
increases as well
 TAB decreases as b increases. Furthermore, the rate of
decrease reduces with increasing b and M
 TAB increases dramatically when M  10 m and b  10
m. Furthermore, the rotation angle of block  becomes
larger and more intense as a strong horizontal
compressive force is generated. Hence, the conditions
could arise for block A to move, which would result in a
stronger horizontal force on block B.

 !#%"!#&#%#"&$&$!&
[5]

where NB is the abutment stress from block B to block A (in
kN); NB is the abutment stress from block B to block A (in
kN); NP is the supporting force from lower lying strata acting
on block A (in kN); QB is the shear force from block B on
block A (in kN); BZ is the normal component of the squeeze
force from block B on block A (in MPa); B is the tangential
component of the squeeze force from block B on block A (in
MPa); p is the pressure exerted by block A on lower lying
strata (in MPa); and LZB is the strike width of block B (in
metres).
The balance equation obtained from the force analysis of
block A (see Figure 5) is expressed as:
[6]
As FBA/TBA and FAB/TAB have the same value but work in
opposite directions, FBA and TBA are obtained as follows:

 
As seen from Figure 4, the broken-off lower and inferior
strata on the right-hand side of the return air roadway
formed key block B after work on mining face no. 9102 was
complete. Block B would rotate and sink around the EF axis,
and then constitute a stable structure with blocks A and C
when it reached a certain position. Meanwhile, key block B is
stable because of the joint action of the vertical force FAB from
block A to block B, the vertical force FCB from block C to block
B, the supporting force FCB from the coal pillars, and
supporting force FG from the gangue to bear the force FZ from
the overlying strata.
For calculation convenience, some simplifications are
made with respect to block B as follows:
 Key block B is considered as an isosceles triangle, so
DGH=GDH=, where =arctan (2LB/LZB)
 A pair of forces FCB in the strike direction have the
same value; the acting points are respectively at the
midpoint of GH, DH, and CH=s/2, where s is the
occlusal length

[7]
[8]
where

[9]
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Distinguishing and controlling the key block structure of close-spaced coal seams
 The acting point of TAB is the midpoint of EF, and
EB=s/2
 The acting point of FZ is the barycentre of block B.
By applying the above simplifications, a mechanical
model of block B was constructed (see Figure 7).

 B 
Structure subsidence s0 and rotation subsidence x sin
combine to result in the total subsidence of block B sx, and
[10]
where, sx is total subsidence (in metres); s0 is structural
subsidence (in metres); and  is rotation angle (in degrees).
The gangue compression of goaf sy is expressed as:
[11]
where sy is the gangue compression of goaf no. 9102 (in
metres); and h2 is the immediate roof thickness of mining
face no. 9102 (in metres).
Combining Equations [10] and [11], the rotation angle of
block B at the inception of gangue contact is expressed as:
[12]

where LB is the tendency length of block B (in metres).
If   0, this indicates that block B does not make contact
with the gangue, and that block B is therefore not subjected
to forces as a result of fallen gangue, i.e. FG=0. If  > 0, this
indicates that block B does have contact with the gangue.
Given that sy=0, the threshold abscissa for the contact of
block B with the gangue is expressed as:

Substituting parameter values pertaining to mining face
no. 9102 into Equation [14], the values of c and d are found
to be 32.6 m and 49.8 m, respectively. Because of the stress
transmission angle, the area of increased stress area is
calculated as occurring from 23.6–58.8 m from the return air
roadway of mining face no. 102, which coincides with the
theoretically significant area of efficient strata control.
To investigate the abnormal strata behaviour of mining
face no. 102, on-site observation was undertaken for one
month. Aspects that were monitored included support
resistance value, degree of spalling, and degree of roof
collapse. Results were analysed statistically. Results show
that the support resistance value in the normal area is < 25
MPa, but it exceeds 30 MPa in the area containing supports
100–120, where the opening ratio of safety valves exceeds
30%. More importantly, spalling and roof collapse frequency
are especially high in the 100–120 support area, whether
mining pressure increases periodically or not. Therefore, we
concluded that the area containing supports 100–120 is the
critical area for mining face no. 102.


Lateral abutment stress will be generated on the coal pillar
side when the work on mining face no. 104 is complete.
Furthermore, the lateral abutment stress gradually increases
in the limit equilibrium area and tends to stabilize as mining
height M increases (Cheng et al., 2012). Equations [1] and
[3] suggest that the scale of the limit equilibrium area
increases with mining height M; however, the peak lateral
abutment stress value decreases with M. It is also calculated
that key block B is located in the stress attenuation area after
peak lateral stress is reached (see Figure 8).
FZ acting on block B is derived as follows.

[13]
and the contact zone is [c,d],
where
[14]

[15]
As seen from Figure 8, although the peak lateral
abutment stress value decreases with increasing mining
height M, the attenuation ratio tends to be greatly reduced in
the elastic area. Furthermore, the range of influence
obviously increases, and hence the distributed lateral
abutment press q(x) increases. Thus, FZ increases with
mining height M (see Figure 8).
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The rotation and subsidence of block B results in a compressional force that acts on the coal pillar. As the coal pillar is
broken under the influence of this of lateral stress, the
relationship between the force and the strain on the coal
pillar is not linear but exponential. The compression curve is
expressed as (Qian et al., 1990):

Distinguishing and controlling the key block structure of close-spaced coal seams
[16]
where
[17]
Here, K is a compression modulus (in MPa) and n is a
squeeze exponent (for broken media, n=3).
Then, the supporting force FM as a result of the caving
gangue acting on block B is expressed as:
[18]
Because FZ increases with M, structural subsidence s0
also increases, as does compressional strain .

  
When block B rotates to make contact with the gangue, the
majority of its gravitational and bearing load is borne by
gangue from mining face no. 9102. Thus, the extent and
magnitude of this force will directly influence the strata
behaviour of mining face no. 102.
Equilibrium equations are obtained by mechanical
analysis of block B (shown in Figure 7).
[19]
[20]
Then, the equilibrium moment equation of block B with
respect to axis EF is expressed as:
[21]

Combining Equations [19], [20], and [21], we obtain:
[22]

where
[23]
Here, B is the degree of subsidence of block B (in
metres) and s is occlusal length among blocks A, B, and C (in
metres).
The force per unit area PG exerted by block B on the
gangue is expressed as:

relationship of PG to M and b was plotted graphically and is
presented in Figure 9.
Some conclusions that can be drawn from Figure 9 are as
follows.
 PG has an approximately inverse relationship with b
and an approximately arctangent relationship with
mining height M
 PG is barely influenced when the values of M and b
change
 PG increases with M, and the ratio of increase is
initially rapid but then slows
 PG decreases as b increases. The decrease is initially
rapid, and then slows with further increases in b.
The intersection points of the two curves move toward the
upper right as M increases, and toward the upper left as b
increases.
Using the values of M = 9 m, and b = 40 m, and by
means of the interpolation method presented in Figure 9, PG
is calculated to be approximately 33 MPa, which means that
the support pressure value in the mid-upper area is 33 MPa
without periodic mining pressure. The corresponding working
resistance is 5300 kN. When M approaches zero and b
approaches infinity, PG asymptotically approaches a value of
27 MPa. Furthermore, mining face no. 102 is marginally
influenced by mining face no. 104, which suggests that the
support pressure for no. 102 mining face is approximately
27 MPa without periodic mining pressure. The corresponding
support working resistance under such conditions is
4700 kN.
Through data analysis, the dynamic loading coefficient is
calculated to be 1.15, which implies a working resistance of
5400 kN to sustain support in normal areas and 6100 kN to
sustain support in key areas. The support type
(ZF6800/17/32) at mining face no. 102 has an estimated
working resistance of 6800 kN. Thus the allowance coefficients for key and normal areas are 1.3 and 1.1, respectively.
With the aim of reducing support rock failure incidents in
key areas and in order to improve support overhaul
efficiency, the authors propose the graded supporting control
technique.

-1&2&3#+.-)0/(3*./)-.,3)2*"/0+23'.-3#+.-)8
#+--.+/&0/(3-.*#
The graded support control technique begins with the categorization of the supportive units of a mining face into distinct
key areas and normal areas. The technique then advocates
specific, targeted control approaches for support units in
these different areas. Thus, it successfully avoids excessive

[24]
where
[25]
and where SG is the area of contact with the gangue
(in m2), and LZB is the periodic mining pressure distance of
no. 9102 mining face.
As seen from Equation [25], PG is related to the mining
height M of mining face no. 104 and to the width b of the
coal pillars. Using the Mathematica software package, the



1124

  



VOLUME 116

%0(+-23 $2,1)0./#"032)22/3 1/&331/&3
          

Distinguishing and controlling the key block structure of close-spaced coal seams
overhauling work on the whole mining face, as well as the
application of inappropriate control efforts in key areas. The
overhaul programme and interrelated indices are discussed
with the aim of achieving safe and efficient control of a
mining face’s surrounding support material.

"!"$%&$%&!$%$&"%  &$&$ $%"%
$!&"%&$ &"%"%&#! &
Research shows that the working resistance of support
brackets and their distance from the working face (support–
face distance) are important factors affecting the stability of a
working face’s surrounding rock material (Xie et al., 2013).
Control indices, based mainly on working resistance and
support–face distance, can be determined based on the above
theoretical calculation and numerical simulation result. Based
on the actual geological and production parameters at mining
face no. 102, and by means of UDEC software, a numerical
calculation model has been established, allowing the roof
collapse scenario to be simulated under different values of
theoretical working resistance and support–face distance. It
should be noted that reducing the falling height of rock
material to <0.3 m is considered a sufficient control effort.

same process of analysis applied to key areas, the reasonable
and critical value combination of working resistance and
support–face distance is 4700 kN, 0.75 m.

# &#%!"$%&  !"$%&#%&$&!$%$
A detector for leakage malfunctions in hydraulic support
systems has been developed (Xie et al., 2013; He et al.,
2013) and is shown in Figure 12.
In essence, the detector makes use of a high-frequency
acoustic sensor and a high-sensitivity piezoelectric
accelerometer to detect leakage signals emitted by the
hydraulic support system. Its effective detection distance is >
80 cm and its frequency is 10–40 kHz. The detector can
instantly detect leakages in hydraulic support systems and
accurately locate them, thus timeous overhaul work can be
undertaken. The above features of the detector are obviously
essential in maintaining key area support as even minor
leakages in these areas could induce insufficient working
resistance. Inadequate working resistance is likely to
culminate in a wide range of spalling and roof collapse
incidents and could even lead to surrounding support rock
accidents.


The acceptable range of working resistance values is
calculated to be 4900–5700 kN with an interval value of
200 kN. The acceptable range of support–face distances is
calculated as 0–1.00 m with an interval value of 0.25 m.
There are 25 combinations of working resistance and
support–face distances represented along mining face no. 102
(see Figure 10). Figure 10 shows that when the support–face
distance remains constant, the roof falling height reduces as
working resistance increases. However, while working
resistance remains constant, the roof falling height increases
along with the support–face distance. This tendency is
especially marked when the support–face distance exceeds
0.5 m. The reasonable and critical value combination of
working resistance and support–face distance in key area
emerges as 5300 kN, 0.5 m.

%0(+-23$0!+,1)0./3.'3*./)-.,30/&22#30/3/.-!1,31-21

 
Given that few supporting brackets in the normal areas would
be affected by the distinguishing key block structure, the
critical values in the simulation of normal area conditions are
considered to be smaller than those for key areas. Thus, the
acceptable range of working resistance values is defined as
4300–5100 kN with an interval value of 200 kN. The range
of acceptable support–face distances is set as 0–1.00 m with
an interval value of 0.25 m. Simulation results according to
these value ranges are shown in Figure 11. By means of the

%0(+-23$3" &-1+,0*3,211(23&2)2*).-

Table

-1&2&3.2-"1+,3-.(-1!!23'.-3/.33.-0/(
'1*2
2-"1+,31-21
Key area

Normal area

2-"1+,3'-2+2/*
Two days

One week

1,'+/*)0./

2-"1+,3,22,

Minor

Timely

Moderate

Immediately

Serious

Immediately

Minor

Timely

Moderate

Timely

Serious

Immediately
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Distinguishing and controlling the key block structure of close-spaced coal seams
Through field experience, the diagnostic criteria for
determining leakage levels are summarized as follows:
normal (Z25); minor (25<Z500); moderate (500<Z1000);
and serious leakage (Z>1000). According to strata behaviour
distribution laws and the working resistance conditions of
mining face no. 102, minimum detection frequencies and
overhaul degrees were determined for key and normal areas.
This was done in order to avoid unnecessary overhaul work
in normal areas and untenable instability in key areas, and to
ensure functional and cost-effective support maintenance.
The proposed graded overhaul programme for mining
face no. 102 is shown in Table I. It is advisable that one
complete overhaul be carried out while the periodic mining
pressure is in action.

" &#!"!
Through application of graded support control techniques,
overhaul work is markedly reduced. The malfunction ratio in
key areas decreases from 45% to 14%, and roof collapse
accidents decrease in frequency as well. The malfunction ratio
in normal areas decreases from 28% to 8%, and the roof
collapse ratio decreases from 46% to 12%. An example of
actual control work is depicted in Figure 13.
Thus, application of this approach in the field proves the
efficiency of the graded supporting control technique in
improving safety of work spaces, greatly decreasing the
overhaul workload and eliminating overhaul blindness.

4./*,+#0./#
Distinguishing key block structures are formed above the
return air roadway of mining face no. 102. The inclined
stress B of key block A is generated by the upper masonry
structures and then transmitted to key block B. Thus, the
combination of forces acting on block B is changed, as is its
relationship to gangue dynamics. The combined action of B
and superpositional abutment stress results in abnormal
strata behaviour in the vicinity of mining face no. 102.
An integrated mechanical model of key blocks located in
different layers was established, and the horizontal force TAB
acting between blocks A and B was quantified. Analysis
using Mathematica software revealed that TAB exhibits an
approximately inverse relationship with the width of the coal
pillar b and an approximately exponential relationship with
the mining height M of which the base overruns 1.
A mechanical model of the forces acting on block B was
established and the pressure PG exerted by block B on the
caved gangue calculated. Using Mathematica software, PG
was calculated as having an approximately inverse
relationship with b (width of coal pillars) and an approxi-

%0(+-23$%02,&3*./)-.,,0/(3.-
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mately arctangent relationship with mining height M (the
mining height of mining face no. 104).
By applying theoretical calculations and on-site
measurements, the area containing supports 100–120 was
identified as a key area for surrounding support rock control
work. The graded support control technique was proposed,
and was shown to effectively reduce incidences of support
malfunction, achieving safe and highly efficient control of
strata behaviour in an active mining area.
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Productivity of rock reinforcement:
methodology development
by A. Gustafson*, H. Schunnesson*, M. Timusk†, and
R. Hauta†

The working environment for ground support installation in mines has
improved during the last 20–30 years, with more mechanized equipment
for installation of ground support elements such as bolts, cable bolts, and
screens. Ground support installation productivity has, however, not
followed the same development curve, remaining more or less constant. In
some cases, for example the mechanized installation of bolts, productivity
has even dropped. One reason for this is that modern mechanized bolt rigs
are complex. In this paper we evaluate manual and mechanized ground
support systems, propose a way to measure the productivity of bolt rigs,
and make relevant comparisons between different mines and equipment.
Some productivity measures for rock reinforcement are suggested, using
productivity results from eight case study mines.
<8 43/2
rock reinforcement, bolting, productivity measures, mechanization,
underground mining.

;5734/0-7645
To improve safety for operators and equipment
underground, ground support systems (bolts,
screens, etc.) are installed in mines to stabilize
the rock mass (Hoek, Kaiser, and Bawden,
1995). Important questions to ask when
selecting a ground support system include
where ground stability problems are located,
why they have occurred, how problems should
be addressed, and when and how the ground
support system should be installed
(Hadjigeorgiou and Potvin, 2011). The
performance of bolting and screening
operations in underground mines is important
for both safety and productivity reasons. With
greater mine depths and an increasing focus
on safety, ground support has become a
significant bottleneck in the production
process of many mines.
Many factors play a role in establishing
safe and stable underground structures.
Equally, there are several factors to consider in
productivity, including the mining method,
organization, logistics, mechanization level,
and procedures. Today, most mines in
Scandinavia have changed from manual to
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mechanized bolting, as this improves operator
safety and arguably boosts net capacity.
Internationally, however, manual installation
of bolts remains common, with some claiming
that manual installation is more productive
(Bawden, 2011).
Figure 1 presents two fundamentally
different procedures for rock reinforcement. A
fleet utilization situation allows reinforcement
of larger areas, longer drifts, or locations close
to each other where the waiting and
transportation time is negligible. In these
situations, there is no shortage of work faces,
and the machine can work more or less continuously, moving from one face to the next.
Here, the overall rig utilization basically
depends on the rig availability. In the pit-stop
or single face scenario, the rock support is part
of a cyclic work process where each subactivity, including rock reinforcement, has to
be performed as quickly as possible before the
next activity can start. Between these subactivities, the equipment is idle, and support
activities can be performed e.g. maintenance,
to ensure the rig is fully operational when
needed. Here, availability and utilization will
differ significantly. In addition, the net bolt
installation capacity is very important, while
the consumables logistics are negligible. In
most real mining situations, the rock
reinforcement process is a mixture of both
types. Therefore, the selected productivity
measure must, to some extent, include both.

Productivity of rock reinforcement: methodology development

6.038999 6''83857968294'934-93865'43-8)8579%34/0-7667

Previous research has focused on the performance of
rockbolts and the application of numerical modelling for
ground support problems (Jalifar, Aziz, and Hadi, 2004),
increased productivity through improved rock support
practices (Morland and Thompson, 1985), the contribution of
bolting intensity and installation efficiency to roof behaviour
and stability (Clarc and Filipowski, 1984), and the
effectiveness of rockbolts in providing rock support
considering the time the area is left without support (Raffoux
and Dejean, 1980). To the best of the authors’ knowledge,
researchers have not compared measures from different
support systems under different conditions in different
mines.
A challenge for productivity measures of bolting and
screening procedures is how to measure productivity in a
structured but also relevant way. In this paper we suggest a
way of comparing the productivity of different ground
support systems used in different mines, even if the prerequisites, such as blasting practices, drift irregularities, rock
stresses, human factors, maintenance strategy, working
conditions, etc., differ, using data mining (production and
maintenance data), interviews, site visits, and time studies
(in Canada only). The results are based on data from eight
case study mines situated in the Nordic countries and
Canada, and on the rock support techniques used in these
mines. The various mines’ support systems and bolting
equipment are described and analysed, and a method
suggested to measure productivity in a uniform way, allowing
the comparison of the productivity of different operations and
equipment across mines. Finally, the productivity associated
with the support elements and installation procedures of the
eight mines is analysed. The project is part of the Rock Tech
Centre (RTC) project ’Mining Initiative on Ground Support
Systems and Equipment’ (MIGS II).

 06%)8579'43934-920%%4379
 
Bolt installation consists of three separate activities: hole
drilling, insertion of grouting substances, and installation of
the bolt. Many support elements are available on the market.
This study is limited to the types used by the participating
mines; the relevant bolts and screens are as follows.
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 Mechanically anchored rockbolts—Mechanically
anchored rockbolts are commonly used as rock
reinforcement in underground mines (Hoek and Wood,
1987). There are two types of mechanisms for mechanically anchored bolts:
– The bolt is tensioned to expand at the end to reach
its load-bearing capacity
– The bolt is tensioned to get a mechanical interlock
at the end but the void between the bolt and
borehole wall is filled by grout to resist the
corrosive environment.
As mechanically anchored rockbolts provide reliable
anchorage in good rock, high bolt loads can be
achieved; however, correct installation requires a
skilled operator (Hoek and Wood, 1987)
 Friction-anchored rockbolt – Swellex—The Swellex is a
type of friction-anchored rockbolt where anchorage is
provided by the friction between the surface of the bolt
and the wall of the borehole. The Swellex is a frictional
tube that also must achieve mechanical interlocking (Li
and Håkansson, 1999). Installation is fast and simple,
and the bolt gives immediate support after installation
(Hoek and Wood, 1987). Its lifetime could be decreased
by corrosion, but various types of corrosion protection,
such as plastic coating, can neutralize the corrosion
problem
 Friction-anchored rockbolt – Splitset—The Splitset,
another type of friction-anchored rockbolt, consists of a
slotted hollow strength steel tube and faceplate
(Bawden, 2011). The Splitsets are installed into an
undersized hole; after being inserted, they are affixed
by the radial spring force generated by compression.
This provides frictional anchorage along the full length
of the tube. This type of rockbolt can be particularly
useful in mild rockburst conditions, as the bolt may slip
but will not break (Bawden, 2011). Generally speaking,
it is useful for short-term duties in the mining industry
(Hoek and Wood, 1987). The Splitset has a high
deformation capacity (Li, 2010) and can be installed
quickly (Hoek and Wood, 1987), but it cannot manage
heavy loads (Atlas Copco, 2015). In addition, it can
become corroded under high groundwater conditions
(Hoek and Wood, 1987)
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 Resin-grouted bolts—In this type of rockbolt, resin and
a catalyst are put into small plastic bags and inserted
into the borehole. When the bolt is pushed through the
hole, it breaks the plastic bag, covering the bolt with
resin and catalyst. In this way, very strong anchors can
be set into rock of poor quality (Hoek and Wood,
1987). However, resins are expensive and can have a
limited shelf life, particularly in hot climates (Hoek and
Wood, 1987)
 Cement-grouted bolts—Here, cement grout is used to
encapsulate the rockbolt with the wall of the borehole.
There are three stages to this method: drilling the
borehole; injecting cement grout; pushing the bolt
through the borehole. Cement-grouted rebars have a
high load-bearing capacity but a low deformation
capacity (Li, 2007). These bolts can be used at shallow
depths where in situ stresses are low and the main risk
comes from gravitational rockfalls; in other words,
when the strength of the bolt is more important than
its deformation capacity. At depths where in situ
stresses are high, however, it is no longer appropriate
to use rebar bolts as rock reinforcement devices (Li,
2007)
 Welded wire mesh—The screen installation used in the
case study mines requires sheets of welded wire mesh
(Figure 2), which is inexpensive and has a large loadbearing capacity (Bawden, 2011). A very efficient way
of installing mesh with a mechanical rig is to use a
separate screen arm to lift the screen into place and
then use the bolt arm to fix the screen to the rock
surface. The load and displacement capacity of mesh
depend on the type of metal and size of the wire and
dictate the load capacity of the wire and weld (Bawden,
2011).

        
Between them, the case study mines use four bolt rig
suppliers. The mechanization level of the rigs varies from
manual to mechanized installation of bolts. In the Nordic
countries, safety concerns have forced the development of
fully mechanized bolt rigs, with the operator protected in the

cabin during bolt and screen installation. Today, this type of
equipment is dominant in the Nordic mines. In North
America, the situation is more complex. The main argument
for manual installation of bolts in the studied Canadian
mines is that it is assumed to be more efficient, with higher
productivity. In addition, the Canadian mines have a strong
tradition of using manual bolters.
Productivity issues are important if technology is to be
changed. Although the argument that manual installation is
faster is widespread, this claim was not substantiated by the
present work. Moreover, automation has advantages other
than speed. For example, precision of installation will
increase with mechanized rigs if they are navigated.
Throughout this research, the authors held discussions
with the case study mining companies and suppliers of the
rigs on the merits of mechanized versus manual bolting.
Findings were split. On the one hand, automation is
extremely important to both deep mining and safety. On the
other hand, manual operations offer greater flexibility,
something that cannot be ignored when selecting equipment.

!828+3-&9)87&4/414.
This study considered eight mines, belonging to four
different companies in Sweden and Canada. Data was
collected during site visits before being processed and
analysed. In-depth interviews were conducted with mining
personnel, including operators of the bolt rigs, managers, and
maintenance personnel. For the manual rigs, a time study
was performed to determine all relevant activities and their
corresponding times. For the mechanized rigs, International
Rock Excavation Data Exchange Standard (IREDES) files
were collected and analysed, along with production and
maintenance data.
A definition of productivity for bolt installation was
developed by combining the various types of information
obtained from data records, time studies, and interviews. The
definition was validated and improved during discussions
with the mining companies and equipment suppliers. After
that, the suggested definition of productivity for bolt rigs was
tested on the respective mines for productivity comparisons.
A schema of the research methodology is shown in Figure 3.
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Table I

,6565.9)87&4/9+5/934-9 0+167 94'97&89-+289270/ 9)6582
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!4-9 0+167

Mine 1

Cut and fill

Processing sand

Weak rock conditions

Mine 2

Cut and fill

Waste rock

Good; hardness reaches occasionally extreme values (550 Mpa)

Mine 3

Sublevel stoping, rill mining,
and cut and fill

Paste and rock fill

Varying from reasonably good to weak

Mine 4

Sublevel caving

Varying rock conditions and seismically active zones

Mine 5

Sublevel caving

Varying rock conditions and seismically active zones

Mine 6

VRM/slot and slash bulk mining

Wallrock moderate to high compressive strength. Ore low to moderate strength

Mine 7

Cut and fill

Wallrock moderate to high compressive strength. Ore low to moderate strength

Mine 8

Sublevel stoping

Rock backfill and cement

The ground support productivity was calculated using the
following expressions:
[1]

[2]

[3]

Fair to very poor rock

(supplier D) performs only manual bolting, with drilling
performed by another rig. Table II provides an overview of
the various support systems and the level of mechanization
of the equipment used for bolt installation.
Several different types of data (IREDES, production and
maintenance data, data from time studies) were collected and
analysed. Table III presents data on the number of bolts
installed per year, bolt length, number of shifts per week, and
hours per shift for the case study mines where data could be
collected. To generate a relevant comparison of the productivity of the mines, it is important to take this data into
account.

  
Table I gives an overview of the eight mines, including their
mining methods and backfill, as well as the quality of the
rock.
As noted, the eight mines use four different suppliers
(suppliers A–D, see Table II) of bolt rigs. The level of
mechanization differs from semi-mechanized drilling and
bolting to manual drilling and bolting. One type of rig
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Common productivity definitions must be used to simplify the
evaluation and benchmarking of bolting operations. In the
past, the absence of such definitions has led to confusion
when comparing operations across mining companies. For
example, mixing work capacity with long-term capacity can
lead to confusion about the performance level at different
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Table II

3405/920%%4379818)8572965-10/8/96597&89270/
,658
Mine 1
Mine 2
Mine 3
Mine 4
Mine 5
Mine 6
Mine 7
Mine 8

 06%)857

,8-&+56+764591881

4172

&47*9-3878

Supplier B
Supplier B
Supplier D
Supplier B
Supplier A and B
Supplier C
Supplier C
Supplier B

Semi-mechanized
Semi-mechanized
Manual (only bolting, no drilling)
Semi-mechanized
Semi-mechanized
Manual
Manual
Semi-mechanized

Cement-grouted bolts/resin-grouted bolts
Resin-grouted bolts
Resin-grouted bolts/cement-grouted bolts
Cement-grouted D-bolts
Cement-grouted D-bolts/Swellex
Resin-grouted bolts/splitset/mechanical bolts
Resin-grouted bolts/splitset/mechanical bolts
Swellex

X
X
X
X
X

-3885

(in bad rock)
Welded screens
Welded screens
Welded screens
Welded screens
Welded screens

X

Table III

8583+1965'43)+764594597&89)6582965-10/8/96597&89270/
%+5/65.9'36-7645 !8265*.34078/9 8)857*.34078/9 !8265*.34078/ !8265*.34078/9
(41729"8118#
(41729
(41729
(41729
(41729
,6589
,6589
,6589
,6589
,6589
Bolts/year/machine
Bolt length
Shift/week
Hours/shift

29130
2.4 m
With screen
12
9.08

21400
2.7 m

17300
2.7 m

11
9.27

16
8.03

20000
2.4 m
With screen

20000
2.4 m
With screen

10.5

10.5

8)857*.34078/99
(4172
,65899"65*&4028#

8)857*.34078/99
(4172
,65899"-4573+-743#

10300
3.0 m
With and without screen
12
8.8

19300
3.0 m
With screen
11
9.45

6.03890..8278/9-+%+-67 9/8'656764529'439(41765.

mines and the equipment’s actual performance level.
Therefore, a productivity definition has been suggested by
the project behind this research (MIGS WP-11). The
definition is based on the analysis of data from the mining
companies and on discussions with the mining companies
and their suppliers. The proposed definition is shown in
Figure 4 and described below.

drilling one hole and installing one bolt. No additional time is
included; it describes only the pure, undisturbed bolt installation time.
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The net cycle time for bolting is defined as the net time for

In addition to net cycle time, other time-consuming activities
at the face are included in work capacity. Method time
includes support activities such as collecting and installing
raw material and elements for the bolting process (concrete,
bolts, screen etc.). Operator repair includes all repairs

Productivity of rock reinforcement: methodology development
performed by the operator at the face. Many mines keep track
of work capacity by having the operator report the time when
the bolting equipment is moved to the area and when it is
removed from the area.

table shows differences between the support systems in terms
of face efficiency. Total time spent at the face is 49.6%, on
average, for manual bolting and 38.6%, on average, for
mechanized bolting. The total time spent on bolting is, on
average, 26.8% for the manual rigs and 17.3% for the
mechanized bolt rigs.
The main argument for manual installation of bolts in the
Canadian mines is that this method is more efficient, with
higher productivity. The findings of this study, however, do
not confirm this assumption. In fact, in most cases,
mechanized bolt installation shows higher productivity.
Findings suggest that the net bolt installation time significantly decreases with the use of mechanized equipment,
while work capacity and long-term utilization increase.
Based on the definitions given previously, the net cycle
time, work capacity, and long-term capacity were calculated
for the eight mines. The different support elements and bolt
types (resin/plastic, concrete, and Swellex) vary significantly
in their productivity, as shown in Table V. The net installation time (cycle time) is the shortest for Swellex but does
not vary significantly between cement-grouted bolts and
resin-grouted bolts. The Swellex installation, however,
consists of only two activities, hole drilling and installation of
the bolt, thus reducing the net installation time (cycle time).
Furthermore, the installation does not involve any additional
substances (concrete, resin cartridges etc.), further
simplifying the procedures and reducing the maintenance.
In general, installation of concrete-grouted bolts has
lower productivity, primarily due to the necessary cleaning
procedures during and at the end of the shift. The
maintenance is also more extensive, particularly because of
the cement distribution system. Cement is mixed in batches,
and the operators hesitate to mix a new batch close to the end
of the shift. In contrast, the resin bolt is installed individually
using cartridges; therefore, it does not have the drawback of
working in batches. This leads to a more efficiently used
shift, especially at the end. Nor are extensive cleaning
procedures required.
A comparison of the long-term utilization (Table VI)
shows that the resin has 43% higher capacity (long-term
utilization) than cement-grouted bolts. The Swellex system


Other necessary activities not occurring at the face are
included in operational capacity, in addition to work capacity,
such as transportation of the rig between different faces,
personal time and breaks for the operator, maintenance,
service and repairs in the workshop.

