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Large screens for Nigeria show 
Weir Minerals’ design depth
Two of the largest screens built by Weir Minerals Africa are 
being designed and manufactured in South Africa as part of a 
process solution for an iron ore mine in Nigeria. 

Tiisetso Masekwameng, general manager comminution at Weir 
Minerals Africa says the �owsheet accepted by the customer 
includes equipment for screening, washing, and grinding supplied by Weir Minerals. 

Within the scope of work are the two largest Enduron® double-deck banana screens built by Weir Minerals. 
This is made possible by the depth of design expertise in its Separation Technology Group, an eight-strong 
team conducting research and development.

Steven Hunter, separation technology group leader at Weir Minerals Africa, says the two 51-tonne Enduron® 
double-deck banana (DBHG 43/97) screens for this project were built upon the designs of the Weir Minerals 
existing screens range. These large machines measure 4,3 metre wide and 9,7 metre long and can process 
1,750 tonnes per hour. “The customer’s production requirements demanded this considerable size, so we 
optimised the design by minimising mass without compromising structural integrity,” says Hunter. “We 
conducted extensive �nite element analysis (FEA) on the whole machine but focused on the main structural 
elements, ensuring that the units were �t-for-purpose while still being light enough to be driven by the 
exciters.”

Nonetheless, the size of the units still demanded the design and manufacture of Weir Minerals Africa’s largest 
exciter yet – the Enduron® LTX 10. With 120 tonnes of excitation force (at maximum setting). These units will 
drive the screens at a stroke of 9,4 mm and a gravitational force of 4,6 G. Hunter highlights the close 
collaboration between the research & development and manufacturing teams that contributed to the 
successful development and testing of the Enduron® LTX 10 exciters. 

“The screens are also ready to be �tted with our IIoT (Industrial Internet-of-Things) platform, Synertrex,” he 
says. “This allows the machines to be monitored remotely; the system can measure the machine’s 
performance any deviations arising that may require proactive attention.”

The order for Nigeria also includes two Trio® jaw crushers, two Trio® cone crushers, two large 2- metre by 8- 
metre Trio® apron feeders, two Trio® pan feeders, eight 
Enduron® vibrating screens and an Enduron® HPGR 
(high-pressure grinding roll). For the clay washing 
circuit, Weir Minerals Africa will supply the mine with a 
Trio® twin-shaft blade mill and Trio® twin-shaft coarse 
washers as well as Warman® slurry pumps.

For more information contact us on +27 11 9292600 or 
visit www.global.weir. 

Minerals

Top left: One of the Enduron DBHG 43/97 screens being tested at Weir Minerals 
manufacturing facility in Alrode.
Bottom left: Developing the screen and exciter designs required close collaboration 
between engineering and production teams.
Bottom right: The Trio apron feeders were designed locally to meet the scale of the 
project.

Tiisetso Masekwameng, general manager comminution and Steven 
Hunter, technology group leader separation at Weir Minerals Africa. 
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Journal

Comment

When asked to pen a commentary for the Journal, I felt it important to address the 
needs and forms of communication in the modern mine. Such communication, 
in principle, includes the topics of digitalization and personnel communication 

– both are vital for mine operational efficiency and for mine health and safety 
purposes. I will connect the two topics rather than comment individually. Two virtual 
conferences, namely Digitalization in Mining and the International Mine Health and 
Safety conference, were held recently. Selected papers from both conferences will be 
published in the Journal in due course.

Digitalization is all about data and how the data is collected, analysed, and 
used in decision-making. Traditionally in the past, we have relied on data that is 

collected manually (by a person with an instrument and a notebook) and which is then entered into 
some form of spreadsheet, for the compilation of reports. In the case of ventilation, geological, sampling, 
and geotechnical data, these reports are circulated to the requisite levels in the organization. This is a 
time-consuming exercise. Good reports may flow quickly, while poor reports tend to reside on desks for 
a long time.

