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Journal

Comment

In this edition of papers for general interest, you can find twelve 
contributions from different part of the world – Botswana, Canada, 
China, France, Iran, Spain, and South Africa. This is a good indication 

that the SAIMM Journal continues to attract papers from the international 
community, which is one of the requirements for inclusion on the 
Department of Higher Education and Training’s (DoHET) list of accredited 
journals. The DoHET list includes ISI, IBSS, South African journals (DHET), 
Scopus, SciELO SA, and Norwegian journals; and articles in these journals 
are eligible for subsidy. Academic institutions in South Africa rely on that 
subsidy to support their research initiatives. This highlights the importance 
of publishing articles in the SAIMM Journal in a timeous manner.

In the past, the SAIMM Journal accumulated a considerable backlog of papers of general 
interest awaiting publication, and such papers used to take up to a year to appear in print. The 
SAIMM Publications Committee understands the importance of publishing research results as soon 
as possible, and efforts are being made to address this issue in the most efficient manner. 

The twelve papers that have been selected for this edition of the Journal cover topics ranging 
from a coupling simulation model between a coal mine ventilation network and gob flow field; 
the use of forensic laser scanning technology in mining incident investigations; prospects for 
value addition in copper in the emerging Kalahari Copper Belt of Botswana; modelling of generic 
excavation sequences for bore-and-fill mining; and evaluation of shaft locations in underground 
mines by means of fuzzy multi-objective optimization. Papers about the dissolution kinetics of 
tellurium during alkaline sulphide leaching of gold concentrate, CO2 reactivity of briquettes derived 
from discard inertinite-rich Highveld coal incorporating lignosulphonate and resin as binders, and 
microcrack formation in vanadium-titanium magnetite using different crushing processes also 
make for interesting reads.

The Publications Committee hopes you enjoy reading the general papers in this month’s 
Journal.

B. Genc



The Journal of the Southern African Institute of Mining and Metallurgy                     VOLUME 119                               OCTOBER 2019 v ◀

Leadership: Vision, then courage to actPresident’s

Corner

In this second instalment of the leadership series that I initiated in my previous article, I’m 
discussing the leadership trait of courage/boldness (for the purpose of this letter, I’ll stick with 
the word courage). In the first article, I used the March 2019 Presidential SONA as a base to 

discuss the importance of visionary leadership for the social and economic development of South 
Africa. However, vision alone is insufficient. A vision or ‘a dream (goal) without a plan is just a 
wish’, said Antoine de Saint Exupery. I ended the previous article with the next big question – ‘Do 
we have the leaders with the courage to take on the required bold actions to make this dream a 
plan and reality for South Africans? Yes, we do!’

It was a bold assertion on my part to conclude that we do have such leaders. I followed up 
by posing the question by way of what I’ll confess was a limited survey amongst some of my 
WhatsApp groups. The emergent reality is rather disappointing. Three key observations struck me 
from the feedback that I received: -

Firstly, the names that were proposed reflected recent actions in the public and political arena. The political 
environment of the past ten years has had a great influence on the perception of who is a courageous leader. This 
should not be surprising because it is real and current in terms of the most concerning issues that need to be addressed 
in the country. You would have guessed by now that Ms Thuli Madonsela and our Chief Justice, Mogoeng Mogoeng 
appeared frequently in my respondents’ replies to the question at hand. No surprises there, given the unfolding 
corruption scandals and party political battles; on enquiry whether any political leaders in South Africa display courage, 
there was an almost unanimous NO! Just one lonely respondent bravely suggested Julius Malema as a courageous 
leader.

Secondly, there were no business leaders put forward. One respondent expressed a very disappointing perspective 
towards business in terms of lack of voice, proactive action, and response to challenges facing the country. This 
has been a long-held view about business in South Africa and was aptly captured by the Centre for Enterprise and 
Development, who stated that business has established a cosy relationship with government in terms of engagement 
which has not put the interest of the country first (The Growth Agenda. Priorities for mass employment and inclusion: 
business and government ‘Going along to get along’, page 2). 

Despite the above views on business, I’ll throw into this discussion a list of names that were put forward at the 
Joburg Indaba recently, through the SA Mining Hall of Fame. The purpose of the Hall of Fame is to honour individuals 
who have shown exceptional leadership in the South African mining industry since democracy. The list includes 
the following – Mark Bristow, Ian Cockerill, Barry Davison, Con Fauconnier, Brian Gilbertson, Bobby Godsell, May 
Hermanus, Marius J. Kloppers, Gwede Mantashe, Phumzile Mlambo Ngcuka, James Motlatsi, Patrice Motsepe, and 
Sipho Nkosi. These are well-known men and women who have built great companies and shaped the South African 
mining industry; I’ll let you, the reader, be the judge of their courage.

Thirdly, there was no mention of youth leaders who could play a part in the socio-economic transformation of 
South Africa. It is unfortunate that there are no youth leaders who immediately come to mind; however, I do not 
believe that it is a reflection of our reality. For example, during the ‘fees must fall’ campaigns several student leaders 
emerged who displayed boldness about an issue that is of national concern. A quick Google search revealed, among 
others, Sithembiso Ndlovu (Tshwane University), Alex Hots (Rhodes University), Shaeera Kalla (Wits University), 
Naledi Chirwa (Pretoria University), and Nompendulo Mkatshwa (Wits University).

Tjoe! The above observations are concerning in my view, although based on a limited survey – a few questions 
were raised in my mind as I was contemplating this article. 
➢   While there are many who can be regarded as leaders, not only from a position perspective, few are the kind of 

leaders who have a propensity for action, willingness to follow the courage of their convictions, and boldness in 
translating vision to tangibles. South Africa needs action-orientated leaders to drive the transformation, in all its 
dimensions, that the country needs. Is the persistent underperformance of the nation a function of this lack of 
‘leadership for action’?

➢    It’s difficult to understand where the difficulty lies in translating leadership vision into action – is it fear or 
incompetence? Both require courage to overcome, including ‘knowing what you don’t know’ and seeking assistance 
and collaboration. Are the visions, dreams, and aspirations that we hear from our leaders really a concern for the 
nation or rather a camouflage for the concern for self and how one will benefit?

➢     Will the country’s leaders only emerge from our youth? The breadth and depth of issues require all demographies 
to play a role in learning, teaching, perspective, experience and the ‘energy to do’ that you find in diversity. What 
kinds of action would show a concern for the nation, rather than the self, from our leaders?
That will be the subject of my next article, selflessness as a leadership trait
 M.I. Mthenjane
 President, SAIMM
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Why should you 
digitise your mine? 
Globally, mines are increasing their investment in digital services to drive efficiency. 
Digital solutions are continuing to find unique ways to address critical issues within 
mining and assist in turning good mines into great mines.

AVA’s Solutions’ is at the forefront in data-driven mine management. The solution is 
aimed at empowering mines by providing them with an holistic view of their fleet, 
and autonomously identifying areas to be improved and how to achieve it. AVA has 
a strong base within South Africa with a vast partnership network worldwide.

A digital solution that integrates with multiple hardware providers in order to 
aggregate as much data as possible, and to deliver this information in a comprehensive 
format to allow mines to make informed decisions. 

AVA has yielded 25% increase in throughput with fleets, and 
when cost has been a driver, reduced fleet size by 15%. 

This is achieved through the following solution pillars: 

Equipment effectiveness

Short-term
interval control

Operational
discipline

Maintenance 
management

Planning & discrete
event simulation

Enabling your mine to 
qualify for the energy 

efficient tax incentive*. 

Contact AVA today 
to digitise your mine.

Section 12L of the Income Tax Act (1962) allows taxpayers to claim an 
additional tax deduction for energy savings. The AVA solution can assist 

in qualifying your mine for these incentives, this is what you need to know: 

W

E

T

//

//

//

www.ava.solutions

info@ava.solutions

(+27) 11 783 0363 

The available deduction is 5MJ/L 
which equates to R10.32* per litre 
of taxable savings.

The deduction can be claimed for 
savings achieved for a period of 
12 months after implementation. 

No limit to the amount of savings 
measures and the amount of tax 
allowances that can be claimed.

Section 12L applies to all measured and 
verified energy savings for tax years of 
assessment ending before 1 January 2023. 

*Provided suitable supporting systems currently in place.

*At time of going to print.
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The Colloquium on Renewable 
Solutions for an Energy Intensive 
Industry will provide an overview of 
renewable technologies for electricity 
and process heat commercially 
available and currently under 
development. The colloquium will 
host presentations from universities, 
research institutes and energy 
supply companies. Presentations 
from industry on renewable energy 
applications are also invited.

Global agreements to aim for less 
than 2°C global warming requires 
CO2 emissions to achieve net zero 
by 2060. Energy intensive industries 
are often criticized for lack of 
emissions reductions. In addition, 
carbon tax and its implications 
for industry necessitates an 
evaluation of alternatives to fossil 
fuel use. This colloquium strives 
to have an open discussion on the 
technologies available, the barriers 
to their implementation and how to 
overcome them.
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energy intensive industry to engage 
with companies and researchers 
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development and promote the 
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delegates from industry operating 
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• Process/development engineers
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Coupling simulation model between 
mine ventilation network and gob flow 
field

F-l Wu1, Y. Luo2, and X-t Chang1

Synopsis
Many numerical simulation studies of coal spontaneous combustion have focused on the leakage flow 
field in the mine gob. However, most of these studies isolate the gob from the mine ventilation system, 
failing to consider the effects of air leakage on gob boundary conditions. A novel model coupling the 
mine ventilation network (MVN) and gob flow field (GFF) has been developed to simulate the overall 
mine ventilation system. The concept of network boundary node was proposed and the corresponding 
air flow rate balance equations were developed based on the node pressure method for MVN calculation 
and the finite element method for GFF simulation. These equations, containing the rate of air flow not 
only from the branches but also from the gob, revealed the coupling relationship between 1D MVN 
and 2D/3D GFF. An iterative solution technique was developed to solve the coupling model, which has 
been incorporated into a program i-MVS. An illustrative example with coarse mesh is used to verify the 
stability and convergence of the model. Results of an application case show that the coupling model has 
sufficient precision and the developed software is efficient in implementing the computations.

Keywords
gob flow field, mine ventilation network, spontaneous combustion, longwall mining, numerical 
simulation.

Introduction
Ideally, air leakage into mine gob is not desirable for underground coal mines employing a bleederless 
ventilation system. Such air leakage, an unavoidable phenomenon, is the major cause of spontaneous 
combustion – a serious concern for coal mine safety due to the high risk of it causing severe mine 
fires and even explosions (Ozdogan et al., 2018). Approximately 17% of the 87 reported fires in 
underground coal mines in the USA from 1990 to 1999 were caused by spontaneous combustion (Yuan 
and Smith, 2008). More than 60% of underground fires in China started from spontaneous combustion 
in gobs (Xia et al., 2016). 

A good understanding of the gob flow field (GFF) is helpful for developing strategies to control 
and prevent spontaneous combustion and explosive methane concentration at the tailgate T-junction 
– both of which are of great concerns for mine safety. It should be noted that controlling spontaneous 
combustion in the gob and the explosive methane concentration at the tailgate T-junction require 
different ventilation approaches. One of the best ways to identify the gob zone prone to spontaneous 
combustion is simply to analyse the ventilation flow in the gob. Spontaneous combustion could occur 
in a zone where the heat generated by the low-temperature oxidation of coal is inadequately dissipated 
by conduction or convection in the coal incubation period, which can be tested in the laboratory (Yang 
et al., 2014). Once this zone is delineated, a minimum longwall retreating rate can be determined 
so that the life of the zone can be kept less than the incubation period for spontaneous combustion 
(Tripathi, 2008). Based on past research, an air velocity range of 0.0017–0.004 m/s in the gob has been 
commonly used to delineate the combustion-prone zone because the higher air velocity can carry heat 
away quickly while a lower air velocity would not provide sufficient oxygen for the self-heating process 
(Wang, 2009; Shao, Jiang, and Wang, 2011). However, due to the inaccessibility of the gob area it is 
nearly impossible to make a direct observation or measurement of the gob air flow. Therefore, accurately 
simulating the GFF remains an important research topic in the area of mine ventilation and safety in 
underground coal mines.

Many numerical studies have been conducted to simulate the GFF in order to understand the 
mechanisms of spontaneous combustion. Saghafi, Bainbridge, and Carras (1995) and Saghafi and 
Carras (1997) performed numerical modelling of spontaneous combustion in underground coal mines 
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with a U-ventilation system. Yuan and Smith (2008) numerically 
modelled spontaneous combustion for a bleeder ventilation 
system with two gobs using the commercial CFD program 
FLUENT. Xia, Xu, and Wang (2017) developed a coupled two-
dimensional numerical model to study the flow behaviour of 
gas in the gob area by applying a developed software package 
and the commercial CFD program COMSOL. However, these 
research works basically isolated the gob from the mine 
ventilation system, with only predefined boundary conditions. 
The computational domain mainly included the gob area, failing 
to consider how the boundary conditions are affected by the air 
leakage. In fact, the simulation results for GFF readily vary with 
the prescribed boundary conditions. Additionally, any changes in 
the mine ventilation system can change the boundary conditions 
of GFF and vice versa. The predefined static boundary conditions 
have to be changed manually in the gob field model to reflect 
such changes. If the boundary conditions can be simulated 
simultaneously, it will allow the simulation of complex boundary 
conditions for GFF. However, little modeling work has adequately 
considered the incorporation of cross-coupled boundary 
conditions between the mine ventilation system and GFF.

The integration of the mine ventilation network (MVN) and 
GFF offers the capability of considering the complex boundary 
conditions. In the past decades many MVN programs with a 
1D model have been developed for simulating the air flow or 
fires only in underground mine airways; for instance, MFIRE, 
VentSim, VnetPC, and VentGraph (Zhou and Smith, 2011; 
Zhou, Smith, and Yuan, 2016). Such programs have become an 
essential tool for mine ventilation design and routine ventilation 
management. Based on an MVN program an early model 
(Brunner, 1985) divided the gob into many airways to simulate 
the effects of significant gob air leakage on network analysis. 
However, using airways to denote the gob flow is not precise 
enough to compare with CFD technology. A more recent study 
(Wedding, 2014) incorporated a network model into a commercial 
CFD program, which in some degree created a simple integration 
between the network and gob. Wedding’s research shows that it 
is still a very challenging task to couple a 1D network flow model 
and the 2D/3D field flow model for realistic simulation in mine 
ventilation. In this current research, the mine ventilation system 
is treated as being entirety composed of the MVN and GFF, and 
a novel coupling model is developed and then implemented in a 
computer program for mine ventilation simulation.

Ventilation network analysis based on nodal pressure
A mine ventilation system consisting of various arrangements 
of airways can be depicted as a connected and directed graph in 
which network branches are connected at nodes. As an example, 
a greatly simplified MVN containing eight branches and six nodes 
is shown in Figure 1. Network analysis has been used routinely 
in mine ventilation planning to distribute the required air flows to 
various working faces.

The ventilation network analysis applied in this paper 
is based on the nodal pressure method, in which the nodal 
pressures are taken as the unknowns. In a given network with 
m nodes, take any node as a base node and its pressure is set 
to zero; the pressures at the remaining m-1 nodes are relative to 
the base node pressure. In addition, according to Kirchhoff’s first 
law, the total quantity of air leaving a node must be equal to that 
entering this node. The governing equations of an MVN can be 
established by the air flow balance equation at each of the rest 
(m-1) of the nodes (Hartman et al., 1997).

                                           
[1]

In Equation [1], qij is the air flow rate in the branch 
connecting the nodes i and j. The flow rate qij is set to positive 
when air leaves node i and to negative when air enters the node. 
There are three types of branches. The first type is a general 
branch, and by the Atkinson equation (Hartman et al., 1997) qij 
can be expressed as:

[2]

where pi and pj represent the pressures at nodes i and j based 
on the zero pressure node, and Rij is the resistance of the branch 
connecting nodes i and j, in units of Ns2/m8. The second type is a 
fan branch between nodes i and j where a fan is placed, such as 
branch 8 in Figure 1, and 

                                                                    [3]

In Equation [3] Fij(H) is the characteristic curve function of 
the fan, and H is the fan’s pressure in units of Pa. Since Fij(H) 
is always positive, coefficient bij is used to represent the flow 
direction related to node i, and bij equals +1 when air is leaving 
node i and –1 when it is entering node i. The third type is the 
fixed quantity branch, which means the air flow rate is set to a 
fixed value under any circumstances, so

                                                                          [4]

In Equation [4] Qij is a positive constant air flow rate in the 
branch connecting nodes i and j. When the expressions for all 
three types of branch are substituted in Equation [1], only pi (i = 
1, 2,…, M-1) are unknowns. Because of the nonlinear nature of 
Equation [1], Newton’s method is used to solve the equations in 
this study (Wu et al., 2016).

Gob flow field model based on the finite element method

Steady linear seepage model
The mine gob is the area where coal has been mined and the 
space is filled with caved rock (Karacan, 2009). A typical gob 
of a longwall panel with a bleederless U-ventilation system is 
shown in Figure 2. The GFF is caused by the air leaking from 
the working face to the gob. The air flow in the gob can be firstly 
assumed to be an isotropic steady linear seepage flow which 
obeys the Darcy Law and the continuity equation, which can 
be expressed in the following two differential equations in a 
Cartesian coordinate system: 

                                                                        [5]

Figure 1—A simple mine ventilation network
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                                                                          [6]

where V is the seepage velocity in the gob in m/s; T is the 
hydraulic conductivity in m/s; ∇ is the Hamilton operator – in 2D 
space ∇ = i ∂x

∂ + j ∂y
∂ and it can be expanded into 3D space; P 

is the pressure at any point in the gob and is also expressed in 
relative pressure. By substituting Equation [5] into Equation [6], 
the mathematical model of seepage flow can be expressed as the 
following differential equations: 

                             

[7]

In Equation [7], G is the domain of the gob area; p0 
represents the known pressures along L1, which is the boundary 
with air leakage (the method used to determine the pressures 
will be discussed later); nx, ny represent the components of the 
outer unit normal vector of L2, which are the boundaries of no air 
leakage. 

The purpose of applying the finite element method for 
Equation [7] is to obtain the pressure function of P(x, y), which 
is represented by a series of interpolating functions. To do this, 
the surface G is divided into a sufficient number of triangular 
elements and nodes as shown in the expanded drawing in Figure 
2. The pressure interpolating function P∆ (x, y) for each element 
can be expressed as

                                         [8]

In Equation [8], p'i, p'j, and p'k are pressures at the triangular 
element nodes which are numbered in counterclockwise around 
the triangle; Ni, Nj, Nk are shape functions which only have 
relations to the coordinates of each element and can be described 
as Ni = 0.5(ai+bix+ci y)/A∆, Nj = 0.5(aj + bj x+cj y) )/A∆, Nk = 
0.5(ak + bk x + ck y) )/A∆, where A∆ is the area of each triangular 
element in units of m2. The coefficients a, b, c can be determined 
from the coordinates of each triangular element, which are: ai = 
xj yk-xk yj, bi = yj - yk, ci = xk - xj, aj = xk yi - xi yk, bj = yk - yi, cj = xi 
- xk, ak = xi yj - xj yi, bk = yi - yj, ck = xj - xi. If every node pressure 
can be determined, the function of P(x, y) on the entire gob can 
be represented by all of the interpolating functions of P∆ (x, y).

It has been proven that Equation [7] is the same as the 
functional of Equation.[9], meaning that the solution of Equation 
[7] makes I(P) taking the extremum value. 

[9]

Now ∆ is used to represent the surface of one element, then

[10]

where T∆ represents the hydraulic conductivity of each triangular 
element and can be calculated by the method proposed in the 
next section. By numerical integration, I(P) in Equation [9] can 
also be calculated as: 

                                                                  [11]

where ∑∆ is a summation operation to all of the elements. When 
Equation [8] and Equation [10] are substituted into Equation 
[11], I(P) becomes a multivariate function I(p'1, p'2,…, p's) instead 
of a functional formula, where S is the counts of gob nodes not 
on the boundary L1. To get the extremum value of I(p'1, p'2,…, p's), 
equations can be obtained: 

[12]

Substituting Equation [8] and Equation [11] into this 
equation yields 

[13]

where ∑
∆i
 is a summation operation of all elements which are 

connected with node i. The pressure values of gob nodes on L1 
also appear in Equation [13], but as known values. Equation 
[13], a linear system of equations about p'1 (i = 1, 2,…, S), is the 
governing equation of the steady linear seepage model in the gob.

When all gob node pressures are solved using Equation [13], 
the air flow velocity V∆ in each element and its components of vx 
and vy can be calculated by:

[14]

Distribution of hydraulic conductivity and porosity of gob
Research has shown that the hydraulic conductivity or porosity in 
gob generally meets the characteristic of the O-ring distribution 
(Xia, Xu, and Wang, 2017; Zhang, Tu, and Zhang, 2016). It can 
be estimated using the following empirical equations:

[15]

Figure 2—Gob layout and element meshing
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[16]

[17]

where x, y are the coordinates of a given point in the gob as 
shown in Figure 2, where the X axis of the coordinate system 
is along the intake entry and the Y axis is along the longwall 
face; x0 is the distance from the cut-open position to the Y axis; 
u is the advance rate; t is the advance time; φ is porosity; W is 
the width of the gob; E is gob permeability; d is average particle 
size; υ is the kinematic coefficient of viscosity of air; g is the 
acceleration due to gravity. For a 2D model, Z equals zero.

Nonlinear seepage model
The seepage field of air flow in the gob, especially in the area 
adjacent to the longwall face, is nonlinear and obeys the Bachmat 
equation (Bear, 1972):

[18]

where β is a dimensionless particle shape coefficient of the 
medium. An iterative solution technique based on the linear 
seepage model can be applied to solve the nonlinear seepage 
model (Li, Liu, and Wu, 2008). The iteration equations [19]) and 
[20] can be deduced from Equation [18] and the iteration flow 
chart is shown in Figure 3.

[19]

                                                    [20]

It should be noted that Equation [19] still keeps the form of 
Darcy’s Law in Equation [5], meaning that V∆

k of each element 
can be evaluated using the linear model of Equations [13] and 
[14] in which T∆ equals T∆

k. The term T∆
k is the kth correction 

value for the original T∆
0 value determined using the method in 

the previous section for each element. Equations [19] and [20] 
indicate that the nonlinear seepage in gob can be treated by 
Darcy’s Law but with a set of hydraulic conductivities corrected 
by a velocity-dependent factor. In Figure 3 all the operations 
about T∆

0, T∆
k, V∆

k are for each element; Pg
k is a vector of the 

gob node pressures determined in the kth iteration by solving 
Equation [13]; D is the maximum absolute value of the difference 
between Pg

k and Pg
k-1. The iteration exits until D is less than a 

preset tolerance, ε.

The coupling model between MVN and GFF
Boundary coupling model between the longwall face  
and gob
The previous sections have shown that distributions of air 
pressure from MVN simulation can be used to describe the 
boundary conditions for the gob simulation model. By combining 
the 1D ventilation network model with a 2D or 3D flow field 
model, a novel approach to simulate air flow along the longwall 
face and inside the longwall gob is developed. The representation 
of the longwall face and its gob (Figure 2) is shown in Figure 4.

In Figure 4, the solid lines represent network branches and 
triangular shapes with dashed edges represent the gob elements. 
The elements adjacent to the longwall face (numbered 1 to 5) are 
called boundary elements. The branches (3 to 6) representing 
the longwall face area are connected between nodes 3 and 7. The 
nodes numbered from 3 to 7 are called the network boundary 
nodes. As shown in Figure 4, the five boundary elements 

Figure 3—Iteration flow of solving the nonlinear seepage-based linear seepage model
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require five network boundary nodes. Branch 1 represents the 
remaining part of the mine ventilation network, which often 
contains hundreds of branches in a real model. The dashed lines 
with arrows are treated as virtual branches which represent the 
flows between the gob and working face. For GFF, the pressures 
at nodes 8–13 on the boundary L1 can be set through network 
boundary nodes, i.e. the pressure at node 8 should be equal to 
that at node 3 and the pressure at node 9 should be equal to the 
average pressure at nodes 3 and 4. On each virtual branch p'ij is 
the rate of air flow between boundary element j and node i, and 
can be calculated by the results of GFF:

                                                    [21]

where Aj is the side face area of boundary element j; njx, njy are 
the components of the unit vector in the direction of the outer 
normal of the boundary edge of element j; vjx, vjy are components 
of air flow velocity of element j and can be calculated from 
Equation [14]. The value of p'ij resulting from Equation [21] is 
positive for air leaving element j and entering node i, otherwise 
it is negative. So when p'ij is considered in the air flow balance 
equation at each network node, Equation [1] can be rewritten as

[22]

where B is the number of boundary elements on L1. Equations 
[21] and [22] show that MVN simulation results depend heavily 
on GFF simulation outputs, while Equation [13] shows the 
MVN results are necessary for the boundary conditions of GFF 
simulation. Therefore, p'ij is the coupling linkage between the 
MVN and GFF models. 

The flow chart for the iterative solution process for 
determining air flows using the proposed coupling model is 
shown in Figure 5. For the purpose of comparison, a non-
coupling model that is currently the common practice in GFF 
simulation is illustrated in Figure 5. In the non-coupling model, 
MVN simulation is performed only once and the results are 
applied to the subsequent GFF simulation. In Figure 5, Qg

k is a 

vector of p'ij calculated in the kth iteration and D is the maximum 
absolute value of the difference between Qg

k and Qg
k-1. In the 

coupling iterations, the MVN simulation begins with Qg
0 = 0, and 

then the gob simulation runs with the boundary node pressures 
determined from the network boundary nodes. In the following 
network simulation each Qg

k will have a set of values as a fixed 
quantity branch added into each network boundary node. The 
iteration does not stop until D is less than the preset tolerance 
ε. If the gob area and the longwall face branch are divided into 
a sufficient number of elements and fine branches, the coupling 
model can adequately approximate the reality of air flow in the 
longwall face and the gob.

Therefore, using the proposed coupling model between the 
MVN and GFF, all of the nodal pressures can be determined by 
solving the governing equations [13] and [22] using the iterative 
solution process as depicted in the flow chart in Figure 5.

Software development and demonstration example
An integrated mine ventilation simulator (i-MVS) program with 
a visual interface was developed to encapsulate the coupling 
model with 2D gob in VC++ and ObjectARX (Yang et al., 2014). 
Through i-MVS the finite element meshing and ventilation 
network modelling can be accomplished. 

In order to validate the proposed model and developed 
computer program, especially in mathematics, the simple example 
shown in Figure 4 is used for demonstration purposes. Coarse 
triangular elements with 60 m sides are used to represent the 
longwall gob so that simulation results for the elements and 
branches can be presented and checked easily. The air flow of the 
fixed quantity (branch 1) is set to 30 m3/s while the other input 
parameters for the simulation are listed in Table I. The simulation 
is conducted using the developed software with zero preset 
pressure at node 1. In this example, the iterative process shown 
in Figure 5 converges to ε=10-5 after five iterations.

The simulation results are shown in the left-hand graph of 
Figure 6, where the porosity is shown in triangles; the nodal 
pressure in circles; the air quantity in the network is labelled 
beside the branch. It shows that air leaks into the longwall gob 

Figure 4—Boundary model between the longwall face and gob 
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in the first half-length of the longwall face while the leaked air 
returns to the longwall face in the second half of the face, an 
important result that cannot be realized by using a 1D MVN 
solution alone. 

Like other discretized numerical simulation methods, the 
finite element method also provides an approximation solution. 
As described previously, once the physical properties of porosity, 
velocity, etc. for each element are specified, the accuracy of the 
solution depends how the domain of the study is discretized. 
Only when sufficient elements are used can the solutions 

   Table I  

   Physical properties of the sample
   Property Value Unit

   Kinematic viscosity coefficient (υ) 14.6×10-6 m2/s
   Particle size of gob (d) 0.04 m
   Particle shape coefficient (β) 0.07 -
   Resistances of branches 1 and 7  0.05 Ns2/m8

   Resistances of branches 2 to 6 0.01 Ns2/m8

   Thick of the gob 6.0 m

Figure 6—Results of the demonstration example simulated under two grid schemes, one with 20 (left) and another with 24 (right) elements for the same gob: nodal 
pressure (Pa); branch air quantity (m3/s)

Figure 5—Flow chart for solving the coupling model or non-coupling model between MVN and GFF
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approach the reality (Zienkiewicz, Taylor, and Zhu, 2015). 
Another similar classic example in CFD is that the coarse mesh 
used to simulate the convection-diffusion model always causes 
an oscillation (Heinrich et al, 1977; Zienkiewicz, Taylor, and 
Nithiarasu, 2014). However, the solution obtained by rough  
grids certainly conforms to the governing equations. As in  
this example, all nodes are in accordance with the flow balance 
equation, except node 1 where an imbalance in air flow of  
0.6 m3/s is observed since the equation about node 1 is not in the 
governing equations as shown in Equation [1]. This imbalance 
of 0.6 m3/s is the difference between the rate of air flow entering 
and that leaving the gob. The right-hand graph of Figure 6 shows 
that the imbalance is reduced to 0.2 m3/s when two elements 
are added into the two corners near the face. The total influxes 
to the gob in the two solutions are 0.623 m3/s and 0.691 m3/s, 
and the corresponding errors reflected by imbalance are about 
96.3% and 28.9%, respectively. Therefore, this imbalance is 
indeed caused by the coarse mesh used. The two solutions of the 
example show that the proposed mathematical model is valid and 
the iterative control equation for the solution process is steady 
and converging. Finer meshing used for the gob could eventually 
reduce the imbalance problem to an insignificant level.

Software application

Numerical case and simulated conditions
A realistic longwall panel with a U-ventilation system is 
adopted in the numerical simulation model. The coupling model 
of the case is shown in Figure 7. The panel is 2500 m long, 
300 m wide, and 6 m high from the bottom of the coal seam. 
With an advance rate of 10 m/d, the active gob is 500 m long 
when the advance time is 50 days. This ventilation scheme 
and the panel dimensions are typical of longwall operations in 
the northern region of Shaanxi Province, China. The program 
provides the functions of meshing and automatic refining for 
the gob area. Firstly, the gob was divided into isosceles right 
triangular elements with 5 m edge length by using a structured 
grid generation method like that used for the left-hand graph 
of Figure 6. The principle of mesh refinement is to make the 
difference between the hydraulic conductivities of any two 
adjacent elements not exceed a preset small value, 0.2 m/s in 
this case. In the left-hand graph of Figure 7, the gob area is 
totally meshed into 19 368 elements and the longwall face is 
divided into115 fine branches accordingly. Finer meshes are 

automatically generated in the two gob corners where most 
of the air flow enters and leaves the gob, in order to gain an 
accurate simulation of air flow in those areas since the porosity 
varies greatly in these places as described in Equation [15]. 
The right-hand graph of Figure 7 shows the mesh refinement 
effect over an area of 5 m depth and 10 m width at the upper 
corner of the gob, where the hydraulic conductivities are shown 
in triangles. In the left-hand graph the branch resistances are 
beside the lines and the gob is colour-coded with non-uniform 
hydraulic conductivities. The flow rate of the fixed quantity 
branch connecting nodes 1 and 2 is set to 35 m3/s. In a typical 
Chinese longwall panel, an entry connecting the intake and return 
entries is placed at the panel recovery end for various production 
and safety purposes. A ventilation regulator, in the form of an 
adjustable door, is installed at this connecting entry to control the 
air flow to the longwall face (typically 30 m3/s), and that flows 
through the connecting entry as show in the left-hand graph 
of Figure 7. The resistance of the longwall face per 100 m is 
0.02083 Ns2/m8 and the other physical properties are the same 
as in the previous section. With a parallel computational method 
(Schenk and Gärtner, 2004) adopted in the software, only several 
minutes of computation time was added for this complicated 
simulation.

Analysis of results 
The simulation results are shown in Figure 8. In the network, the 
nodal pressure is shown in the circle and air quantity is beside 
the branch. The pressure distribution in the gob area is plotted 
as 50 contour lines with a pressure drop interval of 0.98 Pa. The 
distribution of air flux is also plotted in contour form (streamline 
with arrow) with an interval of 0.046 m3/s. These lines are 
colour-coded according to velocity. Red is used to highlight the 
zone prone to spontaneous combustion where the air velocity 
ranges from 0.0017 to 0.004 m/s. For this simulation case, the 
width of this zone varied between 35 m and 152.0 m. Figure 8 
shows that the further away from the longwall face, the less the 
air leakage as indicated by the lower velocity. The combustion-
prone zone is always some distance behind the longwall face, as 
marked by the green colour. The red zone, representing the gob 
area with higher spontaneous combustion risk, is wider near the 
panel edges along the panel longitudinal direction. Therefore, an 
appropriate longwall retreating rate should be determined using 
the width of the combustion-prone zone near the panel edges in 
order to prevent spontaneous combustion. 

Figure 7—(Left) Branch resistances (10-3 Ns2/m8) and hydraulic conductivity (m/s) distributions in the gob at the advance time t=50 days. (Right) Refined grid of the 
upper corner in the gob area near node 7
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For the purpose of comparison, a non-coupling simulation 
as descripted in Figure 5 was conducted. The result of the non-
coupling model is shown in Figure 9. The profiles of relative 
pressure and leakage flux along the longwall face from the two 
models are shown in Figures 10 and 11, respectively. Inspection 
of both simulation results shows that most of the air leakage 
in and out of the gob occurs at the intake and return corners, 
as shown in Figure 11. The total leakages from the coupling 
and non-coupling models are 138.2 m3/min and 150.7 m3/min, 
respectively. The differences between the rate of air flow entering 
and that leaving the gob in the coupling and non-coupling models 
are 0.031 m3/s and 0.035 m3/s, and the corresponding errors 
reflected by the imbalances are 1.3% and 1.2%, respectively. 
This is so insignificant that it is difficult to see the differences in 
Figures 8, 9, and 11. Therefore, refining the meshes of the gob 
can greatly reduce the flow imbalance problem encountered in 
demonstration case 1 (Figure 6).

In general it is the fan that drives air flow in the airways and 
gobs. In a local gob area, there is always a pressure difference 
along the streamline, as shown in Figures 8 and 9, which drives 

air to flow in the gob. Meanwhile, the GFF is determined by 
its pressure boundary condition, which is determined by the 
distribution of the air pressure drops along the longwall face as 

Figure 10—Relative air pressures along the longwall face 

Figure 8—Simulation results in the coupling model: nodal pressures and pressure lines (Pa); branch flow rates and streamlines (m3/s); flow velocity distribution in 
gob color-coded according tovelocity magnitudes (m/s)

Figure 9—Simulation results in the non-coupling model: nodal pressures and pressure lines (Pa); branch flow rates and streamlines (m3/s); flow velocity distribution 
in gob color-coded according to velocity magnitudes (m/s)
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descripted previously. The total pressure drops along the longwall 
face also shows how much energy is used to drive the air flow 
through the longwall face and gob area. Therefore, the pressure 
distributions along the longwall face in the two models are the 
focus of comparative analysis. 

Comparison of the results in the two models shows that air 
leakage has an obvious influence on the boundary conditions of 
the GFF. Figure 10 shows that the air pressure drops along the 
longwall face in the coupling and non-coupling models are 48.8 
and 56.3 Pa, respectively. The pressure drop along the longwall 
face in the coupling model is 7.5 Pa less than that in non-
coupling model, which is 15.4% of the total pressure drop of  
48.8 Pa. Such a difference results in different air pressure 
distribution results in the gob area, as shown by the pressure 
contour lines in Figures 8 and 9. In Figure 9 the gob area’s 
pressure drop interval of 1.12 Pa, defined by pressure contour 
lines in the same number as in Figure 8, is 0.14 Pa greater 
than that in coupling model. Owing to this difference in gob air 
pressure distribution between the two models, the front edge of 
the spontaneous combustion-prone zone in the coupling model is 
2 m closer to the longwall face than in the non-coupling model. 
The combustion-prone zone near the gob sides in the coupling 
model is 8 m wider than that in the non-coupling model, as 

shown in Figures 8 and 9. The smaller the pressure drop, the less 
the total rate of air flow entering the gob in the coupling model 
compared with that in the non-coupling model, as show in Figure 
11. The simulation results show that the coupling model reflects 
the real relationship between MVN and GFF.

Scenario analysis 
As a scenario analysis, the effects of accidental failure of the 
regulator in the connection entry between the intake and return 
entries at the panel recovery end, as shown in Figure 12, is 
simulated using the developed model. In the simulation, the 
resistance of the branch with the regulator is 6.1639 Ns2/m8, 
comprising 0.0125 Ns2/m8 for the roadway and 6.1514 Ns2/m8 
for the regulator. The failure of the regulator significantly reduces 
the branch’s resistance to 0.0125 Ns2/m8. This simulation shows 
that the failure of the regulator caused a serious short-circuit of 
the longwall ventilation system. In comparison to the simulated 
case before the regulator failure (Figure 8), with 27.5 m3/s of the 
flow short-circuited to the connection entry, the air flow entering 
the longwall face after this event is reduced from 30 to 7.5 m3/s –
insufficient to ventilate the longwall face. Of the air flowing to the 
longwall face, the air leaked into the longwall gob is reduced from 
138.2 to 18.0 m3/min. If the methane emission in the gob area 
remains constant, the methane concentration in the air returning 
to the longwall face at the tailgate T-junction will be about 7.7 
times higher than before the failure of the regulator, and is likely 
to result in more dangerous conditions.

The developed coupling model can be easily modified to 
facilitate the simulation of the air flow distribution in the bleeder 
system used in longwall coal mines in the USA. In such a system, 
a desirable ventilation system is one that keeps the front of 
explosive methane zone in the gob a sufficient distance away 
from the longwall face while not over-ventilating the gob in order 
to avoid conditions for spontaneous combustion. The coupling 
model can be used to generate appropriate ventilation plans for 
longwall mining operations. 

Conclusions
A good understanding of the air flow in the longwall gob behind 
its operating face is important for mine safety management. An 
appropriate ventilation system will prevent the methane explosive 
zone from penetrating into the working face and minimize the 

Figure 12—Simulation results with the regulator damaged in the coupling model: nodal pressures and pressure lines (Pa); branch flow rates and streamlines (m3/s); 
flow velocity distribution in gob colour-coded according to velocity magnitudes (m/s)

Figure 11—Accumulation flux of air flow entering gob area along the long-
wall face 
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zone in which the conditions are favourable for spontaneous 
combustion. A coupling mine ventilation simulation model that 
takes into account the interactive relationship between the mine 
ventilation network (MVN) and gob flow field (GFF) has been 
developed for studying the air flow patterns in the longwall gob. 

 (1)  A mathematical model that simultaneously couples the 
1D MVN and finite element method for 2D/3D GFF for a 
longwall mine ventilation simulation has been proposed. 
A computation procedure for solving the resulting 
equations iteratively has also been proposed. 

(2)  A program, i-MVS, has been developed based on 
the proposed mathematical model to implement the 
required computations. The i-MVS program provides the 
following two important advantages over the current 
GFF simulation practices: the GFF is simulated with the 
ventilation network simultaneously, and no separate and 
tedious input for the gob boundary conditions is required.

(3)  An application simulation was conducted using the 
developed program. It produces converging and realistic 
results for the air flows in the longwall face and in the 
flow field in the longwall gob. The program can be used 
to generate mining operation and ventilation plans to 
prevent spontaneous combustion events and avoid 
explosive methane conditions in the longwall face area. 
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A 4.0D leadership model postulation 
for the Fourth Industrial Revolution 
relating to the South African mining 
industry
J. Uys1 and R. Webber-Youngman1

Synopsis
The mining industry of the 21st century needs a new kind of leader as certain leadership styles and 
most leadership models currently employed in the world, and also in South Africa, are not sustainable. 
This article explores the historical leadership models that are now outdated and proposes a different 
approach in dealing with future leadership-related challenges. Questions are posed to explore leadership 
that can balance the leadership styles of the past (business acumen with technical capability on the one 
hand, and personality on the other hand) with increased intuitive discretion, a ‘feel’ for people and the 
future, and the ability to deal with complexity and to make timeous decisions to build organizational 
and industry resilience through the leadership characteristics identified. The question therefore arises: 
How are we going to manage and lead operations sustainably under these circumstances in future so as 
to deal with the challenges facing us in the Fourth Industrial Revolution? A new 4.0D Leadership model 
is proposed so as to increase appropriate leadership qualities (and therefore, industry effectiveness) in 
dealing with the challenges facing us in the Fourth Industrial Revolution.

Keywords
organization, leadership, industrial revolution, skills, 4.0D leadership, leadership behaviour.

Introduction
In 2016 the World Economic Forum published online an article written by Alex Gray with the title The 
10 skills you need to thrive in the Fourth Industrial Revolution, this latest revolution being based on 
the use of cyber-physical systems. The First, Second, and Third Industrial Revolutions were based on 
mechanical production equipment driven by water and steam power, on mass production enabled by 
the division of labour and the use of electrical energy, and on the use of electronics and IT to further 
automate production, respectively. The ten skills listed by Gray (2016) that are required to thrive in the 
Fourth Industrial Revolution are as follows:

1. Complex problem-solving
2. Critical thinking
3. Creativity
4. People management (one could read leadership into this as well)
5. Coordinating with others (group work activities)
6. Emotional intelligence
7. Judgement and decision-making
8. Service orientation
9. Negotiating 
10. Cognitive flexibility.

In another article, published in a South African newspaper, Beeld, on 23 January 2017 (Maake, 
2017) the following were listed as things that machines will not be able to do in future (among others). 
The number in parentheses indicates the relative importance of the skill mentioned (1 being most 
important):

• Emotional intelligence (5)
• Creativity and innovation (4)
• Leadership (3)
• Adaptability (2)
• Problem solving (1).
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In Gray’s article, people management (implying leadership 
as well) was listed as the fourth most important skill most likely 
to be needed, and in the newspaper article leadership was listed 
as number 3. Leadership’s importance will probably rise even 
higher as the Fourth Industrial Revolution proceeds. With regard 
to the mining industry in particular, a more holistic approach to 
leadership, and how it will have to be realized, will be needed. 
Gray’s (2016) article states that by 2020 the Fourth Industrial 
Revolution will have brought us, among other things, advanced 
robotics and autonomous transport, artificial intelligence 
and machine learning, advanced materials, biotechnology, 
and genomics. The successful implementation of these new 
developments will require a very different kind of leader. 
Consequently, the objective of this article is to investigate and 
propose the characteristics that will need to be associated with a 
leader in the Fourth Industrial Revolution. 

Management/leadership will have to change and adapt to a 
new set of skills in order to be successful in the Fourth Industrial 
Revolution. The mining industry is in need of a new generation 
of innovative complex problem-solvers who also possess the 
other skills mentioned, and the quality of leaders with a new 
mind-set and related skills who will have to drive this revolution 
will determine the success thereof (Motsoeneng, Schultz, and 
Bezuidenhout, 2013). 

The commodity pricing challenges experienced on a global 
scale in the mining industry in the last decade tested the 
resilience and endurance of most mining organizations. In South 
Africa especially, a number of mining houses had to drastically 
resize and restructure operations and staff. Future thinking 
succumbed, expansion plans were shelved, and other companies 
were either taken over or even ceased to operate (Marais, 2013). 

Companies that survived and that are just getting over the 
difficult years are now facing a challenging future with regard 
to conventional methodologies and thinking, as posed by the 
current state of our mines and the expected challenges related 
to the Fourth Industrial Revolution. This potentially offers a 
new future, but also brings new challenges regarding the way in 
which mining will continue. The then Chamber of Mines of South 
Africa (2017), now the Minerals Council South Africa, indicates 
that modernization or next-generation mining will be needed to 
address rising costs and low productivity. It is therefore obvious 
that, in this context, the future mine will need a new kind of 
leadership to restore growth and sustainability in the mining 
industry. The qualities of mining leadership that will be needed 
in the future are agility and resilience, to create and maintain 
a state and culture of readiness (Malnight and van der Graaf, 
2011). Companies must adapt to change by adopting solutions 
and innovations in the areas of robotics, disruptive technologies, 
new ecosystemic operations, and many more. It will be necessary 
to extend beyond the current fixed value chains, shifting in 
knowledge away from production points to off-site trans-
organizational knowledge hubs and shared services. 

In a 2017 PwC publication titled: ‘We need to talk about the 
future of mining’ (2017, pp. 18–19), it is stated that: 

‘Technology can become a fundamental success factor. This is 
a world where “leading practice”, not “best practice” is the goal. 
Rapid advancements in technology – such as robotics, remote 
operations, drones, machine learning and blockchains – mean 
the innovations that are cutting edge today might not even exist 
in five or ten years’ time. So how do you build that flexibility 
into your mine plan and capital plan (as well as your workforce) 

if you’re developing a mine that will run for 20 or more years? 
There is a fundamental mismatch between the lifecycle of mining 
assets and the lifecycle of technologies and digital enablement 
that is disrupting the sector.’ 

Apart from the future of technology in mining, the economic 
downturn has also exposed leadership in the mining industry – 
or the lack thereof. Trying to singularly define new horizons of 
leadership for the future in mining is going to become one of the 
biggest challenges ever faced (Denton and Vloeberghs, 2003).

Moreover, the future of leadership in mining and other 
industries is going to be very different from the traditional 
hierarchical structures on offer. The privilege of rank in an 
organizational hierarchy, which provides the incumbent with 
leadership status and a leadership ‘seat’ and its associated 
command and control authority, has no future in the mining 
industry. There is therefore a need to rethink the required 
leadership skills for miners and leaders as perceived and those 
that are needed to thrive in the Fourth Industrial Revolution 
in many ways that do not exist today. This will, however, be 
needed within the very near future. Such an ability to undergo 
rapid change is traditionally not a common characteristic in the 
mining industry and is less common among current leadership 
pacemakers in the industry (Schultz and Bezuidenhout, 2014).

The mining industry has developed and entrenched a 
command and control culture. Transformation will be essential to 
cope with the social and technological demands inherent in future 
mining operational landscapes, as well as resilient and agile 
leadership (Maruping, 2012). 

A historical overview of the theories of leadership and 
leadership models 

Developmental timelines
Leadership has always been a topic of interest in organizations, 
societies, communities, and nations. Just as managers in 
organizations want to explain and understand personality, so do 
they want to understand and explain leaders and leadership. With 
the advent of the use of psychometrics to measure personality 
and behaviour, leadership theories abounded (Scouller, 2011).

Current leadership theories, mostly developed and postulated 
in the previous century, underscore the understanding of 
leadership as a stable series of combinations of personal 
attributes. These are all based on personality typologies, cognitive 
sets, and behavioural patterns responsive to circumstances and 
environments as they had prevailed for decades at that time. A 
great number of theories were developed and formulated and 
many of them are clustered around common principles.