 
Long-term utilization describes the achieved capacity over
longer periods (months, years). This capacity measure is
affected by the logistic delay time for personnel, as this
structurally reduces the effective shift time. Standby time
measures the time when the equipment is available but not
used. For sequential operation, this may be significant, but it
can be controlled and reduced by management control.

 
The time intervals for capacity calculations vary between
organizations. They can be measured in installed bolts per
hour, shift, week, month, or year. Since the number of
working hours per shift, week, month, and year varies across
operations, using capacities per hour is recommended when
comparing different techniques and operations.
On a management level and for decisions on investments
in new equipment, the number of installed bolts per year is
normally used. Therefore, this parameter is included, even if
it varies depending on shift forms and other site-specific
conditions.

!8201729+5/9/62-022645
The large variations in rock mass characteristics across the
case study mines will naturally influence the rock support
productivity of each mine. Drilling is faster in weak ground,
insertion of bolts or grouting material can sometimes be
difficult in broken or fractured ground etc.
The ground support efficiency was calculated using
Equations [1]–[3], with results presented in Table IV. The

Table IV

3405/920%%43798''6-685%+5/65.
'36-76459(41729
"8118#
,6589$

!8265*9
.34078/
(41729
,6589$

8)857*9
.34078/
(41729
,6589$

!8265*
.34078/
(41729
,6589$$

!8265*9
.34078/
(41729
,6589$$

8)857*9
.34078/
(41729,65899
"65*&4028#$

8)857*9
.34078/
(41729,65899
"-4573+-743#$

(1) Total time at the face (%)

35.6

44.5

23.2

46.1

53.2

38.6

51.0

(2) Total time bolting (%)

19.0

23.3

13.4

23.7

29.8

10.6

20.3

(3) Face efficiency (%)

53.3

52.4

57.9

51.5

56.0

27.5

39.7

*Mechanized bolting **Manual bolting
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Table V

34/0-7667 9)8+20382
%+5/65.9
'36-76459(417299
"8118#
,6589$

!8265*
.34078/9
(41729
,6589

8)857*
.34078/9
(4172
,6589$$

!8265*
.34078/9
(41729
,6589

!8265*
.34078/
(41729
,65899

Net cycle time (bolts/hour)

30

17.6–20.6

19.5

15.3

13.6

Work capacity (bolts/hour)

13–19

10

11.3

7.88

5.69

4.45

2.62

3.63

29130

21400

17300

20000

20000

Long-term utilization (bolts/hour)
Number of bolts/year

8)857*
.34078/
(41729,65899
"65*&4028#

8)857*
.34078/9
(41729,658999
"-4573+-743#

7.61

4.15–6.57

7.27–8.21

4.05

2.07

3.95

10300

19300

*Optimized maintenance, **complicated logistics

45.*783)907616+7645
41797 %8

45.*783)907616+76459
"(4172&403#

6''8385-89659145.*783)
07616+76459"#

Swellex

5.69

97

Resin-grouted bolts

4.04

43

Cement-grouted bolts

2.88

0

has advantages similar to those of the resin bolts, with an
even shorter installation time. For the mines in the study, the
Swellex system has 97% higher capacity (long-term
utilization) than cement-grouted bolts. This variation is
significant and should be considered when selecting support
elements.
Even though Swellex systems have significantly higher
productivity, the use of Swellex depends to a large extent on
the prevalence of corrosion. In the studied mines, the
arguments for/against Swellex are related to corrosion, but
various kinds of corrosion protection, such as plastic coating,
can be employed. Furthermore, all bolts are affected by
corrosion, albeit in different forms. Severe corrosion may
occur because of inadequate installation of grouted bolts or
as a result of rock movements, sometimes enhanced by
galvanic currents.
It is often difficult to see a clear advantage of cementgrouted over resin-grouted bolts. Some say cement is less
costly, but this relates to the direct cost. If increased
maintenance and lower overall productivity are also
considered, the cost benefit may change. Others argue it is
possible to change the amount of cement (the recipe) if, for
example, the rock is more fractured, but such changes or
modifications have not been reported by individual operators.
The cement system causes additional problems, given the
significant time required for cleaning and the increased
maintenance time, both of which reduce the total operational
capacity.
          

For resin-grouted bolts, there can be individual variations
in the total number of cartridges and in the relationships
between fast- and slow-hardening cartridges in each hole.
One alternative is to use a two-component, pumpable resin,
where only the required amount of resin is mixed. This is
now available and used in Canada and Australia.
Figure 5 presents the time distribution for bolting for
Mine 1 following the productivity measures suggested. For a
mechanized bolt rig, the actual bolt cycle time represents 13%
of the total shift time, while 20% of the total shift time is
taken up by maintenance and repair. In other words,
maintenance and service are a very important part of the
overall productivity. Since the rig is idle due to logistic delays
about 32% of the total shift time, it is possible to increase
productivity by reducing these delays.

45-1026452
In this paper we have sought a way of comparing the productivity of different ground support systems in different mines
even if the prerequisites for the mines are different. The
major findings are as follows.
 The proposed model for evaluating productivity can
handle different equipment and input data, thereby
allowing comparisons between the productivity of
mines and equipment regardless of the prerequisites.
However, it can sometimes be difficult to calculate all
productivity measures due to lack of data
 The mining method greatly influences bolting productivity; in addition, the decision to optimize the face or
the machine will give different productivity results. The
proposed model has successfully been used here
 Productivity issues are important for any change of
technology. The argument that manual installation is
faster is widespread, but has not been substantiated by
this study. In fact, the net bolt installation time is
significantly shorter, the work capacity is higher, and
the long-term utilization is also higher for mechanized
equipment
VOLUME 116
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Table VI

Productivity of rock reinforcement: methodology development

6.0389&8920..8278/9-1+226'6-+76459+%%168/9749,6589

 The results clearly show a difference between different
bolt types. Resin-grouted bolts have 43% higher longterm utilization than cement-grouted bolts, and
friction-anchored bolts have 97% higher long-term
utilization than cement-grouted bolts
 Due to both safety and productivity reasons, it is
concluded that mechanized bolting equipment is
preferable to manual bolt installation. Most bolts are
installed using Swellex, but other factors, such as
corrosion and rock type need to be considered when
choosing the bolt type.
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Integrated optimization of stope
boundary selection and scheduling for
sublevel stoping operations
by T. Copland* and M. Nehring*

The decreasing availability of resources amenable to surface operations
has led to increasing numbers of underground mines, with trends
indicating this will continue into the future. As a result, there is a need for
additional optimization processes and techniques for underground mines,
with many analogous methods having already been developed for surface
mining. Current methods for design and optimization of stope boundary
selection and scheduling mainly involve heuristic methods which focus on
a single lever. Individual optimality may be approached, but globally
optimal results can be obtained only by an integrated, rigorous approach.
In this paper we review previous methodologies for stope boundary
selection and medium- to long-term scheduling and highlight the need for
an integrated approach. Previous integrated approaches are reviewed and
an improved modelling system proposed for shorter solution times and
greater applicability to mining situations. Randomly generated data-sets
for gold-copper mineralization are used to investigate the model
performance, describing solution time as a function of data complexity.
40/+%)
integer programming, operations research, sublevel stoping, stope
boundary selection and scheduling, underground mining.

-.+/%*'.1/The increasing need for mineral resources is
driving an increase in underground mines.
Lower grade mineralization with larger
amounts of overburden is becoming economically viable due to technological advances;
however, the software and tools available for
strategic underground mine planning are not
well developed. Advances in the methods used
to determine underground layouts and
scheduling must occur to ensure underground
mining is as optimized as open pit operations,
as underground mining involves many more
technical restrictions.
The process of determining stope
boundaries and scheduling is an example of an
aspect of underground mining amenable to
optimization (Topal and Sens, 2010). The
current industry standard for medium- and
long-term planning for sublevel stoping (SLS)
is to exclusively determine stope outlines and
then determine an appropriate sequence and
schedule accordingly. This process violates the
concept of optimality as integrating the
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constraints imposed by pre-determining stope
outlines does not allow for considerations in
scheduling to influence boundary planning
(Ataee-Pour, 2005). An integrated planning
process that combines both stope outlines and
scheduling would approach the optimal
solution and hence generate more value for
operations. This investigation specifically deals
with the underground sublevel stoping (SLS).
Other underground mining methods such as
block caving, sublevel caving, and room and
pillar mining have unique characteristics and
therefore require specific stope
boundary/production scheduling considerations.
This optimization problem has been the
subject of research, particularly over the past
five years, with current models requiring up to
31 hours for a solution to be found on
computer systems that have the typical
processing power of onsite technical services
systems, on standard size data-sets (Little,
2012). Complexities arising from the technical
constraints inherent to SLS include single
fillmass exposure, extraction level alignment,
and non-concurrent production. These
constraints must be appropriately reflected in
modelling this mining method. As such, the
increasing number and nature of variables
required to accurately model these constraints
has a dramatic effect on solution time.
Reducing the solution time by applying ideas
from the field of operations research and
mathematical programming would potentially
allow current models to be implemented in
industry and generate greater value for
resource projects.

Integrated optimization of stope boundary selection and scheduling
The current industry practice is to manually create stope
boundaries and schedule extraction separately. The creation
of a model that decreases computation time while still
generating similar results to current models would drastically
improve the planning process for SLS. Increases in NPV in
comparison to manual methods have been quoted as high as
30% and with such a large margin for improvement, current
practices would benefit from the outcomes of this project
(Little, 2012). Increases in productivity for personnel
involved in long-term scheduling would also be expected as a
manual approach for a single scenario can take multiple
planners longer than three weeks (Wang and Webber, 2012).

5&0+,.1/-)2+0)0,+'
  
Goldberg and Winston (2004) define seven steps for model
formulation. The process highlights the fact that all
mathematical models are idealized approximations of real-life
problems and hence solutions that are found must be
critically analysed, implemented, and evaluated. Taha (2006)
also notes that the added complexity of a model in attempting
to idealize as little as possible can be rewarding in respect of
increasing the validity of results. The seven steps outlined by
Goldberg and Winston (2004) are:








Formulate the problem
Observe the system
Formulate a mathematical model of the problem
Verify the model and use the model for prediction
Select a suitable alternative
Present the results and conclusions of the study
Implement and evaluate recommendations.

  

  
Linear programming (LP) is an analysis technique that aims
to maximize or minimize a linear function with a number of
variables. These models consist of an objective, decision
variables, and constraints. Decision variables are representations of the choices to be made that affect the outcomes of
the problem approximated, while objectives are linear
functions of decision variables that are to be maximized or
minimized in order to determine the optimal solution.
Examples include maximizing profit by choosing how much
of a product of a particular type to make. Constraints are
inequalities that enforce some limit on the model so as to
ensure the solution to the model is applicable to real-world
situations. As the name implies, these must also be linear.
Scarcities of resources or machining capacity limitations are
examples of constraints in a production setting. LP models
can be represented in the general form:
[1]
Linear programs can be solved in multiple ways. Simple
programs containing two or three variables can be solved
graphically or analytically by substitution of equations;
however, more complex linear programs require more
specialized tools. The simplex method exploits the geometry
of a polytope which represents the feasible region of a
problem with the number of dimensions corresponding to the
number of decision variables (Noncedal and Wright, 2006).
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The solution at which the algorithm is terminated is
proven to be optimal as the polytope is convex, and hence a
path along edges to the optimal solution will always have an
increase in the objective function. The representation of a
problem’s feasible region will always result in a convex
polytope if the problem is bounded and the matrix
representing the constraint coefficients is linearly
independent (Noncedal and Wright, 2006). The computation
time for this algorithm varies, as the number of edges that
must be traversed varies according to the dimension of the LP
problem, the location of the optimal solution, and the starting
point that is chosen.
Variations of Dantzig’s simplex method exist. The revised
simplex method utilizes the same mathematical grounding
but involves maintaining a basis matrix representation of the
constraints. This reduces computation time due to the sparse
nature of the matrices involved (Noncedal and Wright, 2006).
Interior-point algorithms can be used on larger problems and
exploit the geometry of the feasible region differently (Taha,
2006).
The advantages of LP are stated by Tiwari and Shandilya
(2006), who highlight the fact that the range in which these
types of problems can be solved allows for fast computation.
The authors go on to state that the limitations of the method
result mainly from the difficulty in representing problems, as
many applications of mathematical programming require
integer values or are difficult to represent in continua. Hence
there is applicability to problems based in economics and
production where continuous variables are well suited to the
representation of real-world systems.

VOLUME 116

Integer programming (IP) is similar to LP in that models are
formulated with objectives functions, constraints, and
decision variables. The difference exists in the nature of the
decision variables. IP problems require decision variables to
be integers and hence the ability to model discrete situations.
Integer variables are popular in modelling production
planning, scheduling, and networks (Karlof, 2006). IP
problems follow the general form outlined below.

[2]

Variables can also be limited to binary outputs. These
binary variables can be used to represent ‘yes or no’
decisions; an example from a popular application is the
Sudoku problem. Matrices of binary variables represent the
location of a particular number, creating expressions for the
puzzle’s constraints that are simple to capture mathematically
(Taalman and Rosenhouse, 2011). These problems are a
subset of IP and are termed binary integer programming
(BIP).
Due to the discontinuous nature of the variables in both
BIP and IP, the feasible region of the problem cannot be
graphically represented as a polytope. The solving of IP
problems therefore requires the application of different
algorithms. If an IP problem’s variables are redefined to be
linear, the problem is termed a linear relaxation (LR). The
          

Integrated optimization of stope boundary selection and scheduling

  
The combination of both continuous and integer decision
variables in a programming problem is termed mixed integer
programming (MIP). The applications of MIP extend to many
areas. The solving of MIP consists of a combination of
simplex-derived methods as well as IP problem-solving
techniques such as branch and bound and cutting planes
(Goldberg and Winston, 2004).

1#*+02+,-'2,-%2/*-%2$0./%21..(02
          

*(0"0(2)./&1-#
Sublevel stoping is an underground mining method that
involves the excavation of large blocks of ore in an
unsupported fashion. This method is suited to steeply
dipping, tabular orebodies of thickness between 50 to 100 m
with strong, competent ore and host rock. Initially, stopes
are developed with an extraction level and drill accesses,
known as crosscuts (Figure 2). These development drives are
offset vertically and are usually situated in the centre of a
stope. Longhole drills are then used to create rings of holes
within the stope envelope, which are then charged with
explosive and blasted to fracture the rock. Ore is drawn down
through the extraction level at the bottom of the stope. Once
extraction has been completed, the void is then backfilled
with material that may consist of waste, cement, and other
aggregates. This process can be performed on multiple stopes
simultaneously, within certain operational constraints
(Darling, 2011).

  
The key aspects of underground mine layout that are pivotal
to the project revolve around the limitation of when stopes
are available for production. Haulage and access systems
dictate when development can occur at different areas of the
mine, and hence this should be reflected in modelling.
The use of a decline as the primary means of accessing
the orebody favours production from stopes closer to the
surface earlier, as these drifts can be developed before lower
levels. If access is via conventional shaft-sinking, lower-level
stopes may be favoured due to their closer proximity.
Likewise, the choice of haulage system can also dictate these
parameters in a similar way. Truck haulage systems may
permit early production while other infrastructure is
constructed, while shaft haulage will require initial
construction of orepasses and underground crushers, hence
preferences would vary according to the development
method.
Stope shape also influences the value of underground
operations. For thicker orebodies, where multiple stopes exist
both along and across the strike, internal stopes may have
regular outlines. At the point at which cut-off grade is to be
defined, the profitability of a stope may influence its shape. A
cut-off grade is defined as the point at which mineral concentrations become too low to be considered valuable and hence

1#*+020'.1/-,(2"102/!2,2.&1',(22/&0+,.1/-2
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feasible solutions of an IP problem are a subset of the LR and
hence many algorithms use the LR as a starting point for
iterations (Tiwari and Shandilya, 2006).
The branch and bound method is an algorithmic approach
that uses a LR of an integer program to evaluate subproblems to determine the optimal solution of an IP problem.
The process starts with solving the LR of the IP problem. If
the solution consists of integers, then the process terminates
and the optimal solution is found. If not, a non-integer
variable is chosen and its bounding integers form constraints
for the next sub-problem to be solved. This process continues
until all possible solutions are investigated and the optimal
solution is found. Figure 1 shows a branch and bound tree
with the solutions of sub-problems from zero to ten forming
the possible solutions to the initial IP problem.
Additional constraints can be added to an IP problem to
decrease the region discrepancy of the LR. Another method
for solving IP problems is the use of cutting planes. Cutting
planes are derived from the optimal solution of a LR.
Constraints in a Gaussian-reduced form are converted to
integers and fractional parts, with the fractional then forming
a new constraint. This constraint does not remove any
feasible points from the IP problem, and changes the current
optimal solution for the LR (Goldberg and Winston, 2004).
Gomory (1958) shows that this process yields the optimal
solution to the IP problem with a finite number of cuts.
The solution time for IP problems is highly dependent on
the number of integer variables and the existence of any
special structures instead of the number of constraints, as is
the case with LP problems (Little, 2012). Increasing the
number of constraints can actually decrease the solution time
for IP problems by reducing the number of branches that can
be investigated or reducing the feasible region (Hillier and
Lieberman, 2001). IP is usually only limited in application
due to the increased complexity of obtaining solutions, as
this form of programming can model many real-life problems
more accurately than LP.

Integrated optimization of stope boundary selection and scheduling

1#*+02 2.&1',(2)*(0"0(2)./&02(,/*.2*((/'2,-%2*).+*(1%22

material below the cut-off grade is waste. Boundaries can be
less regular to minimize dilution and as a result increase the
profitability in comparison to a more regular outline. The
level of geological confidence required in strategic planning to
account for this is high and hence is not as applicable to this
project, which seeks to maintain a more regular-shaped
stoping envelope.


SLS production processes involve multiple steps revolving
around development, preparation, extraction, and backfilling.
Initially, the extraction level and sublevel drill accesses are
developed. The number of sublevel drives should be
minimized as development is expensive in comparison to the
cost of production drilling. Once these developments are
completed, a slot raise or winze is driven at the initiating end
of the stope; this serves as the initial void for production
blasting (Sandvik, 2009).
Drawpoints are then constructed by drilling funnel shapes
in the hangingwall of the extraction drive. Once the blasted
material is removed, this will serve as another void for
blasting and will channel broken ore from the stope (Nehring
et al., 2012). After this, an initial slot is blasted to initiate
breakage. The slot is smaller than future production blasts
due to the space available for movement and the natural
swell factor which occurs as material is broken. The stope is
then blasted in stages and the blasted material extracted
through the drawpoints. Ore can be transported by a
combination of load haul dump units, orepasses, conveyors,
rail systems, haulage trucks, and hoist skips (Darling, 2011).
A stope may remain empty for a period in which
bulkheads are constructed within drives. These bulkheads
ensure that the backfill material does not breach drifts. The
fill mass is usually a combination of tailings and cement and
is transported from the surface via a pipeline (Darling, 2011).

maximize the stability and safety of operations. In order to
accomplish these geotechnical goals, the following rules must
be adhered to during production.
Stopes that overlie each other can create planes of
weakness by having extended interfaces between fill mass
and pillars. In order to avoid this hazard, stopes on adjacent
levels must have offset outlines, so that these planes cannot
form. Figure 4 demonstrates this.
In order to minimize the span of unsupported voids,
stopes adjacent to a current production stope in any direction
cannot be mined until the backfill material has cured.
Concurrent production from stopes that are adjacent would
increase the unsupported span and hence increase the risk of
failure in the hangingwall, footwall, and backs. Production
from stopes that share corners should also be avoided (Little,
2012).
The strength of fill mass is much lower than that of the
surrounding country rock. As a result, if production from
stopes exposes multiple sides of a backfilled stope, failure can
be induced by the redistribution of stresses around the
excavations. Therefore in order to avoid this potential for
failure, production should allow only one side of a backfilled
stope to be exposed at any one time.

  
While current industry practice is to perform this process
manually, numerous methods are employed for stope
boundary selection. Topal and Sens (2010) present a new
method for determining optimal stope outlines. The method is
rigorous and involves block model conversion, creating all
possible stope outlines, evaluating envelopes of stopes for
profitability, and choosing the most profitable stopes. The
effect of different selection criteria in regard to profitability
was investigated with total profit, profit per time unit, and
profit per square metre used to determine the list of stopes to
be mined.
The maximum value neighbourhood (MVN) algorithm is
a heuristic approach to determining stope outlines from a
block model. The method can be applied to three dimensions
and is suitable for many different mining methods. It aims to
find the maximum value for a stope that includes a block
being interrogated. The algorithm starts with a definition of
the largest stope size. Next, a set is populated that contains

     
The geotechnical stability of openings underground dictates
the way in which stopes can be extracted. There are a number
of constraints that must be recognized when sequencing
stope extraction so as to minimize the span of unsupported
openings, decrease stress concentration on weak areas, and
reduce the length of discontinuities in an attempt to
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Integrated optimization of stope boundary selection and scheduling

 
The approach formulated by Manchuk (2007) demonstrates
scheduling methods used in SLS operations once stope
boundaries are determined. The process includes parameterization of stope attributes as well as of operations. Stope
attributes include location, size, neighbouring stopes, and
other economic factors, while operations are parameterized
by task and the rate at which these tasks can be completed.
Constraints in production are then applied. These include
constant production, adjacency constraints, and resource
allocation. The problem is then solved by a combination of
simulated annealing and probabilistic decision-making.
As optimization over different horizons can provide only
local optima, Nehring et al., 2012) investigated how an
integrated schedule affects the NPV of an operation. Three
models were derived – a medium-term schedule that
optimizes production with the aim of maximizing NPV, a
short-term production schedule allowing for machine
allocations with the aim of minimizing deviation from a
target grade to mill, and an integrated production schedule.
The combination of both short- and medium-term
optimization models showed significant results with an
increase in NPV of 10% compared with manual scheduling
methods, while the integrated model increased the NPV by
11% for a 100-stope conceptual study. The solution time for
the non-integrated models is 110 seconds on a 2.40 GHz
computer with 8 GB of random access memory.
          

1-,+21-.0#0+2&+/#+,$2!/+$*(,.1/
Creating a conceptual model that uses pre-processed stope
data as opposed to generating stope data from blocks is a
necessary step to reduce solution time. In doing so,
purposefully structuring data to allow easy interpretation by
the model minimizes processing time. The following steps
outline the different aspects of creating the binary integer
program inputs from block model parameters. Visual Basic
for Applications (VBA) was used to perform this data
processing.
The following initial parameters are required to be filled
before calculations can be done. These vary from financial to
technical. Table I shows the required data.

 
Each possible stope is investigated by evaluating the range of
possible stope sizes and iterating through all the possible
locations. The smallest increment that was investigated was
the size of the blocks. Starting at the origin block of the
model and with the smallest stope size, the boundary is
stepped in a single direction until the extent of the block
model is reached. Following this process in all directions, all
possible stopes outlines are found. This is then repeated with
as many stope sizes as input with beginning and end blocks
written.
Once all possible stopes are determined, the block data is
aggregated for each stope. Tonnage is calculated by summing
individual block tonnages. Grade is calculated from a massweighted average of the blocks with value determined from
the stope’s containing metal. These are calculated using fixed
and variable parameters. Stopes of negative value are
removed in order to reduce model load. Removing the
negatively valued stopes would not reduce the optimality of
the solution as there is no way to increase NPV by including
these stopes.
After removing negatively valued stopes, inter-stope data
is formulated. Binary matrices are calculated according to a
set of rules that determine which stopes are adjacent or
cannot be in production with other stopes. A stope is chosen
and compared to all other stopes. If the stopes being

Table I

,.,2&+/'0))1-#21-&*.2&,+,$0.0+)
,+,$0.0+2-,$0

-1.)

Number of time periods
Block model dimensions
Stope dimensions
Metal prices
Recovery
Discount rate
Fixed preparation costs
Fixed extraction costs
Fixed backfilling costs
Variable extraction costs
Variable backfilling costs
Minimum grade requirement
Maximum grade requirement
Mine's ore handling capacity per time period
Cost of level development/level

Blocks
Blocks
$/ton
%
%
$
$
$
$/ton
$/m3
%
%
Tons
$
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all the possible neighbourhoods, including the block in
question. The economic value of each neighbourhood is
determined by summing the profitability of each block in the
neighbourhood, and the maximum is chosen. This process is
repeated for other blocks with checks performed to ensure the
same block is not included in multiple neighbourhoods
(Ataee-Pour, 2005).
The moving cone method for open pit limit optimization
is a widely used tool in the planning stages of surface
operations. The floating stope algorithm is analogous to this
method and aims to find the optimal limit of mineable ore in
a stope envelope. A block is selected, with the inputs required
being minimum stope outline and float increment. The
outline is floated around the block, creating an inner
envelope that consists of the highest grade stope and an
outer envelope that encompasses all possible stope outlines.
The stope outline to be chosen should be as close to the inner
envelope as possible and fall within the outer envelope. The
choice of stope outline is dictated by the optimization
objective, such as maximum ore tons, maximum grade, or
minimization of cut-off waste (Ataee-Pour, 2005).
The branch and bound technique utilizes type-two special
ordered sets to determine the optimal starting and finishing
locations for stope blocks in a row. Two piecewise linear
functions are used to determine which blocks along a row
should be included, and which should be excluded. The
approach is implemented by commercially available software
which includes data reduction, optimization, and graphical
presentation (Little, 2012). The algorithm can be utilized
only in one dimension, and hence the constraint of geometry
and location of the row must be predetermined. While this
tool is efficient, its limited application warrants the creation
models of that can better approach optimality.

Integrated optimization of stope boundary selection and scheduling
compared are on the same level, share an adjacent boundary,
and do not have any common blocks, then the stopes are
written as adjacent. For violation relationships, if the
compared stopes have offset extraction layers, align for
vertical planes of weakness, or share common blocks the
stopes are written as violations. Supplying this data to the
model allows for simple and systematic constraint
application. From a computing point of view, the binary input
of variables allows for faster computing than reading and
referencing larger data labels.
After the data processing, stope data is amalgamated and
saved. Each entry involves an identification index number,
tonnage, grade, value, and extraction level. The value of each
stope is output as a set of values corresponding to production
in each time period. This allows for simple formulation of
NPV and ensures the objective function remains linear. All
data is written to a text file.

The objective function of the BIP is to maximize profit as
shown in Equation [3]. This considers the profit from stopes
and costs of level development. Equations [4] and [5] ensure
that stopes are produced only once and that the summary
variables are linked to the time-dimensioned variables.
Equation [6] ensures no stopes that violate geotechnical
constraints are produced or stopes with common blocks.
Equations [7] and [8] constrain single fill mass exposure and
non-concurrent production of adjacent stopes respectively.
Equation [9] ensures production tonnage limits are not
violated per time period, with Equations [10] and [11]
ensuring blended metal grades are within specifications.
Equation [12] ensures that production occurs only after level
access is established, and Equation [13] ensures sequential
development of levels from the surface.
[3]

   
Mathematical formulation of the model involves multiple
stages of compilation in order to optimize stope outline and
scheduling simultaneously. The model aims to replicate realworld scenarios by selecting the most appropriate stope
boundaries and locations in combination with time to produce
and when level access should be developed. This is
demonstrated in the way of binary decision variables.
The following sets and data are used in model
formulation:
Nn
Tt
Ll
Gg
Tmt
Lml
Adjns
Violns
Tonn
ZZn
LVl t
MGn g
TonLim
MMaxg
MMing

[4]

[5]

[6]

Set of all stopes indexed by n (or s)
Set of all time periods indexed by t (or a)
Set of all levels indexed by l
Set of all metals contained by orebody indexed by g
Set of all time periods less one
Set of all levels less one
Binary collection of data, 1 if stope s is adjacent to
stope n, else 0
Binary collection of data, 1 if stope s cannot be
produced with stope n, else 0
Set of tonnage of stope n
Level of stope n’s extraction layer
Cost of level development in time period t
Grade of stope n for metal g
Tonnage throughput limit per time period
Maximum mill feed grade for metal g
Minimum mill feed grade for metal g

[7]

[8]

[9]

[10]

[12]

The model consists of four types of decision variable, all
with a binary nature. Two represent the production of stopes
while two are used to demonstrate level access. The
production variables are shown as:

[13]

1-,+21-.0#0+2&+/#+,$2&0+!/+$,-'0
 
The two variables used in level development are
structured in a similar way:
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The model was verified by analysing the results of a 38-stope
model with randomly generated financial parameters. A
diagram demonstrating outlines is shown in Figure 5, with
the production. This simulation had an NPV of $5.7 million.
No violation of constraints was found, with visual verification
of the production sequence showing that with the given
development costs, stopes closer to the surface were more
favourable for production.
          