Other data is used for month-end consolidation and reporting. The result is that information upon 
which decisions are made is usually out-of-date and historical. This includes critical information related 
to health and safety.

Similarly, verbal communication between personnel is an equally critical component for effective 
health and safety. However, this is generally limited in terms of language and the communication 
medium, thereby leading to communication problems, e.g. between individual mine personnel, including 
senior staff. Printed communications are equally important for health and safety. In these instances, 
items such as notices, instructions, and precautionary texts needed to convey information or data are 
required to address the issues of multilingualism and multimedia communication systems. This also 
requires the ability to read and write.  

Digitalization offers us solutions to these concerns with the opportunity for real-time data collection 
and transmission through installed monitoring systems and instant transmission to control centres and 
data analytics. This includes environmental monitoring, survey measurement, production data, fleet 
management, and geological information.

In the case of geological information, most mining companies have implemented the TARP system, 
which relies on operators elevating problem situations to higher levels for assistance with solutions. 
In the case of hazardous geological conditions being encountered, it may take several days to reach 
resolution. In a digital world, however, the situation can be photographed, digitalized, and transmitted 
instantly to the point where the right decision can be made. The solution is rapidly communicated back 
to the operator for action.

Most newer operations have fibre optic systems installed well into the mine, and these need to be 
fully utilized to enhance communication and real-time control.

Data analytics in the control centre allows decisions to be made in real time and on the fly, through 
competent people appropriately skilled to make these decisions.

The power of artificial intelligence takes the manual drudgery out of data collection and analysis, 
making time available for people to reach value-adding decisions and be more in control.

Embracing the world of digitalisation will bring about step changes both in terms of more effective 
communication and vastly improved mine and health and safety in our journey towards zero harm. 

A.S. Macfarlane

Communication in the Modern Mine



The Journal of the Southern African Institute of Mining and Metallurgy                     VOLUME 121                               FEBRUARY 2021 v ◀

A Vision: Cooperative Support 
Centres for Rural Communities

‘Licence to operate remains the top risk in mining and metals for 
2021’ EY – Top 10 business risks and opportunities for mining 

and metals in 2021

Environmental, social, and governance issues, at both the local and national 
level, are not only important to our industry, but for our country as a whole.  
The minerals industry is aware of this and contributes significantly to corporate 

social investment (CSI) projects, many of which are in rural communities. 
Unemployment is at an all-time high (approximately 32.5%). When including 

people who have stopped looking for a work, the number increases to 42.6%. People in 
rural communities, who are unable to access employment in the formal sector have to 
revert to subsistence farming, artisanal mining, or some other small-scale endeavour to 
put food on the table.

President’s

Corner

 These activities are usually informal, undercapitalized, and under-equipped, which makes it difficult 
for them to escape from what is essentially a ‘poverty trap’. This could change if separate groupings of a 
community were able to efficiently cooperate with one another and coordinate their activities so that a hub 
of economic activity is established that is large enough to attract the attention of government, investors and 
external markets. 

CSI projects in rural areas have not always resulted in lasting improvements. There are initiatives that, 
although well intended, simply wind down when left to stand on their own. It may be that the objectives 
of these projects were not truly aligned with the expectations and real needs of the communities they were 
intended to benefit. 

I would argue that sustainable results are more likely to accrue when assistance is targeted at helping 
people already trying to help themselves, and this can be achieved by establishing enabling community 
support centres, owned and managed by trusts, where the beneficiaries are the members of the community. 

Independently managed cooperative support centres, if carefully considered and properly planned, can 
economically empower rural communities through the provision of:

➣  Suitable administrative structures, which will also facilitate the collection of taxes
➣  Shared services appropriate to the local activities
➣  Mechanized, or even semi-mechanized, systems
➣  Customized training to cater for site-specific requirements
➣  Cost-effective routes to wider markets
➣  Funding by way of loan guarantees, credit schemes, or tools and equipment leasing arrangements.