‘Great Man’ theories (1840s)
During the 1840s, psychology was in its infancy and 
psychometrics was not advanced, yet leadership was studied and 
described. At the time three kinds of leadership were studied – 
military, political, and royal. ‘Great Man’ theories were based on 
the assumption (mainly from studying royal households) that 
great leaders are born and not nurtured or developed. Leadership 
was therefore intrinsic to an individual’s genetic makeup. The 
term ‘Great Man’ was coined in terms of gender and stems largely 
from military leaders since soldiering was an exclusively male 
occupation. 

Trait theories (1930s–1940s)
A century later, as psychology developed leadership theories 
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and research gained momentum, the next generation of theories 
can be classified as (albeit similar in many ways to Great Man 
theories) the so-called ‘trait theories’. These assume that some 
people inherit certain qualities and traits that make them better 
suited to leadership than other people. They assume that intrinsic 
qualities such as intelligence, a sense of duty and responsibility, 
extraversion, creativity, confidence, and even values, in a 
composite manner, define the traits of a leader. Matthews, Deary, 
and Whiteman (2003, p. 3) cite American psychologist Gordon 
Allport who ‘… identified almost 18 000 English personality-
relevant terms …’. 

The main criticism levelled against the trait theories is simply 
that there are vast numbers of people who possess these traits 
associated with leadership, yet not everyone possessing these 
qualities seeks out such positions or aspires to these levels of 
leadership. The central question raised by opponents of the 
trait theory is simply: ‘If particular traits are key features of 
leadership, then how do we explain people who possess those 
qualities but are not leaders?’ Scouller (2011) also points out 
that trait theory had not really arrived at a full list of the desired 
leadership qualities that could be used as the basis for isolating 
leadership qualities and characteristics.

Behavioural theories of leadership (1940s–1950s)
Psychology as a science, and research within the subject, has 
given rise to more sophisticated psychometrics, especially 
through statistical methods incorporating factor analyses that 
would enable more accurate pinpointing of critical leadership 
variables in people. These measurements gave rise to the 
behavioural theories of leadership, which stipulated that leaders 
are made, not born. This approach was diametrically opposed to 
the theories of the previous century. These leadership theories 
focused on the actions of successful leaders, not on their mental 
qualities or internal states, and led to the rise of behaviourism, 
which asserts that people can be trained (‘conditioned’ in 
behavioural terms) to become leaders. Leadership, according 
to the behaviourists, is thus either taught or acquired through 
observing the behaviours of role models (Spillane, Halverson, 
and Diamond, 2004). Following from this, behavioural theories 
of leadership therefore encompass what leaders do, and how the 
behaviours and actions of successful leaders differ from those of 
unsuccessful leaders (Smit et al., 2013).

Contingency theories (1960s) and situational theories (1970s)
Contingency theories of leadership suggest that a particular leader 
and leadership style are adopted as being the most appropriate 
or most likely to achieve the most successful outcome, given the 
specific variables in a particular environment. This theory is a bit 
more complex than the previous theories since it expands beyond 
the individual’s traits and behaviours to consider also a number 
of external variables, such as the qualities of the followers, 
as well as aspects of the work situation, for instance (Smit et 
al., 2013). Situational theories merely expand the contingency 
theories to encompass the specific appropriateness of the various 
styles to a particular situation, for example, authoritarian (e.g. 
in a crisis) vs. participative (e.g. a team context). These theories 
are based on the assumption of behaviour control: leaders can 
change their behaviour at will to meet different circumstances. 
However, in practice, many leaders find this hard to do. Even 
after lengthy and intense training, leaders fall back on old 
behaviours, since unconscious and fixed beliefs, fears, or 
ingrained habits really dictate behaviour (Scouller, 2011).

Transformational theories (1980s)
Transformational theories, also known as relationship theories, 
focus on the interactions between leaders and followers. This 
results in a solid relationship where the main compass of such 
a relationship is trust. Transformational leaders gain from this 
trust, increase levels of motivation, and thus enable themselves 
to inspire people by helping group members see the importance 
and meaning of the task at hand. These leaders are focused 
people who are fulfilling their potential, but also, through the 
performance of the group, accomplish the required task at hand 
(Smit et al., 2013).

A challenging aspect of transformational theories is the 
notion of the inspirational natures and charismatic personalities 
of these leaders through which they transform their followers. 
Not all leaders can acquire these qualities and therefore elements 
of the trait theory still remain here. Leaders are also not always 
aware of the specific requirements of the transformational 
behaviours and the requirements of the situation in play 
(Bezuidenhout and Schultz, 2013). Furthermore, because rules 
and regulations are flexible, rather than guided by group norms, 
the likelihood of coercion and manipulation is a risk. While 
these attributes may very well provide a sense of belonging for 
the followers as they can easily identify with the leader and the 
purpose of this leadership, they can also lead to corruption and 
deviant group norms.

Relevance of the theories of leadership and leadership 
models for the future
Although these theories have contributed immensely to the 
understanding and development of leadership, and have been 
applied for a long time, they have also led to conventional 
thinking about leadership in a conventional world mind-set. 
This situation is confirmed by the 2017 Project Charter: Human 
Factors of the South African Mining Extraction, Research, 
Development and Innovation (SAMERDI, 2017, pp. 3, 4). This 
states: ‘The South African mining landscape is littered with 
examples of failure of new technology implementation. The 
reasons for these failures have in the main been due to human 
factors rather than failure of the technology itself’. It also states 
that ‘Many of these issues are legacy issues, which are derived 
from a history of “management knows best”, and a fear of 
involvement of organised labour in discussions or designs that 
ultimately affect them more than anyone else.’

‘Management knows best’ refers to the current frame of 
reference with regard to leadership. Leadership in mining in the 
South African context has created a culture that is slow to change 
and slow to respond by doing things differently. These comfort 
zones, and the apparent inability of leadership in the mining 
industry to make a paradigm shift, are hampering what we 
believe is the required future leadership model for mining. 

The mining industry of the 21st century requires a new 
kind of leader, because the business of mining is the business 
of people. The extractive activities merely represent the playing 
field of practising this ‘people business’. How the extraction 
and work is going to be done in 10 to 20 years’ time will be 
radically different from current mining practices. Concomitantly, 
the changing situation of leadership for the future needs to be 
addressed now (Schultz et al., 2014).

The current leadership theories are mostly two-dimensional, 
namely work and people. If one wants to push the envelope, a 
possible third dimension, such as a specific situation, can be 
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added. Yet all the current leadership theories remain in a biaxial 
mode, a Y- and an X-axis. Most of these theories date from the 
previous century and not many new leadership models have been 
developed during the last few decades. Certainly there has been 
nothing new since the dawn of the new millennium. 

A new leadership postulation is therefore needed to cope with 
the challenges relating to the Fourth Industrial Revolution – one 
that explains leadership in new and rapidly changing contexts, 
one that balances work and people with leadership impact, 
one that has a solid foundation of balance between individual 
leadership and prowess and, finally, one that clearly spells out 
leadership direction and objectives as a compass to resilience and 
yet is adaptive and agile.

New leadership postulation: the 4.0D leadership model for 
the future
Schultz and Bezuidenhout (2014) ungroup the various leadership 
clusters and theories into a number of styles, ranging from 
bottom-up leadership to transformational leadership, charismatic 
leadership, authentic leadership, and transactional leadership, but 
they fail to include servant leadership as postulated by Blanchard 
and Hodges (2003). In analysing the various personality traits of 
each style, Schultz and Bezuidenhout (2014) clearly follow the 
path of trait theory leadership.

Although these styles and style-specific descriptors come 
in very handy to describe leadership behaviour, essentially 
they do not address the fundamentals of leadership. The main 
reason for this is that a style is an outcome of the function of 
other human dynamics embedded in the intrapersonal makeup 
and composition of an individual. Secondly, future leadership 
requirements tend rather to indicate the need for a new model 
as a point of departure for formulating a leadership approach. 
This needs to be independent of a specific leadership style and 
approach to work and people only – it needs to transcend the 
biaxial designs of the past.

Currently in leadership development there is a plethora 
of programmes focusing on a variety of factors that influence 
leadership, e.g. emotional intelligence – commonly referred to as 
EQ as coined by Daniel Goleman (1995), and other motivational 
aspects related to leaders with visionary thinking (Schultz and 
Bezuidenhout, 2014). Nicholls (1994) describes a three-tier 
leadership approach which essentially attempts to integrate the 
three basic intrapersonal dynamics of individuals: the head, 
which relates to strategic leadership; the heart, which is linked to 
inspirational leaders; and lastly the hands, which encompasses 
the actions and task execution of the supervisory leader. 

Furthermore, there was a definite trend in the later part of the 
previous century to focus on leadership styles as an apt way to 
analyse how leaders function in organizations. Raza (2019) lists 
these styles as:

1. Autocratic leadership
2. Democratic leadership
3. Strategic leadership style
4. Transformational leadership
5. Team leadership
6. Cross-cultural leadership
7. Facilitative leadership
8. Laissez-faire leadership
9. Transactional leadership
10. Coaching leadership
11. Charismatic leadership
12. Visionary leadership.

Many other leadership styles are also described as leadership 
solutions for organizations. Most notable of these is Goulston’s 
(2009) heartfelt leadership, which focuses mainly on emotional 
connectivity between leaders and followers in the form of caring 
and trust. 

All of the above approaches, developmental lines, and 
theories of leadership are very valid and until now served 
leadership (to a large extent) very well. What is very evident 
in all these approaches is the lack of integration of leadership 
theories and styles, and this may perhaps be the single element 
that is needed to bind these leadership theories and styles 
together. It is therefore suggested that the lack of an integrated 
leadership model creates diversity in approaches. This diversity 
is so extensive that the expected future leadership challenges and 
landscapes may never be addressed in a fitting manner with the 
required outcomes.

Elements of the 4.0D leadership model 
Following from the discussions above, an integrated leadership 
model is now postulated that is independent and not affiliated to 
any of the leadership theories, and that does not prescribe any 
style as a single solution. The model is multidimensional and 
expands beyond the world of work and people; it links leadership 
in future contexts and it aligns various, up-to-now isolated, 
elements in a cohesive manner.

First dimension – The base: Where leadership begins – 
the SELF
Leadership starts with the SELF, which represents the 
intrapersonal dimension of the leader. The basic components of 
any individual lie within the following psychological triad.

 ➤  Cognition: This relates to intellectual functioning. Its 
taxonomy was first described by educational psychologists 
(Bloom et al., 1956) and 45 years later was revised by 
Anderson and Krathwohl (2001). The taxonomy of the 
cognitive domain comprises the following (in order of 
increasing complexity):

     –   Remembering: Recognizing and recalling knowledge 
from memory, i.e. remembering previously learned 
information and being able to produce or retrieve 
definitions, facts, or lists from memory.

     –   Understanding: Constructing meaning from a variety 
of functions such as written or graphic messages, and 
activities like interpreting, exemplifying, classifying, 
summarizing, inferring, comparing, or explaining. 

     –   Applying: Executing or implementing using a 
specific procedure. This step implies situations where 
learned material is used in products such as models, 
presentations, interviews, or simulations.

     –   Analysing: Separating information or concepts into 
parts to determine how various parts relate to or 
interrelate with one another, or how the parts relate to 
an overall structure or purpose; also to differentiate, 
organize, and attribute, as well as being able to 
distinguish between the various parts or components 
that make up the mental actions of this function. 

     –   Evaluating: Judgement based on criteria and 
standards by checking and evaluating reports and 
critiques, recommendations, and reports – examples 
of outcomes that demonstrate the processes of 
evaluation. In this taxonomy, evaluating is precursory 
behaviour before something is created. 
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     –   Creating: Grouping elements to form a coherent or 
functional unit or whole. This entails reorganizing 
elements into new patterns or structures through 
generating a plan or formulating a way forward. It 
requires that parts are put together either in a new 
way, or synthesised into a new and different form or 
product. This process is the highest order of cognition 
and the most difficult mental function in the new 
taxonomy. 

 ➤	 	Affect: Affective states are a psycho-social construct 
and ‘affect’ refers to the emotional functioning of the 
individual which usually ‘kicks in’ before the cognitive 
process becomes active. It has three basic dimensions:

     –   Valence: Emotional valence refers to the consequent 
emotions elicited by a certain situation, as well as 
emotion-eliciting circumstances (Harmon-Jones, 
Gable, and Price, 2013). These are subjective feelings 
or affect-based attitudes and may or may not be 
related to the actual situation – they are subject to the 
individual’s emotional state and wellbeing.

       –   Arousal: This physiological response occurs as 
an often-subconscious response to affective 
interpretation of a stimulus, and has a scaled 
result or control mechanism that varies from 
extreme arousal on the one hand, to complete 
immobilization on the other hand (Blechman, 
1990).

       –   Motivational intensity: Gable and Harmon-Jones 
(2013) found that affective states with high 
motivational intensity cause a narrow attention 
scope (a focused state with the aim of zooming 
in on the goal or object needed or desired). 
Affective states with low motivational intensity 
cause relatively broad attention scope (a relaxed 
state in which the scope broadens to seek new 
opportunities).

 ➤  Behaviour (conation): Conation is the third faculty of the 
mind (Atman, 1987) and is the result of the interactive 
working of the cognition and affect. It therefore represents 
the subsequent behaviour – how affect and cognition 
translate into the individual’s behaviour (Bagozzi, 1992). 

A fundamental principle of the 4.0D leadership model is that 
the interactive balance between the triad of Affect, Behaviour 
(conation), and Cognition (the A-B-C) must ideally be perfect (or 
at least strive to strike a synergistic balance between the aspects 
of the triad). Hence the assertion as basic principle of this model 
– that leadership starts with the notion of SELF that forms the 
base of the model, as shown in Figure 1. 

The components of the base, however, do not function in 
isolation but, as explained in the previous sections, the aspects 
of the triad of the SELF (A-B-C) interact with each other. An 
acceptable SELF implies a balanced-based triangle, meaning a 
congruent condition, and any incongruence implies an imbalance. 
The base (from a personal perspective) may therefore need 
intervention to restore the balance and congruency. The lines of 
interaction are as follows.

A-B line: Affect interacts with behaviour
The outcome of this interaction is widely seen in the domain 
of the transformational and charismatic leadership styles; the 
central leadership behavioural theme is inspiration. 

A-C line: Affect interacts with cognition
The resultant dynamic of the interaction between rationality 
and emotion is emotional intelligence (EQ field of leadership 
behaviours). Styles that would fit in this dynamic line could be 
the authentic leadership and transactional leadership styles. A 
democratic bottom-up style behavioural continuum would fit in 
here.

B-C line: Behaviour interacts with cognition
The outcome of behaviour (conation) combined with the 
outcome of cognition (rationality) leads to the arena of 
leadership motivation (of self, others, units, or organizations). 
The leadership styles that would emerge on the behavioural 
continuum would be authoritarian and directive leadership styles. 
These can therefore be illustrated as shown in Figure 2. 

The three lines between the various points in Figure 2 can be 
termed ‘dynamic lines’, these being the motivation dynamic line, 
the EQ dynamic line, and the inspirational or impact dynamic 
line. With the base (shown in red and numbered as 1 in Figure 
3) complete, the 4.0D leadership model then postulates that from 
these dynamic lines three ‘panels’ arise to point D and form a 
tetrahedron (or triangular pyramid), which is illustrated in  
Figure 3.

Figure 1—The base and its A-B-C: The ‘SELF’

Figure 2—The SELF as base with the interactive lines
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As a result of the dynamic lines with their associated 
behavioural continuums, there would be a visible leadership 
effect of focus. The base creates leadership meaning in three 
facets in the following manner.

B-C line: Behaviour interacts with cognition
Leadership manifests in the context of the business environment, 
internal organization, the external environment, the business 
playing field, and technical prowess. This panel is termed the 
‘WORK panel’ (shown in purple and numbered as panel 2, B-C-D) 
and represents the WORK (vocational) domain as illustrated in 
Figure 4.

A-C line: Affect interacts with cognition
The social dimension includes leadership in the context of the 
interpersonal domain, with reference to leading people and 
teams, formal and informal relationships, as well as building 
organizational culture. Here we refer to ‘people leadership’. It is 
termed the PEOPLE panel (shown in brown and numbered as 
panel 3, A-C-D) as illustrated in Figure 5.

A-B line: Affect interacts with behaviour
The dynamic line for leadership behaviour related to Affect 
and Behaviour is known as the impact dimension. It entails 
leadership in the context of having a meaningful impact on the 
community, and on internal and external stakeholders (whether 
they are antagonistic or protagonistic), and alludes to the 
leader’s legacy on a variety of levels. We refer to this panel as 
the leadership IMPACT panel (shown in green and numbered as 
panel 4, A-B-D) as illustrated in Figure 6.

The APEX
The final component is the APEX (D), whose base is the SELF, 
which forms the foundation from which the three panels join 
at the top. All the panels and the base must be in balance 
for leadership harmony and integration. The apex of the 
4.0D leadership model also indicates leadership direction. It 
represents the unification of the SELF and the organizational 
direction in the form of the visionary futuristic dimension. 
This encompasses leadership in the context of the future, with 
reference to integration between personal and organizational 

visions, missions, and values. The volume within the pyramid 
also implies increasing levels of leadership complexity. Optimal 
balance of the pyramid is achieved when leaders within 
organizations, executives, and boards formulate transparent, 

Figure 3—The SELF (A-B-C) with the three related panels
Figure 4—The WORK panel (B-C-D)

Figure 5—The PEOPLE panel (A-C-D)

Figure 6—The IMPACT panel (A-B-D)
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ethical, principled, virtuous, and honest apexes. This reflects a 
values-driven type of leadership, supported by a sound base and 
three integrated panels as illustrated in Figure 7.

Understanding the 4.0D leadership model postulation
The 4.0D leadership model postulated is a model of balance of 
human dynamics at the base and of congruence of the rising 
panels. It integrates a variety of human elements into a working 
tool for leadership development that needs identification. It 
could also be used to identify individual leadership flaws and for 
diagnosing underdeveloped leadership dimensions. If one or more 
panels are out of balance and/or the base is skewed, sustainable 
leadership will be adversely affected. An extreme imbalance can 
even cause the pyramid to topple over and a disintegrating base 
will cause the ‘collapse’ of leadership. 

Congruence between the panels therefore needs constant 
attention by the leader and by the organization. This will assist in 
monitoring the development of the leader and as the complexity 
of the leadership role changes, the size (‘volume’) of the 4.0D 
model should also change accordingly. 

The complexity of change results directly in the changes to 
the required apex formulations that the leader must make – thus 
the apex of the CEO requires a greater ‘volume’ in the 4.0D 
pyramid than the ‘volume’ of the middle manager, whose apex 
will be tactical as compared to the strategic apex of the CEO, as 
illustrated in Figure 8.

The 4.0D leadership model also aims to integrate a variety 
of separate points of leadership. While many programmes see 
EQ, for example, as the solution to leadership challenges, the 
contextual fit with other human dynamics is rarely assessed. 
With the base and three panels, the model offers an integrative 

approach. Since such an approach also accommodates most of the 
leadership styles already discussed, it does not exclude any style, 
behaviour, contingency, or trait. 

Application in industry
The 4.0D leadership model is a new postulation and is deemed 
to be epistemologically intact since the design stems from many 
decades of work by the authors in the leadership landscape of 
specifically the mining industry as well as the manufacturing 
contexts. It has been applied for more than a year in a South 
African gold mining company on three levels – namely executive, 
middle, and senior as well as emerging and junior. The initial 
results seem to hold positive spinoffs for individuals as well as 
their organizations. Expansions into the aviation industry and 
the human resources fields are being investigated, as well as into 
the copper and platinum mining industry globally. 

Conclusions
 ➤  It is evident that over the years there were several 

different types and theories of leadership style, each 
specific and relevant in terms of its timeline in history.

 ➤  In terms of the challenges associated with the Fourth 
Industrial Revolution and its expected complexities, a new 
type of leadership model was needed.

 ➤  The elements of the new 4.0D leadership model include a 
base and three panels making up a triangular pyramid or 
tetrahedron

 ➤  The base of the pyramid is the SELF, which represents 
the intrapersonal dimension of the leader. The basic 
components of any individual (or the self) lie within the 
psychological triad of Affect, Conation (Behaviour), and 
Cognition.

 ➤  The three sides that make up the leadership pyramid 
are represented by three panels, namely the vocational 
(WORK), the PEOPLE, and the IMPACT panels.

 ➤  A fundamental principle of the 4.0D leadership model is 
that the interactive ‘balance’ between Affect, Behaviour, 
and Cognition (the A-B-C) must ideally be perfect (or at 
least strive to strike a synergistic balance between the 
aspects of the triad), hence the assertion that leadership 
starts with the SELF (the base of the model). 

 ➤  The 4.0D leadership model postulated is a model of the 
balance of human dynamics at the base and of congruence 
of the rising panels. It integrates a variety of human 
elements into a working tool for identifying individual 
leadership flaws and for diagnosing underdeveloped 
leadership dimensions.Figure 7—The 4.0D leadership model

Figure 8—The 4.0D leadership model in various complexity settings
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 ➤  The complexity of change taking place results directly in 
the required changes to the apex formulations that the 
leader must make. 

It was highlighted in the article that historically the mining 
industry has developed and entrenched a command and control 
culture, which needs urgent transformation. This is essential 
to cope with the social and technological demands inherent in 
future mining operational landscapes, specifically with regard to 
sustainability and agility in terms of leadership. 

It was furthermore stated that the challenges associated with 
the Fourth Industrial Revolution will in future need a different 
kind of leadership model. The 4.0D leadership model shown in 
this article, through its multidimensional and integrated approach 
in terms of leadership development, offers a potential solution to 
addressing the leadership challenges facing the mining industry 
in future.

Suggestions for further work
Due to the novelty of the model proposed, it is in the process of 
being tested and applied in the mining industry. It is therefore 
implied that this model will be appropriate for the mining 
industry and will be tested in terms of its applicability and its 
successful implementation, and adjustments may have to be 
made. 
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Orthogonal array analysis of overburden 
failure due to mining of multiple coal 
seams
D. Zhang1 and W. Sui2

Synopsis
This paper presents a numerical analysis that uses an orthogonal array to investigate overburden failure 
caused by longwall mining of multiple coal seams. An LN(sk) array is said to be an orthogonal array with 
s levels, N rows, and k columns. This analysis identifies the contrasting factors that influence the height 
of the caving and water-conducting fractured zones. The factors include the mechanical properties of 
the interburden layers (factor A), thickness of the interburden layers (factor B), and mining height 
of the lower seam (factor C). The mechanical properties of the overburden failure are quantitatively 
investigated and the correlations among the factors are evaluated. The results show that factors A, 
B, and C all have a significant influence on the interactions during mining of multiple seams. This 
means that mining of the lower seam significantly changes the height of the caving zone of the entire 
system, with factors B and C having the most influence. Factor B has a more obvious effect on the water-
conducting fractured zone than factor A, but factor C has the greatest effect among the factors. An 
equation to describe a dividing line, which is set to denote the relationship between the non-interaction 
ratio (K) and the cutting height of the lower seam (M) is proposed. This modified dividing line can be 
used to determine whether interactions exist among the overburden failure zones. 

Keywords
numerical simulation, orthogonal array, multiple coal seams, water-conducting fractured zone, caving 
zone.

Introduction
Coal mines now face complicated geological problems and impacts from past mining activity, such as 
undermining or overmining) of multiple coal seams (Michaud, 1991; Mark, Chase and Pappas, 2007; 
Akinkugbe, 2004). The problem of mining multiple coal seams was first recognized in the 1920s 
according to a study of ground movement and subsidence, with the first study specifically conducted by 
Stemple (1956).

The mining of multiple coal seams can proceed by means of four different extraction sequences 
(Akinkugbe, 2004; Zipf and Pittsburgh, 2005): 

 ➤   Descending order, where the upper seam is first completely mined out before the lower seam is 
mined

 ➤   Ascending order, where the lower seam is first completely mined out before the upper seam is 
mined

 ➤   Simultaneous, where both the upper and lower seams are mined together or in coordination
 ➤   Random order. 

When extracting in ascending order, the upper seam should be located above the bending-
subsidence zone of the lower seam, that is, mining the lower seam would not compromise the structural 
integrity and load-bearing capacity of the upper seam, otherwise the full extraction of the lower 
seam would typically lead to the subsidence of the overburden beds (Mark, 2007). By contrast, when 
extraction is conducted in descending order, stress concentration on the pillars should be avoided (Liu, 
2011). Generally, descending order is the preferred extraction sequence because there is better control of 
the multiple-seam mining interactions (Akinkugbe, 2004; Mark, 2007). Therefore, in the current paper 
we will focus mainly on the descending order of extraction. 

The overburden depth, interburden thickness, and their mechanical properties, as well as the 
relative locations of the pillars between two seams, are the factors contributing to the stress in and 
instability of the lower seam (Chekan and Matetic, 1988; Chanda, 1989; Muhammad, 1993). When 
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an adequate distance exists between seams that are close 
together, mining the upper seam has little effect on the lower 
seam. However, with inadequate distance, the effect on the 
lower seam becomes pronounced. The roof of the lower seam 
may fracture, thus changing the stress environment. During 
the mining of multiple coal seams, the stress transferred from 
the upper coal seam usually results in the failure of the entry 
roof in the underlying seams. The mining of two seams will 
cause the instability of the roof, ribs, and floor of the mine and 
affect worker safety (Maleki et al., 1986). However, beyond 
this process, the percentage of hard rock in the interburden, 
particularly if sandstone is present, is a major factor affecting 
the stability of the roof during mining of the lower seam. The 
effect of the percentage of hard rock is even more pronounced 
at the mid-span of the overburden layers than at the entry 
roof. The distribution of hard rock influences the type and 
location of overburden failure. Interburden thickness is also 
an important factor for evaluating the instability of the lower 
seam. Studies have shown that the stability of the lower seam 
can be maintained for an interburden thickness of 6 m when the 
structural integrity of the pillars is secured (Muhammad, 1993). 
However, a thick interburden layer reduces the prevalence of 
subsidence induced by the lower coal seam, which can affect the 
upper coal seam. Pre-planned multi-seam mining, which is a new 
mining method, has been developed to avoid geological hazards 
such as coal outbursts in shallow, gas-rich seams; therefore, 
whichever seam entails the fewest hazards should be excavated 
first (Dou et al., 2006). The first mined coal seam is defined as 
the protective coal seam because it changes the initial distribution 
of stress in the deep surrounding rock by improving its plastic 
deformation capability and weakening the stress concentration 
during mining. The second mined seam is usually called the 
protected seam, and can prevent accidents because the areas 
above and below the goaf of the protective seam are considered 
stress-release zones during the mining of multiple seams (Liu et 
al., 2011; Zhang et al., 2014). 

Overburden failure is an important factor in assessing 
the safety of underground mining, particularly mining under 
bodies of water. Sui et al. (2015) discussed the influence of 
the thickness of the interburdens of multiple seams and their 
engineering-geological properties on the interactions in the 
overburden of the caving and water-conducting fractured zones 
in a Chinese coal mine. The findings showed that when all layers 
have the same mechanical properties, the interactions in the 
overburden of the caving and water-conducting fractured zones 
decrease with increasing interburden thickness. The interactions 
cannot be neglected if the ratio of the interburden thickness to 
the cutting height of the lower seam is less than a defined critical 
value based on geological and mining conditions. However, the 
significance of this ratio and the main effects of the interactions 
on the development of overburden failure have not been 
sufficiently discussed in previous investigations. 

Multiple seams account for a large percentage of all mining 
operations, and most coal mines in China experience issues 
arising from the interactions between the seams being mined 
(Zhang, 2008; Wang et al., 2015). Although theories have 
been proposed and practical research has been conducted on 
the control and regulation of wall rock in single-seam mining, 
most research on multiple-seam mining has been practical and 
empirically qualitative (Yang, Sui, and Xia, 2008; Lian, Wang, 
and Hao, 2010). 

An LN(sk) array is said to be an orthogonal array with s 
levels in the most frequently used notation. N is the number of 
rows and is also known as the size of the array. The number 
of columns k is also called the number of factors or variables 
(Hedayat et al., 1999). An orthogonal array can be used to select 
a subset of all combinations, which is known as comprehensive 
testing. The test coverage can be maximized while minimizing 
the number of test cases by using orthogonal array testing, 
thereby reducing the number of tests to a reasonable amount and 
improving work efficiency. In the present paper we propose that 
an orthogonal array should be used to investigate the contrasting 
influences of factors such as the geotechnical properties of the 
overburdens, interburdens, and cutting height on the interactions 
during the mining of multiple seams. Moreover, the interactions 
of the factors contributing to overburden failure are quantitatively 
analysed at different levels. Here, a numerical model for the 
extraction of coal seams is built by using the Universal Distinct 
Element Code Version 4.0 (UDEC4.0), based on the Cuizhuang 
coal mine in Shandong, China. This numerical investigation 
using an orthogonal array is an effective means of investigating 
the effects of each factor in a multi-level factorial experiment 
by selecting a finite number of trials and designing a series of 
tables for analysing the interactions during mining of multiple 
seams. To efficiently determine the heights of overburden 
failure, an experiment based on an orthogonal array with 
mining of multiple seams in the Cuizhuang coal mine is used 
to investigate the contrasting factors in the numerical analysis 
and determine how they affect the height of overburden failure. 
The contrasting factors include the mechanical properties, the 
thickness of the interburden layer, and the height of mining of 
the lower seam. The mechanical properties of overburden failure 
are quantitatively investigated, and the correlations among the 
different factors are evaluated. A dividing line is also proposed 
to distinguish overburden failure zones with and without 
interaction.

Method
Case study 
The case studied in this paper focuses on the engineering, 
geological, and mining conditions of a multiple-seam mining 
area, namely the Cuizhuang coal mine, which is located in the 
Weishan County of Shandong, China (Figure 1). The coal mine 
has an area of 11.9 km2, with 66% of the total coal resources 
under Weishan Lake. Its geological structure is generally a 
monocline with a set of secondary, gently undulating folds with 
varying strike directions and dips. However, the studied area is 
not affected by these folds. 

The stratigraphic succession of the Cuizhuang coal mine 
contains sequences from the Ordovician, Carboniferous, Permian, 
Jurassic, and Neogene geological periods. The multiple coal seams 
(the upper and lower Seam no. 3), are productive coal seams 
in the Permian Shanxi Formation. The average thickness of the 
upper seam is 5.9 m, whereas that of the lower seam is 4 m. 
Zero thickness occurs in the absence of deposited sediment. The 
bedrocks of the mine are covered by unconsolidated layers of 
Neogene age with a thickness of 57.16–112.43 m and an average 
thickness of 77.56 m; the bedrocks are thin in the northeast and 
thicken towards the southwest. Three aquifers and two aquifuges 
hydraulically separate the unconsolidated layers in the Neogene. 
A clay layer with a thickness of 5.31–23.18 m is present at the 
bottom, and this layer plays an important role in preventing 
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water inrush and seepage from the aquifers. Confined-sandstone 
aquifers and aquifers in fissured conglomerates in the Jurassic 
layers, with thicknesses of 30–60 m and specific capacities of  
0.4 L/s/m, have little influence at this mine because they are 
located over 140 m away from the coal seam. The greatest 
threat from the sandstone aquifers above the roof of both 
upper and lower Seam no. 3 is in the Permian layers, which 
have thicknesses of 15.05–58.23 m and specific capacities of 
0–0.7 L/s/m; therefore, these layers are easily dewatered during 
mining. The normal water flow into the mine is stable at 40 m3/h 
and originates mainly from the sandstone aquifers. Therefore, 
the height of the water-conducting fractured zone should be 
carefully examined and controlled to avoid water inrush from the 
sandstone aquifers.

The uniaxial compression strength of the overburden 
layers varies from 20.11 MPa to 116.53 MPa. The thickness of 
the overburden varies from 36.4 m to more than 200 m. The 
immediate roof of upper Seam no. 3 is mudstone, which is grey in 
colour. Thin layers with thicknesses of 0.64–0.70 m are present, 
and they easily cave and fill in the mined-out areas after longwall 
caving. The upper roof is siltstone and is dark grey in colour, 
and contains many plant fossils and abundant pyrite. The roof 
has a horizontal and slightly undulating bedding, is slightly 
fissured and is filled with calcite with a thickness of 6.6 m. The 
interburden between the upper and lower seams is mainly grey 
sandy mudstone, which is about 7 m thick. The interburden has 
thin layers with horizontal bedding and fossils along the bed 
plane. Mudstone and fine sandstone comprise the floor of the 

lower seam; these rocks are horizontally bedded with vertical 
fissures and are composed mainly of quartz. Table I shows the 
geological engineering rock types and mechanical properties of 
the studied area, as used in the numerical modelling. 

Simulated modelling is conducted in accordance with the 
engineering, geological, and mining conditions of this area. 
Two mining schemes are selected. The first scheme is the same 
scheme used in the original studied area and is used to verify 
the reliability of UDEC4.0 with regard to modelling the height of 
overburden failure due to mining. The second scheme uses an 
orthogonal test to determine which factors contribute the most to 
overburden failure during multiple-seam mining.

Numerical simulation 
We used UDEC4.0 to simulate the areas of multiple-seam mining. 
UDEC is a type of two- and three-dimensional numerical software 
that simulates quasi-static or dynamic responses to media 
loading, including those of multiple intersecting joint structures. 
UDEC 2D was selected for this study because of the following 
reasons: 

 ➤   2D and 3D results are found to be very similar
 ➤   A 2D model can be solved faster than a 3D model
 ➤   A 2D model is sufficient to obtain all results in this case. 

The simulated model size was set to 400 m × 200 m (length 
× height), in accordance with the conditions of the mining area. 
The size and stratum settings of the model were the same as 
those of the actual panel in order to enhance the accuracy. The 

Figure 1—Location of the Cuizhuang coal mine

   Table I

  Geotechnical properties of typical rock types
  Rock type Av. thickness Density Compressive strength Tensile strength Young’s modulus Poisson’s Cohesion Angle of internal 
 (m) (kg/m3) (MPa) (MPa) (×103 MPa) ratio (MPa) friction (º)

   Mudstone 8.0 2377 12.25 0.78 0.32 0.27 1.45 31.5
   Siltstone and fine sandstone 15.0 2364 6.71 1.16 0.22 0.29 1.38 30.7
   Interbedded mudstone and sandstone 15.4 2436 18.01 2.14 0.97 0.26 2.68 32.5
   Fine sandstone 10.0 2598 46.79 1.76 4.79 0.25 7.60 33.6
   Mudstone 8.5 2537 41.43 1.78 3.16 0.24 4.42 34.8
   Fine sandstone 6.0 2651 100.55 3.66 10.05 0.23 13.87 37.5
   Silty sandstone 6.6 2621 65.54 2.08 11.87 0.26 4.21 34.5
   Upper Seam no. 3 6.0 1476 5.12 0.34 0.99 0.25 2.00 30.0
   Silt-sand stone 7.0-14.0 2578 29.68 1.92 1.01 0.28 6.12 31.4
   Lower Seam no. 3 4.0 1499 13.82 0.18 2.21 0.24 2.10 30.5
   Fine sandstone 10.6 2714 77.97 4.25 11.68 0.22 14.04 35.4
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top of the model was set as a free displacement boundary. The 
displacements were fixed on both side boundaries and on the 
bottom. Based on previous experience in both mines (Zhang,  
Sui, and Liu, 2018), the height of the WCFZ cannot exceed  
60 m due to the mining of these two seams. Therefore, a  
100 m wide boundary was left at both sides of the panel to 
mitigate the boundary effect. The brick-shaped element was used 
and the parameters were the same as those of the actual strata. 
On the basis of a preliminary study on multiple-seam mining, 
the following factors were selected for evaluation: the height of 
mining of the lower seam, and the mechanical properties and the 
thickness of the interburden layers. Each of these factors has 
four levels. When two seams are closer together, the potential 
interaction has greater magnitude (Mark, Chase, and Pappas, 
2007). The majority of the mining areas in northern China are in 
seams located in the Shanxi and Taiyuan formations, including 
both upper and lower Seam nos. 2 and 3, which have average 
thicknesses of 0–7.2 m and interburden thicknesses ranging 
from zero to 30.65 m (Kong et al., 1996). Hsiung and Peng 
(1987) concluded that if the thickness of the interburden is 2–3 
times greater than the mining height of the upper seam during 
descending order extraction, no interactions are likely to occur. 
According to this statement, the height of the interburden layers 
that would most likely lead to interactions is between 10.6–15.9 
m (where the height of the upper seam is 5.3 m). According to 
the empirical formulae used in coal mines, assuming that only 
the lower seam is mined, the maximum value of the caving zone 
height is around 3 to 4 times the mining height (Hsiung and 
Peng, 1987).

An interburden thickness between 3 and 27 m (when 
the mining height ranges from 2.5 m to 6.5 m) was selected 
because interburden failure may occur within this range; this 
measurement is consistent with actual scenarios (Sui et al., 
2015).

Different types of rock were chosen to represent different 
types of mechanical properties in interburden failure. Four 
different types of rock (mudstone, siltstone, sandstone, and 
interbedded sandstone-mudstone) were used to simulate 

different interburden layers. Each rock type is based on related 
or similar layers in the Cuizhuang coal mine, as obtained by 
laboratory testing.

The length of the upper and lower seams was fixed at 150 m 
because the height of the mining of the upper seam was fixed at 
5.3 m. The original parameters of the coal mine were also used in 
this analysis.

Orthogonal array
The factors, levels, and estimated indices are essential 
information in numerical experiments based on orthogonal 
arrays (Gong and Zhang, 2012). An orthogonal array L16(45) is 
used in this analysis because the factors considered in the array 
– i.e. the mechanical properties of the interburden layers (factor 
A), the thickness of the interburden layers (factor B), and the 
mining height in the lower seam (factor C) – do not interact with 
each other. These factors and their respective levels are shown 
in Table II. The various levels for factor A represent different 
rock types. The mechanical parameters of each rock type were 
used to convert factor A to numerical values in Table III, and the 
orthogonal trials are shown in Table IV.

Results and analysis

Displacement
Figures 2a and 2b show the vertical displacement inside the rock 
domain. The maximum value always exists near the middle of the 
goaf, and a bilaterally symmetric funnel shape is present in the 
subsidence area. The maximum subsidence values of all layers 
range from 7.4 m to 11.5 m, depending on the mining height and 
mechanical properties of the interburden layers. 

   Table II

  Factors and levels of orthogonal experiments
   Level Factor A Factor B (m) Factor C (m)

   1 Mudstone (A1) 5.0 (B1) 2.5 (C1)
   2 Siltstone (A2) 7.0 (B2) 4.3 (C2)
   3 Sandstone (A3) 14.0 (B3) 5.3 (C3)
   4 Mudstone and sandstone 22.5 (B4) 6.5 (C4) 
 interbedding (A4)

   Table IV

  Orthogonal trials in the experiments
   Trial no. Symbol Factor A Factor B Factor C

   1 A1B1C1 Mudstone  5.0 2.5
   2 A1B2C2 Mudstone 7.0 4.3
   3 A1B3C3 Mudstone 14.0 5.3
   4 A1B4C4 Mudstone 22.5 6.5
   5 A2B1C2 Siltstone  5.0 4.3
   6 A2B2C1 Siltstone 7.0 2.5
   7 A2B3C4 Siltstone 14.0 6.5
   8 A2B4C3 Siltstone 22.5 5.3
   9 A3B1C3 Sandstone  5.0 5.3
   10 A3B2C4 Sandstone  7.0 6.5
   11 A3B3C1 Sandstone  14.0 2.5
   12 A3B4C2 Sandstone  22.5 4.3
   13 A4B1C4 Mudstone and sandstone interbedding 5.0 6.5
   14 A4B2C3 Mudstone and sandstone interbedding 7.0 5.3
   15 A4B3C2 Mudstone and sandstone interbedding 14.0 4.3
   16 A4B4C1 Mudstone and sandstone interbedding 22.5 2.5

   Table III

  Levels of factor A
   Factor A  Density Bulk Shear Cohesion Angle of internal Tensile strength 
  (kg/m3) (MPa) (MPa) (MPa) friction (º) (MPa)

   Mudstone (A1)  2537 2025 1274 4.42 34.8 1.78
   Siltsstone (A2)  2578 761 395 6.12 31.4 1.92
   Sandstone (A3)  2651 6203 4085 13.87 37.5 3.66
   Interbedding Mudstone 2537 2025 1274 4.42 34.8 1.78
   layers (A4) Sandstone 2651 6203 4085 13.87 37.5 3.66
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Stress and strain
In all trials, the major and minor principal stresses have similar 
distributions Figure 3) but different ranges to their values. The 
maximum value of the major principal stress and the minimum 
value of the minor principal stress occur on both sides of 
the pillars. In the expanded region of the pillar area and the 
surrounding rock, the minimum principal stress value is small. 
The stress redistribution area expands almost as far as the 
mining length outside the goaf. On the other hand, the major 
principal stress contours slope upward and on two sides, and the 
shape of the height of the contours varies with the progression 
of mining. As the mined distance advances, the stress values in 
the pillar area continue to increase, thus forming the shape of a 
saddle. 

Overburden failure
The caving zone is assumed to be a plastic failure plus tensile 
failure zone, and the height of the water-conducting fractured 
zone is determined on the basis of shear strain, y-displacement, 
and development of open fractures and slip zones (Gao, Stead, 

and Coggan, 2014). Tensile failure and a plastic zone are found 
only above the upper goaf (Figure 4a), while they are found 
immediately above both the upper and the lower goaf and 
connected to form the caving zones (Figure 4b). These features 
can be used to determine the height of the caving zone. A sudden 
change occurs in the vertical displacement contour (Figure 2), 
and the opening fractures are disconnected from each other 
(Figure 5). Furthermore, the isolines become sparsely spaced and 
disperse to an apparent large open aperture, where they are used 
to determine the height of the water-conducting fractured zone in 
combination with shear failure (Figure 6).

When tensile failure occurs at the two ends of the panel 
(Figures 4a and 4b) and the fractures induced by mining are 
fully developed, the area of the water-conducting fractured zone 
expands. Shear failure is found above the tensile failure, and 
some of this failure propagates into the bottom clay layer (Figures 
6a and 6b). Figure 4a shows an obvious interaction in the caving 
zone between the two panels, with tensile failure mainly found 
in the upper goaf. However, no interaction is found in the caving 
zone in Figure 4b, with the tensile failure separately distributed 
in both the goafs and the plastic zone. 

Figure 2—Vertical displacement inside the rock domain 

Figure 3—Stress contours from trial 10

Figure 4—Plastic failure zone
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Verification of the UDEC modelling of overburden failure 
height
A comparison was made between in-situ measurements and the 
scale model tests (Sui et al., 2015) of the study area on the one 
hand and the results of numerical simulation under the same 
geological conditions on the other (Table V). The results were 
found to agree well; according to in situ measurements, the 
height of the caving zone is 19.6 m (the upper seam) and that 
of the water-conducting fractured zone is 66 m (both seams), 
whereas the respective numerically simulated results are 16.5 
and 61 m. Moreover, in a previous study, a scale model was used 
to determine that the heights of the caving and water-conducting 
fractured zones were 24.5 and 68 m, respectively (Sui et al., 
2015). Therefore, the feasibility of using numerical simulation 
to study overburden failure and interactions in multiple-seam 
mining is verified. The results show that when a narrow vertical 
space exists between the contour lines of Y-displacement, the 
value of subsidence changes quickly, and the height of the lines 
of the stress concentration agrees well with the height of the 
caving zone. The height of the water-conducting fractured zone 
is determined from the combination of the maximum shear 
displacement and the sudden change in Y-displacement, and is in 
good agreement with the in situ measurement. 

Heights of the caving and water-conducting fractured 
zones
The obtained heights of the caving (Hc) and water-conducting 
fractured (Hf) zones are shown in Table VI, together with the 
maximum values of subsidence at different heights from the 
roof of the upper seam (Sn). Each estimated index is analysed to 
determine its significance (Tables VII and VIII and Figure 7).

Discussion

Main effects
The use of range to analyse variance (see Table VII) is an 
intuitive method based on an orthogonal array format. This 
method can determine the impact of factors on the results of 
the simulation and successively rank the various incidences. 
Hence, we chose the range and variance-component method to 
analyse the numerical results. Table VII shows the ranges used 
to analyse variance. k1, k2, k3, and k4 represent the average 
values of the total extent to which the heights of the caving and 
water-conducting fractured zones are affected by levels 1, 2, 3, 
and 4, respectively. The range value, D, represents the difference 
between the maximum and minimum of k1, k2, k3, and k4. The 
range in the analysis of variance reflects the degree of fluctuation 

   Table V 

  Comparison of overburden failure obtained from in situ measurements, scale model test, and numerical simulation
   Mining seam Mining                    Height of caving zone (m)           Height of water flow fractured zone (m) 
 height (m) In situ Scale Numerical Numerical In situ Scale Numerical Numerical
   (Sui et al. 2015) (Sui et al. 2015)   (Sui et al. 2015) (Sui et al. 2015)

   Upper 5.0 19.6 16.8 15.0 16.5 59.6 52.1 55.0 53.1
   Lower 4.0 - 24.5 23.0 20.9 66 68.0 64.0 61.0

Figure 5—Development of open fractures and slip zones

Figure 6—Shear failure
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in the data; a large range (D) value shows that the factor has a 
significant effect on the interaction between the two seams and 
that the progressive failure of the entire overburden increases. 
Accordingly, the degrees to which these factors impact the 
heights of both the caving and water-conducting fractured zones 
depend on the height of the lower-seam mining, the interburden 
thickness, and the properties of the interburden layer (in 
descending order of impact).