Integrated optimization of stope boundary selection and scheduling
The results of the model were compared to constraints
previously outlined to ensure the selected stope boundaries
and production schedule were valid. Systematically moving
through the constraints:
 Stopes are produced only once if selected for production
throughout the scheduling period
 No adjacent stopes are produced concurrently (this was
further tested with a larger, tabular body and still held
true)
 Single fill mass exposure is not exceeded
 No stopes have offset extraction levels
 No stopes cause vertical planes of weakness
 No stopes share common blocks
 Production tonnages are not exceeded
 Mill feed grade is kept within maximum and minimum
requirements
 Level access is developed before stope extraction as
required
 Level access occurs sequentially from the surface.

and economic data with identical constraints in regards to
mining, grade, and geotechnical limitations. The value of
stopes was considered over multiple periods, however, and
did not include level constraints.
Both models, with and without summary variables,
produced the same solutions for each data-set. This verification is required to ensure constraint spelling is correct. As
models increase in complexity, it is expected that the results
found for each model will begin to deviate. More intensive
processing will be required for the model without summary
variables and hence investigations may not reach a gap of
0%, whereas the other model will do so up to a certain
number of stopes. Hence an improvement in model solution
time is also an improvement in the size of models that can be
investigated. The branch and cut algorithm used to find
optimality demonstrates the number of solutions investigated
in Table III.

The implementation of the level constraint does not allow
stope production to occur until after the level access is built.
This is realistic in respect that it allows parallel production
and development in the time periods after access and requires
full development of a level before access. Table II shows the
production and development schedule determined by the
model to be optimal for the validation data-set. It shows that
the level access constraint is not violated and production of
stopes occurs in the time period after access has been
established. It also shows that the production tonnage
limitation was not violated.

      
The model was run with varying stope numbers to predict
solution time according to the input number of stopes to be
solved. Solutions were obtained by using Python 2.7 with
Gurobi Optimizer running on a computer with 8 GB of
random access memory (RAM) and a processor speed of 2.00
GHz, utilizing all four of the processor’s cores.
Figure 6 shows the number of stopes per model and the
run time in minutes. Two variations of each model were run,
one with a summary variable for stopes and levels and one
without in order to compare processing times. A third
reference from previous literature is included as a
benchmark. This model (Little, 2012) was run with 4 GB of
RAM and a 2.4 GHz processor and had a similar model
complexity with regard to constraints and data. 289 stopes
containing gold were evaluated with pre-processed physical

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

1#*+02 /%0(2+*-2.1$02./2)/(*.1/-2'/$&,+1)/-

Table II
Table III

1$02&0+1/% 0"0(2%0"0(/&$0-. ./&02&+/%*'.1/- +/%*'.1/-2./-)
1
2
3
4
5
6
7

1
2
3
4
5
6

1st
2nd
3rd
4th
5th

31 351
27 595
29 380
30 647
28 892

          

$&,'.2/!2)*$$,+2",+1,(0)2/-2+,-'2,-%2'*.
-/%021-"0).1#,.1/*$0+2/!2)./&0)

1.

1./*.

24
38
64
90

2 058
3 683
3 805
5 087

10 778
18 274
68 036
175 145
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Integrated optimization of stope boundary selection and scheduling
3/-'(*)1/-)
The key findings include proof of optimality, reduction in
solution time, and increases in applicability of model results.
These are significant in mobilizing BIP as a method of
planning and scheduling.
The model found the optimal solution for each case,
solving each with a gap in solution space of less than 0.5%.
Reaching optimality in a short time period is significant as it
allows for higher NPVs to be obtained without reliance on
manual methods. This allows multiple models to be run in
different scenarios to investigate optimality, which cannot be
done when manual methods are employed. It also removes
the possibility for errors.
The methods of reducing solution time were successful in
two ways. Firstly, by structuring data in ways that combine
sets and allow for simple access by the model, processing
time is reduced The use of binary sets to represent adjacency
and violating relationships between stopes allowed for fewer
constraints in the BIP and quicker data accessing as opposed
to labels.
The second method of reducing solution time involves
employing a summary variable to allow for constraints
involving the whole production time-horizon to reduce the
range of solutions to be investigated. It is more suitable for
the violation constraint; for example, to consider the
production schedule holistically rather than on a time period
basis. Continuing with the violation constraint, a summary
variable spelling would consider the subject stope variable in
addition to a variable for all the stopes that cannot be
produced. Without summary variables, the number of considerations increases by a factor of the time periods. Hence in
the context for run solutions, the constraints could involve up
to 25 times less variables.
The reduction in solution time as a result of using
solution variables increased as data complexity increased. For
the smallest models, nodes processed were reduced from 10
778 to 2058, reducing solution time from 13.09 seconds to
6.97 seconds. For the largest data-set assessed by both
models, nodes were reduced from 175 145 to 5 087 for a
solution time reduction of 5 664.38 seconds to 84.74
seconds. In comparison to previous work, a model run with
similar computing hardware and stope numbers took 31
hours of processing time whereas with summary variables
this was reduced to 135 minutes. The difference in these
times increases the relevance of the project to industry as
solution times approach acceptable limits for implementation
in commercial software. A solution time of 31 hours would
only be acceptable for academic investigations. While both
processes reduce the risk of human error and allow for more
iterations and scenarios to be tested, having up to 14
simulations in the space of one would allow for much greater
productivity. Reducing the complexity of the model and nodes
investigated would also mean that the limitations of
computing hardware would affect only much larger models
with the use of summary variables.
The addition of a level constraint allows for the results of
the model to be more relevant to real-life applications.
Although how this influences the relevance of model results
cannot be quantitatively assessed, consideration for stope
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elevation adds valuable credibility and is a crucial factor in
determining the optimal order in which stopes should be
mined.
The implementation of this model or similar approaches
would be an improvement on the current methods of manual
formulation. The optimal solution is not guaranteed when
relying on the experience of personnel and when stope
outline and scheduling occur independently. Secondly, this
work is an addition to the limited body of software for
underground optimization. Its implementation would
decrease the lag in development between surface and
underground planning methods. Lastly, the model provides a
basis for future work in the application of integer
programming to other areas of underground optimization.
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Estimating the effects of line brattice
ventilation system variables in an
empty heading in room and pillar
mining using CFD
by T. Feroze* and B. Genc*

The ventilation of underground coal mines plays an important role in
minimizing the risk of methane and coal dust explosions. The ability of
ventilation, with the use of line brattices (LBs), to remove methane and
coal dust in empty headings is dependent on the amount of air leaving the
LB and entering the heading. The quantity of this air depends on the
associated system variables, namely heading dimensions, settings of the
LB, and velocity of air in the last through road (LTR). However, the exact
effect of these system variables on the flow rate at the exit of the LB in an
empty heading is not known. The installation of LBs in South African coal
mines is generally carried out based on experience. This can result in overor under-ventilation and may increase the cost of providing ventilation or
cause accidents, respectively. In this paper, using computational fluid
dynamics (CFD), the air flow rate at the exit of the LB in an empty heading
was estimated using full-scale three-dimensional models. The CFD model
used was validated using experimental results Firstly, the settings of these
three system variables were varied, the flow rates at the exit of the LB
were measured, and finally the results were used to calculate the effect of
each system variable. The outcome is a mathematical formula that can be
used to estimate air flow rate at the exit of the LB in empty headings for
any practical scenario.
This paper will help the coal mining sector in South Africa by
providing estimation models based on scientific reasoning for the installation of LBs, and will also serve academia as part of the curriculum
towards educating future mining engineers.
A<*+76.5
ventilation, coal mines, line brattice, CFD.

9:67.-2:;79
Auxiliary ventilation is required to ventilate
development headings, which form part of the
secondary circuit and are separate from the
main flows. The design, selection, and installation of any auxiliary ventilation device
requires an understanding of the capabilities
of the equipment and the requirement in hand.
Codes of practice and regulations in operating
mines are developed based on this
understanding. Ventilation engineers and mine
managers use these codes and regulations to
develop plans for optimally managing the
hazards presented by the mining operations
and the environment.
Using this approach, a line brattice (LB)
can be an effective method for providing
sufficient air into the development heading. A
LB is a low-cost, short-term solution to direct
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air into the development heading without the
need for any local power and which produces
no noise (McPherson, 1993). It is
manufactured from plastic sheeting with or
without fabric reinforcement (Hartman et al.,
2012). If no LB is used in a development
heading the air may not be ventilating beyond
10 m in normal production conditions (Feroze
and Phillips, 2015). Therefore, as a general
practice, LB ducted fans (Figure 1) or jet fans
(Figure 2) are used to ventilate headings
deeper than 10 m, to achieve better
penetration of air and sufficient ventilation.
LB ventilation systems have been studied
for years. Luxner (1969) showed that in a LB
ventilation system the air flow patterns were
independent of the flow rate delivered by the
LB system. Meyer et al. (1991) have shown
that upstream and downstream scoops
increase penetration by 16% and 46% respectively, and also that the air velocities are
greater than without the use of a brattice.
Meyer (1993) showed that the recirculation
with an upstream brattice is 10%, and 50%
with a downstream brattice. Tien (1988)
revealed that a LB is essential for the
prevention of recirculation and for the control
of respirable dust and methane in the face
area. A number of studies have been carried
out on the effect of the setback distance
(distance of the LB from the face). Taylor et al.
(2005) and Goodman and Pollock (2004)
showed the effects of the LB setback distance
on return airway dust and gas levels.
Goodman et al. (2006) also showed that for an
exhaust LB system an increase in setback
distance increases the dust levels close to face.
Thimons et al. (1999) studied the influence of
LB setback distance on the air flow at the face
in the presence of a continuous miner.

Estimating the effects of line brattice ventilation system variables

&;1-6<=)!&762;91=.-2:<.=/89=#<9:;48:;79=5*5:<0=%376(=) =
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In addition to past experimental studies, numerical
modelling has been extensively used over the past decade in
research related to ventilation systems in underground
mining. Aminossadati and Hooman, (2008) studied the
effects of LB length on the ventilation of the crosscut region
using a two-dimensional CFD model. Wala et al. (2003)
carried out simulations related to working face ventilation in
the presence of a continuous miner, and the air requirement
to ventilate methane during the mining of a boxcut and slab
cut (Wala et al., 2007). Phrushotham and Bandopadhyay
(2010) simulated the shock-loss phenomenon of different
configurations of air crossings. Zheng and Tien (2008) used
CFD to simulate the diesel particulate exhaust from mining
machines. Torano et al. (2009) studied methane behaviour in
a roadway using CFD. Van Heerden and Sullivan (1993) used
CFD to simulate the ventilation of the working areas in the
presence of continuous miners and roadheaders.
However, the design and installation of a LB are still
fundamental issues for ensuring sufficient air supply for
effective ventilation (Aminossadati and Hooman, 2008). No
mathematical models have been developed to estimate the
outcome of a LB ventilation system. The ability of ventilation
air, with the use of a LB, to remove methane and dust in
development headings is dependent on the amount of air
entering the heading (i.e. leaving the LB) (Lihong et al.,
2015). The quantity of this air changes with the settings of
the associated system variables such as heading dimensions,
settings of the LB, velocity of air in the LTR etc. The lengths
of the development headings and the air flow rates available
in the LTR are not the same throughout a mine and change at
each stage of mining. Therefore, the settings of the auxiliary
equipment used at one place may not be appropriate at
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another place, and supervisors need to be guided by
instructions based on scientific reasoning to change the
settings to obtain the desired flow rates for each location. At
present, LBs are still installed based on experience and, since
a development heading where production takes place is the
most vulnerable area due to the presence of high levels of
methane and dust, inadequate ventilation may lead to
conditions conducive to methane explosions. About 75% of
methane explosions occur in the immediate working areas
and in blind drifts (Tkachuk et al., 1997). The
correct/optimum use of LBs at each location can be
determined only once the effect of each associated system
variable on the flow rate is known, otherwise the ventilation
will either be more than the requirement, adding to costs, or
insufficient to ensure compliance with regulations and may
result in accidents.
In this investigation, ANSYS Fluent, a CFD numerical
code, was used to investigate the effect of some of the system
variables associated with the LB ventilation system on the
flow rate at the exit of the LB. These variables are the
dimensions of the heading (height and depth), LTR velocity,
and settings of the LB (length of the LB in the LTR, angle of
the LB in the LTR, length of the LB inside the heading, and
distance of the LB from the wall of the heading). The
mathematical model presented will assist ventilation
managers and supervisory staff to correctly estimate the
outcome of their actions in advance, so that optimum
ventilation can be ensured. The results have academic value
as well, and can be used as training material to teach the
effects of the system variables associated with the LB
ventilation system.

"<5<8623=08:6;=
The system variables used for this research are the heading
dimension, LB settings, and the LTR velocity, details of which
are given in Table I and shown in Figure 3. Each possible
combination of these variables was studied, resulting in a
total of 96 cases for each LTR velocity (combined cases for all
LTR velocities were 288). To carry out the analysis, these
cases were organized into four groups based on the
dimensions of the heading, and in each group there are a
total of 24 base cases. These cases were named using the
syntax case number - width of heading - height of heading length of heading - length of LB inside the heading - length
of LB in the LTR - distance of LB from wall in the heading angle of LB in the LTR. Thus 1-6.6-3-10-Half-3-0.5-0 means
case number 1, the dimensions of the heading are 6.6 × 3 ×
10 (W × H × D), the length of the LB inside the heading is
half the size of the heading, the length of the LB in the LTR is
3 m, the distance of LB from the wall in the heading is 0.5 m,
and the angle of the LB in the LTR is 0°. Based on the
heading dimension, the groups of cases formed in this study
are 6.6 × 3 × 10 m (Group 1, 1-24 cases), 6.6 × 3 × 20 m
(Group 2, 25-48 cases), 6.6 × 4 × 10 m (Group 3, 49-72
cases), and 6.6 × 4 × 20 m (Group 4, 73-96 cases). The
system variables were changed within each group in the
same sequence; the numerical and complete names of group 1
are given in Table II. Therefore, sets of cases became
available within each group and amongst groups as well. In
each set, all the system variables excepting one are the same
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Table I

<:8;45=7/=:3<=5*5:<0=#86;84<5=-5<.=/76=:3<=5:-.*
<8.;91=.;0<95;79
<8.;91=
<8.;91=
<8.;91=
3<;13:=0
.<(:3=0 +;.:3=0

,%"=#<472;:*
05

3 and 4

1, 1.5 and 2

10 and 20

6.6

,<91:3=7/=,'=
;95;.<=3<8.;91=05
1/2 of heading depth (5 and 7.5)
and 3/4 of heading depth (7.5 and 15)

&;1-6<=! <:8;45=7/=:3<=5*5:<0=#86;84<5=-5<.=/76=:3<=5:-.*

,'=5<::;915
,<91:3=7/=,'=
;95;.<=,%"=0

,'=.;5:892<=/670=:3<=
+844=;9=,%"=89.=3<8.;91=0

3 and 6

0.5 and 1

914<=7/=,'=
;9=,%"=
0, 7.5 and 15

which is given in Feroze and Phillips (2015), and another
such study is included in this paper.
The K- model uses two transport equations to solve the
velocity and the length scale. The turbulence kinetic energy,
k, represents the velocity scale while turbulence dispersion
rate, , represents the length scale. This is the widely used
method for underground air flow analysis and has a few
variants. One such variant is the realizable K- model, which
was used for this study. This model is more accurate than the
K- as it uses an improved equation to calculate turbulence
dispersion rate and calculates the eddy viscosity coefficient,
unlike the standard K- model where it is assumed as a
constant. The details of the turbulence model are available in
the software manual (ANSYS Fluent Theory Guide, 2015).

$%$$"% #%$!#
for all the cases of a set. This helped in undertaking
comparative analyses and calculating the exact effect of each
system variable.

The three-dimensional model as shown in Figure 4 was
generated in the ANSYS Design Modeller software for all the
cases. The length of the LTR modelled on both the upstream

-0<6;284=07.<44;91=7/=:3<=,'=#<9:;48:;79=5*5:<0=
;9=&
The complete numerical modelling including the creation of
the geometry, meshing of the geometry, solving of the
complex set of mathematical equations iteratively, and
analysis of the results was carried out using the commercially
available ANSYS Fluent numerical code. The mathematical
model used consists of the conservation of mass equation,
the conservation of momentum (Navier-Stokes equations),
and the transport equations for the turbulence model. The
numerical model was validated using several studies, one of

&;1-6<=!%36<<.;0<95;7984=07.<4

Table II

70(4<:<=89.=9-0<6;2=980<5=/76=167-(=)

1-6.6-3-10-Half-3-0.5-0
2-6.6-3-10-Half-3-1-0
3-6.6-3-10-Half-6-0.5-0
4-6.6-3-10-Half-6-1-0
5-6.6-3-10-Half-3-0.5-7.5
6-6.6-3-10-Half-3-1-7.5
7-6.6-3-10-Half-6-0.5-7.5
8-6.6-3-10-Half-6-1-7.5
9-6.6-3-10-Half-3-0.5-15
10-6.6-3-10-Half-3-1-15
11-6.6-3-10-Half-6-0.5-15
12-6.6-3-10-Half-6-1-15

-0<6;2=980<
1
2
3
4
5
6
7
8
9
10
11
12

          

70(4<:<=980<

-0<6;2=980<

13-6.6-3-10-threebyfour-3-0.5-0
14-6.6-3-10-threebyfour-3-1-0
15-6.6-3-10-threebyfour-6-0.5-0
16-6.6-3-10-threebyfour-6-1-0
17-6.6-3-10-threebyfour-3-0.5-7.5
18-6.6-3-10-threebyfour-3-1-7.5
19-6.6-3-10-threebyfour-6-0.5-7.5
20-6.6-3-10-threebyfour-6-1-7.5
21-6.6-3-10-threebyfour-3-0.5-15
22-6.6-3-10-threebyfour-3-1-15
23-6.6-3-10-threebyfour-6-0.5-15
24-6.6-3-10-threebyfour-6-1-15
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13
14
15
16
17
18
19
20
21
22
23
24
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and downstream side of the heading was kept equal to 10 m
for all the cases. As far as possible a structured hexahedral
mesh with a size of 0.04 m was created using the ANSYS
Mesher. A mesh independence test was carried out using
mesh sizes of 0.1 m, 0.075 m, 0.04 m, and 0.03 m. A mesh
size of 0.04 m was found to be the most suitable, with less
than 1% deviation with further reduction in mesh size.
Inflation layers, where required, were used at the boundaries
of the geometries to allow smooth transition from laminar
flow near the wall to turbulent flow away from the walls.

"<5-4:5=89.=.;52-55;79

# %#!"!#

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

 At the inlet of the LTR (Figure 5) a ‘velocity inlet’
boundary condition was used and air velocities of 1
m/s, 1.5 m/s, and 2 m/s were used for each base case
 At the outlet of the LTR (Figure 3) an ‘outflow’
boundary condition was used
 At all the walls an enhanced wall function was used in
all the simulations.

$! %  "!#
The governing equations, together with the selected
turbulence model and boundary conditions, were iteratively
solved using ANSYS Fluent numerical code. A second-order
scheme was used, which is computationally more intensive
than a first-order scheme but the error is less. The
convergence criteria for all the equations were set at 10–5. The
iterative process was stopped after the desired convergence
and the overall mass conservation was satisfied at the inlet
and outlet of the domain (property conservation).

&;1-6<=!<472;:*=;94<:=89.=7-:/47+=7-9.86*=279.;:;795

288 scenarios were simulated and studied to visualize the
effects of the change of LTR velocity and the change of
configuration of the LB for different dimensions of the
headings on the flow rates at the exit of the LB. A LB was
installed on the upstream side. The air therefore followed a
counterclockwise flow inside the heading, entered from the
upstream side through the channel between the LB and the
wall, and joined the main stream at the downstream side as
shown in Figure 6.
The flow rates measured at the exit of the LB for all the cases
with a LTR velocity of 1 m/s are given in Figure 7, showing
the cumulative effect of all the system variables except for the
LTR velocity. A number of factors besides the LTR velocity
and the height of the heading affected these flow rates by
inducing viscous effects:
 The length of the LB in the LTR and the heading
 Angle of the LB in the LTR; the entrance length of the
LB
 Distance of the LB from the wall in the heading dictates
the reduction in area between the LB and the wall;
larger area at the entrance of the LB vs the area inside
the heading when an angled LB is used.
To develop an initial estimation model, the measured flow
rates for the first twelve cases (6.6 × 3 × 3 m heading with
5 m long LB in the heading) simulated with a LTR velocity of

&;1-6<=$! ;6=/47+=;95;.<=8=3<8.;91=-5;91=8=,'

&;1-6<=!&47+=68:<5=8:=:3<=<;:=7/=:3<=,'=/76=844=3<8.;91=.;0<95;795=+;:3=,%"=#<472;:*=7/=)=05
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1 m/s were analysed. This model was then refined by
considering the effect of the system variables highlighted
above on all the cases. The flow rates for these cases were
found to be proportional to the product of the entrance length
and the distance of the LB from the wall in the heading, as
given in Table III and shown in Figure 8. The product of
entrance length and distance of the LB from the wall is the
same for cases where the LB was used with zero angle and
the same wall distance (same for Case 1 and 3 and for 2 and
4). Therefore, out of the first four cases only Cases 1 and 2
were used in the initial estimation model.

Flow rate at the exit of LB = 1.27 × entrance
length × LB distance from wall in heading + 0.65

LB with the increase in LTR velocity are given in Figures 9
through 12 for each heading dimension (for all LTR
velocities). The percentage differences in the LTR velocities
are given in Equations [2] through [4]. The results showed
that the average percentage increase in the flow rates at the
exit of the LB with increasing LTR velocity for all the

[1]

The expression of the trend line in Figure 8 is given in
Equation [1]. This equation is only applicable to the cases
falling within the boundaries of the 10 cases used to develop
the expression. However, to use Equation [1] for all other
scenarios encompassed within the boundaries of this study,
additional conditions were determined after deliberating upon
the effects of the change in the LTR velocity, height of the
heading, length of the LB in the heading, and change in
length of the LB in the LTR when it was used with zero
angle.

&;1-6<=!<62<9:81<=;926<85<=;9=/47+=68:<=8:=,'=<;:=+;:3=;926<85;91
,%"=#<472;:*=$$====)=0=3<8.;91

$"%% #$%!#% %$!"
The percentage increases in the flow rates at the exit of the

Table III

&47+=68:<5=8:=,'=<;:= (67.-2:=7/=,'=<9:6892<
4<91:3=89.=.;5:892<=/670=+844

1
5
7
9
2
11
6
8
10
12

9:6892<=
4<91:3=0

;5:892<=
/670=+844

0.500
0.960
1.356
1.438
1.000
2.416
1.520
1.921
2.070
2.876

0.5
0.5
0.5
0.5
1
0.5
1
1
1
1

9:6892<=4<91:3==.;5:892< &47+=68:<=
/670=+844=0
05
0.250
0.480
0.678
0.719
1.000
1.208
1.520
1.921
2.070
2.876

&;1-6<=!%6<9.=4;9<=7/=/47+=68:<=8:=,'=<;:
          

0.944
1.230
1.539
1.587
2.032
2.269
2.596
3.084
3.289
4.393

&;1-6<=)!<62<9:81<=;926<85<=;9=/47+=68:<=8:=:3<=<;:=7/=,'=+;:3
;926<85;91=,%"=#<472;:*=$$====)=0=3<8.;91

&;1-6<=))!<62<9:81<=;926<85<=;9=/47+=68:<=8:=,'=<;:=+;:3=;926<85;91
,%"=#<472;:*=$$=====0=3<8.;91
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Table IV. The results show that the flow rate at the exit of the
LB decreased on average by approximately 1% per 2 m
increase in the length of the LB in LTR. Similarly, for all such
sets of cases in the study, this difference was found to be
around 1.5% on average.

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

&;1-6<=)!<62<9:81<=;926<85<=;9=/47+=68:<=8:=,'=<;:=+;:3=;926<85;91
,%"=#<472;:*=$$=====0=3<8.;91

headings was approximately equal to the corresponding
percentage increase in the LTR velocity (maximum average
difference of less than 2%).

Percentage increase 1–1.5 m/s =
((1.5-1)/1) × 100 = 50%

[2]

Percentage increase 1–2 m/s =
((2-1)/1) × 100 = 100%

[3]

Percentage Increase 1.5–2 m/s =
((2-1.5)/1.5) × 100 = 33.33%

[4]

Lengths of 5 m and 7.5 m were used in the 10 m long
heading and lengths of 10 m and 15 m in the 20 m long
heading. Equation [1] was developed for the 10 m long
heading with 5 m long LB. The flow rates at the exit of the LB
changed with the change in the length of the LB in the
heading. To quantify this change, cases with different lengths
of LB in the heading and similar remaining configurations
and dimensions were compared. The length of the LB inside
the heading for the first twelve cases (1–12) is 5 m and for
the next twelve cases (13–24) is 7.5 m. The cases were
grouped into twelve sets; in each set all the configurations,
except for the length of the LB in the heading, were different
(1–13, 2–14…..12–24). The percentage differences in flow
rates at the exit of the LB between the cases in each set are
given in Table V. The results show that the flow rate at the
exit of the LB decreased on average by approximately 1% per

$"%% #$%!#%$!"%%"$%$ !#
The percentage increase in the flow rates at the exit of the LB
with increasing height of the heading, i.e. 6.6 × 3 × 10 m vs
6.6 × 4 × 10 m and 6.6 × 3 × 20 m vs 6.6 × 4 × 20 m, are
given in Figures 13 and 14 respectively. The percentage
increase in the areas of the headings with the change in the
height of the heading from 3 to 4 m is given in Equation [5].
The results showed that the average percentage increase in
flow rate was approximately equal to the corresponding
percentage increase in the height of the heading (maximum
average difference of 1.2%).
Percentage increase 3–4 m =
[5]

((4-3)/3) × 100 = 33%

&;1-6<=)!<62<9:81<=;926<85<=;9=/47+=68:<5=8:=:3<=<;:=7/=:3<=,'=/76
<823=,%"=#<472;:*=+;:3=89=;926<85<=;9=3<8.;91=3<;13:=/670==0=:7==0
$$====)=0= $$====)=0=3<8.;915

$"%% #$%!#%$#"%%"$%%!#%"$% 
The effect of the change in length of the LB in the LTR for a
LB used with an angle is already catered for in Equation [1]
by using the product of entrance length and distance of the
LB from the wall of the heading. However, when the LB was
used without an angle, the product of entrance length and the
distance of the LB from the wall stayed the same for cases
with the same LB-to-wall distance, even with different LB
lengths in the LTR. To cater for this, the percentage
differences in flow rates at the exit of the LB for cases when
the LB is used with zero angle were analysed. In the first
twelve cases there are two cases each using 3 m (Cases 1 and
2) two using and 6 m (Cases 3 and 4) lengths of LB in the
LTR. Two sets of cases can be formed from these four cases:
Set 1 with Cases 1 and 3 and Set 2 with Cases 2 and 4. In
both the sets, except for the length of LB in the heading, all
the other settings are same in both the cases of each set. The
differences in flow rates for the cases in each set are given in
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<62<9:81<=.<26<85<=;9=/47+=68:<=8:=:3<=<;:=7/=,'
/76=<823=,%"=#<472;:*=+;:3=89=;926<85<=;9=4<91:3=7/
,'=/670==:7=$=0=;9=:3<=,%"=/76=<678914<.=,'
85<5

1-3
2-4

,%"=#<472;:*
)=05
)=05
=05
<62<9:81<=.<26<85<=;9=/47+=68:<=8:=:3<=<;:=7/=
,'=/76=<823=,%"=#<472;:*=+;:3=:3<=;926<85<=;9=4<91:3=7/=
,'=/670==:7=$=0=;9=:3<=,%"=
1.43
1.48

1.49
1.5

Average percentage decrease

1.36
1.59

1.47

Table V

<62<9:81<=.<26<85<=;9=/47+=68:<=8:=:3<=<;:=7/=,'
/76=<823=,%"=#<472;:*=+;:3=89=;926<85<=;9=4<91:3=7/
,'=/670==:7==0=;9=:3<=3<8.;91=/76=:3<=)=0=.<<(
89.==0=3;13=3<8.;91
85<5

,%"=#<472;:*
)=05
)=05
=05
<62<9:81<=.<26<85<=;9=/47+=68:<=/76=
<823=,%"=#<472;:*=+;:3=:3<=;926<85<=;9=
4<91:3=7/=,'=/670==:7==0=

1-13
2-14
3-15
4-16
5-17
6-18
7-19
8-20
9-21
10-22
11-23
12-24

1.31
1.31
1.29
1.58
1.3
1.39
1.2
1.36
1.29
1.28
1.29
1.29

Average percentage
decrease

1.32

1.23
1.51
1.47
1.48
1.35
1.38
1.33
1.22
1.33
1.35
1.31
1.29
1.35

1.45
1.67
1.34
1.43
1.41
1.38
1.18
1.31
1.3
1.3
1.3
1.28
1.36

2 m increase in length of the LB. The average difference for
all such sets of cases studied was also found to be around
1.5%.