These centres can function as conduits for health -and safety-related interventions, or for the distribution 
of unemployment fund payments and social grants, in hard-to-reach areas. 

Young people from our tertiary learning institutions, who often find it difficult to access internships or 
to secure their first job, could be used much in the same way as medical interns are used in hospitals, to 
staff these centres. In addition to supervising centre-specific activities, graduates would also be invaluable 
as assessors to complement the digital educational and training programmes that will be essential for the 
success of the centres. 

Seasoned oversight and systematic procedures will be needed for the management of these centres, 
together with the related safety, health, and environmental issues. Government could contribute by creating 
the right environment for other participants to play a role. Donors, non-governmental organizations, and the 
business community could then provide the supporting infrastructure and systems that a small independent 
management team would need in order to mentor and guide the young graduates performing the bulk of the 
work. Experienced retirees could also be encouraged to ‘give back’ and contribute to the success of these 
centres.

The challenges faced by the minerals industry when dealing with these communities should not be 
underestimated. However, if enabling cooperative support centres were to be successfully, and sustainably, 
established in rural areas, then we will have come a long way towards addressing some of the frustrations 
in local communities, while at the same time providing employment for our youth and engaging with rural 
communities in a more effective and sustainable way.

  V.G. Duke
President, SAIMM
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SAMCODES NEWS (February 2021)

Watch the 34-minute highlights video of the 4-hour long ESG 
round table discussion, https://youtu.be/9gVknoDSNnY

�e INFACT project, PERC, and Responsible Raw Materials  co-hosted a 
series of virtual round table discussions on the inclusion of Environmental, 
Social and Governance (ESG) factors in reporting of mineral deposit 
estimates and exploration results globally on Tuesday 26 January. Speakers 
included advisors to and/or members of the di�erent CRIRSCO codes or 
standards, as well as other organizations pertinent to the discussions. �e 
event focused on the following aspects:

◆   Context and why ESG is important
◆    Challenges faced in incorporating these aspects into codes and 

standards
◆   Changes happening or anticipated as a result
◆   What can we learn from each other and what can we share?

All country reports, videos, reporting pre-readings, and relevant link 
are available in this post below. You can also watch the full recording of 
each organizations’ presentation. Available resources on ESG Reporting 
Roundtables - INFACT (infactproject.eu)

◆    During February 2021, all universities and other institutes of higher learning throughout Africa were given a link 
to FREE access to the Introduction to the SAMCODES, a 2.5 hour online webinar presented by Professor Steve 
Rupprecht (SAMCODES/UJ). �is has been provided by the SSC and the SAIMM to o�er universities a high-
quality teaching resource that will be of bene�t to all geoscience and mining engineering students throughout 
Africa.

◆    All SAIMM/GSSA members who use their professional membership (as opposed to statutory registration) to sign 
o� as CP/CVs are reminded that they need to complete the peer review process. Further details and application 
forms can be found at SAMCODES - Registration.

◆    �ere is a digital suggestion box on the home page of the SAMCODES website. Please let us know how you think 
we can improve our service to you and/or improve public reporting practices in general.

◆   Your contributions in terms of photos, articles and content are welcome – please send to sam@saimm.co.za 
 

T.R. Marshall

ESG round table Event

Please go to www.samcode.co.za to read these and other items of interest to the  
CP/CV/QRE communities

https://www.samcode.co.za/
https://youtu.be/9gVknoDSNnY
http://percstandard.org/
https://www.responsiblerawmaterials.com/
http://www.crirsco.com/welcome.asp
https://www.infactproject.eu/available-resources-on-esg-reporting-roundtables/
https://www.samcode.co.za/samcode-ssc/registration
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The role of semiotics in health, safety, 
and environment communication in 
South African mining and its influence on 
organizational culture
L. Scott1 and M.A. Goncalves1

Synopsis
Effective communication is a sought-after non-technical skill in the health, safety, and environmental 
(HSE) function and is fundamental in achieving an organization’s safety objectives. While different 
channels are used to communicate HSE matters, many organizations employ posters, videos, and/
or signs containing images to convey information. Communication through signage and graphical 
hazard symbols has been regulated in standards, but vast sections of HSE communication are bespoke 
communications and exist outside the sphere of standards. 