Figure 7 shows the effects of the various factors on the 
estimated indices for various factor levels. When a factor has 
greater significance as an index, the line fluctuates greater. 
Figure 7a shows that factors B and C have the greatest influence 

   Table VI

  Results of numerical investigation using an orthogonal array
   Trial no. Symbol h/M Hc

 (m) Hf (m) S50 (m) S80 (m) S120 (m) S160 (m) Sground(230) (m)

   1  A1B1C1 2.0 16.3 65.0 7.52 7.43 7.34 5.76 3.43
   2  A1B2C2 1.6 20.9 72.7 9.25 9.18 9.04 6.58 2.99
   3  A1B3C3 2.6 15.4(8.7L) 68.4 9.32 9.25 9.11 6.66 3.10
   4  A1B4C4 3.5 16.8(10.5L) 69.7 11.38 11.30 11.09 7.78 3.79
   5  A2B1C2 1.2 18.2 68.1 9.22 9.15 9.09 6.50 2.97
   6  A2B2C1 2.8 14.5 61.5 7.44 7.38 7.27 5.45 2.40
   7  A2B3C4 2.2 22.8 75.2 11.42 11.33 11.14 7.86 3.85
   8  A2B4C3 4.2 12.4 (15.6L) 63.9 10.31 10.25 10.07 7.25 3.36
   9  A3B1C3 0.9 27.0 78.1 10.39 10.33 10.15 7.35 3.36
   10  A3B2C4 1.1 31.9 87.3 11.52 11.46 11.28 7.82 3.93
   11  A3B3C1 5.6 15.4 (9.7L) 56.8 7.70 7.63 7.53 5.58 2.44
   12  A3B4C2 5.2 15.6 (13.7L) 53.9 9.21 9.14 9.01 6.58 3.07
   13  A4B1C4 0.8 26.5 82.4 11.50 11.44 11.38 7.90 3.87
   14  A4B2C3 1.3 24.5 74.4 10.33 10.21 9.91 9.78 9.09
   15  A4B3C2 3.3 12.7 (7.6L) 63.0 9.30 9.24 9.10 6.69 3.02
   16  A4B4C1 9.0 10.5 (6.4L) 41.7 11.21 11.13 10.94 7.78 3.80
    Note: S50 represents subsidence of 50 m from the roof of the upper seam; Sground(230) the subsidence of the ground surface at a distance of 230 m from the roof of the upper seam.  

‘L’ indicates that the caving zone of the lower goaf did not develop into the upper goaf and represents the height of the caving zone measured from the immediate roof of the lower seam.

   Table VII

   Range in the analysis of variance for each estimated 
index

   For                     Average heights for factors 
   levels                   A                    B                 C 
 Hc (m) Hf (m) Hc (m) Hf (m) Hc (m) Hf (m)

   k1 17.4 69.0 22.0 73.4 14.2 56.3
   k2 16.9 67.2 23.0 74.0 16.9 64.4
   k3 22.5 69.0 16.6 65.9 19.8 71.2
   k4 18.6 65.4 13.8 57.3 24.5 78.7
   Range D 5.6 3.6 9.2 16.7 10.3 22.4

Figure 7—Relationship between levels of different factors and estimated indices
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on the height of the caving zone because the lines fluctuate 
considerably; Factor A also has a significant effect. The 
effectiveness of these factors on Hc are in the order of C ≈ B > 
A. According to Table VIII, the changes in the levels of factors 
A, B, and C have a significant effect on Hc. When the height of 
lower seam mining (factor C) increases, the interactions caused 
by mining in the lower seam will increase. Increasing factor C 
further leads to increased overburden failure, which induces 
secondary failure in the failure zones of the upper goaf. For factor 
B, a large interburden thickness reduces the interactions during 
mining of the lower seam and helps avoid the development of 
overburden failure in the upper seam in some cases. Therefore, 
as the interburden thickness increases to a certain value, little 
interaction will occur in the upper goaf, and the overburden 
failure heights of both the upper and lower goafs will not change 
significantly. The caving zones of the upper and lower goafs are 
separate and do not intersect; this phenomenon is a separate 
mining issue. The critical value will be discussed later. For factor 
A, the heights of the caving zone are smallest and largest when 
the interburden layers are siltstone and sandstone, respectively. 
This result indicates that the high values of the mechanical 
properties (particularly the bulk and shear modulus) of the 
interburden contribute to an easy transfer of overburden failure 
to the upper layers, thus resulting in a large height of the caving 
zone.

However, this relationship differs for the height of the water-
conducting fractured zone (Figure 7b). Both factors B and C show 
a significant effect, whereas factor A does not obviously impact 
the interaction. The strengths of these factors’ effects on Hf are 
arranged in the order of C > B > A. Factor B significantly affects 
the height of the water-conducting fractured zone (Table VIII). As 
the interburden thickness increases, this height decreases, thus 
reducing the impact of the excavation of the lower seam on the 
upper seam. Factor C significantly affects the interactions between 
the mining of the lower seam and the development of the water-
conducting fractured zone in the upper seam. 

The three factors affect S with their influence being in the 
order C > B ≈ A. Factor C significantly influences the subsidence 
of the overburden layers (Figures 7c–7f), except for ground 
subsidence (Figure 7g). Survey lines are chosen at heights of 50, 
80, 120, and 160 m from the immediate roof of the upper goaf 
and the ground surface (230 m from the roof). With an increase 
in the mining height of the lower seam, the subsidence of each 
line shows an obvious increase. The trends for factor C of each 
line are consistent for each location. The mechanical properties 
and thickness of the interburden (factors A and B) show little 
influence on the subsidence because the lines of A and B in 
Figures 7c–7f do not fluctuate. The ground subsidence is  
230 m from the immediate roof of the upper seam. This value  

is 20 times greater than the total mining height; therefore, these 
two factors have little significance for ground subsidence. 

According to the above discussion and Table VII, the selection 
of the level of each factor that leads to the smallest overburden 
failure will determine the optimal combination. For instance, 
the optimal combination for the smallest caving zone is level 2 
(sandstone) for factor A, level 4 (thicker interburden layers) for 
factor B, and level 1 (smallest height of lower seam mining) for 
factor C (i.e. A2B4C1).The optimal combination for the smallest 
water-conducting fractured zone is A4B4C1, and that the smallest 
subsidence is A1B3C1.

Modification of the dividing line 
According to Table VIII, whether the caving zone of the lower 
seam will develop into the upper goaf and intersect with the 
existing upper caving zone depends mostly on the thickness of 
the interburden layers (factor B). Given that factor A has little 
impact and the lowest point is between 5 and 6 m (height of 
lower seam mining), 11 additional trials were conducted with the 
same factor A but different factors B and C. The results (Tables IX 
and X; Figure 8) showed that on or above the dividing line, the 
caving zone induced by mining the lower seam will not intersect 
the upper goaf. This phenomenon is defined in this paper as no 
interaction between the two seams. According to the numerical 
results, the ratio decreases when the mining height is increased 
from 2.5 m to 5.3 m and reaches a minimum of 2.6. The ratio 
of interburden thickness to the height of lower seam mining 
increases with increasing mining height, but only gradually. The 
former part of the line has also been verified in previous research 
(Sui et al., 2015), but the dividing line here is lower than that 

   Table IX

  Results of numerical simulation
   Trial no. Symbol H (m) M (m) K = h/M Hc (m)

   1 A1B1C1 5.0 2.5 2 16.3
   2 A1B2C2 7.0 4.3 1.6 20.9
   3 A1B3C3 14.0 5.3 2.6 15.4 (8.7L)
   4 A1B4C4 22.5 6.5 3.5 16.8 (10.5L)
   5 A2B1C2 5.0 4.3 1.2 18.2
   6 A2B2C1 7.0 2.5 2.8 14.5
   7 A2B3C4 14.0 6.5 2.2 22.8
   8 A2B4C3 22.5 5.3 4.2 12.4 (15.6L)
   9 A3B1C3 5.0 5.3 0.9 27.0
   10 A3B2C4 7.0 6.5 1.1 31.9
   11 A3B3C1 14.0 2.5 5.6 15.4 (9.7L)
   12 A3B4C2 22.5 4.3 5.2 15.6 (13.7L)
   13 A4B1C4 5.0 6.5 0.8 26.5
   14 A4B2C3 7.0 5.3 1.3 24.5
   15 A4B3C2 14.0 4.3 3.3 12.7 (7.6L)
   16 A4B4C1 22.5 2.5 9 10.5 (6.4L)

   Table VIII

  Analysis of variance for each estimated index
   Factor  Hc Hc (L) Hf S50 S80 S120 S160 Sground Fα

   A 7.233* <1 1.746 1.479 1.466 1.448 3.243 1.393 F0.05(3,6) = 4.757
   B 21.764* 11.33* 35.662* 1.230 1.234 1.205 <1 <1 F0.1(3,6) = 3.29
   C 22.362* <1 53.263* 8.510* 8.516* 8.575* 5.712* 1.253
   Note: Data with ‘*’ indicates that the level of the factor is significant to the index.
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found in their work. In this study the dividing line has extended 
with increases in the mining height of the lower seam; the line 
decreases to the lowest point, and then assumes a positive slope. 

Both the ratio of interburden thickness to the mining height 
of the lower seam (K) and the mining height of the lower seam 
(M) are assumed to conform to the ‘hook function’ (a type of 
hyperbolic function similar to an inverse function) (Figure 8). 
Therefore, the equation of the assumed curve is

[1]

A comparison between the test data and the assumed curve 
shows that when M is two or greater, the two lines almost fit 
each other. This result shows that increases in the interburden 
thickness and the mining of the lower seam cause interactions to 
develop in the overburden failure between the two seams. First, 
a reduction in the interactions appears when the cutting height 
is between 2.5 m to 5.3 m, and K (the non-interaction ratio) 
decreases. When the cutting height continues to increase to  
6 m or more, a larger non-interaction ratio is needed. A cutting 
height between 2.5 and 9 m is chosen because the majority of 
mineable seams range between 2 m and 10 m in height. The 
trend of a negative slope followed by a positive slope is caused 
mainly by the out-of-sync increasing rates of the ratio K and the 
height of overburden failure under the same cutting height of 
the lower seam. The assumed equation has a minimum value of 
2.77 for K when M is 5.31 m. This result is consistent with the 
numerical result that when M is 5.30 m, the ratio value is 2.60. 
The deficiency in this equation is that when M is smaller than 
three, the value obtained by the equation is much larger than that 
obtained numerically.

The equation provided in this paper can help predict the 
possibility of the interactions of overburden failure zones due to 
the mining of multiple coal seams in close proximity. Therefore, 
overburden failure heights can be calculated by different formulae 
according to whether an interaction exists. The distances between 
the water-conducting fractured zone and the aquifers can be 
consequently estimated. Appropriate mining methods can be used 
to deal with challenges of mine groundwater and increase safety 
during mining. 

Conclusions
This paper has discussed the factors that influence the mining 
of multiple seams and determined those that are significant 
for the development of overburden failure, as well as their 
optimal combination. The geological conditions, mining height 
of the upper seam, and mining lengths of both the upper and 
lower seams are constant in this paper. The numerical results 
are studied using range analysis and the variance-component 
method. 

The major effects influencing overburden failure due to the 
mining of multiple seams were investigated. Factor A is the 
mechanical properties of the interburden layers, factor B is the 
thickness of the interburden layers, and factor C the mining 
height of the lower seam. 

Optimal combinations for minimizing both overburden failure 
and subsidence were provided. The optimal combination for the 
smallest height of the caving zone is A2B4C1 (the lowest value 
of the mechanical properties, the thickest interburden layer, 
and the smallest mining height of the lower seam). The optimal 
combination for the smallest height of the water-conducting 
fractured zone is A4B4C1 (a low value for the mechanical 
properties, a thick interburden layer, and the smallest mining 
height of the lower seam). The optimal combination for the 
smallest subsidence is A1B3C1 (a low value of the mechanical 
properties, a thick interburden layer, and the smallest mining 
height of the lower seam). 

The dividing line denoting the relationship between the non-
interaction ratio (K) and the cutting height of the lower seam (M) 
was modified on the basis of whether interactions exist amongst 
the overburden failure zones or not. An inverse function was 
assumed to describe the dividing line as K = 1.7M + 48

M  –15.3 
(2<M<10). Therefore, this study provides the means to assess 
the overburden failure interactions between two closely located 
coal seams.

Figure 8—Dividing line of interactions in the caving zone due to the mining of multiple seams

   Table X

  Results of additional trials
   Trial no. H (m) M (m) h/M(K) Hc (m) Hf (m)

   ad1 30.0 6.5 4.6 13.9 (13.9L) 68.7
   ad2 22.5 7.5 3.0 22.7 84.2
   ad3 30.0 7.5 4.0 14.3 (15.5L) 64.2
   ad4 35.0 7.5 4.7 10.3 (17.3L) 46.2
   ad5 33.0 8.3 4.0 26.2 89.0
   ad6 40.0 8.3 4.8 15.6 (18.1L) 60.4
   ad7 45.0 8.3 5.4 12.4 (23.6L) 57.4
   ad8 40.0 9.0 4.4 31.7 80.7
   ad9 45.0 9.0 5.0 25.7 77.7
   ad10 50.0 9.0 5.6 14.7 (22.3L) 63.7
   ad11 55.0 9.0 6.1 13.7 (25.0L) 51.7



Orthogonal array analysis of overburden failure due to mining of multiple coal seams

▶ 810 OCTOBER 2019 VOLUME 119 The Journal of the Southern African Institute of Mining and Metallurgy

Acknowledgements
The authors would like to acknowledge financial support 
from the National Key R&D Program of China (Grant no. 
2017YFC0804101) and the Priority Academic Program 
Development of Jiangsu Higher Education Institutions.. The first 
author was funded by the China Scholarship Council during her 
visit to the University of the Pacific. The authors extend their 
appreciation to Professor. Ravi Jain of the University of the Pacific 
for editorial help in preparing the manuscript. We would also like 
to acknowledge the reviewers for their invaluable comments.

References
akinkugBe, o.o. 2004. A simple two-dimensional boundary element program for 

estimating multiple seam interaction. Master’s thesis, West Virginia University, 

Morgantown, WV.

cHanDa, e.c.k. 1989. Evaluation of success probability in multiple seam room-and-

pillar mining. Mining Science and Technology, vol. 9, no. 1. pp. 57–73.

cHekan, g.J. and matetic, r.J. 1988. Loading characteristics of pillars in multiple-

seam mining operations. Report of Investigations 9173. US Bureau of Mines, 

Pittsburgh, PA.

Dou, L.m., ZHao, c.g., yang, s.g., and Wu, X.r. 2006. Prevention and Control of 

Rock Burst in Coal Mine. China University of Mining and Technology Press, 

Xuzhou, China [in Chinese].

gao, f.Q., steaD, D., and coggan, J. 2014. Evaluation of coal longwall caving 

characteristics using an innovative UDEC trigon approach. Computers and 

Geotechnics, vol. 55. pp. 448–460.

gong, X.n. and ZHang, X.c. 2012. Excavation collapse of Hangzhou subway station 

in soft clay and numerical investigation based on orthogonal experiment 

method. Journal of Zhejiang University SCIENCE A, vol. 13, no. 10.  

pp. 760–767. doi:10.1631/jzus.A1200120

HeDayat, a.s., sLoane. n.J.a., and stufken, J. 1999. Orthogonal Arrays: Theory and 

Applications. Springer, New York.

Hsiung, s.m. and Peng, s.s. 1987. Design guidelines for multiple seam mining, part I. 

Coal Mining, vol. 24, no. 10. pp. 42–46.

kong, X.Z., Xu, H.L., Li, r.L., cHang, J.L., Liu, L.J., ZHao, X.g., ZHang, L.X., and niu, 

H.c. 1996. Shanxi Late Paleozoic Era Coal-bearing Stratum and Paleontology. 

Shanxi Science and Technology Press, Shanxi, China [in Chinese].

Lian, Z.s., Wang, J.r., and Hao, c.y. 2010. Numerical simulation and experimental 

research of surrounding rock deformation of floor roadway under short-

distance coal seam group combined mining. Journal of Coal Science & 

Engineering, vol. 16, no. 3. pp. 230–234.

Liu, c. 2011. Study on reasonable alternate distance and mining technology of 1.0 

m very contiguous seams simultaneous production. Master’s thesis, Hebei 

University of Engineering, China [in Chinese].

Liu, y.k., ZHou, f.B., Liu, c., and Hu, s.y. 2011. An experimental and numerical 

investigation on the deformation of overlying coal seams above double-seam 

extraction for controlling coal mine methane emission. International Journal of 

Coal Geology, vol. 87, no. 2. pp. 139–149.

maLeki, H.n., agaPito, J.f.t., WangsgarD, m., and cort, J. 1986. Gate road layout 

design for two-seam longwall mining. International Journal of Mining and 

Geological Engineering, vol. 4, no. 2. pp. 111–127.

mark, c. 2007. Multiple-seam mining in the United States: Background. Proceedings 

of New Technology for Ground Control in Multiple Seam Mining. Mark, C. and 

Tuchman, R.J. (eds.). Publication No. 97-122, IC 9495. US Service, Centers for 

Disease Control and Prevention, National Institute for Occupational Safety and 

Health, Pittsburgh, PA. DHHS (NIOSH) pp. 3–14.

mark, c., cHase, f.e., and PaPPas, D.m. 2007. Multiple-seam mining in the United 

States: Design based on case histories. Proceedings of New Technology for 

Ground Control in Multiple Seam Mining. Mark, C. and Tuchman, R.J. (eds.). 

US Service, Center for Disease Control and Prevention, National Institute for 

Occupational Safety and Health, Pittsburgh, PA. pp. 15–28.

micHauD, L.H. 1991. Applications of interactive computer graphics for dragline mine 

planning in mountainous terrain. PhD thesis, Queen’s University, Canada.

muHammaD, a. 1993. Stability assessment of entry roofs in underlying multiple 

seam mines. PhD thesis, Virginia Polytechnic Institute and State University, 

Blacksburg, VA.

stemPLe, D.t. 1956. A study of problems encountered with multiple seam mining 

in the eastern United State. Master’s thesis, Virginia Polytechnic Institute and 

State University, Blacksburg, VA.

sui, W.H., Hang, y., ma, L.X., Wu, Z.y., ZHou, y.J., Long, g.Q., and Wei, L.B. 2015. 

Interactions of overburden failure zones due to multiple-seam mining using 

longwall caving. Bulletin of Engineering Geology and the Environment, vol. 74, 

no. 3. pp. 1019–1035. doi: 10.1007/s10064-014-0674-9

Wang, X., Bai, J., Li, W., cHen, B., and Dao, V.D. 2015. Evaluating the coal bump 

potential for gateroad design in multiple-seam longwall mining: a case study. 

Journal of the Southern African Institute of Mining and Metallurgy, vol. 115, 

no. 8. pp. 755–760.

yang, W.f., sui, W.H., and Xia, X.H. 2008. Model test of the overburden deformation 

and failure law in close distance multi-seam mining. Journal of Coal Science & 

Engineering, vol. 14, no. 2. pp. 181–185.

ZHang, B.s. 2008. Study on the surrounding rock control theory and technology 

of ultra-close multiple- seams mining. PhD thesis, Taiyuan University of 

Technology, China [in Chinese].

ZHang, D.y., sui, W.H., and Liu, J.W. 2018. Overburden failure associated with mining 

coal seams in close proximity in ascending and descending sequences under a 

large water body. Mine Water and the Environment, vol. 37. pp. 322–335.

ZHang, m.W., sHimaDa, H., sasaoka, t., matsui, k., and Dou, L.m. 2014. Evolution and 

effect of the stress concentration and rock failure in the deep multi-seam coal 

mining. Environmental Earth Sciences, vol. 72, no. 3. pp. 629–643.

ZiPf, r.k. 2005. Failure mechanics of multiple seam mining interactions. Proceedings 

of the 24th International Conference on Ground Control in Mining. Peng, S.S., 

Mark, C., Finfinger, G.L., Tadolini, S.C., Heasley, K.A., and Khair, A.W. (eds.). 

West Virginia University, Morgantown, WV. pp. 93–106.     u



The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 119 OCTOBER 2019 811 ◀

Investigation of microcrack formation 
in vanadium-titanium magnetite using 
different crushing processes
X. Guo1, S. Cui1, S. Dai1, J. Han1,2, and C. Wang3

Synopsis
Characteristics of microcracks in vanadium-titanium magnetite crushed by high pressure grinding roll 
(HPGR) and conventional jaw crusher (JC) were investigated. In crushing by both HPGR and JC, stress 
cracks, intragranular cracks, and cleavage cracks were developed. Stress cracking was the initial stage 
and fundamental basis of fracture. The intragranular cracking could accelerate the comminution process 
and thus increase the content of fine particles in the crushed products. Cleavage cracking could enhance 
the liberation of valuable minerals and gangue minerals. Narrow size fraction samples were prepared 
and characterized by optical microscopy, scanning electron microscopy (SEM), the Brunauer, Emmett, 
and Teller (BET) method, mineral liberation analyser (MLA), and Bond ball mill. The specific surface 
area and pore volume of the HPGR products were found to be significantly higher than for JC products 
due to the presence of abundant microcracks and a higher fraction of fine particles. Compared to the JC 
products, the HPGR products showed a better degree of liberation and lower Bond ball mill work index 
(BWI), although the difference gradually decreased with increasing fineness of grind. The application of 
HPGR not only reduces the energy consumption in the subsequent grinding process, but also optimizes 
the separation of vanadium-titanium magnetite and improves the TiO2 recovery in ilmenite. 

Keywords
HPGR, microcrack, vanadium-titanium magnetite, crushing process.

Introduction
Comminution (defined as crushing and grinding) accounts for the greatest proportion of the total energy 
consumed in a processing plant (Abdel-Zaher and Fuerstenau, 2009). Efforts to increase comminution 
efficiency stem not only from the need for high production rates, but also to reduce the high energy 
costs associated with the inherent low efficiency of conventional comminution systems and the lower 
ore grades that are being milled. Schöenert (1988) stated that the most efficient method of particle 
breakage, in terms of energy utilization, is through compressing the particle bed between two plates, 
which has been introduced on the industrial scale by the development of the high pressure grinding roll 
(HPGR).

Comminution in a HPGR is achieved by the compression of a confined bed of particles, thus 
generating high interparticle stresses, which result in the generation of a greater number of microcracks 
as well as a higher fraction of fines in comparison to conventional crushing processes (Ghorbani et 
al., 2013; Aydogan, Ergün, and Benzer, 2006; Torres and Casali, 2009). The HPGR is considered to 
be a promising new technology, with confined-bed comminution compared to conventional crushing 
technologies such as jaw crushing which mainly employ stressing between two metal surfaces (Han, 
2012; Tavares, 2005). 

The HPGR has gained increased attention and popularity, and has been reported to provide 
numerous metallurgical benefits such as particle weakening, energy saving, increased liberation 
in cement manufacture, enhanced liberation at coarser sizes for lead-zinc ore, improved cassiterite 
concentration, the presence of microcracks and higher porosity for sphalerite particles, preferential 
comminution where induced microfissures follow grain boundaries causing higher reactivity of the 
product along the microcracks (Tavares, 2005; Celik, 2006; Ghorbani et al., 2011) and preconcentration 
for low-grade iron ore. The contributions of HPGR technology to enhanced copper column leaching 
include higher rock matrix fracturing and grain boundary liberation of sulphides (Ghorbani et al., 2013; 
Chapman, 2013).

Most of the studies have shown that the improvement in liberation with HPGR is due to the 
generation of microcracks or microfractures, but detailed quantitative information regarding the 
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mechanism, forms of the microcracks, and their influences on  
the degree of liberation and downstream processes have not  
been provided yet. Therefore, this study was conducted to 
investigate the characteristics and influences of microcracks 
generated in vanadium-titanium magnetite using a HPGR and 
jaw crusher (JC).

Materials and methodologies
Vanadium-titanium magnetite samples were collected from the 
Midi concentrator in China. The properties are listed in Table I. 
The main valuable minerals recovered by the concentrator include 
ferromagnetic titanium magnetite, weakly magnetic ilmenite, and 
pyrite. The gangue minerals are mainly titanaugite, feldspar, and 
chlorite. 

A laboratory HPGR was operated at a specific compressive 
force of 5.6 N/mm2 and roll speed of 0.19 m/s. The two counter-
rotating rolls are 250 mm in diameter and 100 mm in width, with 
a static gap operated at 4 mm. A laboratory JC with a feeding 
port 60 mm in width and 100 mm in length was used to produce 
a 3–8 mm crushed product. The vanadium-titanium magnetite 
samples were crushed by the HPGR and JC in closed circuit with a 
3.2 mm screen. The microcracks in the different size fractions of 
the crushed products were characterized using optical microscopy 
and scanning electron microscopy (SEM), and the specific surface 
area and pore volume were determined by the Brunauer, Emmett, 
and Teller (BET) method (Celik, 2006). The Bond ball mill work 
index test was performed on the –3.2 mm product, and the degree 
of liberation was studied by the mineral liberation analyser 
(MLA) (Chapman, 2013). An analysis of the grinding kinetics of 
the comminuted products was also conducted.

Results and discussion 

Influence of crushing process on the size distribution
The effect of the crushing method on the product size distribution 
is illustrated in Figure 1. For a given feed size distribution and 
in a closed circuit operation with 3.2 mm screen, the P80 of the 
HPGR products is 1.05 mm while that of the JC products is  
1.45 mm.  

HPGR products have a more uniform size distribution and 
contain a greater proportion of fine particles. Compared to a 
circulating load of 205.56% for the JC circuit, the HPGR has 
higher efficiency with a lower circulating load of 104.96% 
because of the confined-bed comminution between particles.

Microcracking of comminuted product
The heterogeneity and discontinuity (fissuring) are basic 
characteristics for any rock. Particle deformation and fracture are 
related not only to the heterogeneity but also to the existence of 
microcracks (Ghorbani et al., 2013).

Comminution by HPGR is a dynamic process which includes 
an extruding and compacting stage, confined-bed crushing stage, 
and clustering and expansion stage, corresponding respectively 
to deformation (Kick’s) theory, cracking and extension (Bond’s 

theory), and fracturing and formation of new surfaces (Rittinger’s 
theory). The latter two stages are essential for comminution 
efficiency and energy saving.

Microcracks in the confined-bed crushing process are first 
produced and extended in the concentration region of stress 
cracks and contact point between the surface of the particle and 
roll surface (Torres and Casali, 2009). With increasing bearing 
energy between particles, microcracks in the particles continue 
to grow, converge, and extend until the ore is comminuted. The 
main mode of breakage in jaw crushing is by impact. Different 
structural changes would be produced in ore particles as a result 
of different crushing processes, with different influences on the 
subsequent grinding and separation processes. Based on the 
mechanics of rock fracture, this study identified three modes of 
microcracking, namely stress cracking, intragranular cracking, 
and cleavage cracking.

Stress cracking
During the process of rock deformation, the mineral crystals with 
a large elastic modulus and hard texture bear a greater share of 
the load due to their ability to resist deformation, while the softer 
crystals have a weaker bearing capacity. Owing to uneven grain 
size or crystal defects, the softer crystals tend to be in the main 
stress transmission path. At certain stress levels, the bonding 
surface of the mineral crystals tends to cause stress concentration 
and thus crack formation. The stress crack is relatively smooth 
and narrow (Figure 2), and new fracture surface could be 
produced under the action of breaking load until the rock is 
broken by the extension, connection, and growth of microcracks. 
Stress cracking is the initial stage and the fundamental basis for 
rock fracture.  

   Table I 

  Properties of the material
  d50 (mm) d80 (mm) H2O (%) Mohs hardness ρbulk (g/cm3) Total Fe (%) TiO2 (%) SiO2 (%)

  9.0  15.5 3 4-7 2.56 31.29 11.28 23.64

Figure 1—Particle size distribution of vanadium-titanium magnetite crushed 
by different processes
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Intragranular cracking
As the external force and deformation continue to increase, new 
cracks propagate, especially in the direction of boundaries of 
individual mineral crystals or the weak structural surfaces due to 
the crystal defects (King, 1998). Intragranular cracking is one of 
the most important forms of microcracking in the HPGR products 
and is mainly produced in the same mineral grain (Figures 3  
and 4). 

Intragranular cracks in the HPGR products have greater 
width and depth, concentrated distribution, and also display 
the phenomenon of bifurcation. As shown in Figures 5 and 6, 
intragranular cracking were presented that the main elements at 
points ‘a’, ‘b’, and ‘c’ are Si, Mg, Ca, and O, indicating that phases 
‘a’, ‘b’, and ‘c’ consist of similar gangue material.

The intragranular cracks in the HPGR products would 
accelerate the comminution process of the vanadium-titanium 
magnetite ore and increase the content of fine particles in the 
crushed product, which would also improve the specific surface 
area and reduce the energy consumption in the subsequent 
grinding process. It is known that intragranular cracking does not 
influence liberation significantly (King, 1994). 

Cleavage cracking
Abundant cleavage cracking is the significant characteristic of 
confined-bed comminution in HPGR products. Cleavage cracks 
are generated between adjacent grains of different minerals 
when the grains of a particular mineral are comparatively loosely 
bonded in the ore matrix (Figure 7). The cleavage cracks in HPGR 
products also have greater width and depth. As shown in Figures 
8 and 9, the main elements at points ‘a’ and ‘b’ are Fe and Ti, 
indicating that phase ‘a’ and ‘b’ are similar mineral, but the main 
elements of ‘c’ are Si, Mg, Al, and O, indicating that phase ‘c’ is a 
different mineral. The existence of cleavage cracks could not only 

Figure 2—Optical microscopy image of –3.2+2.0 mm size fraction in JC 
product (40×)

Figure 3—Optical microscopy image of –3.2+2.0 mm size fraction in JC 
product (40×)

Figure 4—Optical microscopy image of –3.2+2.0mm size fraction in HPGR 
product (40×)

Figure 5—SEM image of an HPGR –0.074+0.045 mm fraction particle

Figure 6—EDS energy spectra of points a, b, and c in Figure 5
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facilitate the reduction of mineral particle size, but also accelerate 
the separation of different minerals and improve the degree of 
liberation during the grinding process (King, 1998; King, 1994), 
which is more favourable for the preconcentration of the low-
grade vanadium-titanium magnetite. 

Influence of crushing process on specific surface area 
and pore volume
The microcracks in the crushed product could be considered 
as pores. The extension and growth of cracks creates new 
surface area and thus increases the porosity. The specific 
surface area and pore volume for six size fractions of different 
crushed products were estimated using the low-temperature N2 

adsorption-desorption method (Han, 2012). Each test sample 
was 4 g.

Table II shows that the specific surface area and pore volume 
increase with decreasing product size for both HPGR and JC 
products. However, the HPGR products have higher specific 
surface area and pore volume than JC products because of the 
existence of abundant microcracks and a higher content of fine 
particles. It is worth noticing that the greatest difference in the 
specific areas is in the –3.0+2 mm size fraction, which indicates 
that the HPGR products have much rougher surfaces and more 
cracks than the JC products in the coarser size fractions. HPGR 
products have a higher porosity and can be ground more easily 
than JC products. 

Influence of crushing process on Bond ball mill work 
index
The presence of microcracks in the particles caused by the 
confined-bed comminution of HPGR could reduce the energy 
consumption in the downstream grinding process. This reduction 
was studied through the BWI method (Figure 10). 

For a closing screen size of 0.18 mm, the BWI of the HPGR 
products is 28.80% lower than that of the JC products. With a 
closing screen size of 0.045 mm, the difference in BWI is 7.81%. 
It follows from Figure 10 that the ratio of the Bond work indices 
obtained for jaw crushed and HPGR treated ore increases with an 
increase in the mesh size of the closing screen used in the Bond 
test. This observation implies that the number of microcracks per 
particle decreases with decreasing particle size.

Figure 7—Optical microscopy image of HPGR –3.2+2.0 mm size fraction 
product (40×) 

Figure 8—SEM image of an HPGR –2+1mm fraction particle 

Figure 9—EDS spectra patterns of points a, b, and c in Figure 8

   Table II

  Specific surface areas and pore volumes of different products
   Size fraction (mm)  BET specific surface (m2·g-1)   DFT pore volume (×10-3 cm3·g-1) 
 SSJC SSHPGR SSHPGR/SSJC PVJC PVHPGR PVHPGR/PVJC

   –3.0+2.0 0.109 0.494 4.53 0.6411 0.9002 1.4
   –2.0+1.0 0.14 0.612 4.37 1.0942 1.1250 1.03
   –1.0+0.45 0.283 0.849 3.00 1.0721 1.3210 1.23
   –0.45+0.18 0.314 1.085 3.46 1.1934 1.5620 1.31
   –0.18+0.074 0.606 1.373 2.27 1.2211 2.0170 1.65
   –0.074 0.737 2.985 4.05 3.9005 5.3800 1.38
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Influence of crushing process on liberation at different 
grinding fineness
The –3.2 mm vanadium-titanium magnetite crushed by different 
processes was ground to –0.074 mm (undersize respectively 
accounting for 35%, 55%, and 75%) to test the liberation degree 
of titanium magnetite by MLA. ’Liberation degree’ refers to the 
percentage of the individual mineral occurring as free particles 
in the ore in relation to the total content. Statistics and analyses 
of more than 5000 particles were obtained for each 10 g test 
sample. The test results are presented in Table III. Individual 
minerals are mainly include titanium magnetite, ilmenite, pyrite, 
and titanaugite. Gangue minerals are mainly titanaugite, feldspar, 
and chlorite. 

It can be seen from the results that the liberation degree of 
HPGR products was higher than that of JC products at a similar 
grinding fineness. But as the grinding fineness increases, the 
increasing degree of liberation is gradually reduced. This also 
suggests that the influence of microcracks produced by HPGR on 
grinding will gradually decrease with an increase of the grinding 
fineness. 

Grinding kinetics analysis of different crushing products
In order to further investigate the influence of the microcracks 
generated during comminution on the grinding process, 
grindability tests were carried out on the –3.2 mm and 
–3.2+0.074 mm size fractions from the different crushed products 
(Figure 11). The analysis of the grinding kinetics (Lim, 1996) 
was conducted using Equation [1]:

[1]

where R is the percentage of designated coarse fractions in the 
material after grinding for time t (minutes), R0 is the percentage 
of designated coarse fractions in the original material, k is a 
parameter relating to grinding conditions, and n is a parameter 
relating to material properties. The greater the value of n, the 
faster the rate of generation of the designated fine fraction. 
Taking the natural logarithm of Equation [1] twice, we obtain 
Equation [2]. The fitting analyses of the grinding kinetic equation 
according to the grindability test are shown in Table IV.

[2]

The results showed that the rate of generation of –0.074 mm 
in ball milling of HPGR products was higher than that of JC 

Figure 10—Test results of Bond ball mill work index

   Table III

  Liberation degree of vanadium-titanium magnetite in different size fractions
   %  Grinding Individual   Interlocking mineral (%) 
   <0.074 mm process minerals (%) Combined with pyrite Combined with ilmenite Combined with gangue minerals

   35 Jaw crusher] ball mill 83.02 0.73 3.02 13.23 
 HPGR-ball mill 84.94 0.53 2.53 12.01
   55 Jaw crusherball mill 88.56 0.60 1.99 8.85 
 HPGR-ball mill 90.72 0.70 1.86 6.73
   75 Jaw crusher ball mill 89.98 0.45 1.98 7.60 
 HPGR-ball mill 91.25 0.60 1.63 6.52

Figure 11—Grindability test results for different crushing products

   Table IV

  Fitting analysis of the grinding kinetisc 
   Feed size fraction (mm) Process n k R2

   –3.2 Jaw crusher 1.410 0.033 0.994
  HPGR 1.478 0.035 0.992
   –3.2+0.074 Jaw crusher 2.030 0.004 0.996
  HPGR 2.066 0.006 0.998
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products. The generation rate of -3.2+0.074 mm product in ball 
milling was much higher than that of –3.2 mm product, which 
once again confirmed that the presence of abundant microcracks 
in particles could effectively reduce the energy consumption 
in the grinding process. However, the energy saving gradually 
reduces with increasing fineness. The microcracks produced 
by HPGR are more favourable to energy saving during primary 
grinding of vanadium-titanium magnetite.

Influence of crushing process on separation of vanadi-
um-titanium magnetite
In the conventional separation process for vanadium-titanium 
magnetite, titanium magnetite concentrate (containing vanadium 
minerals) with an Fe grade of 55.05% is obtained by stage 
grinding to 65% passing 0.074 mm  and low-intensity magnetic 
separation. Pyrite by-product and ilmenite are recovered from the 
tailings after classification and regrinding to 80% passing  
0.074 mm. Although the TiO2 grade of the ilmenite concentrate 
reaches 47.85%, the complex separation process results in losses 
of ilmenite in the microfine fraction (–19 μm) during the three-
stage grinding.

Parallel separation of titanium magnetite and ilmenite could 
be realized by low-intensity magnetic separation because of the 
higher content of fine particles and higher degree of liberation 
in HPGR products. A strongly magnetic titanium magnetite 
concentrate with a Fe grade of 54.95% could be obtained with 
only single-stage grinding (45% passing 0.18 mm) and similar 
magnetic separation conditions. The weakly magnetic product 
was reground to 80% passing 0.074 mm and then floated to 
recover pyrite and ilmenite. The generation of microfine ilmenite 
was reduced due to changes in the grinding process, which made 
the particle size distribution of ilmenite more uniform and more 
amenable to the narrow-scale flotation of ilmenite. The TiO2 
grade of the final ilmenite concentrate was 47.78%, and the TiO2 
recovery increased by 2.66%. The influence of HPGR crushing on 
the separation of vanadium-titanium magnetite will be described 
in subsequent papers.

Summary and conclusions
Different tests were performed to evaluate the effect of the 
comminution process on forms of microcracking in crushed 
products. HPGR products contain a greater fraction of fine 
particles than JC products. Stress cracks, intragranular cracks, and 
cleavage cracks were found in the vanadium-titanium magnetite. 
The last two types of microscrack increased significantly in HPGR 
products due to the compression of the confined-bed particles.

Stress cracking is the initial stage and the fundamental basis 
for rock fracture. The presence of intragranular cracks could 
accelerate the comminution process and increase the content 
of fine particles in the crushed product. Cleavage cracks could 
improve the degree of liberation during the grinding process, 
which is more favourable for the preconcentration of the low-
grade vanadium-titanium magnetite. Microcracks could also 
improve the specific surface area and pore volume of the HPGR 
products. The microcracks produced by an HPGR are also more 
favourable for energy saving in primary grinding, although the 
energy saving gradually decreases with increasing fineness of 
grinding.

The grinding and separation process for vanadium-titanium 
magnetite was changed because of the abundant microcracks and 
increase content of fine particles in HPGR products. A satisfactory 

titanium magnetite concentrate could be obtained through only 
single-stage grinding, and the TiO2 recovery in ilmenite was also 
improved.

Acknowledgements
The Mineral Processing Research Group in the School of 
Resources and Civil Engineering at the Northeastern University 
of China is acknowledged for its collaboration in conducting this 
work.

References
Abdel-Zaher, A. and Fuerstenau, D.W. 2009. Grinding of mineral mixtures in high-

pressure grinding rolls. International Journal of Mineral Processing, vol. 93,  

no. 1. pp. 59–65.

ayDogan, n.a , ergün, L.,  and BenZer, H. 2006. High pressure grinding rolls (HPGR) 

applications in the cement industry. Minerals Engineering, vol. 19, no. 2,  

pp. 130–139.

ceLik, i.B. and oner, m. 2006. The influence of grinding mechanism on the liberation 

characteristics of clinker minerals. Cement and Concrete Research, vol. 36,  

no. 3. pp. 422–427.

cHaPman, n.a., sHackLeton, n.J., maLysiak, V., and o’connor, c.t. 2013. Comparative 

study of the use of HPGR and conventional wet and dry grinding methods on 

the flotation of base metal sulphides and PGMs. Journal of the Southern African 

Institute of Mining and Metallurgy, vol. 113. pp. 407–413.

gHorBani, y., Becker, m, Peterson, J., morar, s.H., and maiaZn, a. 2011. Use of 

X-ray computed tomography to investigate crack distribution and mineral 

dissemination in sphalerite ore particles. Minerals Engineering, vol. 24, no. 12. 

pp. 1249–1257.

gHorBani, y., mainZa, a.n., Petersen, J., Becker, m., and kaLaLa, J.t. 2013. 

Investigation of particles with high crack density produced by HPGR and its 

effect on the redistribution of the particle size fraction in heaps. Minerals 

Engineering, vol. 43-44. pp. 44–51.

Han, y., Liu, L., yuan, Z., Wang, Z., and ZHang, P. 2012. Comparison of low grade 

hematite product characteristics in a high pressure grinding roller and jaw 

crusher. Minerals and Metallurgical Processing, vol. 29, no. 2. pp. 75–80.

king, r.P. 1994. Linear stochastic models for liberation. Powder Technology, vol. 81. 

pp. 217–234.

king, r.P. and scHneiDer, c.L. 1998. Mineral liberation and the batch comminution 

equation. Minerals Engineering, vol. 11, no. 12. pp. 1143–1160

Lim, i.L., Voigt, W., and WeLLer, kr. 1996. Product size distribution and energy 

expenditure in grinding minerals and ores in high pressure rolls. International 

Journal of Mineral Processing, vol. 44-45(s), no. 3. pp. 539–559.

scHÖenert, k. 1998. A first survey of grinding with high-compression roller mills. 

International Journal of Mineral Processing, vol. 22, no.1. pp. 401–412.

taVares, L.m. 2005. Particle weakening in high-pressure roll grinding. Minerals 

Engineering, vol. 18, no. 7. pp. 654–657.

torres, m. and casaLi, a. 2009. A novel approach for the modelling of high-pressure 

grinding rolls. Minerals Engineering, vol. 22, no.13. pp. 1137–1146.    u



The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 119 OCTOBER 2019 817 ◀

The impact of forensic laser scanning 
technology on incident investigations in 
the mining industry
R. Webber-Youngman1, H. Grobler2, T. Gazi1, F. Stroh3, and  
A. van der Vyver4

Synopsis
Risk assessments have been conducted in the South African mining industry over the past 20 years, 
but still we do not always correctly identify the root cause of an incident. An incident investigation is 
not only about identification of the hazards, but also about understanding the way hazards materialize 
and what the release mechanisms are. Fundamentally, risk is about uncertainty and for this reason 
incident investigations remain a very subjective practice. In addition, the low level of detail obtained 
by conventional surveying is not appropriate in the changing world of technology and data availability. 
However, a significant improvement in risk management has been shown where mines have adopted 
the principle of multilateral hazard identification through the inclusion of laser scanning, along with 
multiple control regimes to avoid repeats of incidents. This article provides an outline and description 
of the mines’ accident investigation process from the time an incident occurs to the point when the 
investigation is closed out. It also examines how laser scanning can be used to add significant value in 
terms of identifying the real or root cause of an incident and in this way allow real working solutions 
to be formulated to avoid incident repeats. What has been learned from laser scans of a number of 
incidents is discussed. The article highlights the requirements for forensic surveying specifically in an 
underground environment and alerts the reader to pitfalls and potential flaws that can be introduced 
into a forensic survey if correct attention is not given to fundamental surveying principles. 

Keywords
laser scanning, virtual reality, incident investigation, forensic surveying, interactive safety training, risk 
management.

Background
In the South African mining industry, great emphasis is placed on creating a safe, healthy, and 
productive working environment. Fatalities have a major impact on the perception of mining as a 
career and are detrimental to the image of the industry as a good and safe working environment. All 
mining companies have embarked on focused risk management programmes. The occurrence of serious 
incidents and related fatalities is, however, still unacceptably high, and more emphasis should be placed 
on strategies in order to be able to achieve the ‘zero harm’ goal adopted by all South African mines. 
History has proved that fatalities are ‘cyclical’ in nature. Bad periods are often followed by good periods 
due to the subsequent intense attention to improving adherence to standards. However, the aim is to 
minimize these cycles and pursue a real drive towards zero harm. Here, the use of laser technology in 
incident investigations can play a significant role. 

Good risk management practice and mine health and safety legislation place an obligation on 
mine operators to investigate injury incidents with a view to learning from control failures and 
continuously improving conditions at mine sites. Different companies have developed in-house policies 
and procedures to provide guidance to their personnel on what to do when an incident occurs in the 
workplace, and how to handle the site, the investigation, and its outcomes. In general, the aim of the 
procedures is to ensure compliance with the law, communicate incidents, and align with the principles of 
consistency and transparency on a risk-related basis.

Forensic surveying of mine incidents has always been the responsibility of the mine surveyor. 
Such forensic surveying is still a combination of traditional traversing methods and tape surveying. 
Traditional surveying methods, photographs, videos, incident reconstruction simulations, and 
advanced scanning are used to document and reconstruct an incident, detailing risk in real time and 
simplifying the process of risk analysis. The outcome of the latter provides risk levels dependent on the 
effectiveness of critical controls captured in real time. However, the traditional surveying methods often 
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cannot do justice to the full 3D domain in which the incident 
took place, and furthermore they expose the survey crew to the 
high-risk environment that contributed to the incident in the first 
place. Through the years many incidents have occurred where 
the outcome was, for example, assigned to failure to recognize 
the hazard, inappropriate behaviour, risk management systems 
that failed, and many more. Over the past 20 years we have been 
doing risk assessments in the South African mining industry, 
and still we do not always correctly identify the root cause of 
an incident. The low level of detail obtained by conventional 
surveying is no longer appropriate in the changing world of 
technology and data availability. 

Laser scanning for forensic analysis of road accidents and 
crime scenes has been developed to such an extent that evidence 
obtained through this method is expected and required for 
any formal investigation process. In the mining industry, laser 
scanning has at last been adopted for day-to-day activities, and 
new applications for scanning data are developed on an almost 
daily basis. A significant improvement in risk management 
has been shown where mines have adopted the principle of 
multilateral hazard identification through the inclusion of laser 
scanning, along with multiple control regimes, to avoid repeats 
of incidents. Laser scanning provides an accurate, unambiguous 
picture of a defined area of the mine. Aftermath scenarios 
set forth in a ‘bow tie analysis’ support the fact that the laser 
scanning process will serve as a silent visual witness to any 
near-miss event, deteriorating condition, or lack of critical control 
systems. Persons involved in control analysis are more alert 
to observing control breakdown mechanisms. Real-time laser 
scanning will further enhance the decision-making process, 
resulting in a more robust and well-defined judgement relating to 
the incident. 

Accident/incident classifications
Incidents are classified as either reportable or non-reportable, 
and can be further defined as minor or major incidents. 
These classifications are important in the sense that resource 
mobilization to handle any incident depends on how it is 
classified. This varied treatment of incidents, depending on 
whether they are minor or major, reportable or non-reportable, is 
pervasive throughout all the reviewed mine procedures.

A major incident is a significant event which demands a 
response beyond the routine. Significance is determined by the 
severity of the incident, the potential degree of public concern, 
and the nature and extent of previous such incidents. Any 
incident that has led to the death of an employee or a contractor’s 
employee, or that has caused a serious threat to the health of any 
employee which could result in death, will fall into this category. 
This definition is an indication of why the incidents are treated 
differently.

Objectives relating to incident investigations
The collection of accurate information about what occurred, 
when, and where, is essential to ensure a comprehensive and 
reliable analysis of a major incident or, for that matter, any 
reportable incident. In the context of incident investigations, 
there are several specific rules to be followed in the collection of 
evidence and information about the incident. They are as follows: 

 ➤  Act timeously. Information decays rapidly with time and 
needs to be preserved before people forget what happened. 