#!"!#%%!#% "!#%  %% #%$ !#
!$#!#
Keeping in view the above discussion, the following
deductions and conditions can be drawn from Equation [1] to
estimate the flow rate at the exit of the LB for cases with any
LTR velocity, heading height, and setting of the LB falling
within the studied limits.
 Velocity: Equation [1] is for a LTR velocity of 1 m/s.
For higher or lower LTR velocities, increase/decrease
the flow rate to the proportional increase or decrease in
the LTR velocity
 Heading height: Equation [1] is for a heading height of
3 m. Increase/decrease the flow rate proportional to the
percentage increase or decrease in height of the
heading (compared to 3 m)
          

 Length of LB in LTR and distance from the wall in the
heading
– LB at an angle in LTR: The effect of the change
in length of the LB in the LTR for an angled LB
is already catered for in Equation [1] by using
the product of the entrance length and distance
from the wall of the LB
– LB without an angle in LTR: Equation [1] was
designed for a LB length of 3 m in the LTR. The
viscous effect changes with the change in this
length. Therefore, the estimated flow rate
change is 1% increase/decrease per 2 m
decrease/increase in the length of the LB in the
LTR respectively (using the reference length of 3
m)
 Length of LB in the heading: Equation [1] is for a LB
length of 5 m in the heading. For different lengths the
estimated flow rate change is 1% increase/decrease per
2 m decrease/increase in the length of the LB in the
heading respectively (using the reference length of
5 m)
 Leakage: A test case (Case 1 of original study) was
simulated with a leaky LB. A gap of 0.1 m was used
between the LB and the roof of the heading along the
LB. The air flow at the exit of the LB without the
leakage was found to be 0.944 m3/s and with the
leakage was calculated as 0.922 m3/s, indicating a
difference of less than 3%. Similarly, the experimental
study conducted at Kriel Colliery, which is described
later in the paper, also showed that if a LB is installed
correctly, the numerical results can be within limits of
5% accuracy. In order to address the effect of leakage
faced in an actual underground environment, a safety
factor of 5% may be used with the final estimated
result.

<9<684;<.=<>-8:;79
Given the conditions above, a generalized equation to
estimate the flow rates at the exit of the LB has been
developed and can be written as Equation [6].

Flow rate at the exit of the LB = [(1.27 × (X × b)) +
0.65] × [1+((LTR Vel -1)) + ((HH -3)/3) [6]
((d - 5)/(2 × 100)) - ((c - 3)/(2 × 100))]
Use only when LB used with zero degree in LTR
where
X
b
c
d
HH
LTR Vel

=
=
=
=
=
=

LB entrance length
Distance of the LB from the wall in the heading
Length of the LB in the LTR
Length of LB in the heading
Heading height
Velocity of air in the LTR.

84;.8:;79=285<=5:-.*=
Validation of a numerical model is required to demonstrate its
accuracy so that it may be used with confidence and that the
results may be considered reliable. The validated model can
then be used for studies involving a large number of
situations in similar environments without conducting
further validations. This becomes an even greater advantage
when considering ventilation in the mining industry, where it
VOLUME 116
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Table IV

Estimating the effects of line brattice ventilation system variables
is extremely difficult, and at times even dangerous, to
perform experiments and take accurate measurements of the
flow features.
In the case study, in situ measurements were taken at
Kriel Colliery, which is situated 120 km east of Johannesburg
and 50 km southwest of Witbank. These measurements were
then compared with the numerical results, and found to be in
line with the experimental results.

$!$#" %$"% #%$"
The in situ measurements were taken in a heading ventilated
using a LB; the dimensions of the heading and LB are given
in Figure 15. The velocity of air at several locations inside the
heading and the flow rate at the exits of the LB were
measured. The air velocities and direction of the air inside the
heading were recorded using the hot wire and rotating vane
digital anemometers and smoke tube respectively. The air
flow rate was calculated by using the average velocity at the
exit of the LB. Access to the area within 4 m of the face was
not allowed, therefore flow rates close to the face were not
taken.
The air velocities measured inside the heading are given
in Table VI along with the coordinates of these points. The
coordinates of the bottom right corner of the LTR was
considered as (0,0,0) and the other coordinates were
calculated using this reference point. Positive and negative
signs indicate the direction of air movement (a positive sign
indicates air movement into the heading, and negative for the
opposite movement). The flow rate measured at the exit of
the LB was 6.26 m3/s.

positive signs are used in the Figures showing the velocity
contours, indicating the magnitude of the velocities. The flow
rate measured at the exit of the LB was 6.566 m3/s.

 !#%%"$% ! "!#%$"
A comparison of the numerical results with the experimental
results is given in Figure 21. It can be seen that the numerical
results are in line with the experimental results. The
validation study showed that the ANSYS Fluent K- realizable
model is suitable for studying the ventilation of an empty
heading connected to the LTR.

&;1-6<=)!0(76:89:=.;0<95;795=7/=:3<=3<8.;91=89.=,%"

$! %  "!#
The modelling technique, boundary conditions, and
numerical model used for this case study were as used for the
other cases discussed in this paper. The flow of air inside the
heading is shown using velocity vectors in Figure 16. It can
be seen that the air entered the LB-wall channel, ventilated
the heading, and returned from the downstream side. The
velocities of the air inside the heading at five points (the
same points as were chosen for the experiment) are shown in
Figures 17 through 20 using velocity contours, and are listed
in Table VI. The sign convention in the tabulated data is the
same as was chosen for the experimental results; only

&;1-6<=)$!<472;:*=#<2:765=7/=8;6=/47+=;95;.<=:3<=3<8.;91

Table VI

;6=#<472;:;<5=0<85-6<.=<(<6;0<9:844*=89.=9-0<6;2844*
7;9:=9-0<6

7;9:=4728:;79

776.;98:<=(7;9:=0

1
2

At LB inlet

(7, 0.5, 5.75)
(7, 2, 5.75)

0.96
0.96

1.0304
1.0338

3
4
5
6
7
8

Inside heading

12.64, 0.5, 9.92
12.64, 2, 9.92
15.28, 0.5, 9.92
15.28, 2, 9.92
15.28, 0.5, 14.92
15.28, 2, 14.92

–0.11
–0.13
–0.51
–0.48
–0.55
–0.6

–0.1207
–0.14171
–0.4818
–0.504
–0.5847
–0.6278

9
10
11
12

At LB exit

10.425, 0.5, 20.4
10.425, 2, 20.4
11.45, 0.5, 20.4
11.45,2,20.4

0.85
0.58
1.16
1.09

0.917
0.6144
1.2692
1.1231
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&;1-6<=)!<472;:*=279:7-65=8:=:3<=<9:6892<=7/=,'=537+;91=8;6=#<472;:*
8:=(7;9:5=)=89.=

&;1-6<=!<472;:*=279:7-65=79=8=(489<=8:=:3<=<;:=7/=,'=(855;91
:367-13=(7;9:5==:7=)

7924-5;79

&;1-6<=)!<472;:*=279:7-65=79=8=(489<=(86844<4=:7=:3<=/82<=7/=3<8.;91
(855;91=:367-13=(7;9:5==:7=$

The effects of various system variables related to the installation of the LB, along with the effect of LTR velocity and
heading height and depth on the flow rates at the exit of the
LB in empty headings, were estimated using CFD. These
estimations have been represented in simple user-friendly
forms. A model to estimate the consolidated effect of all the
LB system variables studied has also been formulated by
summing the individual effects, and this is represented in
Equation [6].
The South African coal mining industry can benefit from
this newly developed model in a number of ways. Ventilation
engineers can estimate the flow rates at the exit of the LB for
different practical scenarios, and this can aid in the provision
of sufficient ventilation. The results can easily be developed
into a training aid using simple spreadsheets to ensure that
mineworkers at the coal face have a better understanding of
the working of a LB. The model can also serve academia as
part of the curriculum to teach future mining engineers how
the different variables associated with the LB ventilation
system affect the ventilation in a heading.

2?97+4<.1<0<9:5
&;1-6<=)!<472;:*=279:7-65=79=8=(489<=(86844<4=:7=:3<=/82<=7/=3<8.;91
(855;91=:367-13=(7;9:5==89.=
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Extraction of copper and gold from
anode slime of Sarcheshmeh Copper
Complex
by M.H. Dehghanpoor*, M. Zivdar*‡, and M. Torabi†

A hydrometallurgical route was developed to extract metals such as gold,
silver, copper, and selenium from anode slime from Sarcheshmeh Copper
Complex in Iran. For the extraction of copper by leaching, the anode slime
was heated and stirred with 4 M sulphuric acid in the presence of oxygen.
Optimal conditions for recovery of copper were temperature 80°C, mixing
time 5 hours, and oxygen flow rate 2 L/min, resulting in a copper recovery
of 94.47%. Silver and selenium were dissolved by leaching anode slime
from which the copper had been removed with nitric acid. For gold
extraction, anode slime was heated with aqua regia at 90°, and the gold
then extracted with 2-ethyl-hexanol at a concentration of 0.5 M and phase
ratio of 4. The extract was then stripped with soda solution at pH=10.5 and
a phase ratio of 5. Finally, gold was recovered by precipitation with oxalic
acid at a ratio of mass to volume 10 g/L. Total gold recovery was 80%.
:8"75$1
solvent extraction, leaching, copper, gold, anode slime, Sarcheshmeh
Copper Complex.

3657$*06473
During the electrorefining of copper, some
metals are accumulated in the byproduct anode
slime, which is an important source for
recycling and recovery of these metals
(Petkova, 1994). In this paper, a hydrometallurgical route is described for the recovery of
precious metals from copper anode slime of
Sarcheshmeh Copper Complex, which is
located in southeastern Iran .
Copper anode slime is black or gray
powder with a particle size less than 200
mesh. Approximately 2 to 20 kg of anode
slime is produced per ton of copper cathode.
The slime is characterized by higher amount of
Ag, Se, Pb, and Cu compared to other metals
and a very low Au content (Khaleghi and
Ghader, 2013).The copper anode slimes are
composed of 11.69% selenium, 3.93% copper,
5.26% silver, 0.13% gold, and 45% barite,
plus lead, tellurium, antimony, sulphur, and
silica with small amounts of nickel, iron, zinc,
and bismuth. Gold is one of the most
important noble metals due to its wide
applications in industry and economic
importance, so recovery of gold from slime is
more appealing than that of other metals.
According to the World Gold Council (2013),
the demand for gold has increased during the
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last decade. This increase is due not only to
the increasing demands of the jewellery
market, but also to the increasing demand for
gold in industrial as well as medical
applications (Ranjbar et al., 2014).
Different methods to extract valuable
metals like gold exist, but hydrometallurgical
methods are more affordable. Hydrometallurgy
consists of leaching – transferring desirable
components into solution using acids or
halides as leaching agents, purification of the
leach solution to remove impurities by solvent
extraction, adsorption, or ion exchange, then
recovery of base and precious metals from the
solution by an electrorefining process,
chemical reduction, or crystallization (Ivšic et
al., 2009).
Several methods, such as resin adsorption
(Donia et al., 2007; Nguyen et al., 2010) or
activated carbon have been investigated for
recovery of gold from slimes, waste, and other
sources. Cyanidation is currently the conventional gold recovery method, but researchers
are looking for alternative methods that do not
employ cyanide (Ranjbar et al., 2014).
Rice et al. (1988) studied the leaching of
copper, silver, and gold from anode slime and
non-representational compounds CuSe, Ag2Se,
and CuAgSe with nitric acid. Dutrizac and
Chen (1990) also studied slime leached with
NaCl addition, and the main difference in the
leach residue was found to be that silver
occurs mainly as silver chloride instead of
sulphate, although silver sulphate is also
insoluble in sulphuric acid.
Luo et al. (1997) reported a method for
treating anode slime in several operations,
including removal of copper and nickel by
leaching with dilute sulphuric acid, leaching of

Extraction of copper and gold from anode slime of Sarcheshmeh Copper Complex
selenium, silver, and tellurium with dilute HNO3 (2–8 M),
recovery and recycling of HNO3, selective solvent extraction
of silver, and finally separation and recovery of selenium and
tellurium from the Ag-free solution by reduction with SO2
under different conditions (acidities).
Hait et al. (2002) described the role of MnO2 and NaCl in
sulphuric acid leaching of copper anode slime. They found
that at atmospheric pressure, leaching recovery of Cu with
sulphuric acid is low and addition of MnO2 is beneficial for
leaching copper, selenium, and tellurium. A combination of
MnO2 and NaCl was also investigated, which gave even
higher recoveries of these metals and gold removal but was
not successful for removing Ag.
Yavuz and Ziyadanogullari (2000) studied the recovery
of gold and silver from copper anode slime. The slime
contained Cu, Te, and Se in addition to Ag and Au. Pressure
leaching with sulphuric acid in an autoclave was used to
remove Cu. Selenium and tellurium were extracted by Na2SO3
or Na2S solutions and the remained selenium was removed
by roasting. They found that if the roasted samples are
leached first with concentrated sulphuric acid in an autoclave
at 350°C under 800 kPa oxygen pressure, and then with 0.1
M sulphuric acid followed by 3 M ammonia solution, most of
the silver can be dissolved. Gold was recovered by thiourea
leaching (Khaleghi and Ghader, 2013).
Paatero and Haapalainen (2013) described a method for
extracting gold selectively from acidic chloride-based aqueous
solution or solid-containing slurry by solvent extraction to
produce pure gold. A di-ester of 2,2,4-trialkyl-1,3pentanediol was used as the organic extraction reagent. The
gold-bearing organic solution was scrubbed with an acidic
aqueous solution, after which gold was stripped into water
and then reduced to form pure gold.
Pan et al., (2013) reported a new method specifically for
silver separating residues of the copper anode slime. Sodium
thiosulphate was subjected to mixing and ball milling, and
the ball-milled material and a solvent were treated in a
hydrothermal reaction still. The product solution was filtered
and thiourea dioxide reductant was added to produce coarse
gold and silver powders .
Ranjbar et al. (2014) studied the recovery of gold from
copper anode slime by means of a novel process utilizing
magnetite nanoparticles (MNPs) that were first synthesized
by a co-precipitation method. All the gold content of copper
anode slime was dissolved in thiourea solution and a
positively charged complex of gold and thiourea was obtained
as a result. The gold complex adsorbed on the negatively
charged MNPs. Ammonia was added to the gold-MNP
suspension to precipitate the gold in metallic form.
The purpose of the present research is the efficient
recovery of copper and gold from anode slime by solvent
extraction and leaching. This process has to be carried out at
the optimum operating conditions, and also economically, for
possible scale-up.

268542-1923$9,86!7$1
The copper anode slime of Sarcheshmeh Copper Complex was
used in this study, and the reagents (sulphuric acid 88%,
nitric acid 55%, hydrochloric acid 28%, oxalic acid 99.7%,
soda 98%, 2-ethyl-hexanol 97%, and benzene) were supplied
by Iranian companies. X-ray diffraction (XRD) and X-ray
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fluorescence (XRF) spectroscopy were used for chemical and
mineralogical analysis of the copper anode slime. The XRD
and XRF equipment models were Phillips and ARL 8410,
respectively.
Leaching of gold in the anode slimes is affected by some
elements such as silver, copper, iron, and selenium. The
anode slime was first washed with 4 M sulphuric acid to
remove all the copper. Sulphuric acid was then added to
anode slime in a 1:10 (solid to liquid) phase ratio and the
mixture heated on a hotplate in the presence of oxygen while
being stirred with a magnetic stirrer. In this stage the
effective parameters were temperature, mixing time, and
oxygen flow rate.
The precipitate from the previous step was washed with
water. Then 4 M nitric acid was added with phase ratio 1:10
(solid to liquid). The mixture was stirred with a magnetic
stirrer at 450 r/min and heated on a hotplate directly at 90°
for 3 hours. As a result, gold and residual barite were
deposited, and silver, selenium, and other light metals were
dissolved.
The residual solids that were produced after washing the
copper anode slime with nitric acid were leached with aqua
regia at a solid to liquid ratio 1:10 and the mixture was
stirred and heated at 80 for 1 hour. After filtering the
mixture, a solution containing gold was obtained.
For recovering gold from the mixture of gold-containing
copper anode slime a two-stage method was used. Gold was
selectively extracted from the mixture with an alcohol, and
stripped from the alcohol with soda solution. Metallic gold
was then precipitated using oxalic acid. All the above
processes were carried out at room temperature.
To establish the effect of process parameters on the
extraction of gold and copper from anode slime, the Taguchi
experimental design method was used. For extraction of
copper the three variables are temperature, mixing time, and
oxygen flow rate. These variables were studied at two levels.
For extraction of gold, the four variables are the phase ratio
of alcohol to acid, phase ratio of aqueous phase to alcohol, pH
of the NaOH solution, and concentration of alcohol. These
variables were studied at three levels. The key variables and
levels were selected based on previous research.

81*-61923$9$410*11473

The anode slime was collected from the electrolytic cells at
Sarcheshmeh Copper Complex. XRF spectroscopy was used
for mineralogical characterization of the slime, and the results
are shown in Table I. The anode slime analysis by the ICP–
MS method is shown in Table II. The anode slime contained
approximately 3.5% copper and 0.14% gold.

 
The experimental conditions for the extraction of copper and
gold from anode slime are shown in Tables III and IV
respectively.

  
The mixing temperature is the parameter that has the greatest
effect on copper extraction from anode slime. The results
(Table V) show that at the same oxygen flow rate, copper
recovery increased significantly with increasing temperature.
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Table I
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Ca
Cu
Fe
Mg
Ni
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2354.8
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S
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35818
116542
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Temperature (℃)
Mixing time (h)
Oxygen flow rate (L/min)

60
4
2

80
10
4

Table IV
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Phase ratio of acid to alcohol
Extractant concentration
Phase ratio of aqueous to alcohol
pH of NaOH solution

2
0.5
3
8.5

4
0.2
5
10.5

Table V
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3
4

Figure 1 shows the signal-to-noise ratio for the temperature
factor. At the higher temperature, where a higher signal-tonoise has been obtained, recovery is higher than the first
level. In Figure 2, copper recovery is plotted against
temperature for each test. The highest recovery was reached
at 80°.
          

  
The results in Table VI show that a significant increase in
copper recovery was obtained with longer mixing times.
Figure 3 shows the values of the signal-to-noise ratio for the
time factor. It can be seen that after 5 hours, the recovery
remained nearly constant, and thus the best mixing time was
considered to be 5 hours.


The main purpose of injecting oxygen into the system is
oxidation of the copper sulphide within the anode slime to
VOLUME 116
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Table VI
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2.68
97.59

2.65
95.49

2.65
96.49

2.61
95.04

2.58
93.94

2.6
94.49





4,89)!'

2.35
85.53

1.98
75.33

Copper concentration (g/L)
Recovery (%)

      
A solution of NaOH was used for gold stripping from the
loaded organic (alcohol) phase. The effective parameters were
the aqueous-to-alcohol (phase ratio of S/O) and the pH of the
NaOH solution, which were studied at two levels. According
to the results in Table VIII, by increasing the phase ratio of
aqueous to alcohol at the same pH, gold recovery was
increased. As a result, the higher phase ratio was chosen.
This is due to the complete mixing of the extractant in the
presence of soda.

%4+*589(4+32- 67 374189526479/7596!8964,89/20675

%4+*589//80697/9,443+964,8973907..8595807#85"

%4+*589 (4+32- 67 374189526479/7596!897"+839/-795268

copper oxide. Dissolution of gas in the solution is slow,
therefore increasing the gas flow rate did not affect the
recovery of copper. Figure 5 shows the values of the signalto-noise ratio for the oxygen flow rate factor. As shown, the
slope is negative and the lower oxygen flow rate was chosen.

    
According to the results in Table VII, by increasing the phase
ratio of acid to alcohol (A/O) with the same extractant
concentration, the gold recovery was increased. As a result,
in this research the higher phase ratio was chosen. However,
by increasing this ratio, the results were reversed. This is due
to the lack of sufficient extractant.
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45.50
83.67
58.72
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Table VIII
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The extractant concentration is the most significant
parameter for extraction of gold from anode slime. According
to the results shown in Table VII, at the same A/O, gold
recovery was increased significantly with increased alcohol
concentration. At the best recovery, the phase separation time
was 23 seconds.
1156
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The pH of soda solution is the most significant parameter in
the stripping gold from the loaded organic. According to the
results shown in Table VIII, at the same ratio of S/O, by
increasing the pH, gold recovery was increased significantly.
Figure 6 compares the signal-to-noise values for both
parameters. For both parameters the signal-to-noise were
increased with the change from the first to the second levels,
but, the slope of the line for the pH parameter is greater than
that for phase ratio (S/O). This shows that adjustment of the
pH of the NaOH solution is very important in gold stripping.
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Oxalic acid was used to precipitate metallic gold from the
NaOH solution. The amount of oxalic acid required for the
reduction of the dissolved gold was established experimentally. Approximately 10 g of the acid per litre of solution
resulted in almost complete reduction of gold. This process
was carried out at room temperature. Under the best
conditions, a gold recovery of about 81% was obtained.
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The maximum copper recovery of 95.47% was obtained at a
temperature of 80°C, mixing time of 5 hours, and oxygen
flow rate of 2 L/min.
For gold extraction, the best conditions were an acid-toalcohol phase ratio of 4 and extractant concentration of 0.5
M. For stripping of gold the best condition were an aqueousto-alcohol phase ratio of 5 and pH 10.5, with reduction to
metallic gold using 10 g/L oxalic acid. The gold recovery was
81%.
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BACKGROUND
It is recognised that we live in an era characterised by accelerated change, overwhelming complexities and tremendous competition, all of which
result in considerable uncertainty about the future. The challenge for young professionals in this time is to create a vision for mining in Africa
that will inspire confidence for the future. Young professionals must create a roadmap that describes the steps neccessary to realise the vision.
In setting the strategic direction to achieve the vision, these are a few of the questions that must be answered:
• What are the policies that should be developed and implemented to transform the status quo to the envisioned mining environment?
• What are the technical solutions that need to be pursued?
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• What are the economic conditions required?
This conference will provide a platform for young professionals to interact with peers and industry thought leaders to drive the dialogue
towards unlocking the future of the African minerals industry.

WHO SHOULD ATTEND
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Complete the registration form and return to
anna@saimm.co.za or camielah@saimm.co.za
Take advantage of the Early Bird registration discount.
Book before 2 February 2017 to qualify.
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sponsor or exhibit should contact the Conference Co-ordinator.

This conference should be of value to all professionals across the
entire minerals industry value chain, including:
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• Geology
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• Mineralogy
• Geotechnical engineering
• All metallurgical fields
• SHE practitioners
• Industrial relations and community involvement

Sponsors:
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E-mail: camielah@saimm.co.za
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Investigation of the reactivity and grain
size of lime calcined at extra-high
temperatures by flash heating
by X.Y. Wang*, Z.L. Xue*, and J.L. Li*

In low-carbon energy-efficient basic oxygen furnace (BOF) steelmaking
processes, limestone partly or completely replaces the active lime. The
effects of limestone calcination temperature (1200–1500°C) and time (5–15
minutes) on lime reactivity and CaO grain size were investigated. The
reactivity was evaluated by titration with hydrochloric acid, and the CaO
grain size was analysed using scanning electron microscopy. The results
revealed that for calcination temperatures higher than 1300°C, the
reactivity reached a maximum and then decreased . The higher the
temperature, the earlier the peak of reactivity appears. The CaO grains
grow with increasing temperature and time, which leads to the decrease of
reactivity. Notably, the effects of temperature on CaO grain size and
reactivity are more marked than that of time. To obtain active lime
calcined at ultra-high temperature by flash heating, the calcination
conditions should be 1300–1400°C for 10–15 minutes, or 1400–1500°C for
8–10 minutes.
74-/#)
limestone, calcination, reactivity of lime, flash heating, ultra-high
temperature.

602/-#*.23-0
Lime is one of the most important slag-making
materials for dephosphorization and
desulphurization in the basic oxygen furnace
(BOF) steelmaking process. The reactivity of
lime is a measure of its capability to take part
in slag-making. Lime having a reactivity of
more than 300.0 mL (4 N HCl), determined by
hydrochloric acid titration is generally referred
to as active lime (Rusjan et al., 2007; Zeman,
2008). At present, the active lime used for BOF
processes comes primarily from a kiln or shaft
kiln, where limestone is preheated at 700–
900°C, and then calcined at 1050–1200°C
(Drenhaus et al., 2010; Oates, 2007).
After cooling to room temperature, the lime
is delivered to the steelmaking plant as a slagmaking material. In this transfer process, the
physical heat of the hot lime is lost.
Furthermore, the calcination of lime requires
the burning of gas, which leads to the
emission of greenhouse gases such as CO2
(Benhelal et al., 2013). Therefore, the
traditional steelmaking process involving the
calcination of limestone and transfer of the
lime cannot meet the current requirements for
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Limestone was obtained from the Wulongquan
Mine of Wuhan Iron and Steel Corp., which is
located in Wuhan City, Hubei Province, China.
The chemical composition is listed in Table I.
The CaCO3 content was 99.02 wt%, and the
limestone contained minor amounts of
impurity components, including SiO2, MgO,
Al2O3,and deleterious components such as S
and P. The X-ray diffraction (XRD) patterns of

* The State Key Laboratories of Refractories and
Metallurgy, Wuhan University of Science and
Technology, Wuhan, China.
© The Southern African Institute of Mining and
Metallurgy, 2016. ISSN 2225-6253. Paper received
Aug. 2015.
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low-carbon and energy-efficient steelmaking.
The direct replacement of the active lime with
limestone in the BOF has been considered and
explored by many researchers (Deng et al.,
2013; Aziz et al., 2014; Iacobescu et al.,
2011). Since the temperature in the converter
(1300–1600°C) is much higher than the
optimum calcination temperature (1050–
1200°C) for the traditional calcination
processes, there is concern that the lime
calcined at the converter temperature will not
have sufficient reactivity to participate in slagmaking.
In the present study, the effects of the
calcination temperature and calcination time
on the reactivity of lime and the CaO grain
size, as well as the relationship between these
two properties, were investigated for limestone
that was flash-heated at high temperatures
much greater than the optimum calcination
temperature for active lime. The results will
provide theoretical guidance for using
limestone instead of active lime in converter
steelmaking.

Investigation of the reactivity and grain size of lime calcined at high temperatures
Table I

4+3.1(5.-+ -)323-05-,5245(3+4)2-045*)4#530524
)2*#52
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99.02

0.29

0.29

0.09

0.06

0.013

0.002

consumption of hydrochloric acid was accurately recorded
when the titration time was 10 minutes and represents the
reactivity of the lime. This method was typically used to
measure relatively low lime reactivity. For samples with
relatively high lime reactivity, the phenolphthalein addition
was increased (Garau et al., 2007) to ensure more accurate

the limestone, shown in Figure 1, revealed that it mainly
comprised CaCO3. The microstructure of the limestone
observed using the scanning electron microscope (SEM) is
shown in Figure 2. The grain size of the calcium carbonate
ranges from 3 m to 5 m.





The rapid calcination of limestone was performed in a 25 kW
carbon tube furnace, as shown in Figure 3, with a maximum
working temperature of 1700°C. Nitrogen gas was pumped
through a hole in the furnace to protect the tube from
oxidation. The calcination temperature was set at 1200,
1250, 1300, 1350, 1400, 1450, or 1500°C. Limestone
particles (approx. 160 g) with a grain size of 12.5–15 mm
were placed in a molybdenum basket. After the set
temperature was reached, the basket was placed in the
isothermal zone of the carbon tube for 5, 8, 10, 12, or 15
minutes. The basket was then immediately removed from the
tube and the samples were transferred to a metal plate for
cooling in air. The cooled lime was crushed with a hammer
and lime particles with diameters of 1–5 mm were obtained
by screening for the evaluation of their reactivity.
The reactivity of the lime was determined according to the
YB/T 105-2005 standard procedure, using the device
schematically shown in Figure 4. Deionized water (2000 ml)
was poured into a 3000 ml beaker and heated to 42–45°C.
The water was then agitated and when the temperature fell to
40±1°C, 8 droplets of phenolphthalein indicator with a
concentration of 5 g/L were added into the beaker. The lime
sample (50 g) was poured into the beaker and the time was
set to zero. At the beginning of lime digestion, the water in
the beaker was red. The solution was then titrated using 4
mol/L hydrochloric acid at a titration rate designed to ensure
that the red colour of the solution only faded. The

$3'*/45&"
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Investigation of the reactivity and grain size of lime calcined at high temperatures

4)*(2)

The effect of calcination time on the reactivity of the prepared
lime varied according to the calcination temperature
employed (Figure 5). At calcination temperatures between
1200°C and 1300°C, the reactivity of the lime gradually
increased as the calcination time was prolonged and
surpassed 300.0 mL after 15 minutes of calcination. At
temperatures >1300°C, the reactivity of the lime initially
increased and then decreased as the calcination time
increased. The higher the calcination temperature, the sooner
the maximum reactivity was reached. When the lime was
calcined at 1500°C, the reactivity reached a maximum value
of 393.5 mL after 8 minutes, and then decreased with further
increases in calcination time, falling to below 300.0 mL after
15 minutes. Furthermore, when the calcination temperature
was 1450°C, the reactivity reached a maximum of 436.2 mL
after 10 minutes and decreased to 342.1 mL after 15
minutes.

 
The effect of the calcination temperature on the reactivity of
the lime is shown in Figure 6. As can be seen, the influence
of the calcination temperature on the reactivity of lime varied
with the calcination time. After 5 minutes of calcination, the
reactivity of the calcined product gradually increased as the
temperature increased to 1400°C and remained constant at
approximately 280.0 mL, which suggests that the decomposition of the internal limestone particles was incomplete,
while the external CaO grains grew at higher temperature. In
addition, when the temperature was between 1400°C and
1500°C, the reactivity of the lime was between 340.0 mL and
400.0 mL after 8 minutes of calcination. On the other hand,
at a calcination time of 10 minutes, the reactivity of the lime
exceeded 300.0 mL when the temperature was greater than
1250°C, and a maximum value of 436.2 mL was obtained at
1450°C. The peak reactivity was also observed at 1450°C
when the calcination time was 12 minutes; however, it was
lower than the peak value at 10 minutes, indicating that the
grains of lime grew more rapidly at the same temperature

when the holding time was greater than 10 minutes. When
the calcination time was 15 minutes, the peak value of
reactivity was reached at 1300°C. Therefore, for calcination
temperatures of 1250–1350°C, the appropriate calcination
time was 10–15 minutes, and for calcination temperatures
above 1400°C, the appropriate calcination time ranged from 8
minutes to 10 minutes.

3).*))3-0
Limestone calcined at high temperature via flash heating
decomposes into lime. The degree of decomposition and the
growth behaviour of the CaO grains directly affect the
reactivity of the calcined products.