Effective HSE communication through images requires an understanding of the organizational 
culture in which the images will be used, as well as an understanding of the semiotics of the images 
themselves. Creative interpretation within HSE communication can create situations where the message 
that was received is not the message that was intended, leading to confusion and misinterpretation. 
This paper is aimed at elucidating the semiotics of South African HSE visual content. It was found that 
the indexical mode of images was most preferred in visual communication, and text-only designs the 
least preferred. Senders and receivers of messages differ in their opinions on the complexity of HSE 
communication.

Keywords
health, safety, and environment, communication, signs, symbols, semiotics.

Introduction
Mining is a high-risk operation. Although there have been great strides in addressing this in recent 
years, 2019 saw 51 fatalities and a total of 2 406 injuries reported in the South African mining sector 
(Department of Mineral Resources, 2020). The promotion of a culture of health and safety is one of the 
objectives in the mining industry (South Africa, Mine Health and Safety Act, 1996) and to achieve this 
goal, effective communication is required. Misalignment between the nature of the communication and 
the culture of an organization can lead to misinterpretation of messages.

Health, safety, and environment (HSE) communication addresses a broad variety of topics and uses 
many different channels, such as visuals, dialogue, and text, and is pivotal to the effective operation 
of the organization. It is therefore crucial that these communications are congruent with the culture of 
the organization to avoid potentially life-threatening problems. This study focuses on the use of visuals 
in HSE communications. To do so it is necessary to establish an understanding of the constituents of 
culture and the field of semiotics. 

The three levels of culture
A formal definition of safety culture can be difficult. Guldenmund (2000) shows this by providing nine 
definitions of safety culture and seven about safety climate. The definitions have been the subject of 
much debate and discussion. Schein (2010) defines the culture of a group as ‘a pattern of shared basic 
assumptions learned by a group as it solved its problems of external adaptation and internal integration, 
which has worked well enough to be considered valid and, therefore, to be taught to new members 
as the correct way to perceive, think, and feel in relation to those problems.’ Here the focus is on how 
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beliefs and values are introduced, reinforced, and integrated into 
the fundamental structures of organizational culture. Schein 
(2010) states that culture can be analysed at three different 
levels, separated by the degree to which the cultural phenomenon 
is visible to an observer. The levels range from the tangible 
manifestations to the deep, underlying basic assumptions of a 
culture. 

Tacit assumptions
At the deepest level of culture are the tacit or basic underlying 
assumptions which drive the other two levels of culture. These 
assumptions may have been values at one time, but through 
consensus have become ingrained deeper into the culture, 
moved out of conscious debate, and are so embedded that very 
little deviation will be found within a social unit. Because tacit 
assumptions tend to be non-debatable, they are very resistant to 
change.

Espoused beliefs and values
The espoused beliefs and values of an organization can be 
elicited by asking members of the organization what their 
artefacts mean. At this level of culture, values such as freedom, 
teamwork, fairness, and individual competitiveness can be found. 
Espoused values and beliefs can be debated and confronted. It is 
possible for some espoused values and beliefs of an organization 
to contradict other espoused values and beliefs of the same 
organization. When values and beliefs that provide comfort and 
meaning are not congruent with values and beliefs that correlate 
to effective performance, an organization’s espoused values 
tend to reflect desired behaviour rather than observed behaviour 
(Schein, 2010).

Artefacts
The manifestations of a culture that one can see, hear, and feel 
are the artefacts of the culture. Artefacts of an organization 
include the architecture of its physical environment, its language, 
its posters and presentations, and observable behaviour. 
Artefacts are easily observed but can be difficult to decipher 
without a thorough understanding of the other levels of an 
organization’s culture. 