 ➤   Preserve evidence; do not change or tamper with any 
evidence. Photographic records are an essential aid to 
record all aspects of the scene and the surroundings. 

 ➤  Be factual and avoid all conjecture, particularly about the 
sequence of events that led to the incident. There can be 

Figure 1—Flow diagram of the incident investigation process
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a great temptation to make the evidence fit a pattern or a 
preconceived situation or cause. 

The accident/incident investigation process flow
Subsequent to a careful review of the accident investigation 
procedures from the platinum and gold mining industries, one 
can say that the activities shown in Figure 1 invariably define the 
basic process of an incident investigation that is followed until 
the corrective action(s) have been implemented.

The processes indicated in Figure 1 can be elaborated as 
follows (in this case the example relates to an underground 
incident):

A.  Incident—An injury or damage to property occurs. 
B.   Attend to the injured—Assuming that employee is injured, 

first aid may have to be administered and the injured may 
have to be removed from danger. Identify witnesses to the 
incident.

C.   Report the incident—The supervisor has to report the incident 
to the banksman, who will inform management and arrange 
for the injured person to be transported to surface in the case 
of an underground working. A report must be made to the 
Department of Mineral Resources (DMR) if it is a reportable 
incident.

D.   Secure the site—The site of the incident must not be 
disturbed, as per regulations, unless it is necessary to secure 
the site to avoid further injuries. This disturbance of the 
site must be authorized by the manager of the site with the 
agreement of the mine inspectorate.

E.   In-loco inspection—The site must be inspected soon after 
the incident. Line supervision will be present, together 
with employee representatives and the safety officer of the 
workplace. The injured employee may nominate a fellow 
employee to represent them at the in-loco inspection. This 
is a crucial time when evidence is collected. The following 
evidence is normally collected:

     •  Process evidence
    •  People evidence (witness statements)
    •  Paper evidence
    •  Equipment evidence
    •  Photographic evidence. 

 Photographs and measurements should be taken showing 
the distance between the location of the incident and all 
surrounding items, equipment structures, activities, and 
people. These measurements should be superimposed on 
copies of the photographs or on drawings. Other lengths, 
widths, and dimensions may also be taken. The reason why 
the in-loco part of the process is highlighted in Figure 1 is to 
emphasize the importance of this part of the process in terms 
of finding the root cause of the incident.

F.   Preliminary investigation—This is conducted by the line 
manager of the workplace concerned. The report should be 
submitted to the safety department within the stipulated 
timeframe of a week or so.

G.   Full investigation—This is conducted by experts appointed by 
the safety department together with the executive responsible 
for the area where the accident occurred. The investigation 
should be finalized within a week or so.

H.   Root cause analysis—Any of the techniques, for example the 
‘5 Why Analysis’ or ‘Fault Tree Analysis’, may be applied to 
get to the real causes of the incident. It is at this stage that the 

photographic images taken of the site with marked locations 
of witnesses become important. A comment on root cause 
techniques is that one should use what is appropriate for the 
type of incident being investigated and should document the 
root causes and their controls.

I.   Presentation to management and lessons learnt—The 
findings must be discussed with management and control 
improvements or new controls recommended to avoid the 
re-occurrence of a similar incident. Through newsflash or 
other means, what has been learnt from the incident must be 
distributed to all relevant employees. Lesson learned could also 
be incorporated into work procedures, training manuals, and 
the induction of new employees.

J.    Follow-up on corrective actions—The safety officer of the area 
must then follow-up on the corrective actions to determine 
whether they have been adequately implemented before 
closeout of the investigation.

K.   Investigation closeout—Once all the corrective actions have 
been implemented and this has been confirmed through 
inspection by the safety officer, the investigation may be 
marked as completed.

Legislative requirements pertaining to incident investiga-
tions
In terms of legislation, there are several requirements that need to 
be complied with, but it is not the intention to repeat them here; it 
is assumed that all legislative requirements are met. The purpose 
of this article is to expand on the significance of scanning in 
supplementing adherence to the legislative requirements. It must, 
however, be stated that the following dangerous occurrences/
incidents and related consequences must be investigated and 
reported to the Principal Inspector of Mines:

 ➤  Rockbursts and falls of ground
 ➤  Caving
 ➤  Flow of broken rock
 ➤  Breakdown of main ventilation fan
 ➤  Power failures
 ➤  Fires and explosions
 ➤  Flammable gas exceeding standard
 ➤  Winding plant incidents 
 ➤  Lift and elevator incidents
 ➤  Objects falling down shafts
 ➤  Emergency or rescue procedures
 ➤  Self-propelled mobile machinery incidents
 ➤  Boiler and pressure vessel incidents
 ➤  Chairlift incidents
 ➤  Explosives incidents.

Although mines have fairly well-developed procedures to 
guide personnel in case of an accident, the procedures reviewed 
above do not go into detail about the collection of evidence, 
other than mentioning it. The involvement of mine surveyors is 
required in all incident investigations so as to take measurements 
and identify locations accurately. Leaving aside all the current 
requirements, the main aim of this article is therefore to expand 
on laser scanning and the potentially significant contribution that 
it can make to the incident investigation process. 

Challenges associated with measuring during in-loco 
incident investigations
When conventional measuring techniques are used, what 
needs to be measured at the scene of the incident is often left 
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to the interpretation of the scene investigator (normally the 
Inspector of Mines). The findings are then turned over to the 
mine surveyor who must interpret the required perspective views 
when measuring the scene. This method leaves itself open to 
mistakes, as critical information pertaining to the incident may be 
overlooked or missed. 

In the subsequent investigations, the mine surveyor may 
then be required to explain why a specific feature critical to the 
investigation was not measured and provide an explanation as to 
why it was indicated in a specific manner on the plan, section, or 
perspective drawing of the incident. All measurements, however 
professionally executed, are dependent on the objectivity and, 
to a large extent, the experience of the mine surveyor. The 
frustration of all incident investigation surveyors is well summed 
up in the following statement: ‘... we first interpreted what we 
wanted to measure, and that interpretation was often challenged. 
Then we were challenged on how we measured it. And then 
we got challenged on how we took the measurements for our 
demonstrative data’ (Reuschling, 2014).

Infrastructure scanning is a tool to be used in mitigating 
risk and preventing loss of life. With an incident investigation, 
the person normally involved and asked about the accessibility 
and layout of an area is the person who works in that area. 
However, if that person is not available, critical information can 
be lost or neglected. In the case where this person is involved 
in the incident scene or is one of the victims, the problem 
is further compounded. According to De Leeuw and Hahnel 
(2015) ‘Interactive software gives users the ability not only to 
explore the scene, but also to pan, zoom, measure, mark-up 
and hyperlink data’. This helps to avoid personal mistakes and/
or misinterpretations by specific individuals involved in the 
investigation. 

Conventional forensic measuring process
In its most basic state, the process of measuring at a lost-time or 
fatal incident is initiated as soon as the initial recovery process 
begins. In instances where the victim can be recovered safely 
without the assistance of a rescue team, the mine surveyor will 
become involved only at a later stage. Where a rescue or recovery 
process must be initiated by a mine’s rescue service unit, the 
mine surveyor will provide rescue plans and detailed plans for 
the area. In the event of a major incident and recovery operation, 
the Inspector of Mines (IOM) is notified. At the earliest possible 
time, an in-loco inspection of the undisturbed incident scene is 
arranged.

During this in-loco inspection, the Inspector of Mines, the 
mine manager, production members, union representatives, 
and the mine surveyor visit the scene. After the initial in-loco 
interviews, the Inspector then requests the surveyor to ‘pick 
up’ specific features, including the position of the victim(s) and 
important features, and indicate specific section views. This is 
then left to the mine surveyor to execute. Measurements can 
take hours, depending on the level of detail required and the 
complexity of the incident. Once these have been completed, 
the mine surveyor presents an incident plan, which consists of 
a title block, a plan view, and one or more section views. This 
is normally labelled ‘Exhibit B’ for the official investigation. In 
relation to incident measurements that have been done in 2D in 
the past, the following shortfalls have been identified:
 ➤  The mine surveyor is exposed, with the crew, to the same 

factors that led to the original incident, while secondary 
failures may occur (Borman, 2006)

 ➤  Time-critical tacheometry, supplemented by tape surveys 
and photographs, takes time

 ➤  There is personal perspective and interpretation
 ➤  Information can be manipulated
 ➤  Incorrect bookings and observations will cause major errors 

in interpretation
 ➤  Section drawings are limited and do not provide sufficient 

detail of the scene
 ➤  Critical information can be missed
 ➤  The sensitive nature of some issues, such as tribal 

traditions that require a ceremony to be completed wherein 
the ‘victim’s soul is recovered and taken home’, can lead to 
time being lost with regard to completing the investigation. 

From the above, it is obvious that accuracy and attention to 
detail are critical when recording specifics relating to the incident. 
It is also clear that because of the dependence on human input 
and influence, experience, and a critical eye are needed in all 
aspects. This is where failure sometimes occurs and where laser 
scanning can play a significant role in future. 

How does laser technology work?
Light detection and ranging (LIDAR) or ‘laser scanning’ uses 
a narrow laser beam to map physical features to a high degree 
of accuracy. Laser scanners are used to rapidly measure a high 
density of distances to objects. During the laser measurement, 
the horizontal and vertical angles are reduced with the range 
measurement to generate a point. Additional information 
concerning the point – reflectivity, high-definition (HD) colour, 
and in some cases thermal information – is simultaneously 
encoded into each point. 

The resultant collection of points, each of which has a unique 
x, y, and z coordinate relative to the laser scanner, is referred 
to as a ‘point cloud’. The strength of the return beam reflected 
from an object will depend on the surface texture and reflectivity 
of the object. The reflection coefficient of the laser beam can be 
analysed for multispectral-like characteristics of the object not 
observable by the naked eye. Some instruments are able to make 
more than a million observations per second, depending on the 
recommended range, accuracy, and computational power of the 
instrument. The accuracy of laser scanners is, in most cases, 
within 1 mm at close range, although this is dependent on the 
measurement type and range of the specific instrument (Colombo 
and Marana, 2010). The accuracy of laser scanning can be 
influenced by wet surfaces and highly absorbent features such as 
coal seams. 

The main advantage of an accurate point cloud is that 
distances can be measured between any of the objects (points) 
scanned (x, y, and z coordinates are recorded with the scan). 
Several other advantages of laser scanning have been identified 
as follows:

 ➤  Laser scanning on its own does not require illumination 
to take measurements and can therefore be used in poor 
lighting conditions. 

 ➤  Laser scanning measurement does not require physical 
contact with the objects surveyed, and the scanning of an 
object will not affect the stability or integrity of an object. 

 ➤  With laser scanning, ‘noise’, such as dust, moving vehicles 
or people. and vegetation, can be removed from the point 
cloud. In a complex multilevel and poorly illuminated 
environment, this capability provides a powerful tool for 
planning and monitoring purposes. 



The impact of forensic laser scanning technology on incident investigations in the mining industry

821 ◀The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 119 OCTOBER 2019

 ➤  A laser scanner can also be mounted on an aircraft 
(airborne), on a drone or on a vehicle (mobile), in a 
backpack, or used as a conventional survey instrument on 
a tripod, when this is also referred to as terrestrial laser 
scanning.

Current developments in laser scanning technology
Applications of laser scanning are in an advanced stage and in 
a constant state of innovation. The combination of traditional 
photogrammetry and laser scanning has enabled a number of 
new applications. Simultaneous localization and mapping (SLAM) 
algorithms allow one to keep track of observers’ or agents’ 
locations in an unknown area while constructing and updating a 
map of that area (Kleiner and Dornhege, 2016). A combination of 
laser imagery and indoor beacons and a geographic information 
system (GIS) is now enabling real-time indoor navigation. 
This technology has been introduced at Schiphol Airport in the 
Netherlands, and allows passengers to use a simple app on their 
phones to navigate in the airport (Smolders and Görtz, 2016). 
This application makes building information management (BIM) 
and true indoor navigation possible.

The widespread reduction in hardware and battery size is 
allowing the development of laser scanners that can be mounted 
on remotely piloted aerial system (RPAS) platforms; a number of 
these RPAS systems have become available in the past year. A 
hybrid of standard total station and laser scanning provides an 
accurate, spatially referenced platform for scanning objects and 
transitioning to staking and positioning of points relative to the 
point cloud. With this hybrid instrument, objects or structures 
that have been identified in the point cloud can be marked out 
and located. Figure 2 shows an example of a point cloud of a 
sidewall of a tunnel underground, with its related geological 
features drawn in afterwards. This was possible as a result of the 
detail provided by the point cloud. 

The evolution of laser scanning technology is currently taking 
place in the field of ‘wearable scanners’. A handheld scanning 
system has been available for some years and used with varying 
degrees of success. In areas where a GPS (or GNSS) signal is 
not available, LIDAR imagery is ‘cut up’ into segments and 
compared with match overlaps in order to build an image. In 
areas where there are only small changes in the dimensions of 
the environment in which the observer moves (such as a long, 
straight concrete passage), the accuracy of the final image may be 
adversely affected. 

A laser scanner in a backpack allows the observer to walk 
through an area unhindered while at the same time logging 
accurate data in a fully 3D environment. Wearable technology 
will have applications in industrial emergency response training, 
documentation of routes, natural disaster response, and terrain 
assessment. Currently, one new backpack innovation combines 
five cameras with a LIDAR profiler, and provides an accuracy of 3 
cm in a 3D image (Woods, 2016).

Laser scanners with reflective index images, colour point 
clouds and animation
Most modern 3D laser scanners are equipped with HD cameras 
that take a panoramic 360° image at each set-up. The colour 
pixels of the panoramic image can then be assigned to the 
correlated points in the point cloud to produce a true-to-life 
3D colour point cloud. High dynamic range imaging (HDRi) 
is commonly known as ‘bracketing’ in single lens reflex 
(SLR) cameras. LED lighting built into the latest scanners has 
revolutionized the technology by enabling one to take images 
in dark spaces. Before the introduction of this latest camera 
technology into scanners, reflective index images were preferred 
due to over- and underexposed images. Figure 3 shows a crosscut 
and haulage apex image in which this new-technology scanner 
was used.

Other laser scanning technologies – thermal imaging
For now, this camera technology is not built into scanners 
but added on top of the scanner, and allows for an additional 
spectrum in imaging that can be mapped onto the point cloud. 
This technology has created renewed interest in the forensic 
community with its ability to record data beyond the visible 
spectrum, with specific reference to heat sensing. Figure 4 shows 
a scanned image of heat signatures relating to a staged incident. 
Figure 5 shows an example of a thermal scan indicating hot and 
cold areas in pipes. 

Handheld 3D scanner
Although this 3D scanner is not strictly speaking a laser scanner, 
but commonly known as a structured light scanner (SLS), it 
operates in the infrared spectrum in combination with a stereo 
camera. Its appeal is in its simplicity of operation and its cost. 
The value as an additional tool in the forensic box lies in how 

Figure 2—A point cloud of the sidewall of a tunnel (grey scale)
Figure 3—A colour point cloud of a crosscut and haulage intersection (high 
dynamic range imaging)
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it is now utilized as an infill in conjunction with the real-time 
scanners. An example is shown in Figure 6.

Real-time scanning (RTS)
Laser scanning for forensic analysis of road accidents and crime 
scenes has been developed for use in cases where such evidence 
is expected and required for any formal investigation process. In 
the mining industry, laser scanning has now been adopted for 
day-to-day activities in many mines, and new applications for 
scanning data are developed on an almost daily basis.

Until very recently, scanning was performed through post-
processing. This means that the results from scans were only 
combined and visualized in the survey office. Often, critical areas 
of the scene were not covered, only to be discovered later when 
it was not possible to return to the scene. With the addition of 
tracking sensors onboard the scanner, coupled with Wi-Fi and 
a handheld computer (such as an Android Tablet), RTS is now 
possible. As the operator moves from set-up to set-up, the data is 
fed via Wi-Fi to the tablet where set-ups are registered together 
and displayed in real time.

Laser scanning techniques are therefore able to reduce the 
time during which the survey crew is exposed, while being able 
to take a complete 3D snapshot of the incident scene in a low-
visibility environment. The data-set produced by a laser scan can 
be used to develop various points of view of the incident, and 
allows the data to be visualized in its original context. 

Other advantages of laser scanning
Mine surveyors, as mentioned before, are tasked with the 
mapping and recording of all significant injury and fatal 
injury scenes in the mining industry. Laser scanning is being 
increasingly used in this application as the laser spectrum can 
sometimes identify causes that cannot be seen with the naked 
eye. The application of post-incident scanning and scanning for 
structure monitoring for the prevention of future incidents is well 
established. 

This technology can, however, also be applied to provide 
first-responders with a valuable tool for understanding the 
environment in which a rescue operation must be performed. 
The advantage of a scanning device on a mobile platform is 
that an incident scene can be surveyed and mapped in a short 
time by the initial response team. Such a preliminary map of 
the incident can assist rescue personnel in forming a better 
impression of the incident scene and surroundings. In a complex 
rescue scenario, a 3D image could provide response teams with 
a better understanding of the positions of victims and the safety 
conditions on site before actual rescue operations start. Such 
information can be used to plan access routes, identify areas to 
be avoided and, with subsequent scans, may be able to monitor 
structure movement.

Laser scanning incident case study
An employee was killed by a rockfall-related incident in a 
development end in a mine in South Africa. At the scene of the 
incident, the origin of the rock that caused the incident could not 
be identified. Laser scanning was used to scan the whole area 
of the incident within approximately 40 minutes. The incident 
scene was recorded through four set-ups that covered the full 
scene of the incident, including an area towards the waiting place 
of the development end. Through an analysis of the scan data, 
the origin of the rock and the reason for the fatality were clearly 
established, demonstrating the importance of laser scanning in 
clearly recording all related information pertaining to the incident. 
Other knowledge gained from this and other incidents can be 
summarized as follows (Reuschling, 2014):

 ➤  Scanning equipment allows remote access to unsafe areas.
 ➤  Scanning is fast and enables the scene to be cleared faster.

Figure 6—Handheld 3D scanner

Figure 5—Thermal images of hot and cold pipes

Figure 4—Thermal image of a staged incident scene, displaying heat signa-
tures
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 ➤  The scanners capture all detail, reducing queries and 
capturing information that may only later prove its 
importance. This is because the point cloud captures 
everything and from all perspectives.

 ➤  Scanning provides accurate, unbiased data relating to 
everything on scene at that specific time.

Further advantages are as follows:

 ➤  The surveyor can now produce the facts exactly as they are 
for interpretation by the investigation team.

 ➤  As the scans are displayed in 3D, they can be rotated and 
viewed from any angle so as to simplify understanding of 
the activities associated with the incident.

 ➤  The scans allow all the members of the investigation team 
to have the same understanding of the environment in 
which the incident took place. 

 ➤  The scans facilitate a potential reconstruction of the 
incident environment using real data as obtained from the 
scanner as opposed to assumed correct data from other 
measuring and position specifics.

 ➤  Where needed, these 3D images of the incident can be used 
to enhance understanding of the incident by the inclusion 
of simulations within the 3D space.

Risk management practices and laser scanning
Accident theories have evolved over the years, but their driving 
force can still be summed up in the words of E.I. Du Pont (1772–
1834): ‘We must seek to understand the hazards we live with.’
Heinrich (1931) documented the first scientific method of 
injury prevention and the effects of accidental injury causation. 
Unfortunately, this was based purely on insurance claims, and for 
that reason his method of data gathering also initiated the theory 
that the characteristics of individuals and their behaviour are the 
root cause of most accidents. 

In 1961, during the same period in which most of the risk 
analysis techniques were developed, Gibson postulated that 
‘man and machine and/or energy’ co-exist and do not act 
independently, reasoning that specific engineering design barriers 
may alleviate cognitive human weakness and overcome the 
problems of the Heinrich model (Gibson, 1961).

Viner (1991) developed the energy damage model and 
advocated this problematic engineering approach since it places 
the focus on the pre-event energy-control stage, before the loss 
of control causes the harmful energy to be transferred to a person 
or asset. The chief objective would be to eliminate or reduce 
the latent conditions of the unsafe person while he or she is 
operating in an unsafe place. James Reason (1997) documented a 
non-scientific approach, referred to as the ‘Swiss cheese’ method, 
which identifies human error, but more as a consequence than a 
cause. 

The history of accident models from the 1900s to date can be 
traced through three distinct phases.

 ➤  Simple linear models reflecting single root causes that 
interact sequentially (storyline principles), creating the 
expectation that accidents can be prevented by the removal 
of any of these causes, thus breaking the line of events.

 ➤  Complex linear models suggesting multiple and latent 
causes. During this phase the assumption was that the 
root causes that are the furthest away (organizational) 
contribute less than the root causes of human behaviour 
that are directly or indirectly the closest to the accident on 
the linear line. 

 ➤  Complex nonlinear models involving a combination of 
mutually interacting variables occurring in the ‘real work 
environment’. This New Age thinking advocates that 
only when these variables are identified, analysed, and 
understood can effective barriers be designed (Hollnagel, 
2010).

When we put all of the above theories and models together, 
we have holistically created mass confusion. At best, Hollnagel 
created a new way of thinking that allows a constructive 
approach to proactive event investigations and reactive accident 
investigations. This opens a new window with multiple drop-
down menus (to borrow some terms from computers) for more 
detailed investigation, in other words, a full life-cycle, stated as 
follows: 

 ➤  Pre-condition analysis
 ➤  Release mechanism analysis 
 ➤  Pre-event analysis
 ➤  Event analysis (Bow Tie analysis of the top event)
 ➤  Outcome analysis (accident investigation)
 ➤  Consequence analysis. 

Therefore, the important question to ask is: How can this be 
presented in an acceptable visual format? Over the last 10 years 
or so, more than 400 Bow Tie analyses have been done from 
which it was concluded that the majority of ‘scenario events’ 
were a direct result of poor design. This conclusion leads to three 
basic questions (in the context of the new way of thinking).

 ➤  What is (are) the real reason(s) preventing us from 
creating visual designs for mining projects? 

 ➤  What is (are) the real reason(s) preventing us from using 
real-time scanning (RTS) of the disturbed environment or 
underground excavations?

 ➤  What is (are) the real reason(s) for not having RTS 
available immediately after an unwanted event?

For some time, RTS has been regarded as an after-event 
‘instrument’ to assist managers in understanding the conditions 
under which the event took place, but since laser scanning 
technology is already used for forensic surveys and data 
collection, we now have the opportunity to utilize it in a proactive 
manner. Preventing accidents or their re-occurrence involves an 
understanding of the preconditions mentioned earlier. Having 
information about the full life-cycle of the hazard available will 
reveal not only the unwanted ‘energy flow’, but all mechanisms 
that contributed to the event. Barrier design can be simulated and 
its effectiveness visually determined.

With the exception of a few mines, critical control 
management, which derives from the Bow Tie analysis program, 
has been implemented in our industry. There is a ‘perception’ 
that implies by default that a vast improvement of control 
effectiveness would be evident from such management. This is, 
however, nothing other than a numbers game. We have only two 
options for indicating an improvement in the effectiveness of 
control:
 ➤  Quantitative analysis of new barrier designs

 ➤  Laser scanning and forensic analysis of the implementation 
of new controls. 

Clearly, incident investigations will not solve the lack of 
ability to improve our incident statistics. We will have to adopt 
a more realistic approach and align our systems to focus more 
on the pre-event conditions and release mechanisms. Laser 
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scanning during the early stages of design projects, or during 
proactive mapping of critical areas of a mine, will provide us 
with the necessary abilities to foresee events, including possible 
‘black swan’ events. This will facilitate preparing for these events 
by making the necessary capital investment to cater for change 
or redundancy within design barriers and, lastly, improve the 
human capital of the workers who may possibly be exposed to 
such conditions.

Risks and other characteristics associated with laser 
scanning
Currently, there is no one scanner that fits all applications, 
and attention should be given to the deliverables and the 
accuracies needed for analysis when choosing the scanner 
to be used. The Class 1 laser that is used in most commercial 
laser scanners is eye-safe in all conditions. Care should be 
taken when using Class 3R lasers, which can be dangerous 
if exposed for extended periods of time. It must be noted that 
although phase-based scanners are extremely accurate within 
the first 10 to 20 m (typically to within 1–2 mm), the accuracy 
degradation is hyperbolic. This causes a problem if a cloud-
to-cloud-only registration strategy is adopted, as most of the 
common registration data falls in the 20 m plus range where data 
is thinning. 

It remains good practice to add some targets as we generally 
need to georeference the point cloud to the mine coordinate 
system to make comparisons with historical surveys of the area. 
Registering with only a consecutive strategy can result in the 
accumulation of errors from scan to scan, but adopting a network 
calculation strategy achieves not only good relative accuracy, but 
also absolute accuracy over the entire scene.

Further care should be taken when scanning scenes with 
elements of extremely high reflectivity, such as shiny metal 
surfaces. The same problems of accuracy uncertainty are 
experienced at extremely low reflectivity, such as when scanning 
coal. Scanning data from areas with wet surfaces needs to be 
managed well when the data is being processed because a wet 
surface creates a mirror effect, with the laser reflecting off the 
wet surface. This results in false points below the actual surface, 
referred to as ‘ghosting’. Materials with the ability to absorb 
the laser beam partially before reflecting it back to the scanner 
remain troublesome and difficult to detect. These include marble, 
polypropylene, and Styrofoam.

Conclusions
From this article the following observations can be made:

 ➤  2D surveying of incidents has added value in the past and 
still has a role to play, but is outperformed by the additional 
benefits that 3D laser scanning brings.

 ➤  Incident investigation in the South African mining industry 
is a rigorous process, and 3D laser scanning already makes 
a significant contribution to the recording of data from 
incidents and the preventative measures related to them.

 ➤  The 3D laser scanning of mine fatality scenes has set a new 
standard for capturing the details of the incident scene. 

 ➤  Although 3D laser scanning has not yet replaced the 
traditional 2D incident plan, it currently complements 
this  plan with a 3D point cloud that is much richer in 
information and easier to interpret by non-technical people, 
if need be. 

 ➤  Furthermore, 3D fly-through (3D video) of the scene results 
in a much easier comprehension of the circumstances and 
facts at hand.

Suggestions for further work
Based on the laser scanning work that has already been carried 
out, it is important to construct and/or develop a best practice 
laser scanning work flow. A laser scanning database needs to 
be established to take advantage of the additional benefits to be 
derived from new technology developments. It is also important 
for scenario scanning to be developed in a virtual reality training 
environment that is more realistic to help with the prevention of 
incidents.
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Prospects for value addition in copper 
in the emerging Kalahari Copper Belt of 
Botswana
K. Fichani1 and M. Masialeti1

Synopsis
The Kalahari Copper Belt (KCB), which stretches for about a 1000 km in northwestern Botswana, is 
emerging as a potential host to new copper and silver mining projects. Current resources are estimated 
at about 472 Mt at grades ranging from 0.85% to 2.2% copper and 11 to 50 g/t silver. In this paper, 
we constructed a discounted cash flow financial model of an Isasmelt technology copper smelter and 
sulphuric acid complex, and then used the model to determine the minimum economic size of a copper 
smelter and its attendant sulphuric acid plant in the KCB, whether current and future production of 
copper concentrates would provide sufficient feed leading to satisfactory project economics for the 
smelter, and the level of imports of copper concentrates, if any, that would be required to ensure that the 
smelter operates at full capacity. The study concluded that the minimum economic size of the smelter 
would be 485 kt per annum and that the projected tonnages of local copper concentrates would, on 
their own, fail to provide enough feed to the smelter. We recommend further work to more accurately 
define the likely production of copper concentrates from the KCB; the possibility of imports of copper 
concentrates; taxing the smelter at rates for manufacturing, which are currently 15% as opposed to the 
company tax rate of 22%; and the possibility of negotiating lower electricity tariffs as this would lead to 
improved project economics for the smelter and sulphuric acid complex. 

Keywords
copper value chain, Kalahari Copper Belt, project economics, copper smelter.

Introduction
The Kalahari Copper Belt (KCB) stretches for about 1000 km from south of Maun in Botswana 
through Ghanzi and into Namibia The estimated copper resources reported on the company websites 
of Khoemacau Copper mine (Cupric Canyon, 2018) and Tshukudu Metals’ T3 project (Mod Resources, 
2018) for their exploration projects amount to some 472 Mt at grades varying from 0.852.2% copper 
and 11–50 g/t silver. Two of the projects in the KCB with potential for developing into producing mines 
are Cupric Canyon’s Khoemacau Zone 5 and Tshukudu Metals’ T3 project. The Khoemacau Zone 5 
project, currently at the mine development stage, has resources estimated at 100.3 Mt at 1.95% copper 
and 20 g/t silver. The Tshukudu Metals T3 project is at the full feasibility study stage and has resources 
of 60 Mt at 0.98% copper and 14 g/t silver. Cradle Arc plc, a majority owner of Mowana Copper Mine, 
some 100 km west of Francistown, reports on its website that the mine has copper resources of 72 Mt at 
1.5% copper and is currently producing about 12 000 t of copper in concentrate per annum (Cradle Arc 
plc, 2018). The two proposed projects are reported to have robust project economics with C1 cash costs 
net of silver credits of US$1.00 per pound for Khoemacau Zone 5 and US$1.22 per pound for the T3 
project. 

The mineralogy of the copper sulphide ores in the KCB consists of chalcocite, chalcopyrite, and 
bornite. The Khoemacau project will initially use the Boseto Copper processing plant, which is under 
care and maintenance, to produce copper and silver in concentrate for sale to regional and international 
copper smelters and refiners.  The T3 project prefeasibility study indicates that while the concentrate to 
be produced will be relatively free of deleterious elements, there will be further investigations at the full 
feasibility study phase to lower the lead, arsenic, and bismuth contents to below smelter penalty levels 
(Mod Resources, 2018). 

Candidate smelting technologies
Copper smelting technologies are well established, and the choice of technology is based mainly 
on capital and operating costs as well as the efficient capture of the sulphur dioxide gas to produce 
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sulphuric acid. The global trend in growth in new copper smelter 
capacity has been based on two technologies – Outotec flash 
smelting, which includes flash smelting, flash converting, and 
direct-to-blister flash smelting; and top submerged lance or TSL, 
which includes Ausmelt and ISASMELT (Kojo, Scheidema, and 
Reuter, 2015). In the Southern African region, recent installation 
of copper smelters with sulphuric acid plants include the Mufulira 
smelter upgrade project in Zambia, where an ISASMELT furnace 
replaced an electric furnace in 2006, resulting in  about a 40% 
reduction in operating costs (Barlows et al., 2012) and the 
Kansanshi smelter and sulphuric acid complex in 2015 (First 
Quantum Minerals Ltd, 2012). The advantages that have been 
cited by mines in Zambia for the selection of TSL over flash 
smelting technology include a smaller footprint, lower capital and 
operating costs, and ease of operation (Roos and de Vries, 2005; 
Barlows et al., 2012).

The process flow diagram for an ISASMELT copper smelter 
and acid plant is shown in Figure 1. In summary, the smelter 
would treat copper concentrates to produce copper anodes for 
refining in regional or overseas refineries to produce cathode 
copper and silver. The off-gas from the smelting furnace would be 
used to produce sulphuric acid, which has application in copper 
refining as well as the manufacture of fertilizers. 

Value addition drivers for copper
Copper is traded internationally as concentrate, matte, blister, 
anode, or cathode copper. The factors that influence the 
level of value addition for a copper deposit are profitability, 
capacity utilization of the beneficiation facility, environmental 
compliance costs, proximity to semi-fabricators and downstream 
manufacturers of copper based products, supply and demand, as 
well as copper price volatility. The main factor that influences the 
decision to either sell concentrate or smelt on site is profitability; 
this is because mining provides the highest returns on 
investment as compared to smelting and refining. Low capacity 
utilization of existing smelters puts downward pressure on the 
treatment and refining charges, thus improving the net smelter 

returns to mining companies. On the other hand, environmental 
compliance costs for sulphur dioxide abatement are not only 
high, but would also require the construction of a sulphuric 
acid plant and tend to discourage the establishment of smelting 
and refining facilities on mining sites (World Bank, 2012). The 
location of copper concentrate smelting and refinery complexes is 
largely influenced by the existence, in close proximity, of semi-
fabricators and other downstream manufacturers of copper-based 
products (World Bank, 2012). It is for this reason that most 
copper smelters and refiners are located in major industrialized 
regions of the world, such as in Asia (mainly China, Japan, South 
Korea, and South East Asia), Europe, and the USA ( World Bank, 
2011). A major technical advantage of this is that mill scrap 
generated during fabrication and other downstream processes can 
be recycled in the smelters. 

The current global supply deficit for refined copper is likely 
to widen due to a variety of factors that may interrupt supply 
(Lee and Shin, 2018). For instance, the copper project pipeline 
fell by about 50% between 2011 and 2017 and there are no 
copper mining projects currently nearing production (Glasenberg, 
2018). Other long-term supply challenges include the decline 
in production levels due to a variety of reasons, chief among 
which are the ageing of current major producing mines, declining 
grades, and closure at end of mine life (Glasenberg, 2018; Lee 
and Shin, 2018). The demand for copper is dominated by China, 
which is the world’s largest importer of copper in intermediate 
products (Economic Research Institute, 2017) and in 2016 
accounted for just over one-third of global copper smelter 
production (International Copper Study Group, 2018). It is 
projected that the supply-demand deficit for China will average 
some 4.5–5.5 Mt/a over the period 2020 to 2030 (Zhang et al., 
2015). The key drivers of future demand for copper include 
the electric vehicle market, which some analyst project would 
contribute significantly to global demand. For instance, Lee and 
Shin 2018) forecast an annual growth rate of 22% until 2030, 
at which time electric vehicles will make up some 8.2% of global 
demand for copper, while Glasenberg (2018) anticipates a 30% 

Figure 1—Process flow diagram of an ISASMELT copper smelter and acid plant (adapted from Roos and de Vries, 2005) 
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market share target for electric vehicles in 2030, resulting in an 
18% increase over the 2017 global demand for copper. 

Copper prices are fairly stable and are forecast to remain in 
a narrow trading band over the next five years (Lee and Shin, 
2018). For instance, the World Bank forecasts nominal copper 
prices to be US$3.14 per pound in 2025, up only slightly from 
US$3.08 per pound in 2018, even though a deficit in supply is 
forecast. This should lessen the market risk faced by any new 
copper projects in the development pipeline.

Lessons from the Zambian copper sector, which has achieved 
beneficiation levels up to the production of refined copper, 
demonstrate that at the appropriate scale, copper beneficiation 
is profitable in landlocked mining countries. The challenge, it 
seems, is that of further value addition by way of fabrication and 
end-user products (Mulunda, Musonda, and Luwaya, 2015). In 
a related study, the major impediments to Zambia’s progression 
into fabrication and end-user manufacturing were cited as the 
small size of the domestic and continental market, which is 
currently serviced by manufacturers in South Africa, and the 
inefficient transport system to export end-user products to the 
international markets (World Bank, 2011). 

For the policy-maker, the mining sector presents opportunities 
for downstream economic linkages through mineral beneficiation. 
There is therefore great interest by policy-makers in Botswana 
to determine whether the existing and proposed copper and 
silver mining projects can sustain further beneficiation of 
copper beyond the production of concentrates, and what policy 
interventions, if any, would facilitate such activities. The other 
factors that have to be considered by the policy-maker are the 
challenges that a copper mine located in the KCB would face in 
getting its products to market due to the landlocked nature of the 
country, lack of rail infrastructure for exports of high volumes of 
concentrates, the attendant long distance to ports, as well as the 
long distances by sea to smelters in the Far East. 

The KCB has huge reserves of copper and silver, and value 
addition along the copper value chain has the potential to go 
beyond the production of concentrate. The purpose of this 
research was to establish whether the projected tonnage of 
concentrates from projects at advanced stages of exploration and 
mine development in the KCB would justify the establishment of 
a custom copper smelter with a sulphuric acid plant. 

Material and methods
The projected local concentrate production, revenues to the 
smelter in the form of treatment charges, and capital and 
operating costs of an ISASMELT technology-based smelter 
were used to develop a desktop financial model that was used 
to evaluate the likely profitability of a standalone smelter and 
sulphuric acid complex. This smelter complex could either operate 
on a full toll smelting basis or as a custom smelter, thus either 
purchasing concentrates outright or toll smelting for producers 
in the KCB and the region. A sulphuric acid plant was included 
in each case to ensure that the project would be environmentally 
compliant.

In order to develop a discounted cash flow financial model 
of the smelter and sulphuric acid complex, the data from KCB 
projects was used as input to the model. The data includes 
timing and production of concentrate, quality of concentrates, 
mineralogical composition of the concentrate, treatment charges, 
labour and power costs, and finally the capital costs of the 
smelter and sulphuric acid plant. An after-tax desktop financial 

evaluation of a standalone copper smelter to smelt copper 
concentrates from mines in the KCB and other parts of the 
country and (possibly) the region was developed. 

Data

Concentrate production and timing
Data on planned concentrate production and the likely timing 
of such concentrates was obtained from the websites of 
companies involved in exploration for copper in the KCB. Data 
for concentrate production under two possible scenarios, the base 
and expansion cases, is presented in Tables I and II respectively.  

It is apparent that the approach by the exploration companies 
is to start the mining projects to demonstrate the robustness 
of project economics, and then rely on this to raise capital for 
expanded production. This approach is taken as the most likely 
scenario regarding the development of the copper mining projects 
in the KCB. Table II presents the projected concentrate production 
under this most likely scenario of the expansion case. 

Spot treatment and refining charges
The revenue stream to a copper smelter consists of treatment, 
refining, and penalty charges (TR/RC plus penalties), metal 
premiums, free metal, and by-products. These are presented in 
Table III together with their computation (New Boliden, 2017; 
Söderström, 2008). Typical net smelter return contract terms 

   Table I

   Estimated production of copper concentrates from 
Botswana projects under the base case 

   Year     Production (kt) 
    1 2 3 4 5 6 7 8–13 14 15–25

   T3 open pit 0 0 0 70 70 70 70 70 0 0
   Zone 5 0 0 140 140 140 140 70 140 140 140
   Mowana 62 62 80 62 62 62 62 62 62 0
   Total 62 62 220 272 272 272 272 272 202 140
   Grades          
   % Cu (%) 34 34 39 38 38 38 38 38 38 42
   Ag (oz/t) 0 0 198 258 258 258 258 258 216 312
    Weighted average grades of total concentrates based on estimated mine production 

from projects and information on company websites

   Table II

   Estimated production of copper concentrates from 
Botswana projects under the expansion case 

        Production (kt) 
   Year 1 2 3 4 5 6 7 8–13 14 15–25

   T3 open pit 0 0 0 70 70 70 93 93 0 0
   Zone 5 0 0 140 140 140 140 70 233 233 233
   Mowana 62 62 80 62 62 62 62 62 62 0
   Total 62 62 220 272 272 272 295 388 295 233
   Grades          
   Cu (%) 34 34 39 38 38 38 38 39 40 42
   Ag (oz/t) 0 0 198 258 258 258 258 278 246 312
    Weighted average grades of total concentrates based on estimated mine production 

from projects and information on company websites
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were obtained from web sources (Connelly, 2017) together with 
spot values for treatment and refining charges for the years 
2017 and 2018 (Leung, 2018), which were used to estimate the 
nominal treatment and refining charges (TR/RC) for the modelled 
smelter on the KCB. The Foskor chemical plant’s product price 
for sulphuric acid, which is quoted as FCA Richards Bay or ex-
works, was used as acid buyers from the modelled smelter would 
similarly collect acid from the site (Foskor, 2018). Commodity 
price forecasts by the World Bank were used for copper and silver 
(World Bank, 2018). 

Operating costs – labour and power
The approach adopted in estimating the operating cost is to use 
the unit costs of a comparable copper smelter in the region. The 
smelter selected is the Kansanshi copper smelter in Zambia, 
which is based on the ISASMELT technology and treats copper 
concentrates to produce copper anodes and sulphuric acid. The 
labour required to operate the smelter and acid plant complex is 
assumed to be independent of the capacity, and therefore data 
from a reference plant can be used, or if this is not available, 
it can be estimated from the productivity ratio and the anode 
capacity of the reference copper smelter. Once the number of 
employees has been estimated, the annual labour cost for the 
modelled smelter in Botswana is estimated by applying the 
average monthly wages in the mining and quarrying sector, 
which is found in the monthly ’Formal Sector Employment 

Survey’ by Statistics Botswana. The estimated labour requirement 
and annual cost for the smelter and acid plant complex is 
presented in Table IV. 

The annual cost of power is based on the power consumption 
per ton of copper anode for the reference plant, but taking 
into account the specific tariffs applicable in Botswana. This is 
presented in Table V.

Indicative capital costs of a copper smelter and acid plant 
complex
The capital costs of recent copper smelter projects were 
researched from web sources and the six-tenths rule was applied 
to estimate the capital cost for a given capacity of modelled 
smelter for the KCB. The Kansanshi copper smelter in the 
Zambian Copper belt, which was commissioned in 2015 with a 
smelting capacity of 1.2 Mt/a copper concentrate at 26% copper to 
produce 300 000 t of copper anodes and 1 Mt sulphuric acid, was 
used. The 2012 estimates at US$635 million  and US 20 cents 
per pound  were used for the project capital cost  and smelter 
costs respectively (First Quantum Minerals, 2012). More recent 
web reports indicated that the smelter and acid plant complex 
was constructed from early 2012 and commissioned in mid-2015 
at a cost of US$900 million. It is also reported that the smelter 
achieved a quick ramp-up to full production in just over five 
months (Kansanshi Mining, 2018). According to First Quantum’s 
press release of 12 October 2013, the copper smelter project 

   Table III

  The revenue stream for a copper smelter producing copper anodes and acid
   Variable Basis (2018) Computation based on typical NSR terms Contribution (US$/ton conc.)

   Treatment charges (US$/ t conc. with no price participation) $90/ton 1.0 DMT × $78/ton 90.00
   Free copper (% Cu recovery – % payable Cu) $6800/ton (98%-96.75%) × 38% × $6800/ton 32.30
   Free silver (g/t Ag recovery – g/t payable silver) $17/ troy Oz (98%-90%) × (258-30) g/ton/31.10 g/oz × $17.0/oz  9.97
   Sulphuric acid (S in conc. estimated at 26.22% and 95% smelter recovery) $118.38 Tons acid = 26.22% × (98/32) × 95% = 0.763  90.31 

 FCA site Value = 0.763 × $118.36 /ton
   Metal premium $78.50 MP = 38% × 98% × $78.50 / ton  29.23
   Total smelter plus H2SO4 plant revenues per dry ton concentrate   $251.81
   Compiled by the authors based on web sources cited under this section

   Table IV

  The estimated number of employees and annual cost of labour 
   Estimated number of workersa Estimated monthly cash earnings for mining (US$)b Estimated annual cash earnings (US$)

   600 1710.42 12 315 024

a Based on the Kansanshi copper smelter and sulphuric acid project. 
 b  The total monthly cash earnings in the mining and quarrying sector as at September 2017 was BWP 17 666. This is adjusted by a 3% inflation to BWP18 195.98, which is equivalent to 

US$1710.42 per month.

   Table V

  The annual cost of power
   Electricity Est. Cu anode  Annual MWh Estimated Energy charge  Demand charge Totsl est. energy and 
   (MWh/t anode)a (t) consumed demand (MW) (US$/kWh)b (US$/kW)b demand charge (US$)

   1.39 185 417 257 730 29.42 0.06 17.45 21 520 823

a Power consumption for Zambian smelters (Boulamanti and Moya, 2016 ). 
b Botswana Power Corporation energy charge is BWP0.634 per kWh and demand charge is BWP185.6488 per kW. Exchange rate used is BWP1.0 Bz = US$0.094. 
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capital cost was estimated at US$690 million, implying that the 
acid plant capital cost would have been US$210 million in 2014. 
The six-tenths rule uses as a reference the copper smelter capital 
cost of US$690 million and capacity of 1.2 Mt concentrate per 
annum, and the sulphuric acid plant’s capital cost of US$210 
million for a 1 Mt/a plant, to estimate the cost of an ISASMELT 
and sulphuric acid plant for the modelled smelter in the KCB. 
As the estimated capital costs are assumed to be for the year of 
commissioning, 2014, an escalation factor is applied using the 
Chemical Engineering Plant Cost Index (CEPCI). Table VI presents 
the estimated capital costs of the modelled KCB copper smelter 
and sulphuric acid plant based on a minimum economic size that 
would provide a real return of 8.0%.

The six-tenths rule is a well-known method for estimating the 
capital cost of a plant given that of a similar, recently constructed 
plant using the same technology. The accuracy of such desktop 
study estimates is –30% to +50%.

where
C2, Q2 = Cost and capacity of plant to be estimated, respectively
C1, Q1 = Cost and capacity of reference plant
It = Cost index of the plant in year 2
Io = Cost index for the reference plant.

Fiscal regime
In terms of Schedule Twelve of the Income Tax Act of Botswana, 
a base metal mining project is taxed under a variable rate income 
tax formula (VRIT) in which the annual rate of tax is computed 
based on the profitability ratio of the project as follows:

where X = profitability ratio, defined as taxable income / gross 
income

The annual tax rate will be not less than the company tax 
rate, which is currently 22%.

Other key aspects of the mining fiscal regime that would 
apply to the modelled KCB copper smelter are a 100% accelerated 
depreciation of capital with unlimited loss carry forward. 

The discounted cash flow financial model
The model determines the minimum economic size of the smelter 
and sulphuric acid complex using goal seek. Two concentrate 
sourcing scenarios are modelled to determine the profitability 
of the smelter complex when treating only local concentrates 
and when supplementing any spare capacity with imported 

concentrates. The projected proportions of feed to the smelter are 
given in Table VII. These two concentrate sourcing scenarios are 
then evaluated under two fiscal regimes, the variable rate income 
tax (VRIT), which applies to base metals, and the lower taxation 
regime that applies to manufacturing businesses. Extending 
this lower taxation regime to the copper smelter and acid plant 
complex would improve the project economics for the copper 
concentrate producers. Other things being equal, this would also 
lead to higher tax revenue from the mining stage of the copper 
value chain, which would partly offset the foregone fiscal benefits 
from a lower tax rate.

The input variables that were used to run a discounted cash 
flow financial model for the KCB copper smelter and sulphuric 
acid complex are presented in Table VIII. The values are in 
constant 2018 money terms. The model assumed an 8% real 
discount rate based on current mining industry practice.