  
The decomposition of CaCO3 at high temperature can be
expressed as follows:
[1]
The calcination of limestone can be described by the
unreacted core model, which depicts the thermal decomposition of CaCO3 particles via five steps as follows:
(1) Heat transfers from the surrounding environment to
the boundary layer of CaCO3
(2) Heat transfers through the porous lime layer to the
reaction interface
(3) CaCO3 decomposition
(4) Diffusion of CO2 produced at the reaction interface to
the particle surface through the product layer
(5) CO2 evaporation from the surface of the particle to
the surrounding gas flow.
The five steps essentially comprise three stages, which
are the internal heat transfer in the particle, the decomposition of CaCO3 at the reaction interface, and the diffusion of
CO2 in the product layer. The higher the temperature of the
surrounding environment, the larger the temperature
gradient in the limestone particle; this leads to a higher rate
of internal heat transfer and enhances the limestone
decomposition rate. The internal heat transfer is related to the
thickness of the product layer and the thermal conductivity.
The rate of diffusion of CO2 through the product layer is
related to both the thickness and the density of the product
layer. The decomposition rate RD (kg/s·m2) of CaCO3 is
expressed follows:

$3'*/45!",,4.25-,5.1(.30123-0523+45-05(3+45/41.2332

$3'*/45",,4.25-,5.1(.30123-0524+ 4/12*/45-05(3+45/41.2332
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results. Two drops of 5 g/L phenolphthalein were added into
the solution at 6 minutes, and an additional 2 drops were
added at 8 minutes.

Investigation of the reactivity and grain size of lime calcined at high temperatures
[2]
where kD represents the reaction rate constant, kD =
0.00122exp(–4026/T); p (Pa) is the partial pressure of CO2 at
the reaction interface; pe (Pa) is the equilibrium pressure for
CO2 decomposition, pe = exp(17.74 – 0.00108T + 0.332InT –
22020/T);, and T (K) refers to the temperature of the reaction
interface. The value of pe is determined by only the
temperature of the reaction interface (Ning, Zhong, and Fu,
2003). The higher the temperature, the larger the value of pe;
this results in a higher decomposition reaction rate at the
interface. In addition, a higher rate of CO2 diffusion from the
reaction interface results in a smaller value of p, which also
leads to a higher rate of decomposition at the interface.
Equation [2] reveals that the decomposition rate for
CaCO3 depends on the calcination temperature and the CO2
diffusion rate. The decomposition of single spheres (10 mm
diameter) of CaCO3 has been investigated by Hill (Hill, 1968;
Hill and Winter, 1956), who found that the decomposition
rate was controlled by the heat transfer to the reaction
boundary through the product layer and the internal diffusion
of CO2 in the product layer.
The mineral composition of the calcination products
obtained by the calcination of limestone at different temperatures and times was also evaluated using XRD analysis
(Philips Xpertpro). The results are shown in Figure 7. The
particle size of the limestone studied in this paper is 12.5–15
mm. The decomposition rate was found to be controlled by
the heat transfer to the reaction boundary through the
product layer and the internal diffusion of CO2 in the product
layer. As can be seen in Figure 7, when calcination at 1250°C
was extended for longer periods, the peak for CaO gradually
increased, while the peak for CaCO3 decreased and eventually

$3'*/45"

disappeared at calcination times longer than 12 minutes.
However, when the calcination temperature was 1400°C, the
peak of CaCO3 basically disappeared after 8 minutes.
These XRD analysis results reveal that as the calcination
temperature and calcination time increased, the heat transfer
rates inside the particle and the internal CO2 diffusion rate
were enhanced, which accelerated the decomposition of
CaCO3. Consequently, the reactivity of the products gradually
increased.

 
   



Assuming completed decomposition of CaCO3, the reactivity
of lime is closely related to the grain size of the product CaO
as well as the porosity and the bulk density. It has been
previously reported (Sun et al., 2007; Chen et al., 2007; Feng
et al., 2004) that the reactivity of lime increases with
increasing porosity and decreases with increasing bulk
density and grain size. Notably, the CaO grain size as well as
the porosity and bulk density of lime are significantly
affected by the behaviour of the CaO grains during the
calcination.
Since CO2 is released by limestone particles during
calcination at high temperature, the particles become porous.
In addition, the product particles comprise a large number of
fine CaO grains. Therefore, to minimize the free energy of the
system, the fine grains fuse and grow to form a large number
of aggregates of various sizes according to the influences of
gravity and surface tension. This process is referred to as
sintering. Variation of the CaO grain size after calcination at
high temperature was observed by SEM (Nova400). Figure 8
shows the micro-morphologies of CaO grains calcined at
1300°C, 1450°C, and 1500°C for 10 minutes. It can be seen

5 1224/0)5-,5)1+ (4)515.1(.304#5125&!%5,-/5#3,,4/402523+4)510#55.1(.304#5125#3,,4/402524+ 4/12*/4)5,-/55+30*24)
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Investigation of the reactivity and grain size of lime calcined at high temperatures
that fusion and growth of the CaO grains was more
significant as the calcination temperature increased. Thus,
the size of the CaO grains calcined at 1300°C was 5–10
minutes and the surfaces of the grains were rough, while at
1450°C a portion of the small particles fused into larger
particles with porous structures. The CaO grains calcined at
1500°C were completely fused with a smooth surface,
indicating that they were excessively sintered.
The micro-morphologies of CaO grains calcined at 1350°C
and 1450°C for 5–15 minutes are shown in Figure 9. In
Figures 9a–c It can be seen that the sizes of the CaO grains
calcined at 1350°C for less than 10 minutes were similar,
although the morphologies of the grains starts to reconstruct.
When the holding time was prolonged to 15 minutes, the size
of CaO grains increased to more than 30 m in diameter. In
Figure 9d–f, it can be seen that the neonatal CaO grains
calcined for 5 minutes were fine, while a portion of them had
fused and increased in size. After heating for 10 minutes, the
size of the grains increased and a portion of them fused to
form grains with diameters greater than 20 m. In addition,
when the calcination time was 15 minutes, the CaO grains all
completely fused and became densified. Furthermore, a
comparison of Figures 9a and 9c reveals that the neonatal
grains calcined at 1450°C were finer than those calcined at
1350°C, even though the tendency for fusion and growth was
greater for the grains calcined at the higher temperature.
Thus, when the calcination temperature was greater than
1300°C, the CaO grains in the product layer gradually fused
and grew to form a sintered layer of low reactivity as the
temperature and calcination time increased. Moreover, the
higher the calcination temperature, the greater the tendency
for excessive sintering. The fusion and growth of the CaO
grains at high temperature resulted in not only an increase in
the grain size and bulk density, but also a decrease in the
porosity and specific surface area, which led to the densification of the calcined products. Consequently, the reactivity
of the lime decreased.
The temperature in the converter is typically above
1400°C after the operation of slag splashing, which is when
the limestone is added into the converter using an overhead
bunker. The scrap and hot metal is then charged and the
limestone is completely decomposed during this process.
Therefore, under the conditions in the convertor for limestone
flash heating to an ultra-high temperature, the limestone

should be added so that it resides in the convertor for 8–12
minutes to ensure the formation of an initial slag with
appropriate properties.

-0.(*)3-0)
The influence of the calcination temperature and time on lime
reactivity and size of the CaO grains was investigated using
flash heating to an ultra-high temperature. In addition, the
relationship between the size of CaO grains and the reactivity
of the lime was studied using the SEM. Several key insights
were indentified and are summarized below.
When the calcination temperature was between 1200°C
and 1300°C, the reactivity of the lime gradually increased
with the calcination time and was greater than 300 mL after
15 minures. In addition, when the calcination temperature
was > 1300°C, the reactivity of the lime initially increased
and then decreased as the calcination time increased.
Furthermore, the time required to reach the maximum lime
reactivity decreased as the calcination temperature increased.
Notably, the maximum lime reactivities were greater than
300.0 mL.
It was also found that the effect of the calcination
temperature on the grain size of CaO and lime reactivity was
greater than that of calcination time. At higher calcination
temperatures, finer primary grains of CaO were formed that
exhibited a greater impetus for fusion and growth. The
prolongation of the calcination time at high temperature thus
led to rapid CaO grain growth and densification of the lime,
which resulted in a decrease in the reactivity. Consequently,
calcination times of 10–15 minutes and 8–10 minutes are
appropriate for limestone calcination at 1250–1350°C and
>1350°C, respectively.

.90-(4#'4+402)
The financial support from the National Natural Science
Foundation of China (No.51374160) is greatly
acknowledged. The authors are also grateful to Dr J.L Lei for
technical assistance with SEM operation.
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Thermodynamic analysis and
experimental studies of magnesium
extraction from szaibelyite–suanite
ore by aluminium
by J.P. Peng*†, X.L. Wu*‡, Y.Z. Di*†, N.X. Feng*†, and
S.G. Zhou*

56-494
Szaibelyite–suanite type ore is rich in magnesium oxide and boron oxide.
We propose a new method to extract both metallic magnesium and
valuable residues rich in boron by reduction using metallic aluminium.
Thermodynamic analysis of the reactions between aluminum and
MgO, Mg2B2O5, and Mg3B2O6 was carried out. The effects of CaF2 addition,
temperature, mass of Al, and pellet formation pressure on the extraction of
magnesium were also investigated experimentally.
The results indicate that the magnesium oxide phase can be displaced
from 2MgO-B2O3 and 3MgO·B2O3 by CaO in the reduction system. The
reduction ratio of magnesium oxide was 38% without calcium fluoride
addition, increasing to 94% with 5.1% calcium fluoride. The reduction
ratio increased with increasing temperature and mass of Al. To obtain a
higher reduction ratio, the reduction pellet should be formed under a
reasonable pressure.

7 <17:;89724

>5:86*3/:965
Boron and its compounds are widely used in
textiles, borosilicate glass, metallurgy,
fertilizers, and nuclear shielding. Boron
resources are mainly found in Turkey, the
USA, Russia, and China. In Liaoning, China,
there are abundant szaibelyite–suanite type
ores that are rich in magnesium oxide and
boron oxide. Szaibelyite and suanite ores are
used to produce borax by a carbon dioxide–
soda process. Annually, 2 Mt of waste
materials containing 3–20% B2O3 and 2–25%
MgO are produced during the process. It is
necessary to make use of these waste
materials containing high concentrations of
boron oxide and magnesium oxide to avoid
environmental problems as well as for
economic reasons (Özdemir and K1pçak,
2007).
Many studies have been performed on
boron recovery from boron-containing waste
materials (Özdemir and K1pçak, 2007; Wang
2012; Özdemir and K1pçak, 2003). Some
studies have focused on the preparation of
magnesium sulphate, refractory materials, and
fire retardants. Metallic magnesium can be
VOLUME 116

The szaibelyite–suanite ore was supplied by
the Kuandian boron–magnesium plant in
Liaoning Province, China. Table I lists the
chemical composition of the ore. Figure 1
shows a comparison of the X-ray diffraction
(XRD) patterns of the ore before and after
calcination. The XRD patterns show that the
raw ore contains mainly MgCO3, Mg2B2O5, and
MgBO2(OH). After calcination, the product
consists of MgO, 2MgOªB2O3, and 3MgO·B2O3.
Thermodynamic considerations
From a comparison of the XRD patterns
(Figure 1), it is clear that MgO and 2MgO·B2O3
were generated through several important
decomposition reactions during the calcination
process:

* School of Material & Metallurgy, Northeastern
University, Shenyang, Liaoning, China.
† Key Laboratory for Ecological Metallurgy of
Multimetallic Mineral (Ministry of Education),
Northeastern University, Shenyang, Liaoning,
China.
‡ Xi’an University of Architecture and Technology,
Xi’an, Shanxi, China.
© The Southern African Institute of Mining and
Metallurgy, 2016. ISSN 2225-6253. Paper received
Feb. 2013; revised paper received May 2016.
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extracted from borax sludge by vacuum
thermal reduction (Wu et al., 2009). Boron
oxide remains in the reduction residue, and
thus the residue can be used to produce nonalkali glass fibre.
Szaibelyite–suanite type ores can be used
to produce metallic magnesium using calcium
carbide (Peng et al., 2011), metallic silicon
(Wu et al., 2011), and metallic aluminum as
reducing agents. Furthermore, the reduction
residue also contains the main components of
non-alkali glass fibre.
In this study, thermodynamic and experimental investigations of magnesium extraction
by metallic aluminum were carried out.

Thermodynamic analysis and experimental studies of magnesium extraction
For 2MgO B2O3 and 3MgO B2O3, we first consider the
following possible reactions:
[9]

[10]

$9.38;<!<-7::;854<60<:);<479;29:;43759:;<68;<;068;<75*<70:;8
/72/957:965

Table I

&);19/72</61-649:965<60<:);<479;29:;43759:;
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44.67

26.08

6.18

3.19

1.43

[1]
[2]
[3]
The CaCO3 generated from Equation [2] decomposes at
high temperatures:
[4]
The existence of 3MgO·B2O3 proves that a reaction
between MgO and 2MgO·B2O3 occurred:
[5]
According to Hauck and Muller (1979), the formation of
3MgO·B2O3 occurs easily at high temperatures, and the
standard Gibbs free energy G0(in kJ mol−1) for Equation [5]
can be calculated by
[5]

The relationships between equilibrium magnesium partial
pressure and temperature calculated from Equations [6], [7],
[8], [9], and [10] are plotted in Figure 2. From Figure 2, it is
evident that reaction [7] easily takes place because its critical
reaction temperature is lower than that of reaction [6] under
the same magnesium partial pressure. At temperatures below
2000 K, the Gibbs free energy change of reaction [8] is
positive.
The boiling point of magnesium (1363 K) is lower than
that of aluminum (2723 K). When the magnesium produced
is removed as vapour, reactions [6] and [7] can be
accelerated. In addition, reaction [8] can also occur when the
equilibrium magnesium partial pressure is decreased, as
shown in Figure 2. Hong et al. (1999) and Yang et al. (2006)
proposed that the reduction of magnesium oxide by
aluminum should take place in two stages: reaction [7] to
produce magnesium vapour and MgO·Al2O3 spinel and
reduction (reaction [8]) of the spinel by aluminum.
However, Figure 2 indicates that the equilibrium partial
pressures of magnesium for reactions [9] and [10] are less
than 10−3 atm. below 1500 K. Thus, it is difficult to directly
extract magnesium from 2MgO·B2O3 and 3MgO·B2O3.
We propose to add CaCO3 into the reduction system,
which is converted to CaO at high temperatures, because
some reactions between CaO and B2O3 can easily take place
(Turkdogan, 1980):
[11]

[12]

[13]
Therefore, in the reduction system with CaO, we consider
the following reactions:

Based on thermochemical data (Liang and Che, 1993),
thermodynamic analysis of the reduction of magnesium oxide
by aluminum proceeds as follows:
[6]

[7]
[8]



1166

  



VOLUME 116

$9.38;<'!00;/:<60<:;1-;87:38;<65<:);<; 39298931<-78:972<-8;4438;<60
17.5;4931
          

Thermodynamic analysis and experimental studies of magnesium extraction
[14]
[15]

[16]

[17]

[18]

In the present study, experiments were performed at
various operation conditions to study the effects of CaF2
addition, temperature, and pellet formation pressure on the
reduction ratio of magnesium oxide. In general, the pellet
mass was 130–150 g.

;432:4<75*<*94/344965
Table II lists the experimental conditions and results of the
reduction experiments.
In Table II, the reduction ratio of magnesium oxide is
used to estimate the level of the reduction process. It is
defined as the ratio between the mass of magnesium
extracted and the initial magnesium mass in the pellet used
for reduction:

[19]

[20]

Figure 3 shows the relationships between equilibrium
magnesium partial pressure and temperature calculated from
Equations [14]–[19].
It is clear from Figure 3 that reaction [16] is most likely
to occur because it has the highest equilibrium partial
pressure of magnesium vapour. In addition, the figure shows
that the equilibrium partial pressures of magnesium for
reactions [14]–[19] are higher than 0.01 atm. at 1500 K; i.e.,
these reduction reactions with CaO could easily occur under
vacuum conditions.

where m0 is the pellet mass before reduction, m1 is the mass
of the residue after reduction, and m* is the mass of
magnesium contained in the pellet.
If only magnesium vapour is released from the pellet, the
change in the pellet mass is taken as the mass of magnesium
extracted. In fact, the magnesium products contained a low
level of calcium. At high temperatures, calcium oxide in the
pellet would also react with aluminum and form metallic
calcium. Nevertheless, most of the metallic calcium would
rapidly displace magnesium and form calcium oxide (Liang
and Che, 1993):

-;891;5:72<-86/;*38;<75*<7--787:34
Figure 4 shows a flow diagram of the experimental
procedure. First, szaibelyite–suanite powder of less than
125 m in size and CaCO3 were mixed prior to compaction
into briquettes. The briquettes were calcined at 1273 K for
30 minutes in a resistance furnace to eliminate H2O and CO2.
The calcined products were then ground into powder of
particle size less than 120 m. A homogeneous mixture of
the calcined product powder and aluminum powder was
compacted into pellets 27 mm in diameter and about 10 mm
in thickness. Pellet samples were then fed into a retort fitted
with a condenser to collect metallic magnesium. The retort
was heated to a given experimental temperature and held at
this temperature for a given period. The pressure in the retort
was controlled by a vacuum system. Figure 5 shows a
photograph of the apparatus and a schematic diagram of the
retort.

$9.38;<%!00;/:<60<:;1-;87:38;<65<:);<; 39298931<-78:972<-8;4438;<60
17.5;4931<95<8;7/:965<44:;14< 9:)<&7(

$9.38;<!"--787:34<068<:);<7/331<:);8172<8;*3/:965<;-;891;5:4<
,"+< );816/63-2;#<,+<);7:95.<;2;1;5:4#<,&+<-;22;:4#<,+</65*;54;8#<
,+< 7:;8<63:2;:#<,$+< 7:;8<952;:#<,+<:6<7/331
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Table II

;*3/:965<87:964<068<;-;891;5:4<7:<789634</65*9:9654

M-1
M-2
M-3
M-4
M-5
C-1
C-2
C-3
C-4
C-5
T-1
T-2
T-3
T-4
T-5
A-1
A-2
A-3
A-4
A-5
F-1
F-2
F-3
F-4
F-5

(8;<,.+

&7&(% ,.+

"2<,.+

&7$' ,.+

80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80

110
110
110
110
110
110
110
110
110
110
151
151
151
151
151
110
110
110
110
110
110
110
110
110
110

35
35
35
35
35
18.3
18.3
18.3
18.3
18.3
18.3
18.3
18.3
18.3
18.3
16.6
17.0
17.5
17.9
18.3
18.3
18.3
18.3
18.3
18.3

0
0
0
0
0
0
3.5
4.1
5.1
5.3
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1

;22;:995.<-8;4438;<, 7+
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
0
45
90
135
180

;1-;87:38;<, +

62*95.<:91;<,195+

;*3/:965<87:96<,+

1473
1473
1473
1473
1473
1473
1473
1473
1473
1473
1273
1323
1373
1423
1473
1473
1473
1473
1473
1473
1473
1473
1473
1473
1473

0
30
60
90
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120

16
39
50
78
94
38
58
74
94
92
3
15
30
55
95
85
88
89
92
94
83
89
94
91
88

*The holding time was recorded from when the temperature reached the required experimental temperature.

[21]
Hence, a very small amount of calcium is released from
the pellet. The change in the pellet mass is taken as the mass
of magnesium vapour because the mass of calcium is
ignored. The error is likely to be less than 2%.

  
An additional experiment was performed to study the
behaviour of CaO during the calcination process. The material
mixture consisted of 80.00 g ore powder and 151.10 g lime.
The briquettes were formed under a pressure of 135 MPa for
2 minutes and were then calcined at 1273 K for 30 minutes.
Figure 6 shows XRD patterns of the mixed material after
calcination. The products contained CaO, MgO, and Ca3B2O6.
Comparison with the components of the raw ore after
calcination (see Figure 1) indicates that the following
reactions occurred during the calcination process:

 
The Pidgeon process is the main method of magnesium metal
production. In the process, calcium fluoride is added to the
mixture of calcined dolomite and FeSi to improve the
reduction ratio of magnesium oxide. In this study, a small
amount of CaF2 was also added into the mixture (see Figure
4). The effect of CaF2 addition on the reduction ratio is shown
in Table II.
For experiment C-1 without CaF2, the reduction ratio of
magnesium oxide is lower than for the experiments with CaF2
under the same conditions. Figure 7 shows XRD patterns of
the reduced residue from C-1. The chemical compositions of
the residues from experiments C-1 and C-4 are listed in
Table III. The residues contain mainly 3CaO·B2O3,
12CaO·7Al2O3, spinel (MgO·Al2O3), MgO, and Al. The
existence of spinel proves that reaction [7] occurred. Calcium
aluminate (12CaO·7Al2O3) forms by the reaction between
calcium oxide and alumina:

[22]

[23]

1 — CaO
2 — MgO
3 — Ca3B2O6

[24]
Thus, the magnesium oxide phase is displaced from
2MgO·B2O3 and 3MgO·B2O3 by CaO to form 2CaO·B2O3 and
3CaO·B2O3. Therefore, magnesium can be extracted from
szaibelyite–suanite ore by the addition of CaCO3.
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The results show a remarkable improvement in the
reduction ratio with increasing temperature. For experiment
T-1 carried out at 1273 K, the reduction ratio is very poor. At
a temperature of 1373 K (experiment T-3), the reduction
ratio of magnesium oxide increases to about 30%. With
increasing temperature, both the penetration rate of molten
aluminum and the rate of release of magnesium vapour
increase, so the reduction of MgO by Al is faster. At a
temperature of 1473 K (experiment T-5), the reduction ratio
is 95%, which is the highest reduction ratio achieved in the
present study. Nevertheless, it must be pointed out that 151 g
of calcium carbonate was used in experiment T-5. Under the
same operation conditions, experiment C-4 achieved a 94%
reduction ratio using only 110 g calcium carbonate (see Table
II). Thus, experiment C-4 is considered more economical than
experiment T-5.

  
Table III

&);19/72</61-649:9654<60<:);<8;*3/:965<8;49*3;4
, :+
'(%

9('

&7(

"2"2'(%

(:);84

16.72
3.49

14.52
14.7

3.2
3

52.04
56.42

13.07
21.89

0.45
0.5

[25]

   
The formation of 12CaO·7Al2O3 favours the reduction of
MgO by aluminum, and the following reaction takes place:
[26]
However, for experiment C-1, the high content of MgO in
the residue verifies that the reduction ratio of magnesium
oxide is low. The experimental results in Table II show that
the reduction ratio of magnesium oxide increases markedly
with increasing amounts of CaF2, reaching 94% in
experiment C-4.
Figure 7 also shows XRD patterns of the reduction
residue from experiment C-4. Compared with the patterns of
the residue obtained from experiment C-1, the XRD peaks of
MgAl2O4, MgO, and Al for experiment C-4 are less intense.
Thus, reactions [6] and [8] occurred.





The effect of the pelletizing pressure on the reaction is shown
in Figure 9. For experiment F-1, the uncompacted material
was fed directly into the retort for thermal reduction. The
reduction ratio for experiment F-1 is 80%. By increasing the
pelletizing pressure to 90 MPa, the contact area between
aluminum and MgO increases, and thus the reduction ratio
increases.
However, with increasing pelletizing pressure, the
porosity of the pellet decreases. Lower porosity hinders the
release of magnesium vapour and penetration by unreacted
aluminum into the magnesium oxide phase. For this reason,
the reaction rate slows and the reduction ratio decreases.
Figure 9 shows that a reasonable pelletizing pressure is
about 90 MPa.

 

Table II also lists the results for experiments performed at
various temperatures. The experimental temperatures were
set to 1273–1473 K, which are higher than the melting point
of pure aluminum in ambient atmosphere (933 K). Molten
aluminum in the briquettes easily penetrates into the
magnesium oxide phase. Furthermore, molten aluminum
favours mass and heat transfer. Thus, the reaction between
aluminum and magnesium oxide easily occurs.

$9.38;<!00;/:<60<;/;44<"2<65<:);<8;*3/:965<87:96
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C-1
C-4

.(

According to Equation [7], the maximum reduction ratio of
MgO is 75% because of the formation of MgO·Al2O3. If all of
the MgO·Al2O3 reacts with Al to form Mg and Al2O3
(Equation [8]), the maximum reduction ratio of MgO is
100%. The molar ratio of Al: MgO must be higher than 2:3.
According to the chemical composition of the szaibelyite–
suanite ore (Table I), 80 g of the ore contains 35.74 g of
MgO, therefore the stoichiometric requirement of Al is 16.08
g. Figure 8 shows the results of experiments with various
amounts of aluminum. With increasing amounts of
aluminum, the contact area of MgO with aluminum particles
increases and thus the reduction ratio of magnesium oxide
improves.

Thermodynamic analysis and experimental studies of magnesium extraction

$9.38;<!00;/:<60<-;22;:995.<-8;4438;<65<:);<8;*3/:965<87:96

HONG, L., OKUMURA, K., and SANO, M. 1999. Nonisothermal gravimetric investi-

&65/2349654
Thermodynamic analysis of the reduction reactions of
magnesium in MgO, Mg2B2O5, and Mg3B2O6 by aluminum
was carried out. The effects of CaF2, temperature, mass of Al,
and pelletizing pressure on the reduction ratio were also
investigated experimentally. The following conclusions can be
drawn.
(1) It is difficult to directly extract magnesium from
2MgO·B2O3 and 3MgO·B2O3. With CaO in the system,
the magnesium oxide phase can be displaced from
2MgO·B2O3 and 3MgO·B2O3 due to the formation of
2CaO·B2O3 and 3CaO·B2O3. Thus, most of the
magnesium in szaibelyite–suanite ores can be
extracted under reasonable conditions
(2) The reduction of magnesium oxide by aluminum
occurs in two stages: the reaction to produce
magnesium vapour and MgO·Al2O3 and the reduction
reaction between MgO·Al2O3 and aluminum under
vacuum conditions. The formation of 12CaO·7Al2O3
favours the reduction of MgO by aluminum
(3) Calcium fluoride addition markedly improves the
reduction ratio of magnesium oxide. The reduction
ratio increases with increasing experimental
temperature: from 3% at 1273 K to 95% at 1473 K
(4) Increasing the pelletizing pressure up to 90 MPa
improves the reduction ratio from 83% (zero
pressure) to 94%. Further increases in pelletizing
pressure decrease the porosity of the pellets,
hindering the release of Mg vapour and thus slowing
the rate and extent of the reaction.
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Spark plasma sintering (SPS) – an
advanced sintering technique for
structural nanocomposite materials
by W.R. Matizamhuka*

The consolidation of nano-sized composite materials presents a challenge
using conventional hot pressing methods. Spark plasma sintering (SPS)
technology has shown great promise in the successful sintering of nanoreinforced composite materials. This qualitative review seeks to impart
knowledge gathered, and progress made over the years on the consolidation of nanocomposite materials using SPS technology. The review is
aimed at introducing this technology to the South African science and
engineering community. Emphasis is on improving the mechanical
properties of structural ceramic nanocomposite materials, which over the
years have shown great promise in a wide range of applications, including
transport, energy, mining, and the environment. Although success has
been achieved within the laboratory for research purposes, there are still
great opportunities to commercialize the technology for the production of
larger components with more complex shapes.
13+. *
ceramic nanocomposites, structural materials, spark plasma sintering,
fracture toughness, ceramic matrix composites.

4/-.+ (&-0+/
Since the pioneering work of Niihara and
Nakahira (1991) over a decade ago there have
been extensive attempts to harness the
potential of nanostructural metals, ceramics,
and composites in a number of applications
(Niihara and Nakahira, 1991; Selaho et al.,
1997; Sekino and Niihara, 1995; Khalil, 2012;
Aalund, 2008). It is generally realized that
reducing the grain size of materials to nanoscale offers a significant improvement in
properties. Attempts to synthesize
nanostructured compacts by conventional
sintering methods have not succeeded owing
to the uncontrollable high rates of grain
growth driven by long dwelling times at the
sintering temperatures and large powder
surface areas (Sergueeva et al., 2009; Gua,
Khora, and Chieng, 2004; Tang et al., 2009).
Following the development of spark plasma
sintering (SPS) technology, it is now possible
to process nanocrystalline materials with
controlled grain growth. SPS, also referred to
as the field-assisted sintering technique
(FAST) or pulsed electric current sintering
(PECS), was developed with the aim of
improving on the well-established hot pressing
(HP) technology (Kessel and Hennicke, 2007;
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Suarez et al., 2013; Jiang et al., 2007; Park,
Chung, and Kim, 2006; Elissalde, Maglione,
and Estournes, 2007; Borodianska et al.,
2009). It offers rapid densification, with
minimal grain growth, of a wide range of
powders which include ceramics, polymers,
composites, and metallic-based (Niihara and
Nakahira, 1991; Selaho et al., 1997; Sekino
and Niihara, 1995; Khalil, 2012; Aalund,
2008). Densification is attained within
minutes compared to hours with conventional
hot pressing technology (Kessel and Hennicke,
2007; Suarez et al., 2013). This ingenious
technique enables homogeneous volumetric
heating of both the die set and the specimen,
mainly by means of a low-voltage large-pulse
current (Joule heating) (Khalil, 2012;
Sergueeva et al., 2009; Kessel and Hennicke,
2007; Suarez et al., 2013). Furthermore, the
heating power is dissipated at the contact
points of the powder particles where energy is
required for sintering, which results in
improved bonding between the particles
(Khalil, 2012). This is a result of the combined
effects of rapid heating, pressure application,
and the possibility of powder surface cleaning
induced by the low-voltage large-pulse current
momentarily generated during operation
(Khalil, 2012; Aalund, 2008). Conversely, in
hot pressing a lot of heat is wasted in an
attempt to heat up the whole volume of space
from which the specimen indirectly receives
heat. Thus SPS is capable of achieving nearly
100% theoretical density in most materials
without the use of binders, and higher purity
materials through the vapourization of
impurities in the voids between powder
particles (Khali, 2012; Aalund, 2008;
Rajeswari et al. 2010; Kessel et al., 2009).