The three levels of culture are interdependent and can either 
reinforce the substance of other levels or create dissonance 
between the levels. Artefacts such as posters can easily be 
incongruent with the culture of the organization or with the 
message that the sender is trying to communicate. For posters to 
be an effective means of communication, two concepts need to 
be understood. Firstly, there needs to be an understanding of the 
culture of the organization in which the poster will be placed, i.e. 
the context in which the poster will be used. Secondly, a thorough 
understanding of the semiotics of the posters (how the posters 
convey meaning) is needed. Both are required to ensure that the 
posters are effectively communicating the correct message within 
the confines of the organization’s culture.

Semiotics
Semiotics is the study or ’science of signs’ and their general 
role as vehicles for meaning and communication (Hall, 1997). 
Signs can include words, icons, images, gestures, symbols, 
musical notes, and objects, to name a few. A sign is something 
that represents concepts, ideas, and feelings in such a way 
that it enables others to understand or interpret the meaning 
in approximately the same way that we do. Understanding 
semiotics, then, is vital for effective communication. 

The Saussurean model
Ferdinand de Saussure (1857-1913), considered one of the 
founders of semiotics, identified two interlinked components of 
the sign, which he called the ‘signifier’ and the ‘signified’. The 
signifier is the material or physical form of the sign (it can be 
seen, heard, touched etc.), while the signified is the concept that 
the sign represents. A sign always has both parts, as one cannot 
exist without the other. 

Saussure argued that the relationship between the signifier 
and signified is generally arbitrary or unmotivated; that there is 
no necessary, intrinsic, direct, or inevitable relationship between 
the signifier and the signified (Chandler, 2007). Subsequent 
semioticians stress that signs are not completely arbitrary and 
that the relationship between signifier and signified is dependent 
on social and cultural conventions. These conventions can 
differ greatly across borders (whether physical, perceptual, 
or hierarchical) and time. Because of the arbitrary nature of 
the Saussurean model, those who adopt it must avoid ’the 
familiar mistake of assuming that signs which appear natural to 
those who use them have an intrinsic meaning and require no 
explanation’ (Culler, 1975 cited in Chandler, 2007).

The Peircean model
Charles Sanders Peirce (1839-1914) formulated a model of 
the sign which was composed of three parts. The parts are the 
representamen (the form that the sign takes, also called the sign 
vehicle), the interpretant (the sense made from the sign), and the 
object (something beyond the sign to which it refers, a reference). 
While Saussure did not offer a typology of signs, Peirce offered 
several, as well as modes of relationships between sign vehicles 
and what is signified. The three modes that were identified are:

1.   Icon/iconic. In this mode the signifier is perceived to 
resemble or imitate the signified, in that it is similar in 
possessing some of its qualities, e.g. a portrait, a cartoon, 
a scale model.

2.   Index/indexical. This mode connects the signifier and 
signified in some direct way (physically or causally). This 
link can be observed or inferred, e.g. smoke/fire, thunder/
rain, reading on a thermometer/temperature. 

3.   Symbol/symbolic. Here the signifier does not resemble 
the signified but has an arbitrary or purely conventional 
relationship such that the relationship must be agreed 
upon and learned e.g. Morse code, traffic lights, national 
flags.

Visual communications, such as posters, can contain all 
three modes within an image. Each of the three modes has 
its limitations. Icons, for instance, can only represent real 
objects, which excludes abstract concepts such as freedom, 
danger, and warning. Both symbolic and indexical signs can 
represent abstract concepts and can serve as an effective means 
of communication. In this case, the relationship between the 
signifier and signified is to some degree arbitrary/conventional, 
which can limit the efficacy of the communication as it requires 
the meaning to be known beforehand.  