Results
The project economics for a copper smelter with a capacity of 485 
kt concentrate  and 370 kt acid per annum are presented in Table 
IX. The projected local copper concentrate supply would result 
in poor project economics, represented by scenario 1. The real 
NPV (8%) would be a negative US$144.496 million; IRR would 
be 3.42%, and the payback period 13 years. These poor project 
economics would not be enhanced significantly and would fail to 
turn positive under a low tax scenario, showing just a marginal 
improvement to NPV (8%) of negative US$48.471 million; an 
IRR of 6.5%, and a real payback period of 12 years. Scenario 
3 assumes that the smelter would be able to secure additional 
concentrates from the region, and this is the case that was used 
to determine the minimum size of the smelter and under the 
mining fiscal regime with VRIT, it gives an NPV (8%) of zero; 
an IRR of 8% as expected, and a payback period of 10 years. 
Scenario 4 assumed that there would be a case for taxing the 
smelter as a manufacturing business. The real NPV (8%) would 
be a positive US$134.712 million; the IRR would be 11.03%, and 
the payback period 10 years.

   Table VII

  Feed profile by source to the KCB smelter
            Proportion of feed to the smelter (%) 
   Year 1 2 3 4 5 6 7 8–13 14 15–25

   Base case   45 56 56 56 61 80 61 48

   Base case Local  45 56 56 56 61 80 61 48
   + imports Import  55 44 44 44 39 20 39 52

   Table VI

  The estimated capital cost for a copper smelter (minimum economic size) and acid plant in the KCB
 Est. Cu conc. (Mt)  Capital cost in 2014 (US$ million) Equivalent cost in 2018 (US$ million)                    CEPCI index  
    2014 2018

   Kansanshi smelter  1.2  690 690 
   KCB smelter  0.485 401.1 401.1
   Kansanshi acid plant 1.0 210 210 576.10 576.40
   KCB acid plant 0.370 115.8 115.8



Prospects for value addition in copper in the emerging Kalahari Copper Belt of Botswana

▶ 830 OCTOBER 2019 VOLUME 119 The Journal of the Southern African Institute of Mining and Metallurgy

The NPV is most sensitive to revenues, followed by capital 
costs, and is least sensitive to operating costs (see Figure 2).  

Discussion
The results of the model indicated that for the expanded 
production cases of the two projects, Cupric Canyon’s Khoemacau 
project or Zone 5, which is at the mine development stage and 
Tshukudu Metals’ T3 project, which is at the full feasibility study 
stage, the concentrate production is not sufficient to support a 
copper smelter and sulphuric acid plant for Botswana copper 
projects. Copper concentrates from these projects are destined 
for smelting in Chinese smelting and refining complexes, and 
they have to travel long distances by both land and sea to reach 
these smelters and refineries. If the full potential of the KCB 
becomes clearer with more detailed resource delineation that 
leads to development of more mines or expansion of capacity at 

existing mines, then the outlook for a local copper and sulphuric 
acid plant would be improved. It is important to realize that 
the sulphuric acid plant would not only be included to meet the 
environmental compliance requirements, but also to serve as a 
source of significant by-product revenues. 

One of the factors in the establishment of the copper smelter 
and sulphuric acid plant would be the level of tax that would 
apply to it. The smelter and acid plant complex would clearly be 
a major industrial investment that the policy-maker could use 
to negotiate a tax agreement, as scenario 4 demonstrated that 
if the manufacturing tax rate of 15% is applied to the project, 
this would turn around the project economics from poor to 
satisfactory with a real NPV (8%) of a positive US$134.712 
million; an IRR of 11.03%, and a real payback period of 10 years. 
The potential benefits of taxing the smelter as a manufacturing 
business include the following. 

 ➤  There would be an improvement in the net smelter returns 
to local producers of concentrate, which will not only 
enhance their profitability but also the life of their projects 
due to the increase in reserves that would result from 
reduced cut-off grades.

 ➤  There would be an improvement in tax revenues at the 
mining stage, which will slightly offset the foregone tax 
revenues from the copper smelter being taxed at a lower 
rate than the producers of copper concentrates.

 ➤  The production of sulphuric acid would provide the key 
ingredient in the production of fertilizers.

 ➤  Finally, the local production of acid would create 
opportunities for the exploitation of oxide and supergene 
copper sulphide ores through leaching, solvent extraction, 
and electrowinning, a process that is characterized by lower 
capital and operating costs than the pyrometallurgical 
route.

   Table VIII

  Input variables for the KCB financial model
 Calculation Amount (US$ million per annum)

   Revenue from treatment charges, free metal, and metal premium 485 000 t conc. × $161.50 per ton 78.328
   Revenue from acid sales 485 000 t conc. × 0.763 t acid per ton conc.  × $118.36 per ton acid 43.800
   Total annual revenue  122.128
   Annual labour operating costs 600 workers × $1710.42 per  worker × 12 months 12.315
   Annual power costs (see Table V) 21.521
   Total annual operating costs  33.836
   Earnings before interest, taxes, depreciation and amortization 88.292
   Capital cost of smelter and sulphuric acid plant (see Table VI)  516.9 
   (assume spent equally over 24 months)
   Allowance for maintenance  Assume 1% of capex 5.169

   Table IX

  Project economics for a 0.485 Mt/a concentrate KCB copper smelter and 0.370 Mt/a sulphuric acid complex
                                    Project economics in real 2018 money terms (US$  million) 
   Tax and imports scenario  NPV (5%) NPV (8%) NPV (10%) IRR (%) Payback (years)

   VRIT; no imports (61.2) (144.5) (182.4) 3.42 13
   Low tax; no imports 61.4 (48.5) (98.2) 6.50 12
   VRIT; with imports 132.4 0 (60.5) 8.00 10
   Low tax; with imports 349.4 134.7 39.0 11.03 10

Figure 2—NPV sensitivity to capital, revenue, and operating costs
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The economic viability of the copper smelter complex would 
also be driven by the electricity tariffs, as these have been 
found to make up approximately 30–35% of the operating costs 
(Boulamanti and Moya, 2016 ). The Botswana Power Corporation 
is currently expanding its grid into the KCB and there is therefore 
an expectation that tariffs will continue to rise, which would 
erode the project economics unless the smelter could negotiate 
sustainable rates for its business.

Conclusion
The purpose of this study was to establish whether the projected 
tonnage of locally produced copper concentrates from Mowana 
copper mine and from projects at advanced stages in exploration 
and mine development in the Kalahari Copper Belt of Botswana 
would justify the establishment of a copper smelter and a 
sulphuric acid plant in the KCB. The Kansanshi copper smelter 
and sulphuric acid plant near Solwezi, in Zambia, which employs 
the ISASMELT smelting technology and was commissioned in 
2015 at an estimated capital cost of US$900 million, was used 
as a reference project for the capital cost estimates for both the 
copper smelter and the acid plant. This study concluded that the 
projected tonnage of copper concentrates production in Botswana 
would not justify the establishment of a smelter and acid plant 
on its own, and that a lower tax rate would vastly improve the 
project economics. There are other studies that would need to be 
carried out at a greater level of detail at the prefeasibility stage to 
further understand the viability of this project. These include: 

 ➤  Further investigations into the ability of the copper projects 
under development to increase their total production to 
about 0.5 Mt of concentrate per annum

 ➤  A study of the likelihood of concentrate imports from 
existing or planned projects in the region to augment local 
concentrate production so that the copper smelter can be 
operated at near full capacity of 0.5 Mt/a concentrate

 ➤  A market study to establish the likely revenue and offtake 
quantities of sulphuric acid, as revenue from the sale of 
acid is significant in  the smelter project economics,

 ➤  Initial discussion with the Botswana government regarding 
a tax agreement for the project to pay tax at the rate for 
manufacturing businesses, which is currently set at 15%

 ➤  A preliminary investigation into whether the power 
parastatal would be in a position to negotiate charges for 
power that would not hurt the sustainability of this project. 
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South Africa has the largest land-based manganese 
resource in the world. The Kalahari Manganese Field (KMF) 
is based in the Northern Cape Province. Although the ores 
mined are primarily exported, some are also smelted locally 
to produce manganese ferroalloys. In order to support the 
smelters, and foster collaboration between researchers in 
the field, the SAIMM successfully hosted two Schools on 
Manganese Ferroalloy Production in the past. At the 3rd 
School, the conversation will be continued.

At the 1st and 2nd Schools (2012 and 2016 respectively), only 
invited speakers participated in the technical program. An 
open Call for Abstracts is now issued to allow for greater 
participation and fresh perspectives on the topics at hand. 
Anyone interested in sharing their views are invited to 
submit a title and abstract of 500 words, outlining content 
for a 30 minute presentation
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researchers and operators, to 
update their knowledge on 
the production of manganese 
ferroalloys.

• To create a platform where 
researchers and operators can 
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manganese ferroalloys.
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collaborative research and obtain 
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• To further enhance collaboration 
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Modelling of generic excavation 
sequences for bore-and-fill mining

D.P. Roberts1, G.F. Hofmann2, R. Nel2, and L.J. Scheepers2

Synopsis
Bore-and-fill mining refers to the mechanical excavation of ore through a series of holes bored on-reef 
and the subsequent filling of these holes with a high-stiffness material. A calibrated numerical model 
was used to evaluate the influences of various design parameters on bore-and-fill operations for the 
Carbon Leader Reef. A set of metrics was prepared and a small-span generic model used to evaluate the 
influence of boring sequence, fill properties, stress regime, and hole location. 

The modelling indicated that most metrics stabilize when the number of hole diameters skipped 
between bored holes is three or greater. Increasing the skip beyond three reduces the potential for 
regional failure but may increase the potential for local failure. The recommended design is to skip three 
or more holes. 

Variation of the fill properties showed that the Young’s modulus has a nonlinear effect on design 
metrics. Closure volume was found to increase sharply when the fill stiffness is decreased below 20 to 25 
GPa. The minimum suggested fill stiffness is therefore 25 GPa, where the fill performance will be within 
5% of the reference case (filling with intact rock mass). The material cohesion had a linear effect on 
the performance metrics. A laminated model resulted in slightly increased closure and revealed that the 
worst-case scenario for hole position is when all the holes are drilled mostly in the weaker reef layer.

Altering the stress field to match recent stress measurements did not significantly affect the results. 
Increasing the driving stress by 28% had a proportionally greater effect on all metrics (25 to 45%). It 
was noted that implementing bore-and-fill at greater depths will require re-evaluation of the fill and 
sequence design. 

Increasing the span by 14.2 m to 34.8 m (and adding pillars and reef raises) resulted in an 18% 
increase in maximum closure and a 34% increase in the closure volume increment. The damage and 
general behaviour was very similar to the smaller span models. The difference in metrics for pillars sizes 
of 7.6 and 6.3 m was not significant. Use of the calibrated model allowed for optimization of sequence 
and fill design parameters. The limits of the model were also explored and it was found that a larger 
fine-mesh zone would be needed for models at greater depth. 

Laser scans of the reef drives and raises indicated rock mass deformations from 1.3 to 3.2 times the 
modelled closure. Though these were greater than the modelled values, it was noted that the in situ 
deformation also reflects time-dependent behaviour and the response of the rock mass to seismic events. 
The model results were assessed in terms of the observed seismic response during mining of the pilot 
site. It was found that the seismic response was limited and was associated with the boring of holes and 
limited fracturing within existing abutments. This supports the model results, which indicated limited 
closure volume and very little potential for the formation of seismogenic shear fractures. An elastic 
boundary element model was calibrated using the model outcomes, and it is shown how this model 
can be used to assess layouts involving bore-and-fill mining in terms of closure volume and other rock 
engineering design parameters. 

Keywords
bore-and-fill mining, numerical model, rock mass deformation, seismicity.

Introduction
Reef boring is simply the boring of large-diameter holes along the reef plane. It is potentially a viable 
mining method for the extraction of narrow reefs. Reef boring is an attractive prospect because it allows 
continuous mining of only the reef package. Jager, Westcott, and Cook (1975) studied the feasibility of 
reef boring for various narrow, gold-bearing reefs. The reefs were analysed in terms of their geometry 
and geology, indicating which hole diameters should be used in different mining areas. 

Adams (1978) describes stoping by raiseboring on the Carbon Leader Reef at West Driefontein 
Mine. Slots were created by drilling a series of adjacent holes. No fill was employed in these trials and 
the resulting rock mass response included falls of ground and time-dependent failure similar to that 
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observed in conventional stoping. It was observed that spalling 
and borehole breakout were inhibited when holes were bored 
within the destressed, fractured region immediately ahead of the 
face, while significant breakout occurred around pilot holes that 
were bored in the highly stressed region ahead of this zone. 

Stacey (1982) described attempts at stoping using a self-
propelled stope-coring machine. This ‘mole’ machine featured a 
600 mm annular, diamond-impregnated bit that could clamp itself 
in place and cut cylinders of rock over a stroke of up to 500 mm. 
In some areas it was found that the core ‘burst’ spontaneously, 
which allowed for easy rock removal and resulted in low bit wear. 
In areas where bursting did not occur, drilling progressed slowly 
and wear rates were much higher. Spalling inside the hole also 
interfered with the self-clamping mechanism of the machine 
(Pickering et al., 1987). Vogt (2016) reported that the stope-
coring method had ultimately proved to be uneconomic. 

Bore-and-fill mining involves boring holes of a suitable 
diameter on-reef and filling these holes with a high-stiffness 
material. The fill prevents deterioration of the rock mass around 
the hole and limits the closure that occurs in response to further 
mining. The diameter of the boring bit can be tailored to the reef 
so that only the ore is bored out and hoisted for processing. The 
method is expected to be safer than conventional operations as 
the rock mass response is limited by the narrow mining height 
and the presence of the fill. Workers are also not exposed in the 
active mining area. The method enables extraction with very low 
dilution and eliminates the inefficiencies and losses imposed by 
batch-based drill-and-blast mining. 

Extensive trials of bore-and-fill mining were conducted by 
Anglogold Ashanti (AGA) in Tau Tona mine’s shaft pillar area. 
Reef boring was identified as having the potential of satisfying 
the goals of AGA’s future mining philosophy: to safely (by 
removing people from the active stoping area) mine all the gold 
(by leaving fill rather than pillars), only the gold (by mining 
only the reef), all the time (by mining continuously). Roberts 
(2017) described boring experiments at the pilot site. Figure 1 
shows the planned layout on Tau Tona 97 level. Blocks were 
created by conventional development of reef drives (along strike) 
and raises (on dip). These blocks were then extracted using the 
bore-and-fill mining method. The use of low-energy propellants 
for development in the shaft pillar was ultimately mandated to 
protect the nearby shaft infrastructure. 

Holes were bored updip using conventional button cutters in 
a strawberry configuration. Thrust and torque were applied by 
a custom-made machine located in the lower reef drive. Figure 
2 shows the boring of a hole adjacent to a previously filled hole. 

The machine underwent significant modification over the course 
of the project, evolving from a bolted-in-place configuration to 
a mobile, crawler-based solution that was capable of deploying 
struts to fix itself in place.

Boring of holes was accompanied by breakout in the vicinity 
of the cutter head. This indicated that strain energy was being 
relieved immediately when the excavation was advanced, thus 
ameliorating the potential for seismic events. Breakout varied 
according to the position of the holes relative to the Carbon 
Leader contacts, the proximity of previously bored-and-filled 
holes, and local variations in stress and rock mass conditions. 
Figure 3 shows the variation in breakout profiles observed. 
Breakout tended to be most pronounced along the upper Carbon 
Leader contact. 

Roberts (2017) described the calibration of models for the 
simulation of bore-and-fill mining on the Carbon Leader Reef. 
The results from that work were used to provide property values 

Figure 1—Plan of the existing and planned development on Tau Tona 97 level

Figure 2—Boring of a hole adjacent to a previously bored hole. The contact 
planes bounding the Carbon Leader package are shown

Figure 3—Hole profiles due to (a) typical and (b) extreme breakout
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and strategies for forward modelling. In this paper, modelling of 
various extraction sequences, fill property sets, stress regimes, 
and mining geometries is discussed. The results are evaluated in 
terms of closure, stresses, and the effect that the mining has on 
the surrounding rock mass. 

Parameter variations
Various sequences were evaluated. Sequences are defined by 
the number of holes to be skipped between bored holes. Figure 
4 shows a sequence where two holes are skipped (skip-2). 
After the first sub-sequence, two hole profiles remain unmined 
between the bored-and-filled holes. The first hole in the next sub-
sequence is bored adjacent to the first hole that was bored in the 
previous sub-sequence (i.e. hole 8 is bored next to 1, 9 next to 2, 
and so on). In practice, this allows the concrete in the first hole 
to cure before the adjacent hole is bored. This pattern repeats (15 
is bored next to 8, etc.) until the entire span has been bored and 
filled. The reference sequence for this study is the case where no 
holes are skipped (skip-0), i.e. where each hole is bored adjacent 
to the previous hole. This would not be done in practice, but it 
provides a benchmark against which to gauge the performance of 
other sequences. 

Various fill materials were modelled. The fill strength was 
set to that of the nominal ‘real’ fill (130 MPa) and the modulus 
varied (fill-1 to fill-3). The modulus was then set to 35 GPa 
and the strength halved and then quartered (fill-4 and fill-5). 
The friction angle was not adjusted. The modelled fill material 
properties are shown in Table I. 

‘General conditions’ refers to a set of parameter values that 
were assumed to apply at the location of the trial site on 97 level. 

   Modelling parameter Value

   Reef-perpendicular stress (σyy) 107.5 MPa
   Strike-parallel stress (σxx) 0.44 × σyy = 47.3 MPa
   Dip-parallel stress (σZZ) 0.74 × σyy = 79.6 MPa
   Reef thickness 0.48 m
   Hole diameter 0.66 m

Interpretation of results
Results are evaluated in terms of the influence that the bore-
and-fill mining has on the surrounding rock mass. This is 
manifested directly as changes in closure. In a typical stoping 
operation, increasing the span of the excavation results in 
convergence of the hangingwall and footwall. The magnitude 
of this convergence is termed ‘closure’ and can be measured by 
placing instruments within the stope. The magnitude of closure 
can be directly correlated with seismic risk in typical stoping 
operations (Salamon, 1983). Closure can also be expressed as the 
total volume of the void displaced by the deforming rock mass, 
referred to as closure volume. Changes in the closure volume with 
time or span are also indicative of increased seismic risk (McGarr 
and Wiebols, 1977). Maximum closure, closure volume, and 
closure volume increment can all be obtained reasonably simply 
from the model results. 

The magnitude of convergence between horizons above 
and below the reef plane varies with vertical distance from the 
mining horizon, i.e. the convergence will be at a maximum 
between horizons immediately above and below the bored holes 
and will decrease as these horizons are moved apart, ultimately 
reaching a negligible value. Since the goal is to determine the 
effect of deformation on the surrounding rock mass and service 
excavations, convergence is calculated along horizons located 
at the footwall and hangingwall of the reef drives and raises. 
Nominally, these horizons are 1.5 m above and below the Carbon 
Leader Reef centreline. These convergence values serve as a 
proxy for the closure that could be measured at these horizons. 
In the remainder of this paper, the term ‘closure’ will be used to 
refer to the convergence along these horizons. 

Changes in stress are also indicators of an increased risk of 
rock mass failure and associated seismic activity. Abutment and 
pillar stresses indicate the degree to which stress is channelled 
through the filled region and shifted away from the abutment. 
Energy release rate (ERR) is typically used in elastic analyses 
to indicate seismic risk from face bursts (Napier, 1991). In 
the current work, ERR is not useful as it relies on the elastic 
response; however, stress change at the face (a component 

Figure 4—Skip-2 sequence

   Table I

  Generic fill material properties
   Property Rock mass Real fill Fill-1 Fill-2 Fill-3 Fill-4 Fill-5

   Young’s modulus (GPa) 70 35 5 10 17.5 35 35
   Poisson’s ratio 0.25 0.2 0.2 0.2 0.2 0.2 0.2
   Density (kg/m3) 2700 2160 2160 2160 2160 2160 2160
   UCS (MPa) 120 130 130 130 130 65 32.5
   Initial / final cohesion (MPa) 23 15 30 30 30 15 7.5
   Initial / final friction angle (°) 40 / 48 35 / 40 35 / 40 35 / 40 35 / 40 35 / 40 35 / 40
   Initial / final dilation angle (°) 15 10 10 10 10 10 10
   Tensile strength (MPa) 10 9.9 9.9 9.9 9.9 9.9 9.9
   Maximum plastic strain 0.002 0.002 0.002 0.002 0.002 0.002 0.002
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of ERR) can serve as a partial indicator of burst potential. 
The maximum value and maximum change in σ1 are tracked 
throughout the analysis. In most cases, the stress is interrogated 
at some distance from the CLR centreline (typically 0.5 m away), 
because local stress concentrations along the reef horizon tend to 
obscure the larger trends. 

Most models contain a pillar, either between the bored reef 
and raise, or mirrored about the plane of symmetry at the edge 
of the model. The major principal stress in this pillar is averaged 
and tracked. This provides a measure of the extent to which the 
adjacent rock mass is affected by bore-and-fill mining.

Results

Generic small-span model
A relatively small span was modelled initially to allow a large 
number of sensitivities to be studied in a short time. A span of 
14.15 m was modelled between pillars with effective widths of 
11.33 m. Twenty holes of 0.66 m diameter were bored. A gap of  
5 cm was left between adjacent hole profiles. 

Two typical results are examined here to provide the reader 
with insight into the interpretation of results. The ‘benchmark’ 
sequence (skip-0) and the more typical skip-3 sequence are 
examined. Both models use the standard fill material under 
general conditions. 

Typical results - skip-0 model
The closure distributions for each stage of the skip-0 analysis are 
shown in Figure 5. Each series corresponds to the excavation and 
filling of a hole (1 to 20 as indicated in the key), with the colour 
becoming progressively lighter with each successive hole.  

The distributions show how closure increases across the 
span as each new hole is bored. The final distribution of closure 
is skewed, due to the earlier bored holes (to the left) providing 
greater resistance to closure than the most recently bored holes 
(to the right). The maximum observed closure and closure 
increment for each distribution are shown in Figure 6. Closure 
volume (area under each distribution curve, effectively) and 
increment are shown in Figure 7. 

The maximum closure appears to be tending to a constant 
slope of between 0.1 and 0.2 mm per hole. Closure volume shows 
a slight increase in the increment. 

The σ1 distributions (Figure 8) show a steady increase in 
the maximum stress in the right-hand abutment. The left-hand 
abutment, though increasing, does not show the same stress 
level, as stress in this area is channelled through the previously 
filled holes. Histories of the maximum σ1 in each stage and the 
average stress in the left hand pillar are presented in Figure 9. 
Both histories indicate a trend towards a constant value. 

Typical results - skip 3 model
Closure distributions for the skip-3 model are shown in Figure 

Figure 5—Closure distributions for the skip-0 sequence

Figure 6—Maximum closure and closure increment for each analysis stage 
(skip-0)

Figure 7—Closure volume and closure volume increment for each analysis 
stage (skip-0)

Figure 8—Major principal stress distributions for the skip-0 sequence (0.5 m 
above CLR centreline) 
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10. These are far more complex than those in the skip-0 model. 
Four distinct zones can be seen, ending at stages 5, 10, 15, and 
20, representing the final stage in each sub-sequence. Closure 
increases as each hole is bored, from left to right, in each sub-
sequence. The final distribution is more symmetrical than for the 
skip-0 sequence, as the stresses are more evenly distributed in 
the filled holes. 

The maximum closure history (Figure 11) shows that the 
greatest closure increments occur at the start of each sub-
sequence. The closure volume history (Figure 12) also shows this 
trend; however, the slope of the closure volume history decreases 
after stage 14. 

Major principal stress distributions are shown in Figure 13. 
Only the distributions at the end of each sub-sequence are shown 
to aid clarity. Maximum σ1 and left pillar APS are presented in 
Figure 14. The maximum stress history shows a significant 
drop in stage 14. Examination of the plastic strain and material 
cohesion (Figure 15) shows that this is when all the material in 
the bored span has either failed or been replaced with fill. During 
stage 15 a hole is drilled in the abutment and in the subsequent 
stages holes are drilled in failed rock mass material or in the fill. 

Sequence study
Sequences were modelled from skip-0 to skip-6. The maximum 
closure in each stage was obtained from the closure distributions 
and expressed as history graphs for the various sequences 

modelled (Figure 16). The skip-0 sequence is highlighted. All the 
sequences contains a series of logarithmic ‘humps’ (much like the 
skip-0 sequence), repeated over the number of sub-sequences.  

Closure volume histories are presented in Figure 17. These 
show a reasonably constant, near-linear increase in closure 
volume. Drops in closure volume rate are seen where the region 
to be mined contains failed rock mass or fill material, as observed 
after stage 14 for the skip-3 sequence. Prior to this state, the 
rates are greater than that of the skip-0 sequence. 

Figure 9—Maximum σ1 and left pillar APS for the skip-0 sequence (0.5 m 
above CLR centre-line)

Figure 10—Closure distributions for the skip-3 sequence

Figure 11—Maximum closure and closure increment for each analysis stage 
(skip-3)

Figure 12—Maximum closure volume and closure volume increment for 
each analysis stage (skip-3)

Figure 13— Major principal stress distributions at the end of each sub-se-
quence for the skip-3 sequence (0.5 m above CLR CL)
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The final closures and the maximum closure increment for 
each sequence are presented in Figure 18. Both closure and rate 
of closure indicate a minimum value at skip-0, a maximum for 
skip-1, and a subsequent decrease with increasing number of 
holes skipped. The difference in closure from skip-3 to skip-6 
is 1.3 mm (8.7%). Closure volumes (Figure 19) show similar 
relationships. The difference from skip-3 to skip-6 for closure 
volume is 10.8%.

The σ1 distributions for each sequence were interrogated and 
the maximum value in each stage was charted (Figure 20). The 
skip-0 sequence shows a logarithmic increase in the abutment 
stress with span. Skip-1 shows similar behaviour as the material 
between the holes fails immediately, increasing the failed span 
and shifting the abutment to the edge of the span. The other 
sequences are more complex. There is a significant immediate 

increase in stress in the skip-2 model as a small intact pillar is 
created between holes. This increase is seen in other sequences 
as well and corresponds with the stage at which the width of the 
intact pillar between holes is minimized. These sequences also 
show a decrease later on in the history. This corresponds to the 

Figure 16—Maximum stage closure history for various sequences

Figure 17—Closure volume history for various sequences

Figure 18—Final closure values and the maximum closure increment for 
various sequences

Figure 14—Maximum σ1 and left pillar APS for the skip-3 sequence (0.5 m 
above CLR CL)

Figure 15—Plastic strain distribution after filling stage 14. White outlines 
indicating hole profiles and extents of breakouts

Figure 19—Final closure volume values and the maximum closure volume 
increment for various sequences
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stage at which the pillars between holes fail, as noted above. 
Thereafter the maximum stress shifts to the abutment at the 
edge of the mined span. By this stage a large proportion of the 
driving stress is being channelled through the fill, thus limiting 
the abutment stress. 

The maximum σ1 values from each chart are compared in 
Figure 21. The maximum positive and negative increment (i.e. 
stage-by-stage increase and decrease in the maximum value) 
were extracted and are shown in Figure 22. The maximum value 
(and the maximum decrease) show an increase as the number 
of holes skipped is increased. The maximum increase, however, 
attains a maximum for the skip-2 sequence and is more-or-less 
constant for the higher skips.  

The left pillar APS is charted for each stage of each sequence 
in Figure 23. These graphs are very similar in appearance to the 
closure graphs (Figure 16). The maximum values attained for 
each sequence (Figure 24) also show the same trends as  
the maximum closure and closure volume (Figure 18 and  
Figure 19).

Fill material study
Both the skip-0 and skip-3 sequences were analysed with the 
fill materials described in Table I. In the following graphs, fill 
materials have been ordered in a way that is most revealing. 
From the left, the materials are, at first, sorted in order of 
increasing Young’s modulus (F1: 5 GPa, F2: 10 GPa, F3:  
17.5 GPa, ‘real’ fill: 35 GPa, and reference fill: 70 GPa). The 
remaining materials all have Young’s modulus of 35 GPa and 

are ordered by UCS (F3: 65 MPa, F4: 32.5 MPa), and can be 
compared directly to the ‘real’ fill (E=35 GPa, UCS=130 MPa). 

The final closure and the maximum closure volume increment 
for each analysis are presented in Figure 25. Closure volume 
displays the same trend as closure and is not shown to avoid 
repetition. Both graphs show a similar trend: the values increase 
with decreasing Young’s modulus (F1 to reference fill) and, to 
a lesser extent, with material strength (real fill to F5). These 
relationships are expressed explicitly in Figure 26.

The relationship between closure and Young’s modulus 
appears to follow a power law, where the closure increases 

Figure 21—Maximum σ1 for various sequences

Figure 22—Maximum positive and negative σ1 increments for various 
sequences

Figure 23—Left pillar APS history for various sequences

Figure 24—Maximum left pillar APS history for various sequences

Figure 20—Maximum σ1 history for various sequences
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sharply somewhere between 35 and 17.5 GPa. The ‘elbow’ of 
the relationship lies between 20 and 25 GPa, depending on the 
chosen interval. The relationship between closure and fill strength 
is linear for the range studied. The closure increases by 12% for a 
75% decrease in strength.

The maximum σ1 and final left pillar APS are presented in 
Figure 27. These show similar trends to the closure and closure 
volume graphs. 

Other variations
The stress field was adjusted from general conditions. A series of 
stress measurements conducted recently indicated strike-parallel 
stress (σxx) ratios as low as 0.27, and dip-parallel stress (σzz) 

ratios of 0.38. A model was analysed with this ‘low-k’ stress 
regime. 

The effect of depth was studied by increasing the major 
principal stress to correspond with a depth of 5 km (137.3 MPa). 
This represents a 28% increase in the driving stress. The original 
k-ratios (0.44 and 0.77) were maintained for this analysis. The 
results are summarized in Table II.

The increase in all metrics at 5 km depth is greater than the 
increase in the driving stress (e.g. APS increases by 31%, closure 
by 42%, and closure volume increment by 40%). This indicates 
that more material has failed than for the original stress field. 
Examination of the damage distribution shows fracture zones 
extending up to the boundary of the FMZ. These analyses should 

Figure 25—Final closure and maximum closure volume increment for various fill materials

Figure 26—Final closure as a function of Young’s modulus and material strength (UCS)

Figure 27—Maximum σ1 and left pillar APS for various fill materials
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be repeated with larger FMZ regions. The effect of lowering the 
k-ratios had little effect.

Small-span model with multiple stratigraphic planes
This model was developed to study the influence of multiple 
contact planes on the deformability of the system. A larger fine-
mesh zone was included so that the position of the holes could be 
varied randomly. The hole positions and breakout profiles from a 
number of runs are shown in Figure 28. The standard deviation 
for the vertical and horizontal positions was 200 and 75 mm 
respectively.

When hole position was varied, closure and closure 
volumes were lower than the reference case (all holes drilled at 
CLR centreline). This is the result of lower breakout volumes 
occurring in the higher strength hangingwall and footwall 
materials. Closure volume increments all show the characteristic 
‘plateau’ from stage 9 to stage 15, with values both higher and 
lower than the reference case. 

Generic large-span model
The large-span model simulates the extraction of pillars as 
has been planned and executed in the Tau Tona shaft pillar 

(Figure 1). These pillars are 50–60 m (on strike) by 25–30 m 
(on dip) blocks of unmined ground bounded by 3–4 m wide 
reef drives and raises. A strike section is modelled, representing 
the situation at the centre of the pillar. Reef raises are modelled 
on either side of the span to be mined. Unmined pillars are 
left between the raises and the edges of the bored-out span. A 
symmetry condition is imposed at the vertical centreline of the 
raises to imply repetition of the geometry along strike.

Models were run under general conditions, using measured 
fill properties (‘real fill’ in Table I) with a skip-3 sequence. Two 
models were run with different pillar sizes: 6.2 m (37.6 m span) 
and 7.6 m (34.8 m span). The maximum closure history and 
closure volume increment are compared in Figure 30. The closure 
history shows very similar trends to the small-span model, 
though it is clearer at the greater span that the maximum closure 
tends to a constant value for each sub-sequence. The closure 
volume increment is also more revealing at the greater span. The 
increment decreases initially and then increases from around 
stage 24 to stage 30. This corresponds to the transition from  
sub-sequence 2 to 3. During sub-sequence 3 the material 
between holes fails, as reflected by the increment ‘plateau’ from 
stages 28 to 40. By stage 40 the entire stope is either failed or 

   Table II

  Comparison of metrics for the low-k and 5 km depth models
   Metric Default model Low-k model 5 km depth

   Final closure  14.6 mm 15.9 mm 21.1 mm
   Final closure volume 0.215 m3/m 0.227 m3/m 0.307 m3/m
   Maximum closure increment 0.0128 m3/m/stage 0.013 m3/m/stage 0.0178 m3/m/stage
   Maximum σ1 261 MPa 264 MPa 327 MPa
   Maximum APS 146 MPa 147 MPa 191 MPa

Figure 28—Hole positions and breakout profiles for various analyses with randomized hole positions

Figure 29—Final closure and closure volume increments for randomized hole positions. Hole positions are fixed at centre-CLR horizon in R0
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filled. The closure volume increment is therefore lower from stage 
40 to the end of the sequence as fill or failed material is replaced 
by fresh, unstressed fill. 

The maximum σ1 and APS histories are shown in Figure 
31. The maximum σ1 history shows the same characteristics as 
in the small-span model. The APS history also shows similar 
behaviour, though the response in the first sub-sequence is less 
uniform. During this phase the pillar is being established and any 
additional failure is occurring within its boundaries. After the 
first sub-sequence very little additional failure occurs in either 
model. 

The metrics for the small- and large-span models are 
compared in Table III. The maximum closure is increased by only 
18%, while the closure volume increment is 3.6 times greater 
in the large-span model. This is to be expected, as doubling 
the span will (at least) double the closure volume. The closure 
volume increment is increased by 34%. In general, the trends 
seen in both the large- and small-span models are consistent, 
indicating that the results from the small-span model can be 
extrapolated to the large-span model (bearing in mind that the 
metrics will naturally be increased for the larger span). 

Discussion
Most of the metrics (closure and rate, closure volume and rate, 
and pillar APS) indicate that skipping more holes improves 
stability and decreases inferred seismic risk. The maximum σ1 
and σ1 change, however, indicate increased risk of bursting as 
more holes are skipped. This is a feature of the trade-offs that 
exist between local and regional stability in designing mining 
layouts. As the number of holes skipped is increased, failure 
is deferred towards the end of the sequence. More stress is 
concentrated in the remaining intact material, thus increasing the 
burst potential. The region within which the mining takes place 
is not affected by the local stress concentration and the average 
stresses and deformations decrease as the skip is increased and 
more stress is channelled through the fill. 

Skipping one and two holes resulted in significantly poorer 
performance in terms of the regional metrics. The increase in 
closure volume from the skip-0 model is over 30% for both 
(compared to 13% for the skip-3 model). As noted above, the 
performance plateaus from skip-3 to skip-6 (10.8% difference). 
This is also true for the local metrics (σ1 and σ1 change), where 
the maximum stress from skip-3 to skip-6 varies by only 4.6% 

Figure 30—Maximum closure and closure volume increment histories for the large-span models

Figure 31—Maximum σ1 and left pillar APS histories for the large-span models

   Table III

   Comparison of metrics for the small- and large-span models
   Metric 14.2 m span 34.8 m span with 7.6 m pillar Difference

   Final closure  14.6 mm 17.2 mm 18%
   Final closure volume 0.215 m3/m 0.784 m3/m × 3.6
   Maximum closure increment 0.0128 m3/m/stage 0.0172 m3/m/stage 34%
   Maximum σ1 261 MPa 285 MPa 9.2%
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(compared to 26% from skip-0 to skip-2). To balance the local 
and regional seismic risk metrics, the most efficient sequence is at 
the start of both performance plateaus, i.e. skip 3. The increased 
risk of local failure from skip-4 to skip-6 is minimal. 

The consequences of these risks being realized should also 
be considered. Local failure (bursting) will result in rock being 
ejected from the intact hourglass pillars between previously 
bored holes. Since the adjacent holes are filled, ejection can only 
be directed into the hole that is being (or has been) bored. It is 
unlikely that localized failure in this context will result in damage 
to the service excavations, where personnel may be present. The 
failure of these pillars, however, may result in trapping of the drill 
head or other difficulties associated with boring of fragmented 
material. 

The risk of regional failure (e.g. slip induced on a subcritical 
discontinuity) is also considered. While the study area is free 
of major seismogenic discontinuities, bore-and-fill mining is 
planned in areas of the shaft pillar which neighbour structures 
that were associated with damaging seismicity during 
conventional stoping. Time-dependent rock mass movement has 
also resulted in relatively large events (ML >3.0) on structures 
in the shaft pillar in the absence of mining. It is therefore 
possible that damaging events may be triggered by the rock mass 
disturbance imposed by bore-and-fill operations. However, the 
likelihood and potential consequences of these events are much 
lower than for conventional stoping. 

The effect of fill properties is captured in Figure 26. The 
relationship between closure and Young’s modulus follows a 
hyperbolic or power law with an ‘elbow’ between 20 and 25 GPa. 
The relationship between strength and closure is linear and has a 
far less profound effect than the Young’s modulus. 

Reducing the minor principal stress to the lowest measured 
in the area did not significantly affect the results. Increasing the 
driving stress by 28% had proportionally greater effects on all 
metrics. Damage around the holes extended to the edge of the 
FMZ, indicating that even greater damage and higher values of 
closure can be expected in the greater stress regime. It was also 
found that the closures and associated metrics were greater when 
all the holes are drilled mostly in the reef layer. Closure is reduced 
when holes are bored in the stronger hangingwall or footwall 
strata. 

Including pillars and increasing the span resulted in an 18% 
increase in maximum closure and a 34% increase in closure 
volume increment. The damage and general behaviour were very 
similar to the smaller span models. The difference in metrics for 
pillars sizes of 7.6 and 6.3 m was not significant. 

Estimation of in situ closure from scan data
The reef drives and raises around the pilot site were laser-
scanned when the boring operations began (July 2013) and more 
recently once more than 80% of the pillar had been bored and 
filled (August 2016). A selection of scans is shown in Figure 32. 
The black point cloud was generated from the more recent scan. 
The change in position of the hangingwall points varies between 
23 and 55 mm, with an average of around 35 mm. Though these 
values are larger than modelled closures, the in situ deformation 
also reflects time-dependent closure and ground motion driven 
by seismic events. This suggests that the modelled values are 
a lower limit for the expected deformations. Comparing the 
results, the ratio of in situ to modelled deformation is at most 
3.2, though it is expected that this value will increase as the in 
situ driving stress increases. Measured closure ratios (the ratio 

of instantaneous to total closure) of 0.35 are typical for the 
Carbon Leader Reef (Malan, 2003). This compares favourably 
with a value of 0.31, the ratio of modelled (17 mm) to maximum 
measured (55 mm) results. 

Rock mass seismic response 
The seismic system provided coverage to a minimum magnitude 
(M-min) of –3.0 during the time period of interest, with 
around 11 geophone sites operating in the shaft pillar itself. 
Network sensitivity is therefore good, but location accuracy is 
compromised because of the extensive development, including 
large mining cavities within the shaft pillar. Figure 33a shows all 
the recorded seismic events over the period 2013 to 2014 around 
the bore-and-fill mining panel of interest (Block 10). Figure 33b 
shows events with ML > –2.0. The Gutenberg-Richter magnitude 
distribution is shown in Figure 34. A time history is shown in 
Figure 35, including activity rate and cumulative seismic potency 
as a measure of rock mass seismic response.

Location accuracy is probably better than 10 m, and therefore 
small-scale features, such as drilling-induced fracturing and 
geological discontinuities, are not discernible. It is reasonable 
to assume that the observed seismic response is, in general, 
associated with the production hole drilling, and fracturing near 
abutments of existing excavations. Only small-magnitude events 
(local magnitude ML < 0.0) were recorded within the pillar during 
the mining period. Source parameters are notably less accurate 
for small seismic events subject to the frequency response of 
the geophones used, although seismic potency should be a 
reasonable estimate of co-seismic volume change. This is of 
interest here because it can be directly compared with modelled 
closure volume and maximum closure associated with mining the 
panel. Total seismic potency for the recorded events is calculated 
as 3.3 m3.

It can be concluded that minimal rock mass seismic response 
occurred during the mining period. This is supported by the fact 
that no significant rockburst damage occurred. Up to February 
2018, the largest seismic event recorded in this area was a ML 
0.2, on 11 May 2016, indicating that there was no increased rock 
mass seismic response after the bore-and-fill mining ended.

It should be noted that different circumstances in terms of 
stress levels and geology may result in a more severe seismic 
response. In particular, geological structures under elevated stress 
levels should always be considered to pose a seismic hazard, 
which should be analysed diligently.

Calibration of boundary element models
Modelling of layouts with bore-and-fill mined pillars cannot be 
done efficiently using nonlinear continuum models. The large 
modelled volumes involved require the use of large-scale elastic 
models that are typically employed to model stoping layouts. A 
simplified approach is taken with bore-and-fill mining, wherein 

Figure 32—Comparison of scans from July 2013 (green) and August 2016 
(black) for reef drives and raises (N-S sections)
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the entire area of the reef to be extracted is removed in a single 
step and replaced by an elastic material. The Young’s modulus 
of this material is calibrated such that the expected maximum 
closure from the nonlinear models is obtained. 

A model of the actual bore-and-fill Block 10 was built with 
the Map3D boundary element code, including the shaft pillar 
infrastructure and mining spans around the shaft pillar. This 
model is shown in Figure 36 around the area of interest. The 

pre-mining stress state of Hofmann, Scheepers, and Ogasawara 
(2013) was incorporated, but the nearby infrastructure (reef 
drives and raises) was not included, hence approximating the 
field stress based on best available information. A stoping width 
of 0.66 m was used as average for all the bored holes. The aim 
was to simulate the bore-and-fill mining realistically towards 
setting up an appropriate modelling methodology for assessment 
of planned mining layouts.

Figure 34—Gutenberg-Richter magnitude distribution for Block 10 over the period 2013 to 2014

Figure 33—Recorded seismicity around the area of interest (Block 10) over the period 2013 to 2014, indicating (a) all recorded seismic events, (b) events with ML > –2.0

(a)

(b)
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Figure 35—Activity rate and cumulative seismic potency for Block 10 over the period 2013 to 2014

The mining area elements were given various Young’s 
moduli, and normal closure was extracted from the model results. 
The resulting relationship between maximum closure and Young’s 
modulus is shown in Figure 37. Maximum closure obtained for 
the equivalent nonlinear model is 17.2 mm, which corresponds to 
a Young’s modulus of approximately 2.5 GPa in the elastic model. 
This value was then used for modelling of layouts.

The total closure volume of the elastic model (calculated from 
the closure shown in Figure 36) is 16.0 m3. This can be compared 
with the recorded cumulative seismic potency of 3.3 m3 as given 
in the previous section. Both these observed and modelled 
volume values are naturally subject to various assumptions, 
but they are sufficiently robust to allow calibration. For more 
discussions on theoretical and practical implementation on 

closure volume and seismic moment (which scales with seismic 
potency), see McGarr (1976), McGarr and Wiebols (1977), 
and Randall (1971). If the observed versus modelled volume 
change is interpreted literally, it is suggested that 21% of the 
modelled elastic closure resulted in volume change associated 
with recorded seismic events. Similar analyses for conventional 
tabular mining at Tau Tona and Mponeng mines revealed 
recorded versus modelled volume changes ranging from 10 to 
30%. This relationship is in the same range as the model results 
and supports the applicability of the methodology proposed here 
for bore-and-fill mining.

Forward modelling using boundary element models
The calibration and methodology described above can now be 
used for elastic modelling assessment of planned bore-and-fill 
mining layouts. Apart from building the mining layout, regional 
mining, and infrastructure (in 3D), the appropriate stoping width 
and pre-mining stress state have to be incorporated. If the same 
fill properties and methodology as described above are used, 
the elastic model should give a realistic assessment of closure 
volume and associated potential seismic response. The model 
should also give realistic estimates of rock mass stress as well as 
surface stress along geological structures, enabling quantification 
of these towards seismic hazard assessment. Figure 38 shows 
modelled stress around the mining area and infrastructure, from 
which desired failure criteria can be calculated. An important 
consideration in the elastic model is that the stress around 

Figure 36—Northeasterly view showing the Map3D model to simulate  
closure of the Block 10 bore-and-fill mining area

Figure 37—Relationship between closure and fill modulus for a boundary 
element simulation of a single pillar

Figure 38—Modelled major principal stress around the Block 10 mining area
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abutments will be excessive, since no nonlinear fracturing is 
simulated. The stress peak is also shifted away from the rock 
face where fracturing occurs. However, since the maximum 
closure calibration with the nonlinear model was done excluding 
the infrastructure (reef drives), the elastic assessment will be a 
worst-case scenario in terms of rock mass stress levels.

The boundary element model, in particular Map3D, allows 
for mine-wide models to be built and run efficiently. Based on 
the calibration and demonstrated methodology of rock mass 
stress analysis, it is proposed to build the infrastructure in 
3D as fictitious force elements (including shafts, tunnels, and 
large excavations), and the planned mining as displacement-
discontinuity elements. Figure 39 shows a model of a proposed 
layout in the current mining area as an example. Such a model 
will allow the usual elastic modelling analyses, indicating 
potential stress interaction between excavations and quantifying 
design criteria such as excess shear stress on structures, rockwall 
conditions factor (RCF) along tunnels, and closure volume.

Conclusions
A study of boring sequences indicated that most metrics stabilize 
when the number of holes skipped is three or greater. Increasing 
the skip beyond three increases the potential for local failure 
(maximum σ1) but reduces the potential for regional failure 
(closure and closure volume). It is suggested here that the 
optimal sequence is to skip three holes. As discussed above, 
skipping a greater number of holes is associated with less severe 
consequences in the event of unexpected rock mass failure. For 
this reason any sequence where the number of holes skipped is 
greater than three is acceptable. 

Variation of the fill properties showed that the Young’s 
modulus has a more profound effect on all the performance 
metrics than the material strength. APS and closure volume 
increase sharply somewhere between 20 and 25 GPa. The 
minimum suggested fill stiffness is therefore 25 GPa, where the 
fill performance will be within 5% of the ideal case, that is, filling 
with intact rock mass. At 30 GPa stiffness, the performance is 
within 2% of the ideal case. The material cohesion had a linear 
effect on the performance metrics.

Reducing the minor principal stress to the lowest measured 
in the area did not significantly affect the results. Increasing the 
driving stress by 28% had proportionally greater effects on all 
metrics. Damage around the holes extended to the edge of the 
FMZ, indicating that even greater damage and higher values of 
closure can be expected in the greater stress regime. Bore-and-
fill mining at greater depths should be evaluated using enhanced 
models to determine optimal sequences and fill properties. 