Spark plasma sintering (SPS) – an advanced sintering technique
The main drawbacks that are usually cited include the limited
sample size, shape complexity, and the cost of equipment. In
fact, SPS technology has not been commercialized on the
African continent as yet.
This paper seeks to review the successes achieved and,
more importantly, to introduce the technology to the South
African science and engineering community and the rest of
Africa. As of 2014, the number of installed SPS machines in
the world was estimated at 1750, two of which are installed
in South African universities for research purposes (Guillon
et al., 2014). It is the author’s hope that such knowledge will
be valuable to the manufacturing and mining sectors,
especially in the manufacture of hard components for
machining and drilling purposes

2+.0/#'.0/&0'$1+%
SPS was first investigated and patented in 1906 (Bloxam,
1906) for the consolidation of powders (Grasso, Sakka, and
Maizza, 2009; Oru et al., 2009; Inoue, 1966). It was further
developed in the mid-1980s to 1990s to improve on the
sintering capabilities of the then-existing conventional
sintering technologies (Khalil, 2012; Grasso, Sakka, and
Maizza, 2009; Oru et al., 2009; Bloxam, 1906).The basic
configuration of a SPS set-up is shown in Figure 1. It consists
of a uniaxial pressing device in the form of specially designed
graphite punches which also serve as electrodes, a watercooled reaction chamber, a vacuum/air/argon gas atmosphere
control mechanism, a pulsed DC generator, and position,
temperature, and pressure regulating systems connected to
an external computer with appropriate software (Khalil, 2012;
Aalund, 2008; Sergueeva et al., 2009; Kessel and Hennicke,
2007; Suarez et al., 2010).
The machine makes use of low voltages (typically <10 V)
to produce high currents (typically 1–10 kA). This is enabled
by the good electrical conductivity of the tooling materials
(Guillon et al., 2014). Heating rates of up to 1000°C/min
have been reported, making it possible to sinter within very
short durations thus saving on energy costs (Suarez et al.,
2010). To enhance the densification process, loads of
typically 50–250 kN have been used under vacuum or

0#(.1,*0&&+/%0#(.,-0+/+%-)1*',.'$,*",*0/-1.0/#
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protective gas at atmospheric pressure (Guillon et al., 2014).
The maximum temperature achieved using graphite tools is
up to 2400°C, with standard cooling rates from 150°C/min up
to 400°C/min under additional active gas cooling (Guillon et
al., 2014). The majority of SPS equipment that has been
produced since the early 1990s is based on ON-OFF pulsed
DC current technology (Guillon et al., 2014). There is,
however, a related technology, developed in 1953, that
utilizes AC current and which has been applied in the
diamond composite and hard metal industries (Guillon et al.,
2014).
The sintering mechanisms involved are a result of three
effects – mechanical, thermal, and electrical (Guillon et al.,
2014). The mechanical effects are driven primarily by
uniaxial pressure applied on the green compact by the
pressing tool. Thus the magnitude of the applied stress is
limited by the high-temperature fracture strength of the
pressing tool and loading system (100–150 MPa for graphite)
(Guillon et al., 2014). This implies that high-pressure
conditions will require more expensive tooling such as Si3N4
or WC, which are more creep resistant, tougher, and more
expensive than graphite (Anselmi-Tamburini, Garay, and
Munir, 2006; Grasso et al., 2013). Pressure-assisted
sintering promotes rearrangement of particles and increases
packing efficiency at low temperatures, thus reducing pore
size and improving the sintered density (Guillon et al.,
2014). However, it should be noted that although grain
growth can be significantly delayed under pressure, it is not
totally suppressed. At elevated temperatures additional
densification mechanisms may be enhanced through power
law creep (i.e. materials become softer at higher temperatures). Thus thermal effects play a crucial role in the whole
process. The fast heating rates tend to enhance densification
while retarding microstructure coarsening due to the short
time required to reach sintering temperature. The fast heating
rates and short sintering times also minimize interaction
between the sample and the graphite tool, thus reducing
contamination for materials that are reactive (Guillon et al.,
2014). The effects of microscopic thermal gradients are
normally negligible for finer grain sizes. These are thought to
induce some driving force for diffusion through local
temperature differences between particle neck and centre, a
phenomenon referred to as Ludwig-Soret thermal diffusion
(Guillon et al., 2014). This is, however, strongly dependent
on the physical properties, size of particles, and nature of
grain boundaries and constituents (Holland et al., 2012). In
SPS, macroscopic thermal gradients are almost nonexistent
owing to the high heating rates (Suarez et al., 2010).
A comparison of temperature profiles obtained from
simulation clearly reveals that small thermal gradients are
generated at the high heating rates in SPS compared to
conventional sintering methods (Suarez et al., 2013). This
explains why conventional sintering requires moderate
heating rates and long dwell times to achieve reasonable
homogeneity (Rajeswari et al., 2010; Kessel et al., 2009).
Figure 2 clearly shows there is a much smaller temperature
difference, T, between the edge (TA) and centre (TI) of the
SPS sample as opposed to the hot pressed sample (Suarez et
al., 2013). Large thermal gradients may result in residual
internal stresses and development of microcracks in sintered
parts, which is a common occurrence with most conventional
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sintering methods. In SPS technology the small thermal
gradients between the outside and the centre of the part
ensure the elimination of residual stresses associated with
thermal gradients.
The ON-OFF DC pulse generates electrical effects, which
can be differentiated into field and current effects (Guillon et
al., 2014; Munir, Quach, and Ohyanagi, 2012; AnselmiTamburini et al., 2012). Thus the resulting microstructure
will be influenced by the interaction between the electrical
current and the powder green compact (Guillon et al., 2014).
The green compact can be electrically conducting or
insulating, which results in different electrical effects. For
conducting powders the current flows through the powder
compact and heat is generated by Joule heating and
transmitted to the powder by conduction (Guillon et al.,
2014). The current flow through the compact is not
homogeneous because of the porous green body. It is thought
that a complex network of current paths will form as a result
of the initial packing density of the green compact (Guillon et
al., 2014). Thus the percolating pulsed current creates
fluctuating hot-spots which are characterized by high local
current densities at the contact points (Guillon et al., 2014).
These hot-spots momentarily induce partial melting, recrystallization, and impurity vapourization during the ON-time
and subsequently these liquidized surfaces are bonded by
forming ‘necks’ during the OFF-time; this is enhanced by
application of a uniaxial force (Aalund, 2008; Kessel and
Hennicke, 2007; Kessel et al., 2009; Tokita, 2013) (Figure 3).
The ongoing compaction increases the density, and the
material conductivity rises and the percolation effect tends to
fade off with time, leaving ‘fingerprints’ in the microstructure
of the sintered product (Guillon et al., 2014). In the case of
nonconductive insulating powders the electrical field
normally effects densification through grain boundary
migration and matter transport (Raj, Cologna, and Francis
2011; Antolovich and Conrad, 2004). However, this effect is
normally observed at much higher voltages in SPS, which
implies that the mechanisms through which nonconductive
powders sinter are still not well understood (Guillon et al.,
2014).
The sintering atmosphere plays a crucial role in the
diffusivity and defect structure of the sintering material
(Guillon et al., 2014). This means that the densification
kinetics, phase stability, stoichiometry, and grain growth are
affected by the sintering atmosphere (Varela, Whittemore,
and Longo, 1990; Recnik et al., 1994). In general, gas
atmospheres have several effects. The adsorption of certain
gaseous species can effectively promote reduction in the
surface energy of particles, which in turn modifies the
thermodynamic driving force for surface reduction and
sintering (Guillon et al., 2014). On the other hand, certain
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Nanostructural materials are more attractive compared to
their micrometric counterparts due to their superior
mechanical and functional properties. Maglia, Tredici, and
Anselmi-Tamburini (2013) have shown that the functional
properties such as electrical conductivity, thermal conductivity, and piezoelectric and ferroelectric properties can be
directly changed by a nanometric grain structure within a
crystallite size below 10 nm. Improved mechanical properties
cited include hardness, fracture toughness, wear, enhanced
superplasticity, and superior strength (Niihara and Nakahira,
1991; Selaho et al., 1997; Sekino and Niihara, 1995;
Sergueeva et al., 2009; Bloxam, 1906; Omori, 2000; Uraiwan
et al., 2005; Golla and Basu, 2014). Although advanced
ceramics have shown great potential in a wide range of fields
(transport, energy, health, environment) owing to their
attractive properties (low density, chemical inertness, high
strength, high hardness, and high temperature capability)
their application is still quite limited, especially under loadbearing conditions, because of their brittle nature (Zhan et
al., 2003). As such, some research efforts have been directed
towards improving properties such as fracture toughness of
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gaseous species with low solubility and diffusivity in certain
powders can be entrapped in closed pores and oppose the
sintering mechanisms due to pressure build-up (Yoon, Chin,
and Kang, 2008). Vacuum atmospheres or the presence of
certain gas species can promote the vapourization of
sintering material, which can lead to a change in
stoichiometry/composition or the formation of defects
(Guillon et al., 2014).
It is noteworthy, though, that according to the theories
described above, the heat generated during SPS sintering is
concentrated primarily on the particle surfaces and particle
growth is limited partially by the speed of the process, and
also the fact that only the surface temperature of the particles
rises rapidly (Aalund, 2008).
Although the appearance of thermal plasma in SPS
remains controversial, SPS sintering technology has been
verified experimentally and the consolidation of powders is
greatly enhanced with minimal grain growth (Sergueeva et
al., 2009; Chen et al., 2005; Fang, 2010; Anselmi-Tamburini,
Garay, and Mumir, 2005). The short durations and relatively
lower homologous temperatures involved ensure tight control
over grain growth and microstructure, which makes SPS
more suitable and attractive for the development of nanocrystalline materials with appreciable grain homogeneity.

Spark plasma sintering (SPS) – an advanced sintering technique
structural ceramics by reinforcing with nano-sized secondary
phases (particulate or fibres) (Sekino and Niihara, 1995;
Golla and Basu, 2014; Zhan et al., 2003; Basu and Balani,
2011; Mukhopadhyay and Basu, 2007; Niihara and Suzuki,
1999). The basic aim is minimization of grain growth
through grain boundary pinning and the introduction of
stresses opposing grain growth emanating from the thermal
mismatch between the matrix and the dispersed secondary
particles (Golla and Basu, 2014; Zhan et al., 2003; Basu and
Balani, 2011; Mukhopadhyay and Basu, 2007; Niihara and
Suzuki, 1999). It has been observed in previous studies that
the fracture toughness of nanocomposite ceramics is
improved if the dispersed particles are nano-sized (Golla and
Basu, 2014; Zhan et al., 2003; Basu and Balani, 2011;
Mukhopadhyay and Basu, 2007; Niihara and Suzuki, 1999).
Attempts to obtain nanostructured compacts using conventional sintering methods have not resulted in attractive
properties owing to the failure to maintain nano-sized
microstructures during the sintering process (Sergueeva et
al., 2009). Furthermore, the successful densification of
nanopowders is directly influenced by the quality of the
initial nanopowder. Most poor-quality nanopowders are
highly agglomerated, which makes them very difficult to
densify owing to the large macropores that are generated
between the agglomerates during sintering. This demands
higher sintering temperatures or longer sintering times to
break the agglomerates, thus presenting a challenge in
controlling the grain growth which normally results in
microstructural inhomogenities.
In general, the mechanisms that promote sintering, such
as increased temperature and reduced grain size, also
accelerate grain growth, thus making it difficult to isolate the
two effects. In the last two decades several strategies have
been utilized to suppress grain growth during sintering
(Maglia, Tredici, and Anselmi-Tamburini, 2013). One such
approach is the use of an insoluble second phase, which
minimizes grain boundary mobility through grain boundary
pinning and stresses that oppose crack propagation. An
alternative method is the control of the heating cycle or the
use of pressure (Maglia, Tredici, and Anselmi-Tamburini,
2013). This involves fast initial heating rates followed by
slower heating rates at high temperatures, thus promoting
densification at higher temperatures and reducing time spent
at lower temperatures where non-densification processes
dominate (e.g. surface diffusion). This is sometimes referred
to as the two-step sintering (TSS) cycle. However, the main
challenge in using fast heating rates is the generation of
thermal inhomogeneities with nonconducting powders.
Furthermore, full control of grain size well below 50 nm is
not possible by control of the heating cycle alone. The use of
pressure in the sintering of nanocomposites greatly enhances
the densification process. This is achieved by inducing
nanoparticle rearrangement, particle deformation and sliding,
and finally pore shrinkage (Maglia, Tredici, and AnselmiTamburini, 2013). However, the applied pressure may also
act as a driving force for grain growth if long sintering times
are used (Maglia, Tredici, and Anselmi-Tamburini, 2013).
This is the case when using hot pressing techniques.
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The concept of structural nanocomposite ceramics was
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proposed by Niihara and Nakahira (1991) over two decades
ago. The greatest attraction associated with nanocomposite
ceramics is the improved fracture toughness, which makes
them appropriate for load-bearing applications. The concept
involves incorporating energy-dissipating second phases in
various forms (particles, whiskers, platelets etc.) that are
effective in crack deflection or crack bridging, which in turn
hinders further crack propagation (Zhan et al., 1996; Lawn,
1998; Yamamoto et al., 2008). Furthermore, the use of
nanosized particles ensures a reduction in the flaw size,
which also contributes to improving the fracture toughness
through increased grain boundary density (Zhan et al., 1996;
Lawn, 1998; Yamamoto et al., 2008). This means that more
energy is required for a crack to move through the matrix
(Zhan et al., 1996; Lawn, 1998; Yamamoto et al., 2008).
Thermal expansion mismatch between dispersed particles and
the matrix is thought to cause residual stresses within and
around the particles when composites cool down after
sintering (Zhan et al., 1996; Lawn, 1998; Yamamoto et al.,
2008). It is expected that the tensile stress component can
induce radial microcracks in the matrix around each particle,
which improves the fracture toughness through crack
deflection (Yamamoto et al., 2008). This, however, requires
that the matrix exhibits a lower thermal expansion than the
second-phase particles (Yamamoto et al., 2008). This is
similar to bone structure, which is full of microscopic cracks
that are responsible for the deflection of advancing cracks
from the path of or direction of maximum tensile stress
(Ritchie, Buehler, and Hansma, 2009). This makes bone
remarkably resistant to fracture.
Previous studies have proved that the mean grain size
and distribution of the secondary particles is critical as this
affects the location of the particulate in the matrix (Zhan et
al., 2003; Sciti, Vicens, and Bellosi, 2002). Sciti, Vicens, and
Bellosi (2002) showed that SiC particles of < 150 nm in an
Al2O3 matrix tend to detach from advancing grain boundaries
and are situated within the matrix, whereas larger particles
are found mainly in intergranular positions. Uraiwan et al.
(2005) proposed three basic nanocomposite microstructures:
intragranular type, intergranular type, and nano-nano type.
In the case of intergranular type, particles are dispersed
within the grain boundaries, hindering crack extension along
grain boundaries through the strong bonding between the
matrix and the dispersion interface (Borsa et al., 1994),
whereas an intragranular-type microstructure causes crack
deflection and impediment along the matrix grains, thus
resulting in significant toughening. The most attractive
microstructure is the one consisting of dispersed particles
embedded within the matrix grains (intra-type) (Zhan et al.,
2003). This is typically found in nanocomposites with a low
volume fraction of secondary phase; such structures have
better sinterability (Zhan et al., 2003).
In principle, toughening mechanisms can be categorized
into two types: intrinsic and extrinsic. Intrinsic mechanisms
operate ahead of a crack tip and are related primarily to
plasticity, i.e. enlargement of the plastic zone, which is
effective against both crack initiation and propagation
(Ritchie, 2011). This is the primary source of toughening in
ductile materials and is ineffective with brittle materials.
Conversely, extrinsic toughening acts primarily on the wake
of the crack to shield local stresses and strains at the crack
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tip. Effectively, extrinsic toughening is usually associated
with processes behind a crack tip and there has to be a crack
for these processes to operate, thus they have no effect on
crack initiation (Ritchie, 2011). There are a variety of
microstructural mechanisms utilized to effect extrinsic
toughening, including crack bridging by unbroken fibres or
ductile phase in composites, friction interlocking of grains
during intergranular fracture in monolithic ceramics,
meandering and crack surface sliding, and shielding and
microcracking in transformation-toughened ceramics.
The reader is referred to the work by Niihara and
Nakahira (1991) for further details on nanocomposite
modifications. The success of achieving the above is largely
governed by the powder characteristics such as particle size,
degree of agglomeration, and reactivity.

.+&1**0/#+%/,/+&+"'+*0-1*
The properties of sintered nanocomposite materials are
greatly dependent on the processing route. Powders for
nanocomposites have been processed through different
methods, which can be classified as solid-state processing
(mechanical alloying, laser ablation, evaporation-condensation, and self-propagating high-temperature synthesis
(SHS)), gas-phase processing (chemical vapour deposition
(CVD), plasma, and laser synthesis), and solution chemistry
methods (sol-gel, polymer pyrolysis, and spray drying of
solutions) (Tomar, 2008; Maitra, 2014; Borsa and Brook,
1995; Caroll, Sternitzke, and Derby, 1996; Niihara et al.,
1989; Shapiro, Todd, and Roberts, 2009; Liu, Zhou, and Hou,
2006; Xu, Nakahira, and Niihara, 1994; Galusek, Sedlacek,
and Riedel, 2007). Powder processing routes require powders
of high purity to avoid the formation of second phases (Zhan
et al., 1996). A typical processing procedure would involve
(Zhan et al., 1996):
(i)
(ii)
(iii)
(iv)

Selection of raw materials
Wet mixing
Drying of slurries
Consolidation.

formation of agglomerates and segregation (Walker et al.,
1994; Upadhyaya, 2011) Polymer pyrolysis and sol-gel
synthesis routes offer attractive alternative procedures that
result in better dispersion at an atomic level (Borsa and
Brook, 1995; Liu, Zhou, and Hou, 2006; Xu, Nakahira, and
Niihara, 1994; Galusek, Sedlacek, and Riedel, 2007).
Furthermore, they are cheaper and involve simple procedures
for the production of bulk homogeneous nanopowders. The
main challenge, however, is that most of the powders
produced by solution chemistry methods are amorphous and
require a final heat treatment at relatively high temperatures
to promote crystallization or removal of organic additives.
This normally results in increased grain size and partial
consolidation of agglomerates (Maglia, Tredici, and AnselmiTamburini, 2013). Mechanical milling might be required to
break these agglomerates as a final step, which may expose
the powders to further contamination.
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Strictly speaking, the majority of nanocomposites
investigated to date are composites with microcrystalline
matrices and nanoscale secondary phases (Sergueeva et al.,
2009; Tokita, 2013; Golla and Basu, 2014). Very few truly
nano-nano composites have been investigated, and this
presents a great opportunity to generate property and
microstructural data for truly nano-nano composites using
SPS technology. As mentioned earlier, nanocomposite
materials possess superior fracture toughness compared to
their microcrystalline counterparts. The introduction of a
nanoscale second phase is beneficial in two ways (Sergueeva
et al., 2009):
(i)
(ii)

Suppresses grain growth of the matrix
Improves the fracture toughness owing to the
thermal mismatch between the matrix and the
second phase.

The use of SPS technology preserves the grain size within
the nanoscale range due to the fast sintering times and lower
sintering temperature in the SPS system. The particle shape
and size of the second phase play a crucial role in the
determination of the extent of toughening or strengthening in
most nanocomposite materials (Sergueeva et al., 2009;
Tokita, 2013; Golla and Basu, 2014). A number of technologically important groups of ceramic nanocomposites have been
studied to date. Some of the more significant include
alumina-based (Al2O3-SiC, Al2O3-Si3N4, Al2O3-ZrO2, Al2O3graphene, Al2O3-TiC/TiN, Al2O3-metallic phase); zirconiabased, Si3N4/SiC, and Si3N4-graphene systems. The
description that follows is not meant to be exhaustive but to
highlight the salient features of some of the most common
groups of nanocomposites.

!!!   
Alumina is one of the most widely used ceramic materials
owing to its attractive properties, low cost, and less
demanding sintering conditions. However, like other ceramic
materials, alumina suffers brittle fracture under load-bearing
conditions, which limits its application as a load-bearing
material. Over the years a number of studies have been
dedicated to improving the toughness and strength of
alumina ceramics through a number of methods such as:
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The most critical step is the drying process because of the
risk of agglomeration (Zhan et al., 1996). Fast drying rates
at higher temperatures have been found to result in the
formation of hard agglomerates which are detrimental to
microstructural uniformity. In such cases every effort is made
to control the rate of drying. An alternative method is freeze
drying, which provides optimal conditions that suppress the

Spark plasma sintering (SPS) – an advanced sintering technique
(i) Dispersing a small amount of a harder phase such as
SiC, Si3N4, and ZrO2
(ii) Dispersing with a ductile phase such as metallic
particles (Cr, Ni, Cu) or high-strength phases such as
carbon nanotubes (CNTs) or graphene nanoplatelets
(GNPs) (Sergueeva et al., 2009; Yamamoto et al.,
2008; He et al., 2009; Wang and Steven, 1989; Nieto,
Lahiri, and Agarwal, 2012; Liu et al., 2012; Chae et
al., 2006; Choa et al., 1998; Gao et al., 1999a,
1999b).
The majority of the work has been done on the Al2O3/SiC
system (Golla and Basu, 2014; Yamamoto et al., 2008; Chae
et al., 2006; Choa et al., 1998; Gao et al., 1999a, 1999b).
Since the pioneering work of Niihara (1991) a number of
studies have been undertaken to test the properties of SiCreinforced Al2O3 nanocomposites. Niihara and Nakahira
reported an improvement in fracture toughness from
3 MPa.m0.5 for monolithic Al2O3 to 4.7 MPa.m0.5 for Al2O3-5
vol% SiC, and a strength increase of 300% from 350 MPa to
1000 MPa. Current studies have shown that nano-SiC
reinforcement in the submicrometre Al2O3 matrix imparts a
substantial improvement in strength with a modest increase
in the fracture toughness (Golla and Basu, 2014; Yamamoto
et al., 2008; He et al., 2009; Wang and Steven, 1989; Nieto,
Lahiri, and Agarwal, 2012; Liu et al., 2012; Chae et al., 2006;
Choa et al., 1998; Gao et al., 1999a, 1999b; Taya et al.,
1990). One of the motivations for interest in SiC-reinforced
composites is the toughening mechanism associated with the
composites, referred to as residual stress toughening. This
phenomenon is a result of differences in thermoelastic
properties between the matrix and the dispersed phase
(Sergueeva et al., 2009; Anya, 1999). Stress in the matrix is
generated when p > m (where p and m are the thermal
expansion coefficients of the particulate and matrix respectively), such that there are compressive residual stresses on
the dispersed particles which are effective in crack deflection
(Anya, 1999). Generally, the larger the difference in the
thermal coefficients the more pronounced the stress effect. A
summary of thermoelastic properties of some of the most
commonly used ceramic materials follows.
One of the early investigations on the successful SPS of
Al2O3-SiC composites was carried out by Choa et al. (1998).
In this study, finely dispersed SiC particles (200 nm) were
found within the Al2O3 grains and the composites exhibited a
fracture toughness of 5.8 MPa.m0.5 and strength of 1200 MPa
compared to 3.2 MPa.m0.5 and 700 MPa respectively for
monolithic Al2O3. In a separate study Chae et al. (2006)
compared the sintering dynamics of Al2O3-SiC composites
containing 5 vol% and 20 vol% SiC under hot pressing and
SPS conditions. Generally, the presence of SiC reduced the
rate of grain growth seven-fold and the rate of densification
was higher under SPS compaction compared to hot pressing.
A moderate increase in fracture toughness 3.6 MPa.m0.5 and
flexural strength of 812 MPa was obtained for Al2O320 vol% SiC, lower than obtained by Niihara et al. (1989).
Similar microstructural observations were claimed by Gao et
al. (1999a) for Al2O3-5 vol% SiC densified at 1500°C for 3
minutes. A fracture toughness value of 4 MPa.m0.5 was
obtained, and the microstructures revealed that the SiC
particles were located mainly inside the Al2O3 grains with the
fracture mode being mainly transgranular. The use of certain
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ductile metallic phases has proved effective in the toughening
of alumina ceramics because the ductile phase can absorb
and dissipate stress by elastic and plastic deformation. The
widely accepted toughening mechanism is through crack
bridging by ductile ligaments in the crack wake (Sergueeva et
al., 2009; Anya, 1999; Sigl, Makaga, and Dalgeish, 1988). A
fracture toughness of 7 MPa.m0.5 was recorded for an Al2O310 vol%Nb nanocomposite sintered at 1100°C for 3 minutess
by SPS (Suarez et al., 2013; Volceanov et al., 2007). This is
well above that of the monolithic Al2O3 phase (3 MPa.m0.5);
however, the major disadvantage with metallic reinforcements is their limited application range and reduced
hardness values in the matrix. At high temperatures the
metallic phases are prone to softening and undergo plastic
deformation, which leads to degradation of mechanical
properties.
Another concept of toughening alumina involves
dispersing with zirconia nanoparticles, which has been
practiced for over two decades. This group of nanocomposites
is commonly referred to as zirconia-toughened alumina
(ZTA). The microstructures of ZTA are characterized by ZrO2
particles finely dispersed in an Al2O3 matrix, with toughening
being induced mainly through stress-induced transformation
and microcrack toughening. The stress-induced transformation mechanism is associated with volumetric expansion
and shear strains as ZrO2 transforms from tetragonal to
monoclinic structure on cooling (Volceanov et al., 2007;
Claussen, 1976; Lange, 1982; Claussen, Steeb, and Pabst,
1977; McMeeking and Evans, 1982; Evans and Cannon,
1986; Claussen, and Ruhle, 1981). Toughness values of
>12 MPa.m0.5 have been obtained, compared to 3 MPa.m0.5
for monolithic Al2O3 (Wang and Stevens, 1989). Again, this
group of composites has a limited temperate range of
application, with most of the toughening being lost at
elevated temperatures as ZrO2 transforms back to the
tetragonal structure.
Although several attempts have been made to improve
the mechanical properties of Al2O3 matrices there are still
challenges in the processing and homogenous dispersal of the
nano-powders in the matrix. Most of the composites
produced by SPS to date have been widely accepted as well
sintered, although the mechanical properties are still
inconsistent.