Including pillars and increasing the span resulted in an 18% 
increase in maximum closure and a 34% increase in the closure 
volume increment. The damage and general behaviour were very 
similar to the smaller span models. The difference in metrics for 
pillars sizes of 7.6 and 6.3 m was not significant. It was also 
found that closure was greatest when all the holes are drilled 
mostly in the reef layer – closure is reduced when holes are bored 
in the stronger hangingwall or footwall strata. 

Laser scans indicated that the in situ deformation in the 
service excavations around the pilot pillar varied from 23–55 mm. 
The deformation according to the equivalent model was  
17.2 mm, indicating that the modelled value is a minimum, while 
the deformation may be as high as 3.2 times the modelled value. 

The rock mass seismic response for the mining of the pilot 
site resulted in minimal seismic response. No large seismic event 

occurred during or after the mining period (up to February 2018). 
From a seismic response point of view, it is concluded that the 
bore-and-fill mining method, using the currently deployed fill 
properties and placement procedure, has the potential to limit 
closure and reduce seismic hazard.

The results from the 50 m span inelastic model were 
used to calibrate the Young’s modulus of the fill emplaced in 
an equivalent boundary element model. Mining layout and 
infrastructure were included in the boundary element model, 
and the best information on field stress was incorporated. For 
the given conditions, it was found that a Young’s modulus of 2.5 
GPa would result in similar closure to that seen in the nonlinear 
model. A methodology is thus proposed for assessing planned 
bore-and-fill mining layouts in terms of seismic hazard and other 
design criteria. 
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CO2 reactivity of briquettes derived 
from discard inertinite-rich Highveld 
coal using lignosulphonate and resin as 
binders
N.T. Leokaoke1, J.R. Bunt1, H.W.J.P. Neomagus1, F.B. Waanders1, and 
C.A. Strydom2

Synopsis
South African collieries generate approximately 31 Mt of fine and ultrafine coal annually, with the 
majority of the ultrafine fraction discarded in slurry ponds and underground workings. Use can be made 
of this energy source through briquetting, thereby alleviating the handling problems associated with fine 
coal. Briquettes of inertinite-rich high-ash coal when combined lignosulphonate and resin have shown 
promising mechanical strength, therefore requiring reactivity analysis. In this study, chars derived from 
lump coal, binderless briquettes, and lignosulphonate- and resin-bound briquettes were subjected to 
CO2 gasification at 875, 900, 925, 950, and 1000°C. Binder addition brought about no distinct difference 
in char reactivity. The briquetted chars showed approximately double the reactivity of lump coal chars. 
The increase in micropore surface area derived during the devolatilization process is postulated to be the 
major contributor to the increased reactivity of the briquettes. No significant differences were observed 
between the activation energy of the lump coal and manufactured briquettes, with values ranging 
between 222–229 kJ/mole. Industrial implementation of fine coal briquetting in South Africa will result 
not only in an increase in coal resources, but also reduce environmental concerns linked to fine coal 
discards.

Keywords
CO2 gasification, reactivity, discard coal, kinetics, briquetting, porosity.

Introduction
About 12% of South African run-of-mine (ROM) coal is classified as fine (–0.5 mm) and ultrafine  
(–0.1 mm), with the majority of the ultrafine fraction being discarded into slimes dams and 
underground workings as a result of handling, transportation, and utilization limitations (England, 
2000; Mangena and  du Cann, 2007). Bell et al. (2001) reported sulphur contents of up to 3.8% 
for discard coals from the Witbank coalfields. One of the major environmental risks associated with 
sulphide minerals in discard coals is acid rock drainage (Kotsiopoulos and Harrison, 2017). Industrial 
utilization of fine coal tailings can alleviate the environmental hazards associated with disposal, while 
increasing the coal resources in fossil fuel-dependent countries such as South Africa. A study by 
Wagner (2008) indicated that typical discard coal aged up to 40 years can contain between 18 and 40% 
mineral matter, with the lowest fixed carbon content determined as 37% (d.b.). The finer fraction  
(1.18 mm) had heating values as high as 21 MJ/kg (a.d.), and can therefore be classified as a viable 
source of energy (Wagner, 2008).

For local applications, fine discard coal can be briquetted for use in technologies that require lump 
coal, such as fixed-bed gasifiers. For large-scale application, briquettes can be utilized in the fixed-bed 
dry bottom (FBDB) gasification technology, which accounts for the conversion of over 30 Mt of coal 
into liquid fuels annually in South Africa (van Dyk, Keyser, and Coertzen, 2006). The FBDB gasifier 
is designed to accommodate a variety of carbonaceous materials with ash and moisture contents up to 
35% and 30%, respectively. Although the FBDB gasifier is designed for a top particle size of 70 mm and 
a bottom size of 5–8 mm, a study conducted by Bunt and Waanders (2008) showed that the most stable 
thermal particle size in the gasifier is between 6.3 and 25 mm (van Dyk, Keyser, and Coertzen, 2006; 
Bunt and Waanders, 2008).

Briquettes, like ROM coal, are expected to be mechanically strong, water resistant, thermally stable, 
and reactive (Richards, 1990; Mangena et al., 2004; Bunt et al., 2015). During briquette formation, 
the reactive macerals break and subsequently link into joint masses at the briquette surface. This 
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phenomenon, less prevalent during briquetting of inertinite-rich 
fine coal, is responsible for the increased mechanical strength of 
vitrinite-rich coal briquettes. Leokaoke et al., (2018) concluded 
that the addition of lignosulphonate and resin as binders 
increased the mechanical strength of briquettes derived from 
inertinite-rich Highveld coal fines. Above 5 wt% lignosulphonate 
addition, the cured briquettes surpassed the compressive strength 
of ROM coal from the same colliery. At 10 wt% resin addition, the 
cured briquettes could withstand a compressive force of  
12 MPa. Water resistance analysis of the inertinite-rich, low 
grade coals investigated by Leokaoke et al. (2018), Mangena 
et al. (2004), and Mangena and du Cann (2007) resulted either 
in the disintegration of the briquettes in water or reduced wet 
strengths. This was ascribed to the kaolinite mineral matter in 
conjunction with high ash content (> 15 wt%) plasticizing in 
the presence of excess water (Mangena and du Cann, 2007). 
Applying a molten wax and paraffin coating to the surfaces of the 
briquettes after curing rendered the lignosulphonate- and resin-
bound briquettes water resistant (Leokaoke et al., 2018).

As regards the thermal characteristics of briquettes, 
properties such as moisture content, calorific value, emissions, 
and heat retention during combustion, as well as gasification 
reactivity have been studied (Rubio, Izquierdo, and Segura, 
1999; Mishra, Sharma, and Agarwal, 2000; Tarasov, Shahi, 
and Leitch, 2013; Massaro, Son, and Groven, 2014; Bunt et al., 
2015). The agglomerates produced should contain less than 30% 
moisture to be suitable for FBDB gasification (van Dyk,Keyser, 
and Coertzen, 2006). The additives used are expected to not 
significantly reduce, if not enhance, the calorific value of the raw 
coal (Rubio, Izquierdo, and Segura, 1999; Mishram Sharma, 
and Agarwal, 2000). While investigating the rate of conversion 
of manufactured binderless briquettes and ROM coal, Bunt et 
al. (2015) established that briquetted chars reached complete 
conversion faster than ROM coal char of similar size. Although 
the briquetting process proved to enhance reactivity, the effect of 
binder addition on briquette reactivity still requires investigation.

The majority of South African coalfields consist of inertinite-
rich coal. In this study the aim is to analyse the reactivity of 
briquettes derived from South African inertinite-rich, low-grade 
coal fines. The reactivity of briquettes manufactured using 
lignosulphonate and resin as binders is compared to that of ROM 
coal. The study is concluded with the description of a kinetic 
model to predict CO2 gasification rates for the manufactured 
briquettes and ROM coal.

Experimental procedure
Coal
The medium rank C, low-grade, inertinite-rich filter cake discard 
coal was obtained from an active colliery in the Highveld area, 
South Africa. The sample contained 20 wt% surface moisture as 
received, with a d80 of 100 μm. ROM coal from the same colliery 
was obtained for comparison. The standard characterization 
techniques used were petrographic, proximate, total sulphur, 
ultimate, and XRF analyses as indicated in Table I and Table II.

The petrographic analyses (Table I) indicate that the ROM 
coal is inertinite-rich. XRF analyses for both the coal fines and 
ROM coal are presented in Table II. The mineral matter in both 
the coal and coal fines mostly comprised Si-, Al-, and Ca-
containing species. An alkali index (AI), as proposed by Sakawa, 
Sakurai, and Hara (1982), was determined for both the ROM and 
coal fines by means of Equation [1], and can be seen in Table II.

[1]

The concentrations of the organic species identified in the 
samples are typical for South African Highveld coal (van Dyk, 
Keyser, and Coertzen, 2009; Matjie et al., 2011).

Additives
The lignosulphonate utilized was a paper-pulp by-product from 
the paper industry in South Africa. The proximate and ultimate 
analyses of the lignosulphonate are shown in Table III.

   Table I 

  Coal properties
 Coal fines ROM coal

   Proximate analysis (wt%, dba)
   Ash 24.3 19.8
   Volatile matter 27.7 24.1
   Fixed carbon 48.1 56.0
   Ultimate analysis (wt%, dafbb)
   Carbon 79.2 78.6
   Hydrogen 4.8 4.0
   Nitrogen 2.2 2.1
   Oxygen 12.6 14.7
   Sulphur 1.2 0.6
   Gross calorific value (MJ/kg, adbc)
  22.3 26.0
   ROM coal petrographic analysis (vol.%, mmbd)
   Vitrinite  27.7
   Liptinite  5.4
   Inertinite  56.1
   Visible minerals  10.8
   Total reactive macerals (vol%)  63.8
   Reflectance properties (%)
   Mean vitrinite random reflectance (Rr)  0.65
   Rank  Bituminous medium rank C

adb – dry basis, bdafb – dry, ash-free basis, cadb – air-dried basis, dmmb – mineral 
matter basis

   Table II 

   XRF analysis (ASTM D4326) for the coal fines and  
ROM coal ash

 Coal fines (wt%, LOIfb*) ROM coal (wt%, LOIfb)

   SiO2 47.9 50.1
   Al2O3 26.4 24.4
   CaO 7.4 10.7
   SO3 6.2 5.6
   Fe2O3 5.0 1.8
   MgO 2.4 3.3
   TiO2 1.4 1.3
   K2O 1.1 0.6
   P2O5 0.8 0.6
   Na2O 0.4 0.8
   SrO 0.4 0.4
   BaO 0.3 0.2
   MnO 0.1 0.1
   ZrO2 0.1 0.1
   Alkali Index (-) 5.3 4.6

* Loss on ignition free basis
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Prior to utilization, the lignosulphonate was milled in a 
ball mill to –1 mm. The resin obtained was a NCS 991 PA MV 
polyester resin with average density and viscosity (at 25°C) of 
1.11 g/cm3 and 495 mPa.s, respectively. The resin required no 
pre-treatment prior to addition to the coal fines.

Briquetting process
The briquettes were produced in a 13 x 13 mm cylindrical die, 
using a Lloyd LRX Plus press. While investigating the effect of 
different binders on mechanical strength, Leokaoke et al. (2018) 
showed that the addition of lignosulphonate and resin at 5 and 
7.5 wt% respectively increased the briquette compressive strength 
to approximately that of the ROM coal analysed (14 MPa), 
comparing well with briquettes prepared in previous studies 
(Mangena and du Cann, 2007; Teixeira, Pena, and Miguel, 2010; 
Bunt et al., 2015). The coal fines investigated in this study were 
of the same origin, therefore lignosulphonate and resin were each 
added in weight concentrations of 5.0 and 7.5%. Samples of  
2.5 g were prepared and pressed with a force of 4.0 kN. Optimum 
curing conditions were previously found to be 100°C and 3 hours 
for binderless briquettes (Leokaoke et al., 2018). These curing 
conditions were subsequently utilized for briquettes prepared 
both with and without binders. For comparison, cylindrical 
samples of the ROM coal were prepared by means of shaping 
lump coal to dimensions of 13 x 13 mm using a grinder and 
metal file. Samples with a weight of 2 ± 0.3 g were selected for 
analysis. The samples were stored in an oven maintained at 
105°C.

Porosimetry
The porosity and surface area of the coal briquettes and ROM coal 
were analysed by means of CO2 adsorption on a Micromeritics 
ASAP 2020 surface area and porosity analyser. Samples of 
approximately 0.35 g were prepared through breakage of the 
cylindrical briquettes and ROM coal and were subsequently 
degassed at 75°C at a vacuum pressure of 300 μm Hg for 24 
hours. Upon completion, the sample micropore surface area 
was analysed with CO2 at 0°C using an ice bath. The micropore 
surface area was determined with the Brunauer-Emmet-Teller 
(BET) and Dubinin-Radushkevich (D-R) methods. The maximum 
micropore volume and median diameter were determined using 
the CO2 adsorption Horvath-Kawazoe (H-K) method. The sample 
porosity was calculated by evaluating the area beneath the D-R 
cumulative pore volume plot (Okolo et al., 2015).

The skeletal (helium) densities were analysed using a 
Micromeritics Accupyc II 1340 gas pycnometer consisting of a 
10 cm3 sample cell and expansion chamber. The sample cell was 
filled to approximately 75 vol.% (three briquettes). The cell was 
pressurized with helium which was allowed to expand into the 
expansion chamber, providing two pressure readings per sample. 

The recorded pressures were converted to sample volume and 
used in conjunction with the known sample mass to determine 
the sample density (Huang et al., 1995).

The particle (mercury) densities were determined by means of 
mercury submersion. The set-up was placed inside a ventilation 
chamber and consisted of a Sartorius ED 4202S balance, a cell 
containing mercury with purity greater than 99.5%, and a particle 
plunger. Single particles were used per measurement. The cell 
was placed on the balance and the briquette and plunger were 
submerged into the mercury (separately and combined). The 
weights recorded were converted to density using Archimedes’ 
principle (Coetzee et al., 2014).

Reactivity
Thermal fragmentation testing was conducted in an Elite Thermal 
Systems Ltd tube furnace model TMH16/75/610. The furnace 
was preheated to 100˚C prior to inserting the briquettes and ROM 
coal. After inserting the sample, the furnace was heated to 700˚C 
at a rate of 5˚C/min with a hold time of 1 hour prior to cooling 
to room temperature. The thermal fragmentation analysis was 
completed under nitrogen gas of purity greater than 99.99% 
(Afrox South Africa), at a flow rate of 5 NL/min.

The devolatilization and gasification of the coal were executed 
separately. Devolatilization was performed in the Elite tube 
furnace model TMH16/75/610. Upon inserting the coal, the 
furnace was heated at 5°C/min to 1000°C with a hold time of 15 
minutes under nitrogen gas at a flow rate of 5 NL/min.

Gasification of the coal was performed in an in-house-
manufactured, large particle thermogravimetric analyser (TGA) as 
described by Coetzee et al. (2013). The TGA consists of a Lenton-
supplied, vertical Elite Thermal Systems Ltd furnace model TSV 
15/50/180. The sample was loaded into a quartz bucket, which 
was placed on top of a Radwag precision PS 750/C/2 mass 
balance. The furnace was equipped with a K-type thermocouple to 
measure the temperature in the reaction zone. The sample holder 
was inserted into the predetermined reaction zone of the furnace 
and isothermal gasification reactions were conducted at 875, 900, 
925, 950, and 1000°C. Afrox supplied CO2 gas (with a purity 
of 99.99%), which was fed at 2 NL/min for the duration of the 
gasification experiments using a Brooks model 0254 mass flow 
controller. Gasification experiments were considered complete 
when no further mass loss was observed.

The mass loss of the sample with time, as well as the reaction 
temperatures, was logged and saved. A polynomial curve in the 
form of Equation [2] (nomenclature provided at the end of the 
paper) was subsequently fitted to the logged mass loss data using 
the sum of the least squares method in order to filter the data.

[2]

The conversion was then determined by (Coetzee et al., 
2013):

[3]

The conversion rate was determined as:

[4]

   Table III 

  Binder properties
 Lignosulphonate Resin

   Proximate analysis (wt%, db*)
   Ash content 17.6 0.9
   Volatile matter 79.3 95.2
   Fixed carbon 3.1 4.0

Gross calorific value (MJ/kg, adb†)
 15.1 31.5

*db – dry basis, †adb – air-dried basis
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Results and discussion
During thermal fragmentation analysis, the briquettes all 
maintained their shape and size, merely showing cracks at 
the particle surfaces as indicated for lignosulphonate-bound 
briquettes in Figure 1. Similar observations were made for 
binderless and resin-bound briquettes. This is in agreement 
with the findings of Bunt and Waanders (2008), who concluded 
that Highveld coal particles smaller than 25 mm are not prone to 
fragmentation during the fixed bed gasification process.

Porosimetry
In Figure 2a the skeletal and particle densities of the charred 
and uncharred briquettes as well as ROM coal are shown 
(average values indicated). The CO2 micropore surface area 
data, consisting of the BET and D-R micropore surface area, 
H-K maximum pore volume and porosity, with the standard 
deviation, are reported in Figure 2b. Prior to charring, the 
ROM coal exhibited higher micropore surface area than the 
manufactured briquettes. This trend was also observed in the 
briquette and ROM coal porosities and can be attributed to the 
physical packing of fines during the briquetting process, reducing 
pore accessibility by the adsorbate. No significant differences 
were observed between median pore diameters of the briquettes 
and the ROM coal (with their respective chars), with a median 
pore diameter of 3.96 ± 0.15 Å. The addition of lignosulphonate 
and resin reduced the maximum pore volume of the binderless 
briquettes (BL) by approximately half. This may be a result of the 
blocking of pores by the added binders (Rubio, Izquierdo, and 
Segura, 1999). Upon charring, the micropore surface area of the 

ROM coal reduced from 100 m2/g to 80 m2/g. This reduction can 
be ascribed to the ordering of the carbon structure, reducing the 
microporosity and subsequently the micropore surface area of 
the coal particles (Cai et al., 1996; Lu et al., 2002). In contrast to 
the ROM coal, the manufactured briquettes showed an increase 
in micropore surface area subsequent to charring. This could be 
ascribed to the evaporation of binders along with the evolution 
of micropores during the diffusion of the volatiles formed as a 
result of the pyrolysis process (Liu, Cao, and Liu, 2015). The D-R 
micropore surface area of the briquetted chars was found to be 
in the range of 184 ± 5 m2/g. The porosity of the briquette and 
the ROM coal derived chars showed a similar trend to the BET 
and D-R char micropore surface area. The ROM coal porosity, 
on the other hand, reduced following charring. The maximum 
pore volumes of briquetted and ROM coal chars showed a trend 
similar to porosity. The effect of binder addition was not visible 
after briquette devolatilization, indicative of binder decomposition 
during the charring process.

Effect of temperature
The conversion rates of the ROM coal char, binderless (BL), 
lignosulphonate (L), and resin (R) briquetted chars as a function 
of carbon conversion are presented in Figure 3. A decrease in 
the conversion rate was observed as the carbon conversion 
increased, with the maximum reactivity observed at X = 0. This is 
related to the size of the briquette, which is much larger than the 
pulverized coal char samples generally used for kinetic studies, 
where a maximum reactivity is often observed at X > 0. The 
absence of a maximum in reactivity compares well to conversion 

Figure 1—Lignosulphonate-bound briquettes before (a) and after (b) thermal fragmentation

Figure 2—Properties of coal/char from (a) CO2 gas adsorption, and (b) helium pycnometry and mercury submersion, with ROM – ROM coal, ROM-C – ROM coal 
char, BL – binderless briquette, BL-C – binderless briquette char, L – lignosulphonate briquette, L-C – lignosulphonate briquette char, R – resin briquette, R-C – 
resin briquette char
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Figure 3—Conversion rates of (a) ROM coal char, (b) BL, (c) L, and (d) R briquette chars

curves obtained for lump coal particles, as shown by Coetzee et 
al. (2013). Catalytic influences were considered to be negligible, 
which can be attributed to the low concentration of catalytic 
metals, such as CaO and K2O, in the mineral matter for both the 
ROM coal and coal fines, as seen from the XRF analysis in  
Table II (Ochoa et al., 2001; Kucherenko et al., 2010; Coetzee 
et al., 2013). Elevation of the reaction temperature led to an 
increase in the initial reactivity for the coals.

Effect of binder addition
The effect of binder addition on the conversion rate at 
temperatures between 875 and 1000°C is presented in Figure 
4. No significant difference between the reactivity of the BL, 
L, and R briquetted chars was observed at the five reaction 
temperatures. Brebu, Cazacu, and Chirila (2011) determined that 
lignosulphonate disintegrates between 140 and 550°C, hence 
no significant influence in reactivity was observed subsequent 
to the charring process. The boiling point of polyester resin is in 
the range of 145–148°C and resin is thus also evaporated during 
the charring process. The addition of the two binders contributed 
solely to the mechanical strength of the briquettes and had no 
effect on briquette reactivity. The differences in CO2 micropore 
surface areas of the briquettes were also more pronounced prior 
to charring. Briquetted chars exhibited D-R surface areas between 
181 and 190 m2/g, while the ROM coal char exhibited a lower 
D-R micropore surface area of 131 m2/g. This is evident from the 
difference in char reactivity of the ROM coal and briquettes. Bunt 
et al., (2015) observed similar trends between briquette and ROM 
coal char reactivity. Similarly, the porosities of the BL, L, and R 

briquette chars were higher than for the ROM coal char, again 
substantiating the observed CO2 char reactivities. During analysis 
of pore evolution, Liu, Cao, and Liu (2015) found that pore 
evolution had a great influence on micropore surface area, and in 
turn, gasification reaction rate.

Kinetic modelling
The reactivity results were modelled using the Wen model. The 
semi-empirical model was developed for a wider variety of pore 
structure evolution as a result of carbon conversion. This was 
achieved by introducing a second variable, the reaction order (m), 
as seen in Equation [5] (Wen, 1968):

[5]

The Wen model reactivity predictions, compared to the 
experimental data) at 875°C, are given in Figure 5. The model 
described the CO2 gasification rate well for the cylindrical 
particles, with an average minimum quality of fit (QOF) of 89%, 
as indicated in Table IV. 

Table IV shows the reaction order and reactivity constant 
values predicted using the Wen model. The reaction order showed 
no definitive trend with increasing temperature. An average value 
of 0.48 was obtained for the gasification experiments, which is 
similar to the assumed 0.5 for cylindrical particles when applying 
the shrinking unreacted core model (SUCM) in the chemical 
reaction-controlled regime (Mahinpey and Gomez, 2016). The 
reaction order was generally found to be lower for ROM coal than 
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Figure 5—Wen model prediction for ROM coal, BL, L, and R briquette char reactivity at 875°C

   Table IV 

  Reactivity data obtained using the Wen model
   T (°C)                ROM                  BL           L                                      R 
 m  k.103 QOF  t50 m  k.103 QOF t50 m  k.103 QOF  t50 m k.103 QOF  t50 
  (min-1) (%) (h)  (min-1) (%) (hr)  (min-1) (%) (h)  (min-1) (%) (h)

   875 0.41 0.64 90 15 0.49 1.08 94 9 0.51 1.19 96 8 0.49 1.19 98 8
   900 0.29 1.19 77 8 0.45 2.08 92 5 0.42 2.13 96 4 0.48 2.09 97 5
   925 0.48 2.27 97 4 0.49 3.03 89 3 0.50 3.23 88 3 0.56 3.33 98 3
   950 0.36 3.18 86 3 0.51 4.61 97 2 0.51 5.76 95 2 0.60 5.84 98 2
   1000 0.46 6.83 93 1 0.51 11.88 97 1 0.51 11.54 97 1 0.60 11.67 98 1

Figure 4—Conversion rate comparisons between ROM coal char, BL, L, and R charred briquettes at temperatures between 875 and 1000°C
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for the manufactured briquettes. Also presented in Table IV is 
the time required to reach 50% conversion for the ROM coal and 
briquetted chars. On average, the briquetted coal chars reached 
50% conversion 1.6 times faster than the ROM coal chars, which 
is verified by the increased micropore surface area and porosity 
(indicated in Figure 2).

The reactivity constants obtained from the Wen model were 
used in the construction of Arrhenius plots (Figure 6) to further 
study the effect of the gasification reaction temperature. A linear 
fit was observed for the results obtained for all four formulations, 
indicating that the gasification reactions follow Arrhenius-
type kinetics (Dutta, Wen, and Belt, 1977; Guizani, Sanz, and 
Salvador, 2013). Activation energy values were found to range 
between 222 and 229 kJ/mole, as seen in Table V. These values 
are within the range observed by Everson et al. (2013) during 
CO2 gasification of an inertinite-rich Highveld coal.

Conclusion
The industrial use of fine coal discards carries both economic 
and environmental benefits for coal-dependent countries such 
as South Africa. In this study, the reactivity of briquettes derived 
from fine discard coal was evaluated for application in FBDB 
gasification. The briquetting process itself brought significant 
changes to the char reactivity compared to ROM coal char. 
The manufactured briquetted chars exhibited approximately 
double the gasification reaction rate of the ROM coal and can 
therefore directly be used in the current FBDB gasification 
process. Analysis of the CO2 gas adsorption data showed that 
briquetted chars had similar micropore surface areas, which 
were considerably higher than that of the ROM coal char. The 
agglomeration of coal fines was found to enhance the CO2 
gasification reaction rate as a result of compaction differences 
between the briquette and ROM coal chars. The binders brought 
about no substantial changes to the char reactivities, due to 
the extensive heat the briquettes were subjected to during the 
devolatilization and gasification processes – resulting in the 
disintegration of the binders. Upon investigating various kinetic 
models, the Wen model was found to predict the reactivity data 
closely. No significant differences in the activation energy values 
of the ROM coal and manufactured briquettes were observed. The 
mechanical and thermal analyses of the lignosulphonate- and 
resin-bound briquettes showed promising results for industrial 
application, meriting a techno-economic study to determine 
economic applicability.
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Nomenclature
a Polynomial coefficient (dimensionless)
AI Alkali Index
d80  Screen diameter at which 80% cumulative mass is 

retained (μm)
Ea Activation energy (kJ/mole)
k Reactivity constant (min-1)
m Reaction order (dimensionless)
mash Mass of sample ash (g)
mi Initial sample mass (g)
mt Sample mass at time t (g)
t50 Time at 50% conversion
X Conversion (dimensionless)
dX/dt Conversion rate (min-1) 
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Evaluation of shaft locations in 
underground mines: Fuzzy multi-
objective optimization by ratio analysis 
with fuzzy cognitive map weights
E. Bakhtavar1, S. Yousefi2, and A. Jafarpour3

Synopsis
The determination of the location of production and ventilation shafts is one of the most important 
issues in underground mines from both a technical and an economic viewpoint. This study introduces 
an integrated approach using fuzzy cognitive map (FCM) and fuzzy multi-objective optimization by 
ratio analysis (FMOORA) to evaluate several candidate shaft locations and consequently increase ore 
production from underground mines. The FCM based on a hybrid learning algorithm was applied to 
analyse interactions and internal relationships between criteria and to find complex causal relationships 
between different factors. After importing the weights resulting from the FCM into the FMOORA, shaft 
alternatives were evaluated and prioritized. An iron ore case example was evaluated by the integrated 
approach. Results of the integrated approach were validated by the results obtained from fuzzy-TOPSIS 
and on-site evaluations by mining experts.

Keywords
production shaft, fuzzy cognitive map, fuzzy multi-objective optimization by ratio analysis, underground 
mining.

Introduction
Underground mine openings are excavated from the surface to access an underground ore deposit and 
to transport and hoist extracted ore to the surface. The number and type of openings (developments) 
depend on the mining method and production capacity. Decisions on developments should be carefully 
made to address the complexity and high costs of underground mining. These decisions influence 
production operation in the next stages (Hartman and Mutmansky, 2002). The vertical shaft is among 
the most common openings used to access ore deposits located at deep levels. The vertical shaft is 
employed for ore transportation and service objectives. It is also suitable for relatively large, deep, and 
flat-lying ore deposits when a high production rate is desired.

There have been limited studies of vertical shaft issues in underground mining. Unrug (1984) 
examined important aspects such as shaft location selection, the design of shaft lining and collar, 
and sump design. The author emphasized that a shaft could be located on the footwall side of an ore 
deposit with a major axis in the strike direction. Locating the shaft in the central part of the mining 
area has major benefits because of the considerable decrease in transportation costs. However, in this 
case, mineable ore can be sterilized in the shaft pillars. Therefore, locating a shaft in the central part is 
appropriate only in the case of tabular deposits where mining at moderate depths is considered. Elevli, 
Demirci, and Dayi (2002) compared the vertical shaft and ramp systems to identify a suitable method 
for ore transportation in underground mines. They compared these two systems in terms of net present 
value of the whole project for various depths, total investment costs, and transportation unit cost. They 
concluded that the NPV and total investment cost of the ramp system make it suitable for depths less 
than 700 m. However, the shaft system has a lower transportation unit cost than the ramp system. 
Notably, the shaft system is preferable at depths greater than 700 m. Bruneau et al. (2003) investigated 
geological and geotechnical problems of underground copper mine shafts on site. They also carried out 
numerical modelling of the effects of the mining sequence and faults on the stability of the main shaft. 
Their study indicated that geological and geotechnical structures have a major effect on the stability of a 
shaft. Therefore, a production shaft should be located away from faults and other problematic structures 
in terms of geology and geotechnics.

Among the shaft-related studies, the investigations  by Gligoric, Beljic, and Simeunovic (2010) 
and Hudeja et al. (2013) focused on determining a suitable location for a shaft. Gligoric. Beljic, and 
Simeunovic (2010) used fuzzy TOPSIS to find the order of preference by similarity to ideal solution 
and network optimization to determine the appropriate location of a shaft in a deep underground 
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mine. Transportation costs, total operational and development 
costs of the shaft, and availability of the transportation system 
were considered as the main criteria. Hudeja et al. (2013) 
prioritized shaft locations for a coal mine by integrating the 
results of four techniques – preference ranking organization 
method for enrichment of evaluations (PROMETHEE), 
ELimination and Choice Expressing Reality (ELECTRE), analytical 
hierarchy process (AHP), and VIseKriterijumska Optimizacija 
I Kompromisno Resenje (VIKOR). They addressed the main 
criteria in terms of geotechnical conditions and gasometry, 
hydrogeological conditions, mine infrastructure arrangement, 
siting and construction investment, concentration and advance of 
mining operations, and interlinking with a thermal power plant.

The decision on the location of a production shaft is a critical 
component in the strategic planning of an underground mine 
(Gligoric, Beljic, and Simeunovic 2010). This decision affects 
the economics of an underground mining project. Therefore, 
the purpose of this research is to provide an approach to 
determine the most appropriate location of the production shaft 
in an underground mine. This decision is a multi-criteria task 
(Hudeja et al. 2013). The main part of this type of decision-
making process is to determine the weights of criteria and 
attributes. The majority of the weighting techniques cannot 
consider the causality relationships between the criteria and the 
system objective. Fuzzy cognitive map (FCM) is the best-known 
technique that has been applied in different cases to consider the 
causality relationships between the criteria and objective. Despite 
weighing the criteria, the remaining process of decision-making 
can be completed by a multi-criteria decision-making (MCDM) 
technique, such as AHP, TOPSIS, ELECTRE, PROMETHEE, 
VIKOR, multi-objective optimization by ratio analysis (MOORA), 
etc.

Among the MCDM techniques, MOORA, which was 
introduced by Brauers and Zavadskas (2006), has been 
effectively applied in various decision-making problems due 
to its simplicity, stability and robustness, comprehensiveness, 
and minimal mathematical  calculations  and  computational  
time required (Brauers et al., 2008; Chakraborty, 2010; Kracka, 
Brauers, and Zavadskas, 2010; Brauers and Zavadskas, 2012). 
Other advantages of MOORA are the ability to simultaneously 
optimize several contradictory attributes subject to certain 
constraints and finally select the best (satisfactory) alternative. 
As a result, MOORA is an appropriate tool for selecting and 
prioritizing alternatives from a set of feasible options based on 
multiple conflicting attributes.

Locating a shaft for an underground mine is, like many 
other decision-making problems, an imprecise exercise. In this 
case, the fuzzy set theory presents a mathematical context to 
precisely address vague conceptual phenomena (Zadeh, 1965). 
The fuzzy theory is a beneficial tool to measure the ambiguity of 
concepts, including linguistic variables, satisfaction, and degrees 
of importance that are often vague during the decision-making 
process (Bakhtavar and Lotfian, 2017). 

Therefore, in this study, an FCM was integrated with fuzzy 
multi-objective optimization by ratio analysis (FMOORA) to 
take full advantages of their ability to deal with uncertainty 
when prioritizing shaft locations with imprecise and vague data. 
In the FCM part of the integrated approach, the weights of the 
most effective criteria were determined. Then, other steps of the 
decision-making process were performed using the FMOORA part 
of the approach.

The FCM method has been applied individually and together 
with decision-making techniques in different fields. Limited 
research has been reported on the applications of FCM in mining 
and rock engineering problems. Bakhtavar and Yousefi (2018) 
integrated FCM based on a multi-goal concept and a sensitivity 
analysis in the TOPSIS process to prioritize workplace accident 
risks in underground coal mines. Bakhtava, Shahmoradi, and 
Rahmati (2018) used an FCM to evaluate the effective factors 
that give rise to occupational risks in underground coal mines 
in Iran by analysing the cause and effect interactions among the 
identified factors. Bakhtavar and Shirvand (2019) designed an 
FCM to prioritize the problematic drilling and blasting factors that 
result in technical difficulties in tunnelling projects in Iran by 
extracting the weights of the problematic factors.

Background
‘Cognitive map’ and ‘multi-objective optimization by ratio 
analysis’ methods were integrated under a fuzzy environment 
to establish a hybrid approach that is applicable in all situations 
where a decision is made. The hybrid approach was developed 
to evaluate and prioritize a number of shaft location alternatives 
in the case of underground mining. The fuzzy system based on 
triangular numbers was studied along with FCM and FMOORA 
as the main methods and materials of the research, as outlined in 
the following sub-sections.

There are some uncertain factors in the form of linguistic 
variables and ambiguity in concepts while evaluating and 
prioritizing shaft location alternatives. To solve this problem 
in the decision-making process, fuzzy set theory provides a 
mathematical context in which vague concepts can be exactly 
considered (Zadeh, 1965).

General concept of fuzzy sets theory
The literature indicates that fuzzy set theory was introduced 
by Zadeh (1965). This theory was developed and exemplified 
in many fields to improve the decision-making process under 
uncertainty and to simply solve complex real-world problems. In 
decision-making processes, expert opinions are usually based on 
linguistic and descriptive evaluations, which impose uncertainty. 
The linguistic variables were quantified to make a decision 
easily. Therefore, MCDM techniques were developed by using 
fuzzy numbers instead of crisp numbers. The fuzzy numbers 
were ordinarily specified by triangular and trapezoidal types. 
Triangular fuzzy numbers (TFNs) have been commonly used 
together with MCDM techniques.

A crisp set can be converted to a fuzzy set if the range {0,1} 
is converted to the interval [0,1]. The fuzzy set A in the universal 
set U can be defined as in Equation [1]. Fuzzy set A can be 
represented through Equation [2]. The membership degree sets 
were replaced with crisp sets based on the fuzzy theory concept 
(Bellman and Zadeh, 1970).

[1]

[2]

where mA(x1) is the membership degree of x1 in set A, which 
varies in the interval [0,1].

FCM
In the real world, many factors have complex relationships with 
other factors under a cause-and-effect situation. The cognitive 
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map method has been extensively used in many applications 
of engineering sciences because it is capable of analysing and 
finding the complex cause-and-effect relationships between 
various factors (criteria). A cognitive map is designed to consist 
of nodes, arcs between nodes, and signs on the arcs. In a specific 
map, nodes represent special concepts that describe a system, and 
arcs denote cause-and-effect relationships between the concepts. 
The type of causality between concepts is signified by the arc 
signs (Papageorgiou, Stylios, and Groumpos. 2006).

The FCM is an effective tool used to model complex systems 
for which there is limited data due to data inaccessibility or 
the high cost of data collection. It is based on a cognitive map 
that uses the relationship between components of a ‘mental 
perspective’ to compute the ‘power of influence’ of causal 
relationships by fuzzy numbers in the interval [0,1] or [−1,1]. In 
the FCM, time series data as input along with expert opinions are 
essential to draw and design a map (Rezaee, Yousefi, and Hayati, 
2016; Rezaee, Yousefi, and Babaei, 2017). The FCM employs the 
neural network logic to estimate factor weights and relationships 
between variables. Figure 1 illustrates a sample cognitive map.

As shown in Figure 1, Ci represents nodes or concepts that 
are associated with weighted arcs. Wij denotes relationships 
between concepts Ci and Cj in the form of type and causality 
degree of the relationship between the concepts. Wij>0, Wij=0, and 
Wij<0 represent a positive causal relationship, no relationship, 
and a negative causal relationship between the two concepts, 
respectively (Bakhtavar et al., 2019).

Learning algorithms have been developed to increase map 
convergence and the accuracy of weights and to reduce the 
dependency on expert opinions based on the cognitive map 
concept. The Hebbian algorithm, population-based learning 
algorithms, and hybrid algorithms are known as learning 
algorithms (Papageorgiou and Kannappan, 2012). The best 
alternative is a hybrid learning algorithm using Hebbian and 
metaheuristic algorithms based on the data of the current study 
deduced from expert opinions. This kind of hybrid algorithm is 
appropriate for adjusting map weights consisting of time series 
data and expert opinions. In this study, a hybrid nonlinear 
Hebbian and differential evolution (NLH-DE) algorithm was 
used. The NLH-DE algorithm can update non-dimensional 
weights in different repetitions and sustain the relationships 
between the concepts in the original map. Figure 2 explains the 
first stage of the NLH-DE algorithm in the form of pseudo-code of 
the NLH algorithm. The pseudo-code of the DE algorithm as the 
second stage of the NLH-DE is given in Figure 3.

In Figure 2, A0 is the initial state matrix of the system, W0 
is the initial weight matrix between variables, A(k) and A(k+1) are 
the new values of variables in repetitions k and k+1, η and γ are 
positive and very small numbers as learning rate, Wji

(k) and Wji
(k+1) 

are the updated values of weights between variables i and j in 
repetitions k and k+1, WNLH   is the final weight matrix between 
variables in the first stage, and sgn represents a sign function.

FMOORA
Multi-objective optimization by ratio analysis (MOORA) was 
introduced by Brauers and Zavadskas (2006) as an MCDM 
technique capable of a high level of comprehensive evaluation of 
projects facing a wide variety of factors. The MOORA method has 
many applications to the solving of various engineering problems 
in complex decision-making processes. FMOORA has been widely 
applied due to its reliability in uncertain conditions. The steps of 
FMOORA are explained below.

➤   Step 1: Identify alternatives and criteria and construct a fuzzy 
decision matrix
 Equation [3] represents a decision matrix using TFN that 
indicate scores of each alternative based on each criterion.

(k+1)

Figure 1—A sample cognitive map  

Figure 2—The pseudo-code of NLH learning algorithm

Figure 3—The pseudo-code of DE learning algorithm

[3]
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where, X
~

 is a fuzzy decision matrix; (xij
l, xij

m, xij
u) denotes a 

triangular fuzzy number, in which, xij
l, xij

m, and xij
u respectively 

indicate the lower,  middle, and upper values of the fuzzy number 
for ith alternative with respect to jth criterion; m and n are the 
number of alternatives and number of criteria, respectively.
➤   Step 2: Normalize the fuzzy decision matrix

 The fuzzy decision matrix of the first step is normalized 
by using Equations [4] to [7]. The normalization process 
provides a matrix with comparable elements (Baležentis, 
Baležentis, and Brauers, 2012).

[4]

[5]

[6]

[7]

where X
~

ij
* is a normalized fuzzy decision matrix, and xij

l*,  xij
m*, 

and  xij
u* respectively denote the lower, middle, and upper 

normalized values of the fuzzy number for ith alternative with 
respect to jth criterion

➤  Step 3: Create a weighted normalized matrix
 In this step, the fuzzy weighted normalized matrix is created 
through Equations [8] to [11] by multiplying fuzzy weights 
of each criterion (wj), deriving from the weight calculation 
methods, such as AHP, and the normalized matrix of the 
second step.

                                                      [8]

[9]

[10]

[11]

➤  Step 4: Calculate normalized performance values
 The normalized performance values are calculated through 
Equation [12] by subtracting the undesirable criteria and the 
total desirable criteria [18].

[12]

where, y~i is the overall normalized performance index for each 

alternative; S
g

j=1
v~ij is desired (beneficial) criteria for 1,…, g;  

n
S

j=g+1
v~ij is 

undesirable (non-beneficial or cost) criteria for g+1,…,n.
➤  Step 5: Defuzzify the values of the functions

 In this step, the normalized performance values, which are 
TFN, are converted to crisp values by using the centroid of 
gravity defuzzification method (Equation [13]).

[13]

where, yi is an overall performance crisp value for each 
alternative.
➤  Step 6: Evaluate and rank alternatives

 Calculated yi crisp values are ranked in descending order to 
evaluate and prioritize alternatives. The best alternative has 
the maximum yi, whereas the worst has the minimum yi. 
Notably, yi may be positive or negative depending on the total 
maximum values (desirable criteria) and the total minimum 
values (undesirable criteria) in the decision matrix.

Methods and materials

Integrated approach of FCM and FMOORA
An approach was developed by integrating the cognitive map and 
MOORA methods under a fuzzy environment to be applicable in 
all cases of decision-making processes, especially for application 
to mining problem. TFNs were used in both parts of the 
integrated approach.

Figure 4 illustrates the general view of the integrated 
approach steps using FCM and FMOORA. First, the most 
important criteria based on a decision-making problem were 
identified. Then, the criteria were weighed using the FCM based 
on the hybrid learning algorithm and expert opinions. Expert 
opinions were used on the basis of a fuzzy ranking method. Next, 
a fuzzy decision matrix was formed and then normalized based 
on the FMOORA steps. After that, a fuzzy weighed normalized 
matrix was formed by multiplying the fuzzy weights of criteria 
resulting from the FCM and the normalized decision matrix of 
the FMOORA. Finally, normalized performance values (yi) were 
calculated and defuzzified to evaluate and prioritize alternatives.

Iron ore deposit data
The data for an iron ore deposit in central Iran was applied 
to evaluate the location alternatives of production shaft. 
Accordingly, the most appropriate location of the shaft was 
determined. Table I lists sthe geometric and geomechanical 
characteristics of the iron ore deposit.

Figure 4—Proposed approach based on the FCM and FMOORA methods  
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Investigations
Before any investigations on site and using maps, several 
parameters related to finding an optimal location of the shaft 
were listed on the basis of expert opinions obtained through 
questionnaires. Moreover, the important criteria and their 
interaction were highlighted by applying weights based on expert 
opinions. The following important criteria were determined based 
on the completed questionnaires:

 ➤   Possibility to protect shaft safety pillar (C1)
 ➤   Proximity to the centre of loading points (C2)
 ➤   Proximity to the ore stockpile (C3)
 ➤   Suitability of bedrock RMR (C4)
 ➤   Suitability of topography (C5)
 ➤   Distance from subsidence zone (C6).

The area of the iron ore deposit was investigated on site and 
by using maps to collect the required data for the area based on 
the criteria. To this end, topographical and geological maps, along 
with the technical reports of the mine, were initially studied. 
The locations of other iron ore deposits around the investigated 
deposit, the situations of the access roads, and the location of the 
ore stockpile were studied on the area maps. The geomechanical 
characteristics of the bedrock such as rock mass rating (RMR) 
and probable extent of the subsidence zone were extracted from 
the technical reports on the area under consideration.

After the preliminary investigation on the map of the 
iron ore deposit area, 14 shaft locations were considered as 
alternatives. The locations were checked and adjusted through 
on-site investigations. Topographical conditions were more 
focused during the on-site investigations. Notably, some of the 
alternatives were located inside the subsidence zone or in an 
unsuitable topography.  

Results and Discussion
In this study, expert opinions were considered using TFNs based 
on an 11-point scale as given in Table II (Rao and Patel, 2010).

The relationships between the criteria were obtained using 
the FCM by considering the questionnaires completed by experts. 
Accordingly, the cognitive map of the shaft location problem 
was drawn by the use of criteria nodes, fuzzy weights, and 
arrows that indicate interrelations between the criteria (Figure 
5). In addition to the six criteria (C1–C6), C7 plays a major role 
as the main goal of the shaft locating problem is to determine 
causal relationships between the six criteria and their weights. 
Therefore, C7 as the goal concept of the FCM system is affected 
by the six criteria.

Then, as summarized in Table III, the final weights of the 
criteria were determined using the hybrid learning algorithm 
(NLH-DE) of the FCM based on the causal relationships between 
the criteria and the weight of each criterion.

   Table II

   TFNs based on 11-point scale (based on Rao and Patel, 
2010)

   Linguistic proposition Fuzzy scale

   Exceptionally low significance (0,0,0.1)
   Extremely low importance (0,0.1,0.2)
   Very low importance (0.1,0.2,0.3)
   Low importance (0.2,0.3,0.4)
   Below moderate importance  (0.3,0.4,0.5)
   Moderate importance (0.4,0.5,0.6)
   Above moderate importance (0.5,0.6,0.7)
   High importance (0.6,0.7,0.8)
   Very high importance  (0.7,0.8,0.9)
   Extremely high importance (0.8,0.9,1)
   Exceptionally high importance (0.9,1,1)

   Table I

  Geometric and geomechanical parameters of the deposit
 Parameter Value

   Geometric parameters of ore deposit Average length (m) 400 
 Average width (m) 250  
 Average thickness (m) 95 
 Average slope (degree) 15 
 Average depth (m) 515 
 Primary static level of underground water (m) 1710 
 Maximum radius of subsidence (m) 300

   Geomechanical parameters of ore Average uniaxial compressive strength (MPa) 103 
 Rock Substance Strength (RSS) 7.3 
 Rock Mass Rating (RMR) 52.5 
 Ore density (t/m3) 4.3 
 Conditions of discontinuities (joints) Joints filled with less resistant material than ore

   Geomechanical parameters of hangingwall Average uniaxial compressive strength (MPa) 46 
 Rock Substance Strength (RSS) 4.2 
 Rock Mass Rating (RMR) 42 
 Hangingwall density (t/m3) 2.8 
 Conditions of discontinuities (joints) Clean joints with uneven surface

   Geomechanical parameters of footwall Average uniaxial compressive strength (MPa) 46 
 Rock Substance Strength (RSS) 2.6 
 Rock Mass Rating (RMR) 42 
 Footwall density (t/m3) 2.8 
 Conditions of discontinuities (joints) Clean joints with uneven surface
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After that, the quantitative and qualitative values of the 
criteria were extracted based on the geometric and geomechanical 
data for the iron ore deposit (Table I). Table IV summarizes 
the values determined for the distance of each shaft location 
alternative to the centre of loading points, ore stockpile, and 
subsidence zone boundaries based on Figure 6, which shows a 
plan view of the meshed map of the area.

Experts decided on the alternative with respect to some of the 
qualitative criteria, such as suitable topography, by the use of the 
topographical map of the area (Figures 7 and 8). The alternatives 
within the syncline structures showed the lowest score, whereas 
the alternatives located in an almost uniform topography 
obtained the highest scores considering the position of the ore 
deposit on the topographic map in Figure 8.

   Table III

   The output weights of criteria by the hybrid learning algorithm of the FCM
   Criterion  Symbol   Weight of learning algorithm 
    Lower limit Middle limit Upper limit

   Possibility to protect shaft safety pillar  C1 0.5025 0.5181 0.5221
   Proximity to the centre of loading points C2 0.5198 0.5228 0.532
   Proximity to ore stockpile C3 0.491 0.5178 0.5195
   Suitability of bedrock RMR C4 0.4875 0.4998 0.5154
   Suitability pf topography  C5 0.479 0.4912 0.5084
   Distant from subsidence zone C6 0.463 0.4852 0.4991

   Table IV

  Criteria values for each alternative
   Alternatives  Distance to the centre of Distance to ore Distance to subsidence zone Bedroc 
 loading points (m) stockpile (m) boundaries (m) RMR

   1  232 810 30 50
   2  147 890 18 50
   3  224 880 74 50
   4  217 640 27 48
   5  209 920 9 48
   6  197 1250 7 50
   7  36 1120 -81 49
   8  129 1310 -7 49
   9  148 1340 27 46
   10  105 1405 -41 47
   11  183 1490 26 47
   12  231 1470 19 47
   13  187 1420 42 46
   14  253 1435 98 46

Figure 5—The special FCM of the shaft location problem  
Figure 6—Meshed area of iron ore deposit for the probable alternatives of 
shaft locations
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To implement the FMOORA method based on the extracted 
data, the following steps were executed to evaluate and prioritize 
the alternatives.

 ➤   Step 1: According to expert opinions, the fuzzy decision 
matrix was created for the shaft location problem based 
on six criteria and 14 alternatives (Table V). Notably, 
in this step, six experts discussed their opinions on the 
alternatives with respect to the criteria during a meeting 

and provided a common opinion as given in Table V, based 
on the fuzzy scale in Table II.

 ➤   Step 2: As given in Table VI, the fuzzy decision matrix in 
Table VI was normalized through Equations [4] to [7].

 ➤   Step 3: To determine the weighted normalized decision 
matrix through Equations [8] to [11], the normalized fuzzy 
matrix must be multiplied to the normalized weights of 
the criteria. For this purpose, the criteria weights obtained 

Figure 7—Topographical map of the iron ore deposit area  

Figure 8—Deposit block model and topographical features of the area

   Table V

  Fuzzy decision matrix of shaft location problem
 C1 C2 C3 C4 C5 C6

   A1  (0.6,0.7,0.8) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.4,0.5,0.6) (0.5,0.6,0.7) (0.7,0.8,0.9)
   A2  (0.5,0.6,0.7) (0.5,0.6,0.7) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.5,0.6,0.7) (0.6,0.7,0.8)
   A3  (0.7,0.8,0.9) (0.1,0.2,0.3) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.4,0.5,0.6) (0.7,0.8,0.9)
   A4  (0.5,0.6,0.7) (0,0,0.1) (0.6,0.7,0.8) (0.3,0.4,0.5) (0.5,0.6,0.7) (0.7,0.8,0.9)
   A5  (0.3,0.4,0.5) (0,0.1,0.2) (0.5,0.6,0.7) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.5,0.6,0.7)
   A6  (0.3,0.4,0.5) (0.3,0.4,0.5) (0.1,0.2,0.3) (0.4,0.5,0.6) (0.5,0.6,0.7) (0.5,0.6,0.7)
   A7  (0,0,0.1) (0.7,0.8,0.9) (0.2,0.3,0.4) (0.4,0.5,0.6) (0.5,0.6,0.7) (0,0,0.1)
   A8  (0,0,0.1) (0.6,0.7,0.8) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.5,0.6,0.7) (0,0.1,0.2)
   A9  (0.7,0.8,0.9) (0.4,0.5,0.6) (0.3,0.4,0.5) (0.3,0.4,0.5) (0.3,0.4,0.5) (0.7,0.8,0.9)
   A10 (0,0,0.1) (0.2,0.3,0.4) (0,0.1,0.2) (0.3,0.4,0.5) (0.5,0.6,0.7) (0,0,0.1)
   A11 (0.7,0.8,0.9) (0,0,0.1) (0,0,0.1) (0.3,0.4,0.5) (0.5,0.6,0.7) (0.7,0.8,0.9)
   A12 (0.5,0.6,0.7) (0.1,0.2,0.3) (0,0.1,0.2) (0.3,0.4,0.5) (0,0.1,0.2) (0.6,0.7,0.8)
   A13 (0.7,0.8,0.9) (0.2,0.3,0.4) (0.1,0.2,0.3) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.7,0.8,0.9)
   A14 (0.7,0.8,0.9) (0,0.1,0.2) (0.1,0.2,0.3) (0.3,0.4,0.5) (0.4,0.5,0.6) (0.7,0.8,0.9)
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from the FCM method (Table III) were normalized as given 
in Table VII. The weighted normalized decision matrix 
is represented in Table VIII. The results obtained from 
the FCM method (Tables III and VII) indicate that the 
criterion of ‘proximity to the centre of loading points’ by a 
normalized fuzzy weight of (0.1678, 0.1722, 0.1807) has 
the highest importance among the other criteria. Among 
them, the criteria of ‘possibility to protect shaft safety 
pillar’ and ‘proximity to ore stockpile’ indicate second and 
third importance, respectively. The criterion of ’distant 
from subsidence zone’ has the lowest importance of all the 
criteria.

 ➤   Step 4: Normalized performance values were calculated 

by subtracting the total undesirable criteria from the total 
desirable criteria through Equation [12]. Table IX reveals 
that all criteria used in this study have positive concepts. 
Therefore, the value of the function was equal to the sum 
of the fuzzy values of the criteria.

Now, by defuzzifying fuzzy performance values through 
Equation [13], the crisp values (yi) were obtained for evaluating 
and ranking all 14 alternatives, as represented in Table X. 
The maximum and minimum crisp performance values (yi) 
represented the first and last ranks of the shaft location 
alternatives, respectively. Consequently, as given in Table X, the 
five highest ranked of the shaft alternatives are A2, A1, A9, A3, 
and A4 with performance values of 0.1744, 0.1738, 0.1654, 

   Table VI

  Normalized fuzzy matrix of decision
 C1 C2 C3 C4 C5 C6

   A1  (0.15,0.17,0.20) (0.11,0.14,0.18) (0.16,0.20,0.24) (0.13,0.17,0.20) (0.14,0.17,0.19) (0.16,0.18,0.20)
   A2  (0.12,0.15,0.17) (0.18,0.22,0.25) (0.12,0.16,0.20) (0.13,0.17,0.20) (0.14,0.17,0.19) (0.13,0.16,0.18)
   A3  (0.17,0.20,0.22) 0.03,0.07,0.11) (0.12,0.16,0.20) (0.13,0.17,0.20) (0.11,0.14,0.17) (0.16,0.18,0.20)
   A4  (0.12,0.15,0.17) (0,0,0.03) (0.24,0.28,0.32) (0.10,0.13,0.17) (0.14,0.17,0.19) (0.16,0.18,0.20)
   A5  (0.07,0.10,0.12) (0,0.03,0.07) (0.20,0.24,0.28) (0.10,0.13,0.17) (0.11,0.14,0.17) (0.11,0.13,0.16)
   A6  (0.07,0.10,0.12) (0.11,0.14,0.18) (0.04,0.08,0.12) (0.13,0.17,0.20) (0.14,0.17,0.19) (0.11,0.13,0.16)
   A7  (0,0,0.02) (0.25,0.29,0.33) (0.08,0.12,0.16) (0.13,0.17,0.20) (0.14,0.17,0.19) (0,0,0.02)
   A8  (0,0,0.2) (0.22,0.25,0.29) (0.12,0.16,0.20) (0.13,0.17,0.20) (0.14,0.17,0.19) (0,0.02,0.04)
   A9  (0.17,0.20,0.22) (0.14,0.18,0.22) (0.12,0.16,0.20) (0.10,0.13,0.17) (0.08,0.11,0.14) (0.16,0.18,0.20)
   A10 (0,0,0.02) (0.07,0.11,0.14) (0,0.04,0.08) (0.10,0.13,0.17) (0.14,0.17,0.19) (0,0,0.02)
   A11 (0.17,0.20,0.22) (0,0,0.03) (0,0,0.04) (0.10,0.13,0.17) (0.14,0.17,0.19) (0.16,0.18,0.20)
   A12 (0.12,0.15,0.17) (0.03,0.07,0.11) (0,0.04,0.08) (0.10,0.13,0.17) (0,0.02,0.05) (0.13,0.16,0.20)
   A13 (0.17,0.20,0.22) (0.07,0.11,0.14) (0.04,0.08,0.12) (0.10,0.13,0.17) (0.11,0.13,0.17) (0.16,0.18,0.20)
   A14 (0.17,0.20,0.22) (0,0.03,0.07) (0.04,0.08,0.12) (0.10,0.13,0.17) (0.11,0.13,0.17) (0.16,0.18,0.20)

   Table VII

   The weights obtained from the normalized FCM  
method for each of the criteria

   Criteria  Symbol Weight of learning algorithm

   Possibility to protect shaft safety pillar C1 (0.1622,0.1707,0.1774)
   Proximity to the centre of loading points C2 (0.1678,0.1722,0.1807)
   Proximity to ore stockpile C3 (0.1585,0.1706,0.1765)
   Suitability of bedrock RMR C4 (0.1574,0.1646,0.1751)
   Suitability of topography desirability C5 (0.1546,0.1618,0.1727)
   Distant from subsidence zone C6 (0.1495,0.1598,0.1696)

   Table VIII

  Weighted normalized decision matrix
 C1 C2 C3 C4 C5 C6

   A1 (0.024,0.028,0.033)  (0.018,0.024,0.031)  (0.025,0.034,0.042)  (0.021,0.028,0.035)  (0.021,0.027,0.034) (0.024,0.029,0.035)
   A2 (0.020,0.026,0.031) (0.031,0.038,0.046) 0.019,0.027,0.035) (0.021,0.028,0.035) (0.021,0.027,0.034) (0.020,0.025,0.031)
   A3 (0.028,0.034,0.040) (0.006,0.012,0.020) (0.019,0.027,0.035) (0.021,0.028,0.035) 0.017,0.023,0.029) (0.024,0.029,0.035)
   A4 (0.020,0.026,0.031) (0,0,0.006) (0.038,0.048,0.056) (0.016,0.022,0.029) 0.021,0.025,0.034) (0.024,0.029,0.035)
   A5 (0.012,0.017,0.022) (0,0,0.013) (0.031,0.041,0.049) (0.016,0.024,0.029) (0.017,0.023,0.029) (0.017,0.022,0.027)
   A6 (0.012,0.017,0.022) (0.018,0.025,0.033) (0.006,0.013,0.021) (0.021,0.028,0.035) (0.021,0.027,0.034) (0.017,0.022,0.027)
   A7 (0,0,0.004) (0.043,0.051,0.060) (0.012,0.020,0.028) (0.021,0.028,0.035) (0.021,0.027,0.034) (0,0,0.003)
   A8 (0,0,0.004) (0.037,0.044,0.053) (0.019,0.027,0.034) (0.021,0.028,0.035) (0.021,0.027,0.034) (0,0.003,0.007)
   A9 (0.028,0.034,0.040) (0.024,0.031,0.040) (0.019,0.027,0.035) (0.016,0.022,0.029) (0.013,0.018,0.024) (0.024,0.029,0.035)
   A10 (0,0,0.004) (0.012,0.019,0.026) (0,0.006,0.014) (0.016,0.022,0.029) (0.021,0.027,0.034) (0,0,0.003)
   A11 (0.028,0.034,0.040) (0,0,0.006) 0,0,0.007) (0.016,0.022,0.029) (0.021,0.027,0.034) (0.024,0.029,0.035)
   V12 (0.020,0.026,0.031) (0.006,0.012,0.020) (0,0.006,0.014) (0.016,0.022,0.029) (0,0.004,0.009) (0.020,0.025,0.031)
   A13 (0.028,0.034,0.040) (0.012,0.019,0.026) (0.006,0.013,0.021) (0.016,0.022,0.029) (0.017,0.023,0.029) (0.024,0.029,0.035)
   A14 0.028,0.034,0.040) (0,0.006,0.013) (0.006,0.013,0.021) (0.016,0.022,0.029) (0.017,0.023,0.029) (0.024,0.029,0.035)

   Table IX

  Types of criteria used in the study
   Criteria Symbol Criteria type

   Possibility to protect shaft safety pillar C1 Positive criterion
   Proximity to the centre of loading points C2 Positive criterion
   Proximity to ore stockpile C3 Positive criterion
   Suitability of bedrock RMR C4 Positive criterion
   Suitability of topography  C5 Positive criterion
   Distant from subsidence zone C6 Positive criterion
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0.1563, and 0.1562, respectively. Notably, by subtracting the 
performance values of the two highest ranked alternatives, 
alternatives A2 and A1 had a very negligible difference of 
0.0006.

As shown in Figure 6 and Table IV, A2 (147 m) is closer to 
the centre of the ore deposit and loading points than A1  
(232 m). However, A1 (810 m) is closer to the ore stockpile 
than A2 (890 m). Based on the other criteriam A1 and A2 are 
very similarly ranked. As discussed before, the criterion of an 
proximity to the centre of loading points’ has the highest weight 
among the other criteria and ‘proximity to ore stockpile’ has the 
third highest weight. These explanations can justify location A2 
as the best alternative.

The results of the integrated FCM and FMOORA were 
compared with the results obtained from fuzzy TOPSIS as the 
most conventional MCDM method (Table X). In this version of the 
fuzzy TOPSIS method, the criteria weights obtained from the FCM 
version of this study (Table III) were used. Therefore, a fuzzy 
TOPSIS with criteria weights based on the FCM was developed to 
compare the results. For the simple comparison of results given 
in Table X, the performance values (yi) in FCM–FMOORA and the 
relative closeness values to ideal solution (Cli*) in fuzzy TOPSIS 
were normalized as shown in Figure 9. According to Figure 9, the 
normalized ranking value curves are approximately in agreement. 

As shown in the FCM–FMOORA curve in Figure 9, alternatives 
A1 and A2 are close and can be considered the first priority.

Figure 10 represents the ranking results by FCM–FMOORA 
and fuzzy TOPSIS for simple evaluation of the considered 
alternatives. Thus, alternatives A1, A2, A3, A4, and A9 were 
considered the five highest ranked based on both methods. As 
shown in Table X and Figure 9, alternatives A1 and A2 are 
assigned joint first priority because of a very small difference 
between their values and the ideal solution (Cli*). Alternatives 
A2, A1, and A9 were the most appropriate shaft site alternatives, 
which are closely in agreement to the ranking results of the 
FCM–FMOORA method presented in this study, based on the 
on-site investigations and the prefeasibility study of the iron ore 
area. Alternatives A7, A8, and A10 could not satisfy the sixth 
criterion (distant from subsidence zone), because they are located 
within the subsidence zone (Figure 6). Alternatives A7, A8, and 
A10, ranked as 10, 8, and 14, respectively, were validated by the 
FCM–MOORA. A8 ranked eighth because this shaft site is located 
within the subsidence zone, although close to the subsidence 
zone boundaries. Moreover, this alternative satisfies some other 
important criteria from C2, C3, C4, and C5.

Conclusion
The FCM and FMOORA were integrated to solve decision-making 

   Table X

  Alternatives ranking by FCM–FMOORA and fuzzy TOPSIS
   Alternative   Performance value  yi Rank in FCM-FMOORA Cli* Rank in fuzzy TOPSIS 
 yi

l yi
m yi

u

   A1 0.1364 0.1731 0.2119 0.1738 2 0.6597 1
   A2 0.1349 0.1731 0.2153 0.1744 1 0.6437 2
   A3 0.1173 0.1554 0.1965 0.1563 4 0.5993 4
   A4 0.1210 0.1535 0.1943 0.1562 5 0.5898 5
   A5 0.0951 0.1324 0.1722 0.1332 9 0.4953 9
   A6 0.0980 0.1343 0.1748 0.1356 7 0.5141 8
   A7 0.997 0.1273 0.1672 0.1313 10 0.4444 12
   A8 0.0999 0.1314 0.1715 0.1342 8 0.4575 11
   A9 0.1262 0.1643 0.2057 0.1654 3 0.6099 3
   A10 0.0505 0.0760 0.1135 0.0800 14 0.2909 14
   A11 0.0910 0.1141 0.1536 0.1195 12 0.4947 10
   A12 0.0636 0.09884 0.1367 0.0995 13 0.3795 13
   A13 0.1054 0.1424 0.1830 0.1436 6 0.5546 6
   A14 0.0930 0.1296 0.1696 0.1307 11 0.5187 7

Figure 9—Normalized ranking values of FCM–FMOORA and fuzzy TOPSIS for comparison of results
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problems, in particular to evaluate and prioritize shaft location 
alternatives in the case of underground mines. The integrated 
approach was exemplified using the data for an underground iron 
ore mine, consisting of six criteria and fourteen shaft location 
alternatives. The FCM part of the integrated approach determined 
the weights of the criteria by using an NLH-DE learning 
algorithm and expert opinions. As a result, higher weights were 
assigned to the criteria of proximity to the centre of loading 
points, possibility to protect the shaft safety pillar, and proximity 
to the ore stockpile with fuzzy weights (0.5198, 0.5228, 0.532), 
(0.5025, 0.5181, 0.5221), and (0.491, 0.5178, 0.5195), 
respectively. The criterion of distance from the subsidence zone 
attained the minimum weight (0.463, 0.4852, 0.4991). By 
applying the fuzzy weights of the criteria in the FMOORA steps, 
alternatives A2, A1, A9, A3, and A4, with performance values 
of 0.1744, 0.1738, 0.1654, 0.1563, and 0.1562, respectively, 
were identified as the five first choices for shaft sites. Alternatives 
A2 and A1 had a very negligible difference in their performance 
values. The evaluation and ranking results of the integrated 
FCM–FMOORA were validated by the fuzzy TOPSIS method. 
Moreover, investigations on the map and on-site confirmed 
that the resulting alternatives are in better locations and satisfy 
technical limitations better than the other alternatives.
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Ventilation friction factor determination 
and comparison: Two case studies of 
potash mining
M. Bascompta1, L. Sanmiquel1, H.F. Anticoi1, and J. Oliva1

Synopsis
Friction factor is a crucial parameter in assessing and modelling ventilation systems in underground 
mining. However, the development of a mine along its life-cycle can complicate the airflow supply 
required at the working faces, creating setbacks in terms of productivity and production. Hence, it is 
very important to determine all the ventilation parameters, including roughness and the friction factor. 
In this paper we examine  the data from several surveys that were carried out in two potash mines (both 
using the room-and-pillar method) with the aim of determining the friction factors through the Von 
Kármán equation, which connects the Atkinson friction factor with airway roughness. Comparison of 
the two mines provided consistent results, despite some differences in the mining methods, and we were 
able to establish standard values for this type of mining. Furthermore, a roughness variation over a year 
in this type of evaporitic mining has been determined, indicating that the specific climate characteristics 
of the zone affect the walls and roofs of the tunnels and therefore their roughness. Friction factor values 
have also been validated by means of several ventilation simulations and contrasted with values in the 
literature. 

Keywords
mine ventilation, friction factor, potash mining, roughness.

Introduction
Knowing the ventilation characteristics is crucial for determining the most effective ventilation circuit 
and for enhancing the efficiency ratios and saving energy, especially with the trend toward deeper ore 
deposits and gradually decreasing ore grades (Kazakov, Shalimov, and Kiryakov, 2013; Sasmito et al., 
2013; du Plessis, Marx, and Nell, 2014; Hurtado et al., 2014; Develo, Pillalamarry, and Garab, 2016). 
Airway characteristics and obstacles (e.g., conveyors, machines, or other equipment) determine the 
airflow behaviour and the resistance the mine presents to airflow. Therefore, knowing these is crucial 
for modelling ventilation circuits (Shalimov, 2011) and for planning long-term airflow requrements. One 
of the most important aspects to consider is the friction factor, which is dependent on the geometrical 
characteristics of the tunnels, the mining method, and the physical condition of the mine (Duckworth 
and Prosser, 1997; Alymenko, 2012). This friction factor is also a function of the roughness of the 
airways which, together with obstacles in the ventilation circuit (e.g., conveyor belts or doors), will 
create resistance to airflow.

The currently available information is mainly focused on coal and metal mines. McElroy (1935) 
published one of the first studies in this field based on pressure loss values collected from several 
mines. These values have been used for a long time, with only some changes in the case of coal mining 
by Kharkar, Stefanko, and Ramani (1974), who pointed out the influence of support and lining on the 
friction factors. The problem with these values is that current mine openings are much larger and the 
equipment used is completely different. Therefore, several studies have extended this information, 
taking into account the evolution of the sector over time (Wala, 1991; Hartman, 1997; Prosser and 
Wallace, 1999, 2002; Fytas and Gagnon, 2008; Jase and Sastry, 2008; Duckworth, Loomis, and Prosser, 
2012), establishing an important database, but without specific values for potash mining.

In this paper we determine the friction factors for two underground mines using continuous mining 
machines and the room-and-pillar method. As will be seen in the following sections, this type of mining 
has intrinsic characteristics that influence the roughness of the drifts and consequently the ventilation 
system. Once the friction factors have been determined, a model of the ventilation circuit in each mine is 
formulated in order to verify the results by means of ventilation software.  
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Theoretical background
The square law (Equation [1]) is the basic expression used to 
investigate the airflow behaviour in underground mines (Hall, 
1981; Meyer, 1998; McPherson, 1993; Diego et al., 2011), which 
relates the concepts of pressure, airflow, and resistance to the 
passage of air through an airway.

[1]

where:
∆P is pressure difference (Pa)
R is Atkinson’s resistance (Ns2/m8)
Q is amount of airflow (m3/s)
n  is a value that varies from unity in laminar regimes to 2.05 

in fully turbulent conditions (dimensionless).

The cases studied were always in turbulent conditions, as 
explained in the subsequent paragraphs. The pressure difference 
in an airway is a function of the resistance, characteristics of 
the tunnel, obstacles, and quantity of air flowing through that 
airway. This difference can be calculated directly, by carrying out 
a survey with a gauge-tube system or a barometer, or indirectly, 
by measuring the airflow and the characteristics of the airways, 
such as roughness (McPherson, 1993). This study is based on 
the indirect method.

Friction factors, which are determined by the roughness of 
the tunnels, produce a pressure drop that influences the airflow 
quantity. These values can be obtained using Equation [2], which 
is a form of the Chézy–Darcy expression:

[2]

where
f  is coefficient of friction (dimensionless)
Per  is airway perimeter (m) 
A  is the cross-sectional area (m2) 
ρ  is air density (kg/m3) 
u  is air velocity (m/s) 
L  is length of the airway (m). 

Subsequently, Equation [2] was adapted to yield the well-
known Atkinson equation (Equation [3]), expressed as frictional 
pressure drop  . The equivalent length is used to take into 
account any permanent obstacle found in the airway.

                                              [3]

where
k  is the Atkinson friction factor (kg/m3) 
Leq  is equivalent length (m).

The same equation can also be expressed in terms of 
resistance using the square law (Equation [4]), and considering 
any variation in air density inside the mine due to pressure or 
temperature factors (Montecinos and Wallace, 2010).

[4]

The Atkinson friction factor is not a constant value; it varies 
depending on the Reynolds number. However, the airflow in 
the vast majority of underground places is turbulent in nature, 
except in a few cases such as behind stoppings or some leakages 
(McPherson, 1993). Thus, it has been considered as always 
turbulent in this paper. 

Von Kármán’s equation provides a relationship between 
the coefficient of friction and  the friction factor from 
Atkinson’s expression for turbulent flows by means of the drift 
characteristics. Equation [5] is applicable to circular and non-
circular airways by means of the hydraulic mean diameter and is 
expressed as follows: Dh = 4A /Per, where A is the cross-sectional 
area (m2) and Per the perimeter (m). 

[5]

where
Dh is the hydraulic mean diameter of the tunnel (m)
e is the height of the roughening (m). 

Data collection and methodology
Determination of the friction factors requires a database of the 
characteristics of the airways (Meyer, 1998). Thus, several points 
from the ventilation circuits in both mines have been selected 
to represent the airways and ventilation conditions. For this 
purpose, some friction factors in potash mines from the literature 
have been used (Bascompta, Sanmiquel, and Oliva, 2014), as 
well as a database system that was created with additional data 
collected in situ (Bascompta, Sanmiquel, and Oliva, 2015). 

Once the points were chosen, all of them were given an 
identification number with the date and coordinates inside the 
mine. Five measurements of roughness were performed at each 
point every time, using a tape measure. Afterwards, the mean 
roughness values were classified according to the four seasons 
of the year. Overall, the drift characteristics have been measured 
over five years. 

In addition, the cross-section and air velocity at each point 
were also measured to model the ventilation circuit. A rotating 
vane anemometer was used to obtain the mean velocity, and 
the cross-section was acquired by means of a laser distance 
measurement. Drift information such as length, obstacles, shape 
of the airway, and directional variations were also recorded.

Apart from the parameters collected, the mean values of 
perimeter, hydraulic diameter, and coefficient of friction at each 
control point were determined. The nomenclature used to identify 
the points is based on the information provided by the mines, 
and their number varies depending on the different ventilation 
layouts. 

In order to facilitate the understanding and processing of the 
data, the mines are distinguished as Mine1 and Mine2 from here 
on.

Results 
All data from both mines (Mine1 and Mine2) was processed 
separately, and then the outcomes were compared both between 
Mine1 and Mine2 and with other types of mining. The results 
for both mines are displayed by season and globally, with their 
corresponding standard deviations. Finally, the results were 
validated by means of modelling the ventilation system using the 
VnetPro software (SRK Consulting, Fresno, USA).

Mine1
Table I shows the mean values used to calculate the friction 
factors, with special focus on the coefficient of friction ( f ), 
which is a function of the other parameters in the table. These 
values were measured in situ or calculated using the data 
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collected and the equations previously detailed. Airway features 
were adopted from Bascompta, Sanmiquel, and Oliva (2015).

The values displayed in Table II correspond to the mean 
friction factors per season and average values per point, 
considering the four-season values at each key point and their 
standard deviations (Box et al., 2005 ).

It should be pointed out that there are no results for points A 
and D in the summer, because the ventilation circuit was partially 
modified and there is insufficient representative data for these 
points.

Mine2
Tables III and IV detail the coefficients of friction, friction factors 
per season, and other parameters necessary to calculate the 
average friction factor at each point. The procedure followed was 
the same as that described in the previous subsection. 

Comparison of outcomes
Initially, there was a significant difference (56.8%) between the 

mean roughness values in Mine1 and Mine2, 0.185 and 0.105 
respectively. This fact is, among other factors explained below, 
because of the differences in the exploitation method.

A comparison of the friction factors between both mines and 
the values reported in the literature can be useful to know the 
variability and concordance of the results. Table V displays the 
mean friction factors from all the points in Mine1 and Mine2 
according to the season.

Although the values are quite similar, the friction factors 
from Mine2 are lower in all seasons than those in Mine1, with an 
average difference of 23.4%. Thus, Mine2 offers better conditions 
for the air to flow in terms of friction within the drift. However, 
there are other features that could influence the flow, such as 
obstacles or directional changes.

Figure 1 compares the seasonal variations in the friction 
factors in each mine. As can be seen, the trends are quite 
similar, with higher values in the spring and autumn than in 

   Table I

  Mean parameters used to calculate the friction factors
   Point A (m2) Per (m) Dh (m) e (m) f

   0  40.00 24.60 6.50 0.363 0.01880
   1  34.54 24.09 5.74 0.149 0.01345
   2  31.84 22.60 5.64 0.144 0.01336
   3  34.04 23.22 5.86 0.133 0.01273
   4  27.86 21.85 5.10 0.110 0.01250
   5  34.80 23.24 5.99 0.142 0.01296
   6  28.37 21.50 5.28 0.233 0.01687
   7  23.86 17.50 5.45 0.238 0.01676
   8  31.54 25.00 5.05 0.119 0.01295
   9  32.29 23.09 5.59 0.300 0.01845
   10  27.83 22.03 5.05 0.182 0.01543
   11  26.89 20.73 5.19 0.114 0.01261
   12  24.36 18.00 5.41 0.100 0.01178
   13  35.96 26.28 5.47 0.120 0.01258
   14  21.61 20.00 4.32 0.175 0.01622
   15  31.33 19.34 6.48 0.175 0.01366
   A  29.82 21.89 5.45 0.300 0.01868
   D  33.40 23.00 5.81 0.238 0.01630
   Mean    0.185

   Table II

  Mean friction factors and standard deviation in Mine1 (Bascompta, Sanmiquel, and Oliva, 2014)
   Point Spring k (kg/m3) Summer k (kg/m3) Autumn k (kg/m3) Winter k (kg/m3) Average k (kg/m3) Standard deviation k (kg/m3)

   0  0.01163 0.01134 0.01168 0.01184 0.01162 0.00021
   1  0.00821 0.00801 0.00822 0.00838 0.00820 0.00015
   2  0.00835 0.00848 0.00835 0.00853 0.00843 0.00009
   3  0.00794 0.00778 0.00787 0.00802 0.00790 0.00010
   4  0.00781 0.00796 0.00781 0.00796 0.00788 0.00009
   5  0.00743 0.00701 0.00750 0.00739 0.00733 0.00022
   6  0.00876 0.00872 0.00875 0.00933 0.00889 0.00029
   7  0.00860 0.00856 0.00857 0.00856 0.00857 0.00002
   8  0.00894 0.01014 0.00900 0.00940 0.00937 0.00055
   9  0.00947 0.00787 0.00952 0.00900 0.00896 0.00077
   10  0.00890 0.00890 0.00900 0.00893 0.00893 0.00005
   11  0.00735 0.00729 0.00738 0.00732 0.00733 0.00004
   12  0.00690 0.00686 0.00677 0.00677 0.00682 0.00007
   13  0.00798 0.00855 0.00803 0.00821 0.00819 0.00026
   14  0.00956 0.00956 0.00963 0.00956 0.00958 0.00003
   15  0.00758 0.00694 0.00821 0.00759 0.00758 0.00052
   A  0.01081 - 0.01207 0.01088 0.01125 0.00071
   D  0.00956 - 0.00972 0.00960 0.00963 0.00009

   Table III

  Mean parameters used to calculate the friction factors
   Point A (m2) Per (m) Dh (m) e (m) f

   A  40.03 27.49 5.82 0.090 0.01102
   1  30.29 21.83 5.55 0.106 0.01193
   B  25.47 21.17 4.81 0.062 0.01033
   C  25.60 20.93 4.89 0.056 0.00991
   D  34.50 26.23 5.26 0.048 0.00918
   4  20.79 18.37 4.53 0.055 0.01012
   I  31.02 22.97 5.40 0.063 0.00999
   G  38.28 27.44 5.58 0.052 0.00924
   R  32.83 22.62 5.81 0.106 0.01173
   H  49.45 29.66 6.67 0.114 0.01144
   11  27.37 20.72 5.28 0.120 0.01275
   12  34.91 23.95 5.83 0.117 0.01214
   V  19.49 17.84 4.37 0.095 0.01254
   K  28.64 20.92 5.48 0.158 0.01402
   L  32.84 27.81 4.72 0.066 0.01063
   M  30.85 21.67 5.69 0.163 0.01401
   N  47.80 29.47 6.49 0.153 0.01293
   9  29.98 23.13 5.18 0.162 0.01450
   8  26.32 20.92 5.03 0.210 0.01644
   Mean    0.105
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the winter and summer. This behaviour could be due to the 
important variations in temperature and humidity in the spring 
and autumn, even within the same day, which would affect 
the characteristics of the air and, therefore, the stability of the 
roofs and walls in the airways, changing the roughness and 
subsequently the friction factor values. 

The difference in standard deviation between the two mines 
could be due to several factors, either intrinsic to the mines or 
related to operational characteristics such as airway maintenance, 
which is quite different in each mine.

Since there is no bibliographic information concerning 
underground potash mining, the values obtained were compared 

   Table IV

  Mean friction factors and standard deviation from each point in Mine2
   Point Spring k (kg/m3) Summer k (kg/m3) Autumn k (kg/m3) Winter k (kg/m3) Average k (kg/m3) Standard deviation

   A  0.00655 0.00665 0.00664 0.00661 0.00661 0.00005
   1  0.00709 0.00686 0.00720 0.00716 0.00708 0.00015
   B  0.00614 0.00594 0.00623 0.00620 0.00613 0.00013
   C  0.00589 0.00570 0.00598 0.00595 0.00588 0.00012
   D  0.00546 0.00555 0.00554 0.00551 0.00551 0.00004
   4  0.00601 0.00582 0.00610 0.00607 0.00600 0.00013
   I  0.00594 0.00633 0.00603 0.00600 0.00607 0.00017
   G  0.00549 0.00531 0.00557 0.00554 0.00548 0.00012
   R  0.00697 0.00675 0.00708 0.00704 0.00696 0.00015
   H  0.00680 0.00658 0.00690 0.00687 0.00679 0.00014
   11  0.00758 0.00733 0.00769 0.00765 0.00756 0.00016
   12  0.00794 0.00699 0.00733 0.00729 0.00739 0.00040
   V  0.00745 0.00721 0.00756 0.00752 0.00743 0.00016
   K  0.00833 0.00806 0.00845 0.00841 0.00831 0.00018
   L  0.00632 0.00611 0.00641 0.00638 0.00631 0.00013
   M  0.00832 0.00805 0.00844 0.00840 0.00830 0.00018
   N  0.00769 0.00744 0.00776 0.00776 0.00766 0.00015
   9  0.00862 0.00834 0.00874 0.00870 0.00860 0.00018
   8  0.00978 0.00946 0.00992 0.00987 0.00976 0.00021

   Table V

  Comparison of the friction factors in each mine
    Spring k (kg/m3) Summer k (kg/m3) Autumn k (kg/m3) Winter k (kg/m3) Average k (kg/m3) Standard deviation

   Mine1 0.00865 0.00837 0.00878 0.00874 0.00869 0.00024
   Mine2 0.00707 0.00687 0.00714 0.00710 0.00704 0.00016
   Difference (%) 22.4 21.9 23.1 23.0 23.4 52.4

Figure 1—Seasonal variations in friction  factor

   Table VI

  Percentage difference between the values obtained and the values from the literature
  Airway type Potash mine value                                                                        Difference (%) 
  Prosser and Wallace (2002) McPherson (1993) Hartman et al. (1997)

   Rectangular airway, clean  0.0076 −1.32 18.42 5.26
   Rectangular airway, some irregularities 0.00762 14.17 18.11 19.42
   Mine drift 0.01215 −27.57 −1.23 121.40
   Mine ramp 0.00823 40.95 — 260.87
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with the current parameters from coal and metal mines (Table VI). 
Comparison from the ‘Mine ramp’ airway type , in Table VI, has 
only been performed with values from Mine1, because there is no 
ramp in Mine2. The other values were obtained using data from 
both mines. Table VI shows the percentage variation from values 
gathered by Bascompta et al. (2014) and from the current paper. 
As it can be seen, there is an important difference in some airway 
types, such as ‘Mine ramp’, but there is a significant correlation 
in most of the types of airways.

Validation
Tthe friction factors obtained for each season (Tables II and 
IV) were used to model both mines by means of the ventilation 
software VnetPro, and a comparison between the airflow 
modelled and the in situ measures was performed, either in 
Mine2 or Mine1.

Mine1
Four different models, corresponding to the four seasons of the 

year, with their friction factors, have been constructed. Consistent 
results were achieved in all the cases, with the only appreciable 
variations in some leakages, in percentage terms. This is a 
standard behaviour in mine ventilation models, where leakages 
can cause high percentage differences. Hence, the airflow is 
within just a few cubic metres in these cases, without affecting 
the soundness of the model. Besides, a 10% difference can be 
considered acceptable in standard control points (Belle, 2013). 
Table VII displays the absolute and percentage variations between 
the measured and modelling control points. The comparison is 
done using the average variation in each mine.

Mine2
The same analysis is shown in Table VIII for Mine2. Once more, 
only airflows from leakages show considerable differences 
between the model and the real values.  

Conclusions
Characteristic friction factors were determined in two potash 

   Table VII

  Comparison between measured and modelling results in Mine1
   Control point Percentage variation (%) Absolute variation (m3/s) Description

   0  0.79 1.41 Entry ventilation circuit
   1  0.67 1.18 Intake after the main fan
   2  2.99 1.03 Leakage 1
   3  2.17 3.03 Intake intermediate position
   4  1.31 1.51 Leakage 2
   5  17.62 2.68 Entry workshop 1
   6  5.55 1.50 Leakage 3
   7  22.34 3.50 Leakage 4
   8  27.38 3.45 Leakage 5
   9  2.85 2.65 Workshop north zone
   10  6.34 7.06 Intake south zone
   11  2.37 2.96 Intake 2 south zone
   12  1.51 2.14 Return
   13  2.53 4.29 Ramp and exit
   14  26.88 2.29 Leakage 6
   A  9.61 6.76 Leakages workshop N and 1
   D  15.16 3.47 Leakage 7

   Table VIII

  Comparison between measured and modelling results in Mine2
   Control point Percentage variation (%) Absolute variation (m3/s) Description

   A  8.83 18.4 Entry ventilation circuit
   B  9.69 1.51 Leakage 1
   C  3.36 1.81 Storage connection
   D  0.63 1.21 Main intake
   G  8.62 6.13 Beginning north zone
   H  3.30 2.44 Intermediate north zone
   I  4.55 4.06 Beginning east zone
   K  6.45 2.22 Entry workshop 1
   L  6.33 5.19 Intermediate east zone
   M  4.19 1.00 Entry workshop 2a
   N  13.60 8.59 Entry workshop 2b
   R  296.50 8.48 Leakage 2
   1  11.62 2.45 Leakage 3
   4  5.29 8.34 Return connection zones
   8  0.58 0.62 Return workshop 1
   9  5.79 6.21 Return workshop 2
   11  3.97 2.94 Return north zone ending
   12  3.75 2.67 Return north zone intermediate
   V  2.45 5.11 Exit
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mines using the  room-and-pillar method. These values can be 
useful for mine ventilation planning, which usually relies on 
k-factor values to estimate the resistance of planned airways. The 
average and seasonal friction factor values have been assessed as 
suitable to create a ventilation model, depending on the climatic 
conditions where the mine is situated. However, more data from 
other similar operations is recommended to increase the accuracy.

Roughness of the airways varies slightly depending on the 
ventilation circuit zone and mine. Consistent differences in the 
friction factors over the year are found in Mine1 and Mine2, but 
these are too small to influence the model. In most cases in both 
mines, except for some leakages, the difference between the 
measured and modelled airflows is less than 10%.  

After observing all the features from the case studies, it can 
be concluded that the roughness of the airways basically depends 
on three factors: 

(1) The exploitation method and maintenance of the airways
(2)  The nature of the deposit, which has certain deformable 

properties that affect the shape of the drifts   
(3)  The outside climatic conditions (temperature and 

humidity) have been proved to be significant factors in 
terms of roughness variations. 
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Mineral Resources classification of a 
nickel laterite deposit: Comparison 
between conditional simulations and 
specific areas
F. Isatelle1 and J. Rivoirard1

Synopsis
Classification of Mineral Resources as Measured, Indicated, or Inferred depends on the level of confidence 
the resource geologist has in the estimation of the deposit. This is based on different factors such as 
the geological or geometrical model, the sampling quality and, from the geostatistical point of view, the 
distance between drill-holes. However, many methods or criteria used for classification, geometrical ones 
for instance, are not based on an actual measure of uncertainty. In the present case, which corresponds to 
a nickel laterite deposit studied in two  dimensions, Mineral Resources are classified based on the drilling 
mesh, and associated probabilities that nominal productions do not deviate from estimations by more 
than 15%. In this paper we present two methods to assess such probabilities: conditional simulations 
and the specific areas method. Both methods include the drilling mesh and the spatial variability as 
principal components for classification and both yield similar results, which allows the validation of 
one with the other. Benefits and limitations of these two methods are also given. Simulations are time-
consuming, but they are the most accurate; specific areas are time-saving and less restrictive for testing 
several drilling meshes, but the results are more approximate. 

Keywords
Mineral Resource classification, conditional simulations, specific areas, nickel accumulation, coefficient 
of variation.

Introduction
This study deals with classifying Mineral Resources of a nickel laterite deposit in New Caledonia. In 
mining activities, an area is first classified as Mineral Resources or Reserves, and these are then further 
classified as Inferred/Indicated/Measured for Resources and Probable/Proven for Reserves. The NI 
43-101 (CIM, 2011) states that ‘Mineral Resources are sub-divided, in order of increasing geological 
confidence, into Inferred, Indicated and Measured categories. An Inferred Mineral Resource has a 
lower level of confidence than that applied to an Indicated Mineral Resource. An Indicated Mineral 
Resource has a higher level of confidence than an Inferred Mineral Resource but has a lower level of 
confidence than a Measured Mineral Resource’. While all international reporting codes require a strong 
Mineral Resources classification, the criteria for defining such classifications are numerous. Besides 
the geological or geometrical model and the sampling quality, some of the most used criteria are the 
distance between drill-holes (drilling mesh) and the spatial variability (variogram) of the elements 
of interest. However, many methods or criteria used for classification, geometrical ones for instance, 
are not based on an actual measure of uncertainty (Rossi and Deutsch, 2014). Geostatistical methods 
should then be preferred for classifying Mineral Resources as Measured, Indicated, or Inferred. In the 
present study, the definition used by the company for Measured Resources is: ‘90% probability to be 
within a deviation of ± 15% of a quarter of production’, and for Indicated Resources: ‘90% probability 
to be within a deviation of ± 15% of a year of production’. To validate the application of this rule to 
the present case, it is necessary to assess those probabilities objectively with the use of geostatistical 
methods. The aim of this study is to use and compare two methods for classifying resources from the 
geostatistical point of view, that is, with respect to the drilling mesh, conditional simulations, advocated 
by Dohm (2005), and specific areas, presented later in this paper. The remaining sections are devoted to 
the description of the data-set, the methods, the results, the proposed classification, and a discussion. 
The study was done in two dimensions and focused on metal accumulations and thickness. The study 
used Isatis© software (Geovariances, 2017).
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Data-set and description
The data-set comprises more than 3000 vertical, screened core 
drill-holes that cover an area of 2.3 km west-east and 1.6 km 
north-south. Drill-holes are regularly spaced at 25 m; locally 
drilling has taken place based on meshes of 12.5 m × 12.5 m and 
50 m × 50 m.

New Caledonia is a large ophiolitic complex formed 35 Ma 
ago by obduction of the Australian Plate over the Pacific Plate. 
The deposit is a nickel laterite deposit formed by serpentinization 
(hydration of the peridotite) and lateritization in a tropical climate 
(supergene enrichment). 

The lateritic profile is divided into six layers that are, from 
bottom to top:
 ➤   Bedrock: peridotite (mainly dunite or harzburgite)
 ➤   Rocky saprolite: silicate product of the alteration that is a 

little weathered
 ➤   Earthy saprolite: silicate product of the alteration that is 

highly weathered
 ➤   Transition zone
 ➤   Yellow limonite: oxide product of the alteration, enriched in 

goethite
 ➤   Red limonite: oxide product of the alteration, enriched in 

haematite
 ➤   Iron cap and iron shots.

Only the earthy saprolite, the transition zone, and the yellow 
limonite are mineralized and exploited.

The quarterly production areas for those three layers are 
given in Table I.

Six variables of interest from a mining and processing 
perspective were taken into consideration. This paper focuses 
on nickel (Ni) and manganese oxide (MnO) accumulations. 
Nickel is extracted by a hydrometallurgical process that requires 
tight control on the chemistry of the ore fed to the plant. Some 
auxiliary constituents, like MnO, play a significant role in the 
recovery of the nickel.

Methods 
Two methods were used and compared to classify Mineral 
Resources: conditional simulations (Chilès and Delfiner, 2012) 
and the specific areas method (Rivoirard and Renard, 2016; 
Rivoirard et al., 2016).

Conditional simulations coupled with kriging are used to test 
the ±15% rule. All the variables will be treated conjointly, and 
cosimulations and cokriging will be run. 

The cokriging represents the planned production values while 
the cosimulations represent the set of the possible real values that 
will be compared with the cokriging: if 90% of the cosimulations 
are within ±15% of the cokriging, the Mineral Resources will be 
classified as Measured or Indicated. If the comparison is done 
on areas representing a quarter of a year’s production, this will 
satisfy Measured Resources, while a comparison done on areas 
equivalent to a year of production satisfies Indicated Resources. 
Production areas are represented arbitrarily but conveniently as 
squares with the areas given above.

To test the category of Mineral Resource according to the 
drilling mesh, five drilling meshes were used as inputs: 25 m × 
25 m, 50 m × 50 m, 75 m × 75 m, 100 m × 100 m, and 125 m × 
125 m. Drilling meshes greater than 25 m × 25 m were created 
artificially by migrating the drill-holes over grids with size equal 
to the desired mesh. As the original grid is mainly 25 m × 25 
m (regular), this migration is more a selection that respects 
the location of the drill-holes and does not create artefacts or 
bias. Batches of 50 simulations were run. Both cokriging and 
cosimulations were stored on a 12.5 m × 12.5 m block grid.

The specific areas method aims at providing Mineral 
Resources classification according to the drilling mesh. The 
specific area measures the efficiency of the drilling mesh with 
respect to the target variable. It is calculated from the extension 
variance of a block having the size of the mesh from its centre. 
A coefficient of variation for the Resources can then be derived, 
given production areas. Numerous drilling meshes were tested, 
from 12.5 m × 12.5 m up to 125 m × 125 m, but only the relevant 
ones are presented.