 !!!   
Tetragonal ZrO2 polycrystals (TZP) possess excellent bending
strengths (approx. 1000 MPa) and fracture toughness values
(>10 MPa.m0.5) compared to other monolithic ceramics
(Anjali et al., 2012). This emanates from the induced
transformation of tetragonal zirconia (t-ZrO2) to the
monoclinic zirconia (m-ZrO2) phase, which is associated with
a volumetric expansion and formation of microcracks in the
stress field of a propagating crack – a phenomenon known as
transformation toughening (Anjali et al., 2012; Sternitzke,
1997). However, ZrO2 polycrystals have relatively lower
hardness values (<12 GPa), which tend to limit their range of
application, and also the stress-induced transformation
toughening mechanism of TZP degrades at higher temperatures (Sternitzke, 1997). Thus there is great interest in
improving the hardness and high-temperature toughness of
ZrO2 ceramics, mostly through incorporating carbide
inclusions with superior hardness such as TiC, SiC, and WC,
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   !!   
The nanocomposites of SiC-Si3N4 ceramics are of great
technological importance owing to their attractive properties
such as high hardness and strength, and excellent creep,
oxidation, and corrosion resistance (Niihara, 1991;
Sternitzke, 1997). Conventionally, the sintering of SiCreinforced Si3N4 composites requires the use of a liquid phase
to achieve higher densities owing to the large driving force
required for bonding the highly covalent materials
(Sternitzke, 1997). SPS has been successfully applied in the
synthesis of highly creep-resistant Si3N4-SiC composites
without the use of a liquid phase (Herrmann et al., 1998).
These nanocomposites have enhanced creep resistance and
excellent strength in comparison to monolithic Si3N4
(Sternitzke, 1997; Herrmann et al., 1998).
Table I
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8.3

Si3N4

3.2

TiN

9.4

SiC

4.4

ZrO2

10.0

TiC

7.4

          



 !!!  !!!! 
 ! !!   
Since the report by Iijima (1991) on carbon nanotube (CNT)
reinforcement there have been a number of studies aimed at
mechanical property improvement through CNT-reinforced
composites (Yamamoto et al., 2008; Iijima, 1991). The
understanding is that CNTs possess high tensile strength
(20–100 GPa) and high aspect ratio (>5000), making them
suitable for reinforcement applications (Iijima, 1991). Due to
their high elasticity they play a critical role in absorbing most
of the strain-related energy. The use of CNTs to reinforce
ceramics has been motivated by the fibre bridging effect
resulting from debonding and sliding resistance, which
strengthens the composites and improve fracture toughness
(Yamamoto et al., 2008). The commonly accepted
mechanisms contributing to improved strength and
toughness in CNT-reinforced nanoceramics include crack
deflection at the CNT/ceramic interface, crack bridging by the
CNT, and pullout of CNTs on the crack plane (Yamamoto et
al., 2008; Sahetat et al., 1999).
In light of the above, a number of CNT-reinforced
composites have been studied, and in a number of cases they
show some improvement in mechanical properties, especially
strength and fracture toughness. Yamamoto et al. (2008)
reported a 25% increase in fracture toughness for a 5 vol%
CNT addition (in the form of multi-walled carbon nanotubes
(MWCNTs)) to alumina (Yamamoto et al., 2008; Sahetat et
al., 1999). Zhan et al. (2003) obtained a fracture toughness
of 9.7 MPa.m0.5 for an alumina composite reinforced with
10 vol% SWCN (single-wall carbon nanotubes). This was
enabled by the lower sintering temperatures and shorter
times required to obtain fully dense materials with SPS
compared to conventional sintering methods. Furthermore, a
remarkably higher fracture toughness of 13.5 MPa.m0.5 was
obtained for an alumina-SWCNT system to which Nb was
added as a ductile phase (Baughman, Zakhidov, and de Heer,
2002; Kuntz et al., 2002). The higher fracture toughness is
attributed to the more ductile Nb metallic phase. In another
study, the fracture toughness of zirconia-toughened alumina
(ZTA) was improved by 44% by incorporating CNTs
(Bocanegra and Echeberria, 2011).
The development of CNT-reinforced composites is still
limited by the difficulty in obtaining homogeneous mixtures
and the high cost of CNTs (Yamamoto et al., 2008; Dusza et
al., 2012). Furthermore, CNTs have a tendency to
agglomerate and form ‘ropes’ and ‘bundles’, which makes it
difficult to homogenously disperse CNTs in the matrix to form
adequate interfacial connectivity between the two phases
(Yamamoto et al., 2011; Kawano, Takahashi, and Shimada,
2002). This explains the bulk of the disappointing results
that have been reported so far. Yamamoto et al. (2011),
through electron microscopy studies, observed some form of
debonding of MWCNTs from the matrix and recorded a
fracture toughness of 4.74 MPa.m0.5 and a binding strength
of 543.8 MPa with 0.9 vol% MWCNTs in an alumina matrix.
This result is not far off from that obtained for the
monolithic alumina synthesized under similar conditions
(4.37 MPa.m0.5 and 502.3 MPa respectively) (Yamamoto et
al., 2011).
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borides (ZrB2), and nitrides (TiN). The second phases used
have lower coefficients of thermal expansion, which induces
residual compressive stress on the second phase (Table I)
when the composite cools down. However, the principle of
residual stress toughening requires that the matrix exhibits a
lower thermal expansion than the incorporated particles. In
the Y-TZP/TiC system, for example, the opposite applies, thus
the toughening mechanism is likely to be crack deflection/
bowing with less microcracking (Sternitzke, 1997). The
interaction of the primary crack front with pre-existing
and/or transformation-induced microcracks will only increase
toughening (Zhan et al., 1996). Yittria-stabilized ZrO2
containing 40 vol% nano-WC sintered by SPS at 1450°C at a
pressure of 60 MPa was found to possess enhanced flexural
strength of 2000 MPa, hardness of 16.2 GPa, and fracture
toughness of 6.9 MPa.m0.5 (Golla and Basu, 2014). In
another study, the mechanical properties of ZrO2-30 vol%
ZrB2 obtained under SPS (1200°C, 5 minutes’ holding time,
and a heating rate of 600 K/min) showed a moderate
improvement in hardness (12–14 GPa) and fracture
toughness (6–11 MPa) with transformation toughening.
Importantly, the grain size and presence of transformation
toughening have been found to play a critical role in
enhancing the mechanical properties of ZrO2-based
nanocomposites (Golla and Basu, 2014).
Vanmeensel et al. (2007) observed a decrease in
hardness and fracture toughness of ZrO2-TiN composites
(sintered at 1500°C, 2 minutes, 56 MPa) with increasing TiN
content. The TZP-35 vol% TiN had the highest fracture
toughness (7.6 ± 0.3 MP.am0.5) with 41% of the ZrO2
transformed in the matrix, and a hardness of 13.19 GPa was
obtained. This is a modest improvement in comparison to
monolithic TZP.

Spark plasma sintering (SPS) – an advanced sintering technique
Recently there has been wide interest in the fabrication of
graphene-reinforced composites as an alternative to CNTs.
Graphene is a two-dimensional counterpart of CNTs,
consisting of a one-atom thick layer of C atoms in a
honeycomb (the parallel stacked layers found in graphite)
(Liu, Yan, and Jiang, 2013; Anon., 2010; Cheng et al., 2011;
Geim and Novoselov, 2007; Liao et al., 2010). The
motivation for its use is the higher fracture strength in
comparison to CNTs for similar type of defects and the
easiness of homogeneous dispersion in ceramic matrices
(Hirata et al., 2004; Yu et al., 2000). Graphene is normally
referred to in the literature as graphene platelets (GPLs),
graphene nanosheets (GNS), multi-layer graphene
nanosheets (MGN), or graphene nanoplatelets (GNPs) and
consists of several layers of graphene with a thickness of 100
nm (Yoon et al., 2012). Graphene is normally made by
micromechanical exfoliation of expanded graphite, chemical
processing (Hirata et al., 2004; Yu et al., 2000; Stankovich et
al., 2006; Zhan et al., 2003; Jang and Zhamu, 2008), or by
subjecting graphite to shear stresses which induce some
slipping of the stacked layers, such as in high-energy ball
milling (Potts et al., 2011).
Several attempts have been made to sinter GPL-reinforced
composites using SPS. Wang and Stevens (1989) reported a
53% increase in fracture toughness with Al2O3 containing
2 wt% GPLs. In a separate study Liu et al. (2012) reported a
40% increase in fracture toughness with 0.81 vol% GPL in
Al2O3. In a recent study a 27.20% improvement in fracture
toughness and 30.75% increase in flexural strength was
reported (Liu, Yan, and Jiang, 2013) for an alumina-GPL
composite. Walker et al. (2011) prepared Si3N4-1.5 wt% GPL
and obtained a fracture toughness of 6.6 MPa.m0.5, which
was 136% higher than the monolithic binderless Si3N4
obtained using similar conditions. These studies clearly
indicate a significant improvement in fracture toughness and
strength for the CNT, GPL-reinforced composites. However,
there are still some inconsistencies in the results. The
potential for obtaining even better results depends on the
ability to process the raw powders more effectively
(homogeneous mixing) and minimizing the level of
impurities in the composites.

!+/&$( 0/#.1",.*
A key target in ceramic research has been the identification
and assessment of ways to improve the mechanical
properties, especially fracture toughness and flexural
strength, which still hinder the wider application of ceramic
materials. There is great potential for tailoring the
microstructures and improve fracture toughness properties of
nanocomposite ceramic materials by utilizing SPS technology.
The critical requirements for achieving this goal include
control of grain size, particle morphology, particle size distribution, and the volume fraction of the second-phase particles.
In most of the reported work the microstructures of the SPSsintered nanocomposites are excellent, but the mechanical
properties are still unsatisfactory and inconsistent. It is
commonly accepted that nanocomposite structural ceramics
have great potential for wider applications from the scientific
point of view, but their development at the industrial level is
held back due to a number of reasons.
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1. The cost of producing bulk nano-scale powders is still
prohibitively high
2. The processing technology, especially regarding the
homogeneous mixing of nanopowders, is still not well
refined.
SPS technology has shown great potential for mitigating
some of the problems associated with the densification of
nano-scale materials. However, much research is still needed
in order to obtain a clear understanding of the fundamental
mechanisms of sintering and the effects of the electrical
current on mass transport, reactivity, microstructure
evolution, and final properties, as well as to enable scale-up
to larger specimen dimensions with more flexible geometries.
This can be achieved only through closer collaboration
between universities, research institutes, and industry.
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Experimental investigation and
numerical simulation of surrounding
rock creep for deep mining tunnels
by Z-P. Song*, T-T. Yang*, A-N. Jiang†, D-F. Zhang*, and
Z-B. Jiang†

In deep excavations under conditions of high ground stress, even hard
rock undergoes creep and other time-dependent effects that may result in
instability. This study involves an analysis of the typical damage to the
surrounding rock in the deep tunnels of the Jinchuan nickel mine in China.
In order to understand the creep mechanism, triaxial creep laboratory tests
were conducted under high stress. The creep characteristic curves and the
Nishihara model parameters of typical rock were obtained from these tests.
The numerical simulations, with which the creep model is developed, were
performed using Flac3D. The creep model parameters were back-analysed
on the basis of field monitoring data. Finally, appropriate support schemes
for deep tunnels are suggested. The creep deformation of rock increases
with time and axial load. At the same load level, the creep deformation of
unloading is greater than that of loading. The simulated deformations of
the surrounding rock are coincident with those from in situ monitoring,
indicating the applicability of the presented rock creep model in situations
of high ground stress. The results constitute a reference for support design
in deep mining tunnels.
EC%>A7<
rock creep, high ground stress, deformation, modelling, numerical
simulation.

?=A>78;=@>?
The excavation of underground caverns can
alter the natural stress field of the surrounding
rock. In deep engineering projects under
conditions of high ground stress, even hard
rock shows obvious creep properties and time
effects (Yao, 2005; Liu, 1994). The time effect
of excavation not only causes decompression
of the floor and increases sidewall stress, but
also leads to stress concentration at the
corners of the excavation, which influences the
stability of the surrounding rock in a very
complex manner.
Many researchers have studied the creep
properties of rock. ‘Griggs (1939) showed that
creep occurs in sandstone, shale, and silty
sandstone rock under the load of 12.5%–80%
of the failure load.’ Subsequently, much
research has been published on rock creep
tests, including the uniaxial compressive creep
test, the triaxial compressive creep test, the
discontinuity rock shearing test, and field tests
(Wawersik, 1974; Amadei et al., 1980; Okubo
et al., 1991; Jin et al.,1995). A rheological
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model is used to describe the complex
rheological deformation of material. This
model is based on various fundamental
parameters including rock elasticity, plasticity,
and viscous properties, which can be combined
into a constitutive model to reflect the
rheological properties of various types of
rocks. Wang et al. (2014) studied the creep–
damage–rupture characteristics of rock salt by
applying a creep-damage model. Munson
(1997) developed a multi-mechanism constitutive model of creep of polycrystalline rock
salt based on steady-state creep and modified
it to incorporate transient creep through work
hardening and recovery. An elasto-viscoplastic
approach was developed to simulate the timedependent nature of the fracture zone (Malan,
1999). Rheological models were proposed to
understand the collapse of iron ore mines in
Lorraine by Dragan et al. (2003).
Along with the development of computing
science and information science, numerical
simulation has profoundly influenced the
study of rock mechanics and engineering, thus
making the tunnel creep calculation possible
and becoming an important aspect of scientific
research and engineering calculations. A rock
failure process analysis (RFPA) system for the
simulation of failure processes and the time
effect of surrounding rock in tunnels was
developed by Ma and Tang (2013). Many
numerical software tools such as ANSYS (Liu
and Sun, 1998), FLAC3D (Gao, et al., 2000),
and UDEC (Munson, 1997) can be applied to
rheological analysis in geotechnical

Experimental investigation and numerical simulation of surrounding rock creep
engineering. These tools are, respectively, based on the finite
element method, the finite difference method, and the
discrete element method. However, because of the
uncertainty and complexity of geological bodies, the adoption
of the correct model and rock parameters is the key factor
affecting the accuracy of numerical simulations in
underground engineering. Recently, there is growing concern
over back-analysis using displacement data from monitoring
of the surrounding rock to identify rock mechanics
parameters (Wang, Utili, and Jiang, 2014; Boydy and
Bouvand, 2002). Rock creep parameter back-analysis
methods were studied by Mostafa et al. (2013) and
Montassar and Buhan (2013). Sakurai (2009) aimed to
address actual engineering problems and back-analysed rock
mass creep parameters using field monitoring data.
From the above research results, we can identify the
following problems. (1) The mechanism of surrounding rock
deformation in deep tunnels is different from that in shallow
tunnels. Most creep tests and models are limited to soft rock,
rock salt, or soil surrounding shallow tunnels, with few
concerned with hard rock in the deep tunnels of metalliferous
mines. (2) The research results of constitutive models mostly
work with laboratory data, which is seldom used in tunnel
engineering stability and support design. The present study
adapted laboratory, numerical simulation, and field
monitoring approaches to study the creep properties of the
surrounding rock of deep tunnels in Jinchuan nickel mine in
China,. Based on the test data, we selected an appropriate
creep model for the deep surrounding rock, back-analysed
parameters using the monitoring data, forecast the
deformation of surrounding rock, and suggest a support
scheme.

geological body, two classification methods were used to
guarantee the accuracy of the classification results. According
to the RMR (Bieniawski, 1973) and the Q Tunnelling Quality
Index (Barton, Lien, and Lunde, 1974), the rock mass of the
Jinchuan mining area at 850–1198 m is divided into three
classes, as shown in Figure 2a and 2b. The blue area
represents good quality rock with RMR classification I and II ,
and a Q value between 10 and 40; these rocks include
marble, granite, amphibolite, and ore. The yellow area
represents general quality class III RMR, the corresponding Q
value is between 4 and 10, and the rock types include olivine
and peridotite. The red area represents faults and fracture
zones with poor quality class IV RMR, the corresponding Q
value is between 1 and 4. The geological profiles are shown
in Figure 2c and d.
The maximum stress lies in the horizontal direction,
running NE–NNE with a magnitude of 1.69–2.27 times the
overburden stress, which indicates that the deep stress field

?6@?CCA@?60B;&6A>8?7
Jinchuan nickel mine is situated in Jinchang city, Gansu
province, China. The annual output of the mine includes 1.5
× 105 t of nickel, 4 × 105 t of copper, 3.5 t of platinum group
metals, 8 t of gold, 8 t of silver, 50 t of selenium, and 2.5 ×
106 t of biochemical products. A vertical section of mine area
No. 2 is shown in Figure 1.
Currently, the mine is made up of two midsections: the
1050 and 1198 m levels. The 1050 m level is divided into
five segments, with a depth of 1000 m below the surface. The
sublevel height is 20 m. Because of the complexity of the

/@68AC->;& 8B:@=%)>?@?69B3B=7@44CAC?=:C1C:<>4=5C9@?@?6
)>?C"B,,9:C1C:0,**9:C1C:;5>A@)>?=B:6C>:>6@;3A>4@:CB=
=5C,**9:C1C:B?775>A@)>?=B:6C>:>6@;3A>4@:C>4=5C9@?@?6)>?C
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Experimental investigation and numerical simulation of surrounding rock creep
is mainly a horizontal tectonic stress. The formulae for the
maximum stress, minimum stress, and vertical principal
stress are

B0>AB=>A%=C<=@?6>4A5C>:>6@;B:3A>3CA=@C<
! "!!""! " !!
[1]

where hmax, hmin, and y are maximum horizontal stress,
minimum horizontal stress, and vertical principal stress,
respectively; r is bulk density (MN·m−3); and H is depth (m).
Rock mass deformation can be influenced by many
factors, such as the pre-mining stress model, the geology, the
mine layout, the rock mass structure with its major/minor
joint densities and directions, and other geological discontinuities. Because this mine area lies at a depth of approximately 1000 m, the horizontal tectonic stress is larger than
the vertical stress. The geological body includes some class III
and class IV rock masses, and the surrounding rock shows
large convergence deformation. According to monitoring
results, the convergence deformation can reach tens of
centimeters in height. The deformation has a time effect and
develops into some typical destructive modes, as shown in
Figure 3.
The observed surrounding rock damage modes are as
follows: arc squeezing and shearing (Figure 3a); floor lift
(Figure 3b); convergence of rock around the entire tunnel
(Figure 3c); and sidewall squeezing and extension fracturing
(Figure 3d). The above deformation and damage modes of
the surrounding rock are mainly induced by a high stress
environment and the rock properties. The high stress results
in yielded and broken rock. Conversely, with the production
and accumulation of inner damage, the strength of the rock
decreases over time. In order to ascertain the appropriate
support scheme and limit the deformation, it is necessary to
study rock creep regulation.

As shown in Figure 4a, the creep tests were undertaken
using the RLW-2000 rock triaxial rheology test system. This
comprised an axial loading system, a confining pressure
loading system, a pore water pressure loading system, a
servo system, and control and data collection systems. Figure
4b shows the actual installation, Figure 4c the rock specimen
monitored with sensors, and Figure 4d the rock specimen.
The rock specimens of marble, buchnerite, and rich ore
were from the 1050 m subsection of Section C1 in Jinchuan
No. 2 mining area at a depth of about 1000 m. Based on the
ASTM standard, the rock cores were prepared as standard
specimens with a diameter of 50 mm and a height of 100
mm.

! "! 
The schemes of the creep test are shown in Table I. The
marble and buchnerite creep tests only included the loading
process, which comprised seven or eight levels until
accelerated creep flow was observed in the rock. Rich ore
tests included both loading and unloading processes, and
each process included four levels, adopting the same
confining pressure (2 = 3) as the single specimen method.
The respective confining pressures were 20 and 40 MPa; that
is, each specimen was subjected to the same confining
pressure and a different 1. Experiments were conducted at
room temperature and under atmospheric conditions.

!  "" 
Before the creep tests, triaxial strength tests were performed.
Because the Mohr–Coulomb yielding criterion is widely used
in numerical simulations for each type of rock for which we
performed conventional triaxial shear tests, five specimens
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Experimental investigation and numerical simulation of surrounding rock creep
criteria, which can improve the rationality of the parameters
(Zhao and Li, 2003). The creep tests were completed
according to the test procedures, and the creep curves related
to deformation and time were obtained. The relationship
between axial displacement and time for the marble specimen
under different confining pressures and axial loads is shown
in Figure 5.
When the axial load increases, deformation increases
dramatically; however, when the axial load is constant,
deformation slowly increases over time. Damping (the first
rheological deformation) and constant velocity flow (the
second rheological deformation) obviously occur in the
specimen. As the stress increases sequentially and reaches
the peak strength of the specimen, the constant velocity creep
stage quickly ends and the accelerating creep stage (the third
period of rheological deformation) begins. Moreover, the
deformation-time curves are nonlinear and have a staircase
shape. At a low load level, the axial creep deformation is
small. Creep deformation increases with increasing load level.
In addition, at the same load level, creep deformation at a
confining stress of 40 MPa is much less than that with a
confining stress of 20 MPa. Figure 6 shows the loading and
unloading creep curves corresponding to different confining
pressures for the rich ore specimen. Furthermore, creep
deformation increases when the load increases, and when the
load decreases the axial deformation decreases accordingly.
However, the displacement variations of loading and
unloading are different, and the creep deformation of
unloading is larger than that of loading at the same stress
level. This indicates that at a high stress level, internal
damage to the rock increases and plastic deformation results.

/@68AC-C<=C 8@39C?=B?73AC<<8AC;5B90CA<=A8;=8AC"B7@B6AB9
>4=5C=C<=@?69B;5@?C'0!***A>;&A5C>:>6%<CA1>=C<=<%<=C9'
;<3C;@9C?@?<=B::B=@>?'B?77BA>;&<3C;@9C?

Table I
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Loading

Loading

Loading
Unloading

40

Loading

Loading

Loading
Unloading
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A viscoelastoplastic model termed the Nishihara body

were loaded with different confining pressures and the
corresponding Mohr envelope was obtained. Using a linear
fitting method, the cohesion and angle of internal friction
could be determined. Firstly, we derived the formulae of
coordinates of tangency points between the cotangent line
and any two circles. Then, we carried out unitary linear
regression for m tangency points, and so obtained the
regression of the envelope line of n Mohr circles. The
estimated elastic parameters and strength parameters are
shown in Table II. The cohesions of the studied rock samples
were between 11 and 28 MPa, with the rock specimens
classified as hard rock. There are also some equivalent
transform methods that are used to obtain the strength
parameters between Mohr–Coulomb and Hoek–Brown

/@68AC-@<3:B;C9C?=!=@9C;8A1C<4>A9BA0:C
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0.25
0.22
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11
15
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Experimental investigation and numerical simulation of surrounding rock creep
[5]
where G2 and 2 are the viscoelastic shear modulus and shear
viscous coefficient, respectively. The viscoelastoplastic constitutive relationship is
[6]
where
[7]

/@68AC -(ACC3;8A1C<>4:>B7@?6B?78?:>B7@?64>AA@;5>AC<3C;@9C?

(Figure 7) was proposed in 1961 and comprises a Kelvin
body and a Bingham body. The creep curve for the Nishihara
body can be used to describe decay, steady, and unstable
creeps. The Nishihara body was selected as the creep model
for the expression of the test data in this study.
Consider that the total stress is , strain is , and rock
yield stress is s, the Nishihara body constitutive equations
can be expressed as
[2]
where

E1 and E2 are spring coefficients of the Hookean spring;
2 and 3 are viscosity coefficients of the Newton dashpot;
and s is the long-term strength or yield strength of the
Saint-Venant body.
According to the generalized Hooke’s Law, the threedimensional constitutive relation for an elastomer is
[3]

where F is the rock yield function; F0 is the initial reference
value of the rock yield function; Q is the plastic potential
function; and  (·) is taken as a type of power function,
usually taking the power index n = 1.

      
The Nishihara model describes the variation in the
attenuation period and steady period fairly well.
E1, E2, 2, 3, s are the parameters of the model. The
terms E1 and E2 are for the elasticity moduli; 2 and 3 are
viscosity coefficients; and s is long-term strength. E1 and s
can be obtained from the test creep curves directly, according
to the results of the above rock creep test. They describe the
sum of squared differences between calculated strain of the
Nishihara model and monitored strain in laboratory tests as
Q (E2, 2, 3). There are many choices available to fit
nonlinear models to the data. We selected a type of nonlinear
least squares, called the Levenberg–Marquardt algorithm
(Bevington,1982; Brown, 2006). It is more accurate than
gradient descent algorithms and more robust than the Gauss–
Newton algorithm.
The rheological parameters are shown in Table III. The
terms E1 and E2 are the elasticity moduli; 2 and 3 are
viscosity coefficients; and s is long-term strength. As shown
in Figure 8, the specimen of marble is highly deformable and
the creep parameters are affected by confining stresses
because different confining stress provides different
constraints on lateral deformation. The creep test curve and
the theoretical curve are consistent; therefore the Nishihara
model can be used to effectively describe the creep properties
of the rock samples.

where sij is the deviatoric stress tensor, eij is the deviatoric
tensor of strain; kk and kk are the deviatoric stress tensor
and the first invariant stress tensor, respectively; and G1 and
K1 are shear modulus and bulk modulus, respectively.
Therefore, the elastomer’s strain can be represented as

where mij is the spherical component of the stress
tensor.
Assuming that the volume change is elastic, rheological
properties are mainly performed at the shear deformation.
The viscoelastic solids three-dimensional constitutive relation
is

/@68AC -@<=>A=@>?;5BAB;=CA@<=@;<>4=5C$@<5@5BAB0>7%"B9>7C:'
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Experimental investigation and numerical simulation of surrounding rock creep
Table III

/@==C73BAB9C=CA<>4=5C$@<5@5BAB9>7C:8<@?6=5C
C1C?0CA6!.BA 8BA7=B:6>A@=59
(>?4@?@?63AC<<8AC
.2B

,
+2B


+2B


.2B#7


.2B#7

<
+2B

20
30
40

14.1
90.9
86

39.1
9.8
7.5

25
209
291

28
212
293

38.9
10.2
7.6

Table IV shows the rock mechanics parameters of marble
and rich ore. Because the marble is distant from the tunnel
and has little influence on the surrounding rock deformation,
its elastic and creep parameters are determined by exploration
and experience.
However, rich ore is the main component of the rock
surrounding the tunnel; therefore, E1, E2, 2, and 3 are set as
uncertain creep parameters (denoted as UP in Table IV) that
need to be back-analysed with field monitoring curves L1, L2,
and L3. Equation [8] is set as an objective function, and the
parameters can be determined by optimizing the backanalysis algorithm.
Intelligence algorithm (difference evolution, DE)
optimization is used in the back-analysis. The DE has a
robust and global searching property. This overcomes the
drawbacks of the conventional optimization algorithm, which
is limited in its local optimum solution (Mohamed, Sabry, and
Khorshid, 2012). We substituted the inversion parameters
into the model and calculated the displacements of key
measure lines of L1, L2, and L3. Figure 10 is the comparison
between the calculated and measured data for the seventh
day. These are coincident, illustrating the correctness of the
inversion results. The inversion parameters are listed in
Table V and can be used for subsequent analysis.

/@68AC-(>93BA@<>?>4AC<8:=<4A>9C3CA@9C?=<B?7=5C$@<5@5BAB
9>7C:

$89CA@;B:<@98:B=@>?<>4;ACC34>A=5CD@?;58B?
9@?@?6BACB=8??C:
!!"   
The Nishihara model parameters obtained from laboratory
tests can reflect the creep character of the rock. However,
there are differences between intact rock specimens and the
rock mass they come from. In order to reflect the geological
body properties for tunnels in the Jinchuan No. 2 mining
area, displacement back-analysis based on monitoring data is
necessary during the engineering process. The purpose of
back-analysis is to find a set of material parameters {X*} to
meet the following function
[8]

/@68AC-+C>9C=A@;B?7?89CA@;B:9>7C:<"B6C>9C=A@;9>7C:B?7
0?89CA@;B:9>7C:

Table IV

B;&!B?B:%<@<>49C;5B?@;B:3BAB9C=CA<>4
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8AA>8?7@?6 

0

where X represents the parameters to be identified, Ui
represents real measured displacements of key points, and Ui
(X)i represents calculated displacements of key points. When
the error function  reaches a minimum, the solution X* can
be regarded as the actual parameters of the rock mass.
The geometric and numerical models are s shown in
Figure 9. The numerical model includes 15 249 elements and
17 358 nodes. The terms L1, L2, and L3 are the field
monitoring lines of the 1050 m subsection in Section C2. The
monitoring points were also set in the model and the
displacement data was recorded in the calculation process.
The Nishihara creep model was adopted for two strata in the
simulation. Initially, the model was set up using the rock
mass balance. Then, the rock was excavated and supported
according to actual engineering procedures used on the mine.
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Marble
Rich ore

39
33

1.1
2.8

7.5
UP

45
UP

16.2
17.1

12.5
UP

14
UP



0.3
0.25
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Experimental investigation and numerical simulation of surrounding rock creep
Table V

?1CA<@>?3BAB9C=CA<4>A9BA0:CB?7A@;5>AC
8AA>8?7@?6A>;&
Marble
Rich ore

, +2B

 +2B

 .2B#7

 .2B#7

7.5
10.1*

45
39*

12.5
11.4*

14
16.2*

The results indicated that the above scheme not only
effectively limits the deformation of the rock on two sides of
the tunnel, but also controls the vertical deformation to a
certain extent. The total displacements of the tunnel was
reduced by 63.84%. The stress concentration and the depth
of rock damage decreased significantly.

(>?;:8<@>?<
Based on the determined parameters, the numerical
simulation and in situ monitoring of sections of C3 and C4 of
the 1050 m subsection are compared in Figure 11.
The horizontal convergence deformation of C3 reaches
about 30 mm after 40 days. However, simultaneously, the
horizontal convergence deformation of C4 reaches about 70
mm. For both C3 and C4, the in situ monitoring data
coincides with the simulated results, indicating that the
Nishihara creep model can effectively reflect the creep characteristics of deep tunnel rock.

The deformation and destruction mode of the surrounding
rock in deep tunnels of the Jinchuan nickel mine in China
were analysed. The rock surrounding the tunnels is characterized by significant displacement, a long duration time,

!"" " "!

" !""!!"! """
!
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Table VI
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D1
D2
D3
D4
D5
D11
D14
D17
D21

@9C
7B%<

>A@)>?=B:
;>?1CA6C?;C
7@<3:B;C9C?=99

1CAB6C
;>?1CA6C?;C
1C:>;@=%997

2><@=@>?

400
400
400
400
400
400
400
400
400

690
900
544
689
395
314
268
133
222

1.70
2.25
1.36
1.72
0.99
0.79
0.67
0.33
0.56

Panal Ⅰ
PanalⅠ
PanalⅡ
Panal Ⅲ
Panal Ⅳ
Panal Ⅳ
Panal Ⅴ
Panal Ⅶ
Panal Ⅶ

For the tunnels with high ground stress, the principle of the
second support (‘first yield, then resist’) should be adopted.
In order to make the scheme economical and stable, the
timing of the first and second supports should be satisfactorily determined. For an environment with high ground
stress and seepage pressure, different bolts must be selected
depending on the presence of a loose and soft zone, a sliding
zone, or an elastic zone. It is suggested that the support
scheme be combined with U-type steel arches and bolt
grouting, as shown in Figure 12.
Steel arches can directly support the surrounding rock
and effectively reduce deformation. Bolt grouting combined
with support and injection helps to increase the strength and
bearing capacity of the surrounding rock and effectively
control its deformation. The numerical simulation shows that
this support scheme can both resist the horizontal
deformation of the two sides of the tunnel and control the
vertical deformation of the tunnel arc. Long-term deformation
of surrounding rock can also be controlled using this scheme.

/@68AC,-833>A=<;5C9C;>90@?@?6 !=%3C<=CC:BA;5B?70>:=
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Panels have been designed in several sections of the next
mid-section’s 850 m subsection tunnels (denoted as D) and
will be constructed in future. We conducted numerical
simulations for these tunnels based on the back-analysis
results so as to forecast the rock displacements at 400 days
and to appraise the support scheme. The calculated
displacements after 400 days are shown in Table VI. The
maximum horizontal convergence displacement in Section D2
is 900 mm, and the corresponding velocity is 2.25 mm/d. The
minimum horizontal convergence displacement in Section
D17 is 133 mm, and the corresponding velocity is 0.33
mm/d. In summary, there is significant deformation of the
surrounding rock after 400 days. This deformation will result
in collapse due to the high horizontal stress and rheological
properties of the rock. In order to limit the deformation of the
surrounding rock and guarantee the stability of tunnels,
support schemes should be adopted.

Experimental investigation and numerical simulation of surrounding rock creep
serious damage, and asymmetry. Deformation of the
surrounding rock exhibits an obvious time effect. The
essence of tunnel creep is that a brittle failure can become a
plastic failure because of the high stress, the inner damage,
and the change in rock strength over time.
The authors conducted triaxial creep laboratory tests
under a high ground stress condition. The tests results show
that rock creep deformation increases with increasing load. If
the stress is low, the creep deformation stabilizes. However,
if the stress exceeds a certain value, the creep deformation
increases over time (i.e. the creep accelerates. When the load
decreases, axial deformation decreases accordingly. The
curves of loading and unloading are asymmetrical, and the
creep deformation of unloading is greater than that of loading
at the same stress level. The Nishihara model was adopted to
describe the test data.
Based on the field monitoring data, the Nishihara
parameters of the rock mass were determined using backanalysis. Numerical simulations of the deep tunnel, the
excavation, and the support were carried out. The
deformations from numerical calculations and monitoring
were coincident, which indicates that the Nishihara creep
model can effectively reflect the deep tunnel rock characteristics. From the numerical model, changes in tunnel
deformation over time in subsequent phases can be predicted.
Based on the analysis, a support scheme combining U-type
steel arches and bolt grouting is suggested for deep tunnels
under high ground stress. The results indicated that the
proposed scheme effectively limits the deformation of the two
sides of the tunnel and the vertical deformation of the top
arch. The results provide a reference for tunnel support in
deep mines with similar geological characteristics.
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A three-tier method of stability
evaluation for coal mines in the
Witbank and Highveld coalfields
by J.N. van der Merwe*

The probability of survival of coal pillars is a more rational indicator of
stability than the safety factor. Over time, pillars undergo reduction in size
by progressive scaling of the sidewalls. The probability of survival is
therefore not constant but reduces over time. The rate of scaling can be
quantified, and the reduction of the probability of survival as a function of
time can therefore also be quantified. The paper describes the link between
the factor of safety, probability of survival, and reduction of the
probability of survival. Using the safety factor, probability of survival, and
the time at which the probability of survival will reduce to 50% is
proposed as a more rational method of evaluating pillar stability than the
safety factor alone.
+)*&#
pillar stability, probability of failure, time-related decay, safety factor.

.!%&* %(*!
Coal pillar strength has long been the subject
of research in South Africa and several other
coal-producing countries. However, it began
receiving serious attention only after the
Coalbrook disaster in 1960. The most
important outcomes of the initial investigations were the groundbreaking research by
Salamon and Munro (1967) that resulted in
the well-known power formula for pillar
strength, and the work by Bieniawski (1969)
that resulted in a linear formula for strength.
The former approach was based on empirical
back-analysis of failed and stable pillar cases,
and the latter on in situ strength tests on large
specimens.
The Salamon and Munro (1967) formula
has been widely used in South Africa and even
adapted for application to hard rock pillars by
researchers such as Hedley and Grant (1972).
At the time of the initial work by Salamon
and Munro, there were only 27 failed pillar
cases suitable for analysis. It was not possible
at the time to determine site- or seam-specific
strength, and the result was a general formula
for use in all seams in all mining districts.
Since that time pillars have continued to fail
and the database continued to grow – as of
2013, there were 85 cases in the database.
Using the additional data, there have been a
number of re-evaluations of the strength
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formula and it has also become possible to
differentiate between the different mining
seams and areas.
The strength formula is used in
conjunction with reasonable estimates of the
pillar load to arrive at a safety factor. There are
norms in place for safety factors for different
purposes, such as short-term coal production
panels, longer term main development,
protection of overlying surface structures, etc.
However, these norms are based on subjective
judgement and the measure of stability cannot
be quantified. Pillars with higher safety factors
are logically ’more stable’ than those with
lower safety factors, but ’how much more’
cannot be determined.
The solution to this dilemma is to base
design not on a safety factor, but on a
probability of failure. The original Salamon
and Munro (1967) work did give an indication
of the expected probability of having a stable
layout for any given safety factor, but as that
was based on the characteristics of the
database of failed pillars only, it was not
strictly correct. This has been rectified by later
work (van der Merwe and Mathey, 2013a) in
which the probability of failure was
determined based on a comparison of the
number of failed cases to stable ones on a
safety factor by safety factor basis.
All the empirical work making use of
databases of failed pillars has the same
fundamental flaw: it is based on the as-mined
dimensions of pillars (sometimes even the
planned dimensions) and ignores the fact that
pillars are known to scale over time.
Consequently, the pillar dimensions at the time
of failure cannot be the same as they were at
the time of mining, and the safety factors will
also not be the same. It can be argued that the
stable pillars also undergo sidewall scaling and

A three-tier method of stability evaluation for coal mines
consequently there is some measure of compensation, but
this argument loses validity as the comparisons between
failed and stable cases are made at a certain point in time
when the pillars have different ages and have therefore
scaled to different extents.
It is thus clear that the time effects also have to be
considered in the evaluation of stability. While this has been
done for at least one coal-mining district (van der Merwe,
2003a, 2016), no integrated method to evaluate pillar
stability incorporating the safety factor, probability of failure,
and time effects has been developed to date. This paper sets
out to provide such a method and also to provide guidance on
the interpretation of the three norms.

Following the initial work by Salamon and Munro (1967)
the database of failed pillars continued to expand as new
pillar failures occurred. From time to time the pillar strength
was re-evaluated using the more reliable databases.

 
Table I summarizes the important evaluations that were
performed at different stages. All parameters except those of
the 1969 formula by Bieniawski were derived empirically.
The first important observation from the table is that
there is continued growth of the database of failed pillars.
This is expected, as all pillars continue to scale and therefore
approach the point of failure. It is also important to note that
of the 85 cases in the 2013 database, 25 (29%) were mined
after the implementation of the Salamon and Munro (1967)
strength formula.
There is also a tendency for the material strength
constant k to decrease as the values of  and  continue to
increase. The value of periodic review is shown by the
differences in the ‘constants’ that were derived over time.

(""'&#%&)!%'!#'$)%$'%*&
According to Salamon and Munro (1967) the generic formula
for pillar strength, S, is
[1]

 

where
k = constant related to material strength
w = pillar width
h = pillar height.
The pillar load, L, is commonly estimated by the
tributary area theory, which implies that each pillar is
responsible for supporting its full share of the overburden
load, or

The latest revision was performed by van der Merwe and
Mathey (2013a). Since it had long been accepted that there
are significant differences between the coal strengths in
different areas and/or coal seams – see for instance Salamon,
Canbulat, and Ryder (2006) and van der Merwe (1993) – this
work was done for the Witbank No. 2 and 4 seams and the
Highveld seams only. As of 2013 the vast majority of
national coal production was from the Witbank coalfield and
there was sufficient data available to perform the analyses.
Salamon and Munro (1967) used the maximum
likelihood method for their work. The method is based on the
assumption that pillars in the database of failed pillars failed
at a safety factor of 1.0 and that intact pillars had safety
factors in excess of 1.0. The procedure then results in
estimates of the parameters k, , and  that come closest to
satisfying those conditions.
Van der Merwe (2003a) used an alternative statistical
approach, called the overlap reduction method. It is based on
the argument that the perfect formula would result in total
separation of the distributions of safety factors in the failed
and stable databases. If perfection cannot be achieved, the
best available formula would be the one that reduces the
overlap of the distributions to a minimum. The process then
finds the combination of k, , and  that results in the
smallest overlap between the distributions.

[2]
where C is the pillar centre distance and H is the depth of
mining.
The safety factor is then simply the ratio of pillar strength
to load.
For rectangular pillars, it is common practice to adapt w
in Equation [1] to we following the suggestion of Wagner
(1980 ):
[3]
Where pillars were mined by continuous miner, for
calculation purposes the pillar width is often artificially
increased by up to 0.5 m to allow for the fact that no blast
damage occurred in those pillars.

Table I

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

**$$'(")'#)#''("'")

1967
1969
1990
1996
2003
2006
2013

27
N/A
44
44
67
77
85

 '
7.176
4.3
5.24
6.88
3.5
6.19
5.47





0.46
1
0.63
0.42
1
0.67
0.8

0.66
1
0.78
0.6
1
0.87
1.0

)$)&)!)
Salamon and Munro (1967)
Bieniawski (1969)(1)
Madden (1990)
Salamon, Canbulat, and Ryder (1996)
Van der Merwe (2003)(2)
Salamon et al.(2)
Van der Merwe and Mathey (2013)(2, 3)

(1)Based

on in situ strength tests
for selected Witbank coal seams.
(3)Based on overlap reduction between stable and failed databases
(2)Valid
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A three-tier method of stability evaluation for coal mines
Van der Merwe and Mathey (2013a) used both methods.
The outcome was contradictory at first glance as the two
methods resulted in different strength formulae, given as:
[4]

was found that different formulae were again obtained from
the different approaches to strength determination. The
following relationships between the probabilities of survival
(i.e. 100 – probability of failure %) and safety factors were
derived by the authors:
[6]

and
[5]
where the subscripts OR and ML refer to the overlap
reduction and maximum likelihood methods respectively.
Figure 1 shows a comparison of safety factors obtained with
the two strength formulae for different pillar widths at
constant pillar height. Note that the commonly used
comparison based on strength vs width-to-height is not
followed here, as the width-to-height relationship using
formulae with different exponents for w and h is ambiguous.
It is seen that for the stated range, and especially in the
practical range where the width-to-height ratio is greater
than 2.0, the overlap reduction method results in higher
strength. The apparent contradiction is cleared up when the
strength formulae are evaluated against the background of
the probability of failure, described in the following sections.

&*'("(%*$# &('"
      
The original work by Salamon and Munro (1967) hinted at
design based on probability of failure and included a table
expressing the probability of having a stable layout as a
function of the safety factor. However, the table was
essentially based on the frequency distribution of the
database of failed pillars, and did not take cognisance of the
existence of stable pillars at comparative safety factors.
Van der Merwe and Mathey (2013b) followed a different
approach. They first extended the sample database of stable
pillars from the 98 used by Salamon and Munro to a total of
337 cases by inspection of mine plans. This was then further
extended to replicate the full population, based on historical
coal production data.
Safety factors using Equations [4] and [5] were
calculated for the databases of failed and stable cases. The
numbers of failed cases to stable ones on a safety factor by
safety factor basis were then determined for each of the two
strength formulae, resulting in the probability of failure. It

and
[7]
where
POSOR = Probability of survival using the overlap reduction
method to determine strength
POSML = Probability of survival using the maximum
likelihood method to determine strength
SFOR = Safety factor using the overlap reduction method
to determine strength
SFML = Safety factor using the maximum likelihood
method to determine strength.
The two equations are compared graphically in Figure 2
for the safety factor range of 1.0 to 1.8.
It is seen that the probability of survival using the overlap
reduction method tends to be lower than that obtained by the
maximum likelihood method. Therefore, while the overlap
reduction method results in higher strength (and thus higher
safety factors), it also results in lower probabilities of
survival, which compensates for the higher strength as
compared to the maximum likelihood method.

      
In reality, the link between probability of survival and safety
factor is less important than the link between actual pillar
size and probability of survival. The final outcome of a pillar
design is a physical pillar size, to which different magnitudes
of safety factor can be attached depending on which method
is used to determine pillar strength. However, the probability
of survival would be expected to be similar for a given pillar
size, irrespective of the method used to determine it.
To illustrate the point, Figure 3 shows a comparison of
the probabilities of survival for given pillar sizes, determined
using Equations [6] and [7]. For the comparison, a mining
height of 3 m was used with 6 m wide bords and mining
depth of 100 m.
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Now it is seen that the probabilities of survival are largely
similar and can be considered as the same for practical design
purposes. The differences in strength noted previously are
therefore not important, as the probability of survival for a
given pillar size is the same, irrespective of which route was
followed to determine strength and probability of survival.

[5] for the pillar strength, depending on which method
was used to calculate the probability of survival. For
ease of use, the respective equations for safety factor in
a single step are given as:
[11]

   
It now follows that the desired design sequence should be as
follows.
 The first step should be to decide on a desired
probability of survival given the circumstances (i.e.
production panel, longer term main development,
surface structures requiring protection, etc.)
 The probability of survival (POS) is transformed to a
probability of failure (POF), simply by
[8]
 The corresponding safety factor is determined using a
transformation of either Equation [6] or [7].
For overlap reduction, use the transformed
Equation [6]:
[9]
For maximum likelihood, use the transformed
Equation [7]:

 The final step is to find the required pillar width, w, by
a process of iteration and using either Equation [4] or



  



[12]
The pillar width is still determined by iteration from the
safety factor equation, the main difference being that now the
safety factor is merely an interim step to link the required
probability of stability – the core of the process – and the
pillar width. It is very important to note that the equations for
probability of failure are not generic but are linked to specific
methods used to determine pillar strength.

  
The acceptable limits of probabilities of failure for various
categories of protection should be determined by agreement
between the various stakeholders. Table II contains
suggestions to serve as a starting point for discussion, and is
not intended as prescriptive.


[10]

1192

and

VOLUME 116

The design procedure outlined in previous paragraphs relies
primarily on data relating to pillar failures. The database of
failed pillars is not static. In the current database, 71% of the
cases were mined before the original database was created for
the Salamon and Munro (1967) analysis. It is quite possible
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Table II

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

)'& #

Production panel

99.0

Short term, limited access, low traffic

Secondary development

99.5

Medium term, general access, medium traffic

Main development

99.9

Long term, general access, high traffic

Surface structure (1)

99.99

Low sensitivity to subsidence

Surface structure (2)

99.995

High sensitivity to subsidence, public access

for cases that were included in the database of stable pillars
to have failed later, and now appear in the database of failed
cases. This is clear indication of the effects of time on the
analysis; as the analysis is based on as-mined dimensions, it
does not take into account the fact that pillars scale and could
be prone to collapse at a later date at a lower actual safety
factor. Clearly then, time effects have to be taken into consideration.

     
There have been attempts in the past to determine the time at
which pillars could be expected to fail, such as that by van
der Merwe (2003b). As that analysis was based on the
database of 2003 it is no longer considered to be entirely
suitable. The work was updated by van der Merwe (2016),
making use of the latest version of pillar strength determination by van der Merwe and Mathey (2013a).
The method that was used for the analysis was based on
the observation that pillars are prone to sidewall scaling. As
time passes, they therefore reduce in size and eventually may
reach the point of failure. If the safety factor at which failure
can be expected was known, it would be possible to backanalyse the cases of known failure and then determine the
rate of scaling.
Pillar dimensions at the time of failure cannot be
measured directly because it is simply not possible to know
with certainty which pillars are at the point of failure, and
there is an obvious danger in entering such areas for the
purpose of measurement, even if the areas were known.
Indirect methods therefore have to be used.
The amounts of sidewall scaling on pillars that had not
yet failed had previously been measured (van der Merwe,
2004), and from that data a rate of sidewall scaling was
determined. That rate was then applied to the database of
failed pillars for which the lifespans were known in the
Witbank No. 1, 2, and 4 seams as well as the Highveld
seams. The safety factors based on the estimated new pillar
dimensions at the time of failure were then calculated using
Equation [4] for pillar strength.
Due to factors such as the variability of the coal strength
and dimensions of pillars in a panel, the databases of failed
pillars invariably exhibit distributions of safety factors. The
median safety factor of this database was found to be 0.53. It
is also seen that according to Equation [9], the safety factor
at which the probability of failure is 50% is 0.49. It was then
thought reasonable to base the further analysis on the
assumption that the limiting safety factor should be 0.5, as
explained in detail in van der Merwe (2016). Note that for
this purpose, the strength obtained by using the overlap
          

reduction method was preferred, because that method is not
based on any assumptions regarding the safety factors of
pillars in the database of failed cases.
The final step was to determine the rate of sidewall
scaling by back-analysis of the cases of failed pillars, by
determining what rate would result in a safety factor of 0.5 at
the known time of failure. It was found that the rate of
sidewall scaling reduces with time (i.e. the highest rate of
scaling occurs immediately after mining) and that it is
indirectly proportional to the mining height (i.e. taller pillars
scale faster than shorter ones).
According to van der Merwe (2016), the rate of sidewall
scaling, R, at any given point in time is:
[13]
where
T = time lapse in years since creation of the pillar
m = constant = 0.1799
x = constant = 0.7549.
The critical distance of sidewall scaling, dc, that has to
occur for a pillar to have a safety factor of 0.5 is
[14]
The expected lifespan of a pillar, Te, is then
[15]
From the description in this section it should be clear that
Equation [15] is based on indirect measurement and is
subject to the inherent imperfections and uncertainties in the
databases. As such, it cannot be expected to provide accurate
estimates of pillar lifespans, say to 10 or 15 years’ accuracy.
For that reason the term ‘pillar life index’ (PLI) is preferred.

.!%)&&)%'%(*!'! #)*$(""'&"($)(!)-,.'!
&*'("(%*$# &('"
The concept of probability of failure was used in the
derivation of PLI. Therefore, it does not predict the time of
failure in absolute terms, but rather the time at which the
probability of survival reaches a value of 50%. It forms the
link between the safety factor and probability of failure at
any time in the future and importantly, can be used to trace
the progression of probability of survival over time.
This is easily done by determining the amount of sidewall
scaling at any given point in time, dT, by multiplying
Equation [13] by T to obtain
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[16]
The pillar width at that time, wT, is then
[17]
Equation [11] can now be used to determine the safety
factor by substituting w by wT and the probability of survival
is then given by Equation [7].
Figure 4 is an illustrative example of the use of the
process. It compares the decay in the probability of survival
over a 100-year period for four cases, with initial POS values
of respectively 99%, 99.5%, 99.9%, and 99.995%.
The more rapid decay in the POS of the case with initial
POS of 99% (say a short-term production panel) as compared
to that for the case with initial POS of 99.995% (say with a
sensitive structure on surface) is immediately apparent. After
100 years, the former POS has decreased to 87.5% while the
latter is still very high at 99.6%. It can be shown that in this
case, the POS will still be greater than 98% after 500 years.
The specific numbers in the example are not generic; they
will vary according to the conditions of mining height, depth,
etc. The general rule, however, is valid: cases with a high
initial POS will decay slower than those with lower initial
POS. This procedure opens the door to a more rational basis
for pillar design.
It is now possible to set more rational norms for pillar
stability, based on the dynamic nature of stability. From the
moment a pillar is created, its probability of survival
decreases. This can be quantified.
For example, the requirement can now be set that shortterm production panels should have a POS of 99%
immediately, and that the POS should still be in excess of
80% at the expected end of life of the mine. Where there are
surface structures requiring protection, the norm can be that
the immediate POS should be greater than 99.995%, and that
it should still be greater than 98% in 500 years’ time.

*!" #(*!#
It has been demonstrated that the size of the database of
failed pillars, which is central to all empirical methods for
determination of pillar strength, increases over time. The
increase in the number of pillar failures over time is
explained by the process of failure, which is due to
progressive scaling of pillars.
The probability of survival (POS) of pillars is a more
rational approach to pillar design, as the additional stability
that comes at the expense of coal resources can be quantified.
The probability of survival can be determined.
The rate of scaling, primarily a function of time and pillar
height, can also be determined. It is therefore possible to
predict the time at which the POS will be at 50%. It is also
possible to determine the decay of POS over time. This opens
a new way of evaluating pillar stability.
Requirements can now be set for an immediate POS of a
pillar system, coupled to a required POS at any time in the
future. The point in time at which the final probability of
stability requirement is set can vary from the end of life of
the mine in the case of production panels to hundreds of
years in the future where surface structures require
protection.
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These procedures can also be used to evaluate long-term
surface stability of pillar-mined areas for the purposes of
mine closure and future land use.
The probability of survival, safety factor, and predicted
time at which the pillar system’s probability of survival will
be at 50% are integrated and should be used together to
evaluate pillar stability, especially where longer term stability
is required.
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6th Sulphur and Sulphuric Acid
2017 Conference
9 May 2017—WORKSHOP
10–11 May 2017—CONFERENCE
12 May 2017—TECHNICAL VISIT
Southern Sun Cape Sun, Cape Town
BACKGROUND
The production of SO2 and Sulphuric acid remains a pertinent topic in the Southern
African mining, minerals and metallurgical industry. Due to significant growth in acid
and SO2 production as a fatal product, as well as increased requirement for acid and
SO2 to process Copper, Cobalt and Uranium, the Sub Saharan region has seen a
dramatic increase in the number of new plants. The design capacity of each of the new
plants is in excess of 1000 tons per day.
In light of the current state of the industry and the global metal commodity prices the
optimisation of sulphuric acid plants, new technologies and recapture and recycle of
streams is even more of a priority and focus. The 2017 Sulphuric Acid Conference will
create an opportunity to be exposed to industry thought leaders and peers, international
suppliers, other producers and experts.
To ensure that you stay abreast of developments in the industry, The Southern
African Institute of Mining and Metallurgy, invites you to participate in a conference on
the production, utilization and conversion of sulphur, sulphuric acid and SO2 abatement
in metallurgical and other processes to be held in May 2017 in Cape Town.

OBJECTIVES

WHO SHOULD ATTEND

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

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

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

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

First Announcement & Call for Papers

Sponsors:

ISRM International Symposium

‘ Rock Mechanics for Africa’

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

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

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

Sponsors

WHO SHOULD ATTEND
 Rock engineering practitioners

TECHNICAL VISITS

 Researchers

The following technical visits are confirmed for the conference:

 Academics

 Phalaborwa Mine

 Mining engineers

 Tau Tona Mine

 Civil engineers
 Petroleum engineers
 Engineering geologists.

TENTATIVE PROGRAMME

Meeting

Meeting

Tuesday
4/10/2017

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

Friday
7/10/2017

Technical Session
Morning Refreshments
Technical Session
Lunch
Technical Session
Afternoon Refreshments

Technical Visits

Board

Workshop

ISRM

Board

Workshop

ISRM

Monday
3/10/2017
ISRM
Commission
Meetings

Sunday
2/10/2017

ISRM
Council
Meetings

Saterday
1/10/2017

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

Technical Session

Board

Network

Conference

Dinner

Function

Dinner

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

     

Supported by

INTERNATIONAL ACTIVITIES
2017

          

27–29 June 2017 —4th Mineral Project Valuation
Colloquium
Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand, Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
10–11 July 2017 — Water 2017: Lifeblood of the Mining
Industry Conference
Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
7–9 August 2017 —Rapid Underground Mine & Civil Access
2017 Conference
Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
30 August–1 September 2017 — MINESafe Conference 2017
‘Striving for Zero Harm’
Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za,
Website: http://www.saimm.co.za
11–13 September 2017 — Uranium 2017 International
Conference ‘Extraction and Applications of Uranium —
Present and Future’
Swakopmund, Namibia
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
2–7 October 2017 — AfriRock 2017: ISRM International
Symposium ‘ Rock Mechanics for Africa’
Cape Town Convention Centre, Cape Town
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
16–20 October 2017 — AMI Precious Metals 2017
‘The Precious Metals Development Network (PMDN)’
North West Province, South Africa
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za,
Website: http://www.saimm.co.za
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11 February 2017 — Young Professionals Council—
Introduction to The SAMREC and SAMVAL Codes
Gauteng
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
11 February 2017 — Proximity Detection and Collision
Avoidance Systems Colloquium 2017
Gauteng
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
9–10 March 2017 — 3rd Young Professionals Conference
‘Unlocking the Future of the African Minerals
Industry:Vision 2040’
Innovation Hub, Pretoria, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
3–4 May 2017 —The SAMREC and SAMVAL Codes,
Advanced Workshop: Can you face your peers?
Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za,
Website: http://www.saimm.co.za
9–12 May 2017 — 6th Sulphur and Sulphuric Acid
2017 Conference
Southern Sun Cape Sun, Cape Town
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
6–7 June 2017 —Mine Planning Colloquium 2017
Mintek, Randburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
19–20 June 2017 —Chrome Colloquium 2017
Mintek, Randburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
25–28 June 2017 — Emc 2017: European
Metallurgical Conference
Leipzig, Germany
Contact: Paul-Ernst-Straße
Tel: +49 5323 9379-0
Fax: +49 5323 9379-37
E-mail: EMC@gdmg.de
Website: http://emc.gdmb.de

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

Exxaro Coal (Pty) Ltd

Northam Platinum Ltd - Zondereinde

AECOM SA (Pty) Ltd

Exxaro Resources Limited

PANalytical (Pty) Ltd

AEL Mining Services Limited

Filtaquip (Pty) Ltd

Air Liquide (PTY) Ltd

FLSmidth Minerals (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

AMEC Foster Wheeler

Fluor Daniel SA (Pty) Ltd

AMIRA International Africa (Pty) Ltd

Franki Africa (Pty) Ltd-JHB

Polysius A Division Of Thyssenkrupp
Industrial Sol

ANDRITZ Delkor (Pty) Ltd

Fraser Alexander Group

Precious Metals Refiners

Anglo Operations (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Rand Refinery Limited

Arcus Gibb (Pty) Ltd

Glencore

Redpath Mining (South Africa) (Pty) Ltd

Aurecon South Africa (Pty) Ltd

Goba (Pty) Ltd

Rocbolt Technologies

Aveng Engineering

Hall Core Drilling (Pty) Ltd

Rosond (Pty) Ltd

Aveng Mining Shafts and Underground

Hatch (Pty) Ltd

Royal Bafokeng Platinum

Axis House Pty Ltd

Herrenknecht AG

Roytec Global Pty Ltd

Bafokeng Rasimone Platinum Mine

HPE Hydro Power Equipment (Pty) Ltd

RungePincockMinarco Limited

Barloworld Equipment -Mining

IMS Engineering (Pty) Ltd

Rustenburg Platinum Mines Limited

BASF Holdings SA (Pty) Ltd

Ivanhoe Mines SA

SAIMM Company Affiliates

BCL Limited

Joy Global Inc.(Africa)

Salene Mining (Pty) Ltd

Becker Mining (Pty) Ltd

Kudumane Manganese Resources

BedRock Mining Support Pty Ltd

Leco Africa (Pty) Limited

Sandvik Mining and Construction Delmas
(Pty) Ltd

Bell Equipment Limited

Longyear South Africa (Pty) Ltd

Blue Cube Systems (Pty) Ltd

Lonmin Plc

CDM Group

Magotteaux (Pty) Ltd

CGG Services SA

MBE Minerals SA Pty Ltd

Perkinelmer

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

MCC Contracts (Pty) Ltd

Concor Mining

Senmin International (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Concor Technicrete

MDM Technical Africa (Pty) Ltd

Cornerstone Minerals Pty Ltd

Smec South Africa

Metalock Engineering RSA (Pty) Ltd

SMS group Technical Services South Africa
(Pty) Ltd

Metorex Limited

Sound Mining Solution (Pty) Ltd

Metso Minerals (South Africa) Pty Ltd

South 32

MineRP Holding (Pty) Ltd

SRK Consulting SA (Pty) Ltd

Data Mine SA

Mintek

Technology Innovation Agency

Department of Water Affairs and Forestry

MIP Process Technologies (Pty) Ltd

Time Mining and Processing (Pty) Ltd

Digby Wells and Associates

MSA Group (Pty) Ltd

Tomra (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

Multotec (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DTP Mining - Bouygues Construction

Murray and Roberts Cementation

Umgeni Water

Duraset

Nalco Africa (Pty) Ltd

Vietti Slurrytec (Pty) Ltd

Elbroc Mining Products (Pty) Ltd

Namakwa Sands (Pty) Ltd

Webber Wentzel

eThekwini Municipality

Ncamiso Trading (Pty) Ltd

Weir Minerals Africa

Expectra 2004 (Pty) Ltd

New Concept Mining (Pty) Limited

WorleyParsons RSA (Pty) Ltd

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

F

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

 SCHOOL
Young Professionals Council—Introduction to The SAMREC and
SAMVAL Codes
11 February 2017, Gauteng
 COLLOQUIUM
Proximity Detection and Collision Avoidance Systems
Colloquium 2017
11 February 2017, Gauteng
 CONFERENCE
3rd Young Professionals Conference
9–10 March 2017, Innovation Hub, Pretoria
 WORKSHOP
The SAMREC and SAMVAL Codes—Advanced Workshop: Can you
face your peers?
3–4 May 2017, Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
 CONFERENCE
6th Sulphur and Sulphuric Acid 2017 Conference
9–12 May 2017, Southern Sun Cape Sun, Cape Town
 SCHOOL
Mine Planning Colloquium 2017
6–7 June 2017, Mintek, Randburg
 COLLOQUIUM
Chrome Colloquium 2017
19–20 June 2017, Mintek, Randburg
 COLLOQUIUM
4th Mineral Project Valuation Colloquium
27–29 June 2017, Mine Design Lab, Chamber of Mines Building, The
University of the Witwatersrand, Johannesburg
 CONFERENCE
Water 2017: Lifeblood of the Mining Industry Conference 2017
10–11 July 2017, Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
 CONFERENCE
Rapid Underground Mine & Civil Access 2017 Conference
7–9 August 2017, Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
 CONFERENCE
MINESafe Conference 2017
30 August–1 September 2017, Emperors Palace, Hotel Casino
Convention Resort, Johannesburg
 CONFERENCE
Uranium 2017 International Conference
11–13 September 2017, Swakopmund, Namibia
 SYMPOSIUM
AfriRock 2017: ISRM International Symposium ‘Rock Mechanics
for Africa’
2–7 October 2017, Cape Town Convention Centre, Cape Town
 CONFERENCE
AMI Precious Metals 2017 ‘The Precious Metals Development
Network (PMDN)’
16–20 Octoberber 2017, North West Province, South Africa

        

  
  
wish all of our members and those who supported us throughout this year,
a heartfelt Seasons greetings to you and yours.
 
  





Receipt of a monthly professional Journal with informative technical content of a high standard which serves as a
communication medium to keep members informed on matters relating to their professional interests.



Attendance at conferences, symposia, colloquia, schools and discussion groups at competitive prices with
discounted rates for members.


Invitations to participate in technical excursions and social events which create
further opportunities for inter-active professional association and networking.



The SAIMM is registered with ECSA as a Voluntary Association and all SAIMM
members qualify for discounted ECSA fees as a result of their SAIMM membership.



Members obtain valuable ECSA Continued
Professional Development (CPD) points when
they attend our accredited events.