To test a drilling mesh and calculate the extension variance, 
one only needs to create blocks centred on a drill-hole the sizes of 
which are equal to the mesh. The desired extension variance can 
be obtained by kriging the block by its contained sample.

The specific area is given by the following equation:

Here m is the mean of the target variable, S a block the  
size of the mesh, |S| its area, and σE

2(S) the extension variance  
of the variable, depending on its variogram. Then the ratio σE

2 

(S)/m2 is the extension variance of the variable divided by its 
mean squared, which depends on the variogram of the variable 
divided by its mean.

The coefficient of variation of annual or quarterly Resources 
is given by

with Sp the production area considered (annual or quarterly).
To link this method with the required rule of ±15% for annual 

or quarterly production volumes, the assumption is made that, at 
the level of Resources, the variable is Gaussian with mean m and 
variance σ². Let Z be this variable, and Y=(Z-m)/σ its associated 
standard Gaussian with standard cumulative density function 
G(). The probability p to be more than a certain deviation d from 
the mean can be written as p=P[|Z-m|>dm], and so

where the CV (coefficient of variation) is the ratio between the 
standard deviation and the mean: CV=σ/m. With p equal to 10% 
and d equal to 15% (probability of 90% to deviate by less than 
15%), the CV is 9.12%. A similar computation can be done for 
the lognormal case, resulting in a very similar CV value (9.19%), 
showing that the Gaussian assumption is not so important. In the 
following, the CV has been rounded to 9.2%. 

   Table I

   Quarterly production areas (rounded) in m2 for the  
three mineralized layers

   Layer Yellow limonite Transition Earthy saprolite

   Production area (m2) 50 000 45 000 25 000
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Since the areas of a year of production and a quarter of 
production are linked, the CVs calculated over those two areas are 
linked too:

Therefore, in terms of category of Resources we have: 
For Measured Resources: CVquarter ≤9.2% and CVyear ≤4.6%
For Indicated Resources: CVyear ≤9.2% and CVquarter ≤18.4%

Results
Coefficients of variation of the samples
Exploratory data analysis was done in two dimensions on the 
metal accumulations and thickness. For confidentiality reasons, 
the levels of the variables are not presented in this paper. Table II 
shows the values of the CV for the nickel and manganese oxide 
accumulations and thickness for the three layers. 

The yellow limonite layer presents the lowest coefficients of 
variation, and the transition and the earthy saprolite layers the 
highest. Altogether, the nickel accumulation and the thickness 
are less variable than the manganese oxide accumulation. The 
coefficients of variation for the nickel accumulation and the 
thickness are very similar: this is due the nickel grade being 
nearly constant within each layer. For this reason, results for 
those two variables are very close and only nickel accumulation 
is further displayed and commented on.

The experimental simple variograms and crossvariograms 
are calculated for each variable and each layer. These variograms 
were normalized by dividing each variable’s values by its mean. 
As no anisotropy was observed on directional variograms 
up to several hundred metres, isotropy was assumed, and 
omnidirectional experimental variograms were computed. They 
are fitted with a nugget effect and spherical structures (up to 
four). Ranges and sills of the structures vary with the layer and 
the variable: nickel accumulation is more structured than the 
manganese oxide accumulation, while yellow limonite is highly 
continuous, unlike the transition zone and earthy saprolite 
(Figure 1).

Spatial continuity and structuration of the variograms are key 
points in the classification of Mineral Resources. As written in the 
CIM Definition and Standards (CIM, 2010): ‘Mineralization may 
be classified as an Indicated Mineral Resource by the Qualified 
Person when the nature, quality, quantity and distribution 
of data are such as to allow confident interpretation of the 
geological framework and to reasonably assume the continuity of 
mineralization’. 

Visual display: maps of the cokriging and conditional 
cosimulations
Cokriging and conditional cosimulations are used conjointly to 

test the variability of the possible real values (simulated) around 
the predicted/planned (cokriged) values. 

For the sake of visualization, four maps are displayed: 
cokriging, mean of the simulations, and two randomly chosen 
simulations (out of the fifty) of the nickel accumulation within 
the earthy saprolite. The input drilling mesh is 25 m × 25 m. 
Cokriging and the mean of simulations are very close to each 
other, which is expected, although the mean of the simulations 
is a little bit smoother than the cokriging. The importance of 
shortest-range structural components is visible in the two 
simulations. 

The legend is the same for the four maps: warm colours 
correspond to high nickel accumulation while cold colours 
indicate low nickel accumulation.

Conditional cosimulation results and comments
To test against the 15% rule, the results of the cokriging and 
the 50 conditional cosimulations were compared: if 90% of 
the cosimulations lie within ±15% of the cokriging, Mineral 
Resources are Measured or Indicated. Mineral Resources are 
classified as Measured if the comparison is done over an area 
equal to a quarter of year’s production, and as Indicated if 
compared over an area equal to a year of production.  

The 12.5 m × 12.5 m block grid that contains the cokriging 
and the cosimulation results is coarsened to create bigger blocks 
whose areas are equal to a quarter or a year of production. The 
comparisons are done for each block. 

Figures 3 to 12 are maps that show the probabilities that the 
cosimulation results are within ±15% of the cokriging results.

Yellow limonite
For a drilling mesh of 75 m × 75 m, the results for blocks of a 
quarter of production are given in Figure 3.

For blocks of a year of production the results are given in 
Figure 4.

Although the grid mesh is about the same everywhere, one 
can see that the probability of deviating by less than 15% from 
cokriging is not the same for all blocks. This is likely due to the 
heterogeneity in the deposit, illustrated in Figure 2. To classify 
Mineral Resources, it was decided that if 50% of the blocks
have a probability higher than 90%, then Mineral Resources are 
Measured (for blocks of a quarter of production) or Indicated 
(for blocks of a year of production). By applying this rule, it can 
be seen that a drilling mesh of 75 m × 75 m is not sufficient to 
classify Resources as Measured (Figure 3) stricto sensu but is 
sufficient for Indicated (Figure 4), for both nickel and manganese 
oxide accumulations. However, for the nickel accumulation, 
45% of the blocks have a probability greater than 90%, so that 
Mmineral Resources would be close to Measured with a drilling 
mesh of 75 m × 75 m. This drilling mesh seems to be just above 
the limit between Measured and Indicated Resources with respect 
to nickel accumulation.

For a drilling mesh of 100 m × 100 m, the results for blocks 
of a year of production are given in Figure 5.

For a drilling mesh of 125 m × 125 m, the results for blocks 
of a year of production are given in Figure 6.

Following the same logic as presented earlier, a drilling mesh 
of 100 m × 100 m is sufficient to demonstrate Indicated Mineral 
Resources in terms of nickel accumulation, but not in terms of 
manganese oxide accumulation, for which Mineral Resources 
would be Inferred (Figure 5). When the drill-holes are spaced at 
125 m × 125 m, Mineral Resources remain Indicated in terms of 
nickel accumulation (Figure 6).

   Table II

   Values of the coefficients of variation of the samples 
for the three layers (Ni and MnO accumulations and 
thickness)

 Yellow limonite Transition Earthy saprolite

   MnO accum. 0.941 1.392 1.025
   Ni accum. 0.578 0.888 0.910
   Thickness 0.529 0.883 0.872



Mineral Resources classification of a nickel laterite deposit

▶ 874 OCTOBER 2019 VOLUME 119 The Journal of the Southern African Institute of Mining and Metallurgy

Figure 2—Maps of the cokriging, mean of the simulations, and simulations no. 13 and 41 of the nickel accumulation of the earthy saprolite with input drilling mesh 
of 25 m × 2 5 m (Isatis©)

Figure 1—Normalized univariate variograms (experimental: green dashed line and model: green plain line) of the Ni and MnO accumulations for the three layers 
(Isatis©)
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Figure 3—Maps of the probability showing the simulations that are close to the cokriging results (±15%) on quarterly production areas, for the yellow limonite when 
the input drilling mesh is 75 m × 75 m

Figure 4—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the yellow limonite when the input drilling 
mesh is 75 m × 75 m

Figure 5—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the yellow limonite when the input drilling 
mesh is 100 m × 100 m

Figure 6—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the yellow limonite when the input drilling 
mesh is 125 m × 125 m
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Transition zone
For a drilling mesh at 25 m × 25 m, the results for blocks of  
a quarter of a year’s production are illustrated in Figure 7.

This drilling mesh is not sufficient to support Measured 
Mineral Resources for any of the variables of interest  
(Figure 7). However, it is sufficient to demonstrate Indicated 
Mineral Resources in terms of nickel accumulation (Figure 8). For 
manganese oxide accumulation, Mineral Resources are Inferred.

A drilling mesh of 50 m × 50 m (Figure 9) is just sufficient 
to demonstrate Indicated Mineral Resources in terms of nickel 
accumulation and seems to mark the limit between Indicated 
and Inferred. For the manganese oxide accumulation, Mineral 
Resources are Inferred. 

Earthy saprolite
For the earthy saprolite, the same maps can be drawn and the 
following can be concluded (Figures 10, 11, and 12).
 ➤   A drilling mesh of 25 m × 25 m is insufficient to 

demonstrate Measured Mineral Resources for any of the 
variables (Figure 10). However, in terms of nickel and 
manganese oxide accumulations it is adequate to support 
Indicated Mineral Resources (Figure 11).

 ➤   A drilling mesh of 50 m × 50 m is insufficient to 
demonstrate Indicated Mineral Resources for any of the 
variables: Mineral Resources are Inferred (Figure 12).

In all the above examples, the probability of the conditional 
simulations deviating by less than ±15% is not constant 

Figure 8—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the transition zone when the input drilling 
mesh is 25 m × 25 m

Figure 9—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the transition zone when the input drilling 
mesh is 50 m × 50 m

Figure 7—Maps of the probability that the simulations are close to the cokriging (±15%) on quarterly production areas, for the transition zone when the input 
drilling mesh is 25 m × 25 m
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Figure 10—Maps of the probability that the simulations are close to the cokriging (±15%) on quarterly production areas, for the earthy saprolite when the input 
drilling mesh is 25 m × 25 m

Figure 11—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the earthy saprolite when the input drilling 
mesh is 25 m × 25 m

Figure 12—Maps of the probability that the simulations are close to the cokriging (±15%) on annual production areas, for the earthy saprolite when the input drilling 
mesh is 50 m × 50 m

throughout the deposit: some areas are more variable than 
others, and those areas differ from one variable to another. 
Conditional simulation is a powerful tool for the geologist to 
identify areas that require denser drilling in order to increase 
confidence in the chemistry of the deposit (and subsequently the 
chemistry of the ore fed to the plant) and to link those areas with 
the geology and the mineralogy.

Specific areas method: results and comments
The efficiency of the drilling mesh has been tested through the 
calculation of the specific areas method: the lower the specific 

area, the more efficient the drilling mesh. Results are displayed 
in Table III for all the drilling meshes tested, for the nickel (Ni) 
and manganese oxide (MnO) accumulations in each of the three 
layers. 

The results are similar to the previous observations: for 
the same drilling mesh, specific areas for the yellow limonite 
are lower and thus the mesh is more efficient due to the high 
geological continuity of this layer. 

Attention is drawn to the difference between the nickel 
accumulation and the manganese oxide accumulation, the latter 
being less continuous in each of the three layers.
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Calculations were not done for drilling meshes greater than 
50 m × 50 m for transition zone and earthy saprolite because 
these lie in the category of Inferred Mineral Resources (see  
Figure 13c). 

A graph of coefficients of variation against drilling mesh for 
a quarterly production area is drawn in Figure 13, with selected 
values shown in Table IV. 

Differences between nickel and manganese oxide 
accumulations are obvious: while Mineral Resources are 
Measured until 65 m × 65 m for nickel, they are Measured only 
up to 35 m × 35 m for manganese oxide (Figure 13a). This 

gap persists for Indicated Mineral Resources, where a drilling 
mesh of 120 m × 120 m marks the limit between Indicated and 
Inferred for nickel accumulation, this limit being 70 m × 70 m for 
manganese oxide accumulation.

For the nickel accumulation, the limit between Measured and 
Indicated classifications appears to be very similar for simulations 
and specific areas (compare Figures 4 and 13a: 75 m × 75 m 
is not quite sufficient for Measured in both cases). The mesh 
separating Indicated from Inferred categories is slightly smaller 
for specific areas (120 m × 120 m for nickel accumulation, while 
simulations demonstrate Indicated for 125 m × 125 m 

Figure 13a—Evolution of the coefficients of variation with the drilling meshes for the yellow limonite

Figure 13b—Evolution of the coefficients of variation with the drilling meshes for the transition zone

   Table III

  Values of the specific areas in m2 for different drilling meshes and for each layer
   Layer Accum.   Drilling mesh (m) 
  12.5 x 12.5 2 5x 25 50 x 50 75 x 75 100 x 100 125 x 125

   Yellow limonite MnO N/A 167 867 2364 4687 7906 
 Ni N/A 56 242 591 1126 1852

   Transition zone MnO 122 706 3774  
 Ni 45 244 1394  N/A

   Earthy saprolite MnO 135 553 2324 
  Ni 66 292 1415
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   Table IV

  Values of the coefficients of variation in % for different drilling meshes and each geological layer
   Layer Accum.   Drilling mesh (m) 
  12.5 x 12.5 2 5x 25 50 x 50 75 x 75 100 x 100 125 x 125

   Yellow limonite MnO N/A 5.8% 13.2% 21.8% 30.7% 39.9% 
 Ni N/A 3.3% 7.0% 10.9% 15.0% 19.3%

   Transition zone MnO 5.2% 12.4% 28.8%  
 Ni 1.6% 7.3% 17.5%  N/A

   Earthy saprolite MnO 7.2% 14.5% 29.7%
  Ni 5.0% 10.5% 23.2%

Figure 13c—Evolution of the coefficients of variation with the drilling meshes for the earthy saprolite

spacing; 70 m × 70 m for manganese oxide accumulation while 
simulations give Indicated for 75 m × 75 m spacing). 

Similar differences between nickel and manganese oxide 
accumulations are observed for the transition layer (Figure 13b). 
For this layer, drilling meshes that mark the limits between 
Measured and Indicated are much denser than for the yellow 
limonite: 30 m × 30m for Measured/Indicated and 50 m × 50m 
for Indicated/Inferred, when considering the nickel accumulation. 
Recall that the limit between Indicated and Inferred at 50 m 
× 50 m is the same as the one observed with the conditional 
simulations. These limits are reduced to 20 m × 20 m and 35 m × 
35 m respectively for manganese oxide accumulation. 

For the earthy saprolite, drill spacing limits are a bit 
smaller but close to those of the transition layer, with a drilling 
mesh between 20 m × 20 m and 25 m × 25 m for the limits of 
Measured/Indicated, and 40 m × 40 m for the limits of Indicated/
Inferred, when considering nickel accumulation (Figure 13c). 
These limits are reduced to 1 6 m × 16 m and 32 m × 32 m 
respectively (approximately) for manganese oxide accumulation.

As shown in the ‘Methods’ section, there is a direct link 
between the coefficients of variation and the probability of having 
a deviation of ±15%. In terms of probability a clear interpretation 
of the relationship between drilling mesh and category of Mineral 
Resources is provided (Figure 14). 

The coefficients of variation and the probability curves 
confirm the high continuity of the yellow limonite compared with 
the two other layers. The manganese oxide accumulation is less 
continuous than the nickel accumulation for all three layers.

From the graphs in Figures 13 or 14 the approximate drilling 
meshes separating the different categories of resources can be 
deduced (Table V).  

Recall that the coefficients of variation calculated with the 
specific areas method depend on three major factors: the spatial 
continuity (i.e. the variogram model), the drilling mesh, and 
the production area. The following section aims at showing the 
influence of these factors.

Specific areas method: Influence of the variography
To quantify the influence of the variography only and remove the 
effect of the production areas, similar calculations are done using 
the same production area outline for all the three layers, here the 
actual production area of the yellow limonite. The evolution of 
the coefficients of variation with the drilling meshes is displayed 
in Figure 15 for nickel accumulation.

Using equivalent production areas highlights the effect of the 
spatial variability: the yellow limonite is more continuous than 
the other layers, and the transition and earthy saprolite layers 
have similar results, they are both very discontinuous (and also 
have similar variogram models). On the other hand, the effect 
of the production area is important: the production area of the 
earthy saprolite is half that of the two other layers and there is 
a greater impact on the coefficients of variation (about 1.4 times 
larger when taking its production area).

To test the reliability of the coefficients of variation, 
the coefficients of variation for production areas have been 
recalculated using pure nugget effect variograms, with a nugget 
value equal to the variance of the sample data.  Denoting the CV 
of the sample data by CVdata and the CV of the production area by 
CVp, the specific area becomes
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   Table V

  Approximate drilling meshes separating categories
   Geological  Accum. Drilling mesh separating Drilling mesh separating 
   layer  Measured and Indicated Indicated and Inferred

   Yellow limonite MnO 35 m x 35 m 70 m x 70 m 
 Ni 65 m x 65 m 120 m x 120 m

   Transition zone MnO 20 m x 20 m 35 m x 35 m 
 Ni 30 m x 30 m 50 m x 50 m

   Earthy Saprolite MnO 16 m x 16 m 32 m x 32 m 
 Ni 22 m x 22 m 40 m x 40 m

Figure 14a—Evolution of the probability of deviating by less than 15% for a year of production with the drilling mesh for the yellow limonite

Figure 14b—Evolution of the probability of deviating by less than 15% for a year of production with the drilling mesh for the transition zone

Figure 14c—Evolution of the probability of deviating by less than 15% for a year of production with the drilling mesh for the earthy saprolite
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so that

The results of the coefficients of variation calculated over an 
area equivalent to a quarter of a year’s production (actual for 
each layer) are summarized in Table VI. 

For the transition zone and the earthy saprolite, the 
coefficients of variation are a bit higher than those listed in  
Table IV. In fact, the variograms for those layers have a high 
proportion of nugget effect. 

For the yellow limonite, however, CV results using a 
pure nugget effect are much higher than the ones calculated 
previously: the yellow limonite is much more structured, and the 
proportion of the nugget effect is significantly lower. However, it 
is unlikely that even with a coarse exploration drilling pattern it 
would be impossible to miss the structures as the layer is highly 
continuous.

Overall, the results are consistent and in the same order of 
magnitude. When a structure exists but the resolution of drill-
hole spacing is not fine enough to characterize it, the CV results 
using pure nugget effect are a bit pessimistic (i.e. too high) as 
the structure is unknown. Even if the spatial variability is not 
perfectly known (as in the exploration phase), the specific areas 
method can still be used to classify Mineral Resources. 

Mineral Resources classification
Based on the nickel accumulation results, the following Mineral 
Resources classification is proposed, and a comparison between 

results using the simulations or the specific areas method can be 
made. Table VII displays these results.

The classification differs between the two methods for 
transition zone at 25 m × 25 m and yellow limonite at 125 m × 
125 m: in both cases results for the specific areas method are 
very close to the limit between one category of Mineral Resources 
and the following one. The two methods in general yield similar 
results, and the differences are minor. If one category is to be 
selected, the conditional simulations give the most accurate 
results and can help in choosing between one result or another. 

Comments and perspectives
This study allows a comparison of two geostatistical methods 
for classifying Mineral Resources from the point of view of the 
drilling mesh. Both methods yield almost the same results, and it 
can be concluded that the specific areas method is a valid method 
to classify resources. However, they differ in their purposes as 
they do not share the same benefits and limitations (Table VIII). 

The drilling mesh used as input is a limiting factor for the 
direct use of conditional simulations as only meshes that are 
a multiple of the existing mesh can be tested. Testing a refined 
mesh (or any other mesh) from a currently available mesh can 
be done by using a less direct method: first, simulating values 
on the refined mesh conditionally on the available one, and then 
simulating values everywhere else conditionally on the refined 
mesh (Geovariances, 2018). A similar procedure can be done 
starting from a nonconditional simulation, but this would ignore 
the possible heterogeneity of the deposit.

   Table VI

   Values of coefficients of variation when using pure nugget effect variograms
   Layer Accum.   Drilling mesh (m) 
  12.5 x 12.5 25 x 25 50 x 50 75 x 75 100 x 100 125 x 125

   Yellow limonite MnO N/A 10.5% 21.1% 31.6% 42.2% 52.7% 
 Ni N/A 6.5% 13.0% 19.4% 25.9% 32.4%

   Transition zone MnO 8.1% 16.3% 32.6%  
 Ni 5.1% 10.3% 20.6%  N/A

   Earthy saprolite MnO 7.9% 15.8% 31.6% 
 Ni 7.0% 14.0% 28.0%

Figure 15—The coefficients of variation when considering the same production area for all the layers (reference area: year of production of yellow limonite)
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Both methods could be used together in any two-dimensional 
deposit: the specific areas method as a routine to obtain a good 
order of magnitude and define the drilling meshes that mark the 
limits between categories of Mineral Resources, and conditional 
simulations to validate those limits.

Conditional simulations can also be very useful to define 
areas that require denser drilling to refine the understanding 
where elements are more variable.

The classification presented in this paper only takes into 
account the nickel accumulation. Both methods could be 
extended to other auxiliary variables, such as the manganese 
oxide that plays an important role in the nickel recovery process. 
A classification based on this auxiliary variable only would be 
much more restrictive. However, classification would then become 
a multivariate issue that considers all the elements that are 
important in the process of recovering nickel.

For classification using conditional simulations, Dohm (2005) 
proposed considering ’units representing likely production 
periods’. In the case presented, the production areas were 
represented by simple squares. As noted by Rossi and Deutsch 
(2014), such a simple and current choice may be a significant 
limitation, as the actual production may come from different 
areas of the mine. It must therefore be recognized as a convenient 
simplification. While it would be possible to consider other shapes 
for the production areas when using conditional simulations, 
such a consideration does not exist when using the specific areas 
method. Instead, the production area is then considered as a 
union of blocks having the size of the mesh, wherever they are 
(Rivoirard and Renard, 2016) and this makes the calculations 
simple. Note that the specific area itself, expressed in m2, can be 
used to measure and compare the efficiency of a grid, irrespective 
of any production.

Another simplification was made by working in two 
dimensions for each layer. This implicitly assumes that, during 
each production period considered, each layer is exploited from 
top to bottom where it is mined. Considering a finer exploitation 

would require working in three dimensions. The specific areas 
method also is applicable in three dimensions: the specific area 
in m2 is replaced by a specific volume in m3, which measures 
the efficiency of the three-dimensional sampling design. Both 
methods are also applicable with an irregular sampling pattern.
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   Table VII

  Mineral Resources classifications using both conditional simulations and specific areas
   Drilling mesh                       25 m x 25 m                            50 m x 50 m                            75 m x 7 5m                          100 m x 100 m                       125 m x 125 m
   Method Sim. Spec. A Sim. Spec. A Sim. Spec. A Sim. Spec. A Sim. Spec. A

   Yellow limo. Meas. Meas. Meas. Meas. Ind. Ind. Ind. Ind. Ind. Inf.

   Transition Ind. Meas. Ind. Ind. Inf. Inf. Inf. Inf. Inf. Inf.

   Earthy sap. Ind. Ind. Inf. Inf. Inf. Inf. Inf. Inf. Inf. Inf.

* Categories in italic are deduced and not calculated
* Categories in bold indicate a difference of category between the two methods

   Table VIII

  Benefits and limitations of the two methods
   Method Benefits Limitations

   Conditional simulations Accurate
    Allows visualization of inner Time-consuming 
 variability of the deposit 

   Specific areas Time-saving Approximate
    Allow testing all drilling meshes easily
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Dissolution kinetics of tellurium from 
gold concentrate during alkaline 
sulphide leaching
W. Yang1,2, H. Cao1,2, Y.P. Wang3, T. Long1,2, H. Wan1,2, H. Li1,2, and  
P. Dong1,2

Synopsis
Alkaline sulphide leaching was adopted to extract tellurium from tellurium-bearing gold concentrate 
for the first time. The tellurium leaching kinetics were studied. The influence of average particle size, 
stirring speed, leaching temperature, Na2S concentration, and NaOH concentration on the tellurium 
extraction were investigated. It was found that tellurium extraction could reach 79.14% under the 
optimum conditions: 17.77 μm average particle size, 500 r/min stirring speed, 80 g/L Na2S concentration, 
30g/L NaOH concentration, 80°C leaching temperature, 4:1 liquid to solid ratio, and 180 minutes leaching 
time. The interface transfer and diffusion through the product layer or insoluble substance layer were 
the rate-controlling steps. The leaching kinetics equation was established, and the activation energy 
was 34.384 kJ/mol.

Keywords
Gold concentrate; tellurium leaching; alkaline suphide leaching; kinetics.

Introduction
Tellurium, a scarce and valuable element with relatively low abundance of 0.001–0.005 g/t in the 
Earth’s crust (Kavlak and Graedel, 2013; Makuei and Senanayake, 2018), is widely used in the 
electronics industry, metallurgy, communications, aerospace, energy, medicine, and other fields. 
The bismuth or antimony compounds of tellurium are excellent refrigerating materials which can 
be employed in radars and underwater missiles (Siciliano et al., 2009). Lead and bismuth tellurides 
are often used to make photosensitive materials (Tsiulyanu et al., 2005). The cadmium telluride 
photovoltaic panel is one of the most common commercially available solar panels (Bhandari et al., 
2015; Fadaam et al., 2019). At present the market demand for tellurium continues to increase year 
by year (Candelise et al., 2012; Zhong et al., 2018), but annual tellurium production is far behind the 
market demand (Yu et al., 2018).

Currently, about 90% of tellurium production is from copper anode slimes from the electrolytic 
refining of blister copper, and the remainder as a by-product of bismuth and lead processing (Makuei 
and Senanayake, 2018). Due to heavy losses of tellurium during mineral processing and smelting, 
the current routes for tellurium production as a metallurgical by-product cannot meet the demand. 
Therefore, the direct recovery of tellurium from tellurium-bearing ores has attracted increasing 
attention. Since primary tellurium deposits are very rare in nature, current research is focused mainly 
on the extraction of tellurium from daphyllite (Bi2Te2S) (Jiang, 2000; Lei and Xie, 2012). However, there 
are few studies on the extraction of tellurium from other tellurium-bearing ores, and even fewer on 
gold-telluride ores. 

The gold-tellurium series minerals, second only to the gold-silver series, are important carriers 
of gold and silver. Among the 27 known types of gold-bearing minerals exploited, there are 11 gold-
telluride minerals, including calaverite and petzite (Chen et al., 1999). The leaching rates of gold and 
silver in tellurium-bearing gold ore are low because telluride is difficult to dissolve in cyanide media 
and the TeO2 formed by the dissolution forms a layer on the gold surface, preventing the gold from 
contacting with the lixiviant. Tellurium leaching prior to cyanidation of gold and silver can not only 
effectively recover tellurium from this type of ore, but also improve the leaching rate of gold and silver 
(Ellis and Deschênes, 2016). Therefore, it is necessary to give more attention to the direct extraction of 
tellurium from tellurium-bearing gold ores.

A range of techniques, including sulphation roasting (Xu, Li, and Guo, 2014), soda roasting (Chen 
and Li, 2008), pressure sulphate leaching (Zhang, Wang, and Peng, 2007), pressure alkaline leaching 
(Fan et al., 2013), and bioleaching (Rajwade and Paknikar, 2003) have been reported for recovering 
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tellurium from metallurgical by-products. However, these 
techniques have many disadvantages, such as harsh leaching 
conditions, excessive consumption of reagents, and serious 
corrosion of equipment. The development of a reasonable and 
efficient method to extract tellurium is therefore required. Guo et 
al., (2017) used alkaline sulphide leaching to recover tellurium 
from high-tellurium materials obtained from the basic refining 
of crude bismuth, and tellurium was enriched from 11.60% to 
91.24%. Additionally, the alkaline sulphide leaching method can 
recover arsenic and antimony (Awe et al., 2013; Curreli et al., 
2009; Li et al., 2011). However, little attention has been paid to 
using the method to recover tellurium from tellurium-bearing 
gold ores.

In this work, tellurium was extracted directly from tellurium-
bearing gold flotation concentrate by alkaline sulphide leaching 
for the first time. The effects of different leaching conditions on 
the leaching efficiency of tellurium were investigated, and the 
kinetics of tellurium leaching are discussed on this basis. This 
study will provide a technological and theoretical basis for the 
efficient extraction of tellurium from tellurium-bearing gold ores.

Experimental

Materials
The tellurium-bearing gold flotation concentrate was obtained 
from a tellurium-type gold mine in Qinling Mountains, Shannxi 
Province, China. Table I shows the chemical composition of 
the samples and Table II shows the main mineral content. The 
distribution of major elements in the minerals is shown in  
Table III. 

Table II shows that the main metal sulphide minerals are 
pyrite, pyrrhotite, chalcopyrite, and galena whereas the main 
nonmetallic minerals are muscovite, quartz, and potassium 
feldspar. Table III shows that most of the tellurium is contained 
in the petzite and altaite, and a small amount in the hessite and 
calaverite.  

Experimental procedure
The tellurium samples were ground in a laboratory planetary ball 
mill. Particle size distribution analysis of the ground samples 
was performed using a Malvern laser particle-size analyser 
(Mastersize 2000). Five size fractions with volumetric average 
particle sizes of 56.58, 44.50, 28.67, 17.77 , and 10.23 μm were 
obtained to study the effect of particle size on tellurium recovery. 
The PSDs of these fractions are shown in Figure 1 (a, b, c, d, and 
e respectively).

The leaching experiments were carried out in a 500 mL 
four-necked round-bottomed glass reactor fitted with a digitally 
controlled mechanical stirrer, condenser tubes, and mercury 
thermometers. Na2S·9H2O and NaOH of analytical grade and 
deionized water were used throughout the experiments. The 
leaching solution was prepared by dissolving sodium sulphide 
and sodium hydroxide in deionized water. The lixiviant  
(200 mL) was first added to the reactor, and the reactor was 
heated to the desired temperature in a superthermostatic water 
bath. Ground sample (50 g) was added when the desired stirring 
rate was reached. Samples of the leaching solution (2 mL) were 
taken at different  time intervals, filtered, and submitted for 
tellurium analysis. The sample loss was compensated by adding 
2 mL of fresh leaching solution. After leaching, the slurry was 
filtered and the residue was washed, dried, and weighed. The 
contents of main minerals and distribution of major elements 
in the tellurium samples were analysed by mineral liberation 
analyser (MLA650, FEI, USA). Tellurium in the solution was 
determined by ICP-AES (PS-6, Baird Corp, USA).

Results and discussion

Alkaline sulphide leaching of tellurium

The effect of average particle size
Samples with average particle sizes of 57.58, 44.52, 28.66, 
17.77, and 10.23 μm were leached in a solution containing  
80 g/L Na2S plus 30 g/L NaOH at 80°C using a stirring speed of 
500 r/min. The results (Figure 2) show that the leaching rate 
increases with decreasing particle size. A tellurium extraction 
of 58.56% was obtained for the 57.58 μm size fraction after 
leaching for 180 minutes, while 75.77% was obtained for the 
17.77 μm size fraction. This could be caused by the increase in 
specific surface area with the decrease in particle size (Xiao et 
al., 2019; Zheng and Chen, 2014a), so that the mass transfer 
process is enhanced. In addition, solid particles are also activated 
during grinding and the occluded tellurium is exposed, enhancing 
contact with the lixiviant. Considering the grinding energy 
consumption and subsequent solid-liquid separation process, 
17.77 μm is recommended for the average mineral particle size. 

The effect of stirring speed
The effect of stirring speed on tellurium leaching was studied 
using speeds from 200 to 600 r/min. Other conditions were the 
same as those in the previous section. As shown in Figure 3, 
the reaction rate was very fast in the first 30 minutes at any 

   Table III

  Distribution of major elements between minerals
   Mineral Te (%) Au (%) Ag (%) Pb (%)

   Petzite 45.00 88.83 89.48 0.00
   Altaite 46.43 0.00 0.00 0.21
   Hessite 6.93 0.00 9.19 0.00
   Calaverite 1.63 3.22 0.00 0.00
   Gold 0.00 7.95 1.33 0.00
   Galena 0.00 0.00 0.00 99.79

   Table I

   Chemical composition of tellurium-bearing gold 
concentrate (g/t)

   Au Ag Te Pb (%)

   89.30 93.16 243.72 6.80

   Table Ⅱ

  Main minerals in tellurium-bearing gold concentrate (%)
   Gold Calaverite Petzite Hessite Altaite Pyrite

   0.03 0.04 0.12 0.02 0.08 76.05
   Chalcopyrite Bornite Covellite Sphalerite Pyrrhotite Galena
   0.43 0.01 0.03 0.02 1.45 0.21
   Potassium feldspar Plagioclase Calcite Dolomite Rutile Muscovite
   1.02 0.15 0.35 0.09 0.37 10.01
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stirring speed. After leaching for 30 minutes, tellurium extraction 
continued to increase, but the rate of extraction gradually slowed. 
When the stirring speed was increased from 200 r/min to 600 r/
min, the increase of tellurium extraction was only 7.45–11.89%. 
In the solid-liquid reaction process, when liquid film diffusion is 

the controlling step, the stirring speed has a great influence on 
the reaction rate (Tavakoli and Dreisinger, 2014).Therefore, the 
leaching of tellurium is probably not controlled by the external 
diffusion. A stirring speed of 500 r/min was chosen for the 
following experiments. 

Figure 1—Particle size distributions of the size fractions. (a) 56.58 μm, (b) 44.50 μm, (c) 28.67 μm, (d) 17.77 μm, (e) 10.23 μm 
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Figure 2—The effect of average particle size on tellurium extraction (stirring 
speed 500 r/min, Na2S concentration 80 g/L, NaOH concentration 30 g/L, 
leaching temperature 80°C)

Figure 3—The effect of stirring speed on tellurium extraction (average 
particle size 17.77 μm, Na2S concentration 80 g/L, NaOH concentration  
30 g/L, leaching temperature 80℃)
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The effect of leaching temperature
The effect of leaching temperature on tellurium extraction 
was investigated in the range of 20–90°C. Figure 4 shows the 
significant effect of temperature on the leaching kinetics. The 
tellurium extraction increased from 35.60% to 78.23% as the 
temperature was increased from 20°C to 90°C. This is expected 
from the exponential dependence of the rate constant in the 
Arrhenius equation (Zheng and Chen, 2014b). Furthermore, the 
energy available for atomic and molecular collisions increases 
with increasing temperature (Rao et al., 2015). Only a minimal 
increase in extraction was observed at temperatures higher 
than 80°C, therefore 80°C was selected as the optimum leaching 
temperature. 

The effect of Na2S concentration
The effect of Na2S concentration on tellurium leaching was 
determined using Na2S concentrations of 20, 40, 60, 80, and 
100 g/L. Figure 5 shows that the tellurium extraction increased 
rapidly from approximately 56.36% to 79.43% with an increase 
in Na2S concentration from 20 g/L to 100 g/L, indicating that 

Na2S concentration has a great influence on tellurium leaching. 
Tellurium is sulphurophilic. An increase in Na2S concentration 
increases the activity of sulphur ions, and then tellurium 
dissolves in the Na2S solution and is transformed to soluble 
thiotellurate (TeS4

2-) (Guo et al., 2017), contributing to the 
enhanced reaction between tellurium and sodium sulphide and 
thus improving the leaching rate. Based on these results, 80 g/L 
was considered to be the optimum Na2S concentration. 

The effect of NaOH concentration
The effect of NaOH concentration on the leaching rate of tellurium 
was studied at NaOH concentrations of 10, 20, 30, 40, and  
50 g/L (Figure 6). It can be seen that tellurium extraction 
increased as NaOH concentration increased, but only slightly, by 
4.40–6.33% as the NaOH concentration increased from  
10 g/L to 50 g/L. NaOH concentration has no marked influence 
on tellurium leaching, and 30 g/L was therefore selected as the 
optimum NaOH concentration. 

Based on these results, the optimum leaching conditions 
were determined as 500 r/min stirring speed, 17.77 μm 
average particle size, 80 g/L Na2S, 30 g/L NaOH, 80°C leaching 
temperature, a L/S ratio of 4:1, and 180 minutes leaching time. 
Under these optimum conditions, 79.14% of the tellurium was 
extracted into solution. The result indicates that alkaline sulphide 
is an effective lixiviant for tellurium dissolution from tellurium-
bearing gold ores. In order to further enhance the leaching 
process, it is necessary to do some kinetic analysis to identify the 
rate-controlling steps in the leaching process.

Kinetic analysis
Leaching kinetics
Table IV shows the chemical composition of the leach residue. 
As can be seen by comparing with Table I, the grade changes for 

Figure 4—The effect of leaching temperature on tellurium extraction (stirring 
speed 500 r/min, average particle size 17.77 μm , Na2S concentration 80 g/L, 
NaOH concentration 30 g/L)

Figure 5—The effect of Na2S concentration on tellurium extraction (stirring 
speed 500 r/min, average particle size 17.77 μm, NaOH concentration  
30 g/L, leaching temperature 80℃)

Figure 6—The effect of NaOH concentration on tellurium extraction (stirring 
speed 500 r/min, average particle size 17.77 μm, Na2S concentration 80 g/L, 
leaching temperature 80℃)

   Table IV

  Chemical composition of leach residue 
   Au (g/t) Ag (g/t) Te (g/t) Pb (%)

   88.75 92.14 50.84 6.21
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gold and silver are very small, indicating that during the direct 
leaching of tellurium from gold concentrate very little dissolution 
of gold occurs, and there will therefore be no effect on the 
subsequent recovery of Au and Ag. Tellurium in gold flotation 
concentrate occurs mainly in petzite and altaite. During leaching, 
tellurium is dissolved mainly from petzite and altaite, and gold 
remains undissolved and locked in the mineral particles in some 
form. Therefore, the leaching of tellurium from the concentrate is 
a multiphase liquid-solid reaction. The rate-controlling processes 
include surface chemical reaction, film diffusion through a 
fluid film, and film diffusion through the product layer with the 
shrinking core model (Hua, 2004). A new model, proposed by 
Dickinson and Heal (1999), suggests that both the interface 
transfer and diffusion through the product layer or insoluble 
substance layer can affect the reaction rate. It is also used to 
explain the rate-controlling steps in the leaching process (Bingöl, 
Canbazoğlu, and Aydoğan, 2005; Rao et al., 2015). The leaching 

rate equations for different rate-controlling processes are shown 
in Table V. 

Rate-controlling processes
Based on the experimental data at different leaching 
temperatures, the leaching kinetics of tellurium samples are fitted 
by the kinetic models in Table V. The kinetic model that gives 
the best-fitting results for the experimental data is defined as the 
rate-limiting step (Figure 7).

Table VI shows the correlation coefficients (R2) of the fitted 
data from Figure 7. It can be found that the R2 value of 1/3 
ln(1–a)–1+(1–a)–1/3  vs. t is closest to 1.0, indicating that 1/3 ln 
(1–a)–1+(1–a)–1/3 is the best model to simulate the leaching 
kinetics of tellurium. This observation confirms that the kinetics 
of leaching tellurium with alkaline sulphide solution is controlled 
by both interface transfer and diffusion across the product layer.

Additionally, the leaching rate is closely related to the 
activation energy, which can be calculated by the Arrhenius 
equation (ln k = –E / RT + A). Based on the Arrhenius equation, 
lnk is plotted versus 1/T using the values of lnk and 1/T in 
Figure 7d, as shown in Figure 8. The data in Figure 8 is in an 
approximate straight line. The values of E and A are calculated to 
be 34.384 kJ/mol and 4.414, respectively. The activation energy 
of a diffusion-controlled process is typically from 4 to 12 kJ/mol, 
while that of a chemically controlled process is usually larger 
than 40 kJ/mol (Abdel-Aa, 2000; Habashi, 1969). Therefore, an 
activation energy of 34.384 kJ/mol demonstrates the tellurium 
leaching in alkaline sulphide solution is controlled by both 
interface transfer and diffusion through the product layer.

   Table V

  Kinetic models
   Rate-controlling step Leaching rate equation*

   Film diffusion through the fluid film 1–(1–a)2/3 = kt
   Film diffusion through the product layer 1–2/ 3a–(1–a)2/3 = kt
   Surface chemical reaction 1–(1–a)1/3 = kt
   Both interface transfer and diffusion through 1/3 ln(1–a)–1+(1–a)–1/3 = kt 
   the product layer

* Here, a is the leaching rate of tellurium, t is the leaching time (min), and k is the 
apparent rate constant (min−1)

Figure 7—Different kinetic models versus time at different leaching temperatures
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Leaching kinetics equation
The dependence of the rate constant on the stirring speed, 
average particle size, Na2S concentration, NaOH concentration, 
and leaching temperature may be expressed as

                                 [1]

where k0 is the frequency factor, E is the apparent activation 
energy, R is the gas constant, T is the leaching temperature, C 
is the stirring speed, D is the average particle size, F is the Na2S 
concentration, G is the NaOH concentration, and a, b, c, and d, 
are the constants (Demirkıran and Künkül, 2007).

It can be seen from Figures 8–11 that 1/3 ln(1–a)–1+(1–a)–1/3 
is related to average particle size, stirring speed, Na2S 
concentration, and NaOH concentration according to the 
experimental data in Figures 2, 3, 5, and 6.

The slopes of the lines in Figures 9–12 represent the rate 
constant. The value of lnk can be calculated from these k values. 
The values of a, b, c, and d in Equation [1] are determined by 
linear regression in Figures 13–16: a = 0.3843, b = -0.5955,  
c = 1.0064, d = 0.1465. By combining the Arrhenius equation 
and Equation [1], the following expression is obtained:

[2]

Based on Equation [2], the value of k0 is calculated as 
1.1854. The final leaching kinetics equation is 

[3]

Recommendations 
According to the above kinetic analysis, the leaching of tellurium 
from gold concentrate is controlled by interface transfer and 
diffusion across the product layer. However, through the 
condition test, it can be seen that optimizing the leaching 
conditions has little further effect on the tellurium leaching 
rate, or it is necessary to increase the tellurium leaching rate by 
increasing the energy input. Therefore, further studies should be 
undertaken to improve the tellurium leaching rate. 

Figure 9—⅓ ln(1–a) – 1+(1–a)–1/3 versus time at different average particle 
sizes

Figure 10—⅓ ln(1–a) – 1+(1–a)–1/3 versus time at different stirring speeds

   Table VI

  Correlation coefficient values of regression equations
   Leaching temperature (K)  R2 
 1– (1–a)2/3 1–2/ 3a– (1–a)2/3  1– (1–a)1/3  1/3 ln(1–a)– 1+(1–a)1/3

   293.15 0.9145 0.9677 0.9218 0.9797
   313.15 0.9625 0.9899 0.9700 0.9964
   333.15 0.9046 0.9628 0.9277 0.9934
   353.15 0.8887 0.9473 0.9154 0.9891
   363.15 0.8913 0.9460 0.9176 0.9886

Figure 8—Arrhenius plots for tellurium leaching 
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Future work will include investigation of tellurium minerals 
from leach residues to find out why they are difficult to leach, 
and then testing different measures to enhance the leaching 
process. It is suggested that different oxidants could be 
employed. The leaching kinetics of tellurium under different 
conditions is studied by researching the effect of changes in 
grain parameters, apparent activation energy, and the reaction 

order of tellurium under alkaline sulphide leaching and oxidation 
leaching. Tellurium leaching may also be enhanced by roasting 
pretreatment, especially oxidation roasting.

Figure 11—⅓ ln(1–a) – 1+(1–a)–1/3 versus time at different Na2S  
concentrations

Figure 12—⅓ ln(1–a) – 1+(1–a)–1/3 versus time at different NaOH  
concentrations

Figure 13—lnk versus lnD at different average particle sizes

Figure 14—lnk versus lnC at different stirring speeds

Figure 15—lnk versus lnF at different Na2S concentrations

Figure 16—lnk versus lnG at different NaOH concentrations
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Conclusion
In the range of parameters studied, the most suitable conditions 
for the leaching process of tellurium from gold concentrate were 
an average particle size of 17.77 μm, stirring speed  
500 r/min, Na2S concentration 80 g/L, NaOH concentration  
30 g/L, and leaching temperature 80°C. Under these conditions, 
a tellurium extraction of 79.14% was obtained. The leaching 
rate increased with increasing Na2S and NaOH concentration, 
stirring speed, and leaching temperature, and decreasing average 
particle size. The leaching temperature had the most significant 
effect on tellurium leaching, followed by Na2S concentration, 
average particle size, stirring speed, and NaOH concentration. 
The leaching kinetics of tellurium by alkaline sulphide is 
controlled by interface transfer and diffusion across the product 
layer. According to a new model and the Arrhenius equation, 
the leaching kinetics equation was represented as 1/3 ln(1–a)–
1+(1–a)–1/3 = 1.1854C 0.3843D –0.5955F1.0064G0.1465 exp            t and the 
activation energy was 34.384 kJ/mol.
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Innovation and research into mining technology 
is necessary to position Africa as a world leader 
in minerals production and beneficiation. The 
Young Professionals Council is pleased to host a 
unique, two-day conference that will showcase a 
broad range of emerging research and innovation 
from young professionals in the metals and 
minerals industry. Presentations will focus on 
new technology, tools and techniques relevant 
to exploiting Africa’s mineral resources safely, 
competitively and sustainably. 

OBJECTIVES 
• a broad range of topics covering the entire 

mining value-chain will give a quick sense 
of developments in the field of mining and 
metallurgy

• a large body of research at Masters, PhD 
and Post-doctoral level will give insights 
into emerging themes and advances in the 
minerals and metals knowledge-areas

• a focus on innovative practices, technological 
applications and case-studies from mining 
operations and research institutions will give 
the practicing professional an opportunity to 
learn about new tools and techniques relevant 
to their work

• a gathering of diverse professionals within 
the metals and minerals community will give 
delegates an opportunity to obtain exposure, 
build reputations, further their careers and 
network with peers and leaders in the African 
Minerals Industry

Camielah Jardine,  
Head of Conferencing

FOR FURTHER INFORMATION, CONTACT:

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

WHO SHOULD ATTEND
This conference should be of value to all 
professionals across the entire minerals 
industry value chain, including:

• All metallurgical fields
• Exploration
• Geology
• Geotechnical engineering
• Leadership/management/government/

community
• Mining 
• Occupational Hygiene and SHE practitioners
• ICT experts
• Mechanical, electrical/electronic engineers
• Mineralogy 

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

5TH  
YOUNG 
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CONFERENCE

17-18 MARCH 2020  
THE CANVAS, RIVERSANDS, FOURWAYS 

2 CPD POINTS

A SHOWCASE OF EMERGING RESEARCH AND 
INNOVATION IN THE MINERALS INDUSTRY