The trajectory of communication can be thought of as how a 
message moves from one entity to another. The basic trajectory 
is that an addresser encodes a message which is decoded by an 
addressee. The code that is used in the transfer of the message 
could be the language, a set of conventions, traditions, or norms, 
to name a few. The code must also be understood by both the 
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addresser and the addressee for successful communication of 
the message. Hall, (2012) lists the trajectory of communication 
as having eight key semiotic concepts as messages travel from 
sender to receiver, and possibly back again. 

1.   The first concept is the sender or addresser. The former is 
a real person that transmits the messages while the latter 
is the persona that the message says it is from.

2.   Next is the intention of the communication, what the 
sender aims to achieve with the message.

3.   The message is concerned with what the sender is trying 
to say.

4.   The transmission of the message concerns itself with the 
medium or channel through which the message is carried 
from sender to receiver.

5.   The noise involved in a communication is the potential 
interference that occurs to a message while it is being 
transmitted, which can change the nature of the message. 

6.   The receiver (the actual person who gets the message) or 
addressee (the person who is said to be the target of the 
message) then obtains the message.  

7.   When a message has been interpreted, it has reached its 
destination or the endpoint of its journey. The message 
that reaches the destination, however, is not necessarily 
the same message that has been sent. 

8.   Feedback mechanisms exist so that receivers can be 
corrected if it appears that they have received the message 
in the incorrect form, allowing the receiver to adjust their 
response to the message. 

Semiotics and health, safety, and environment
Effective communication is a sought-after non-technical skill in 
the HSE function and as communication between all levels of 
an organization is fundamental in achieving safety objectives 
(Hughes and Ferrett, 2016). While different communication 
channels are used to communicate HSE matters, many 
organizations utilize posters, videos, and/or signage containing 
images to convey information. 

As seen in the previous section, communication through 
images can be difficult. To counteract these difficulties there 
has been a push globally to standardize the visuals used in 
hazard communication with the development and deployment of 
standards such as ISO 7000:2019 and ISO 7010:2019 as well as 
the Globally Harmonized System of Classification and Labelling 
of Chemicals (GHS). One objective of the GHS is to harmonize 
hazard communication elements, including requirements for 
labelling and safety data sheets (United Nations, 2019). ISO 
7000:2019 provides a collection of graphical symbols which are 
used to instruct the operator of equipment as to its operation, 
while ISO 7010:2019 prescribes safety signs for the purposes of 
accident prevention, fire protection, health hazard information, 
and emergency evacuation. These visuals are still conventional 
and an understanding of them beforehand is needed for them 
to be effective, which is usually addressed during training and/
or induction of workers. It can be said that the purpose of these 
visuals is to impart HSE information. 

While the aforementioned standards cover a wide variety 
of topics, a large number of HSE communications use bespoke 
visuals. These bespoke visuals are plagued by the same issues 
affecting the visuals from the standards, but have the additional 
problem that the conventions are not communicated through 
training and/or induction. 

Posters can be used to impart either HSE information or 
HSE propaganda (Hughes and Ferrett, 2016) and can use 
combinations of standardized and bespoke images. Dekker 
(2019) questions the use of posters in an HSE setting, stating, 
’the safety-scientific literature still offered no empirical study 
or data to prove the efficacy of such posters or of the moral-
behavioural appeals on them’ (Dekker, 2019, p. 101). Saari 
(1998) reiterates this sentiment, observing that a poster 
campaign had very little behavioural effect. However, the authors 
also found that peoples’ opinions about the campaigns were 
very positive. While the authors did not believe the value of a 
poster campaign lay in its direct effect on injuries, they stated 
that its most valuable effect may be in preparing for other HSE 
interventions (Saari, 1998). 

Advantages and disadvantages of using images
There are many benefits to using images in communications, 
but the most compelling is the multimedia principle – people 
learn more deeply from words and graphics than from words or 
graphics alone (Clark and Mayer, 2016). When visuals are used 
to impart information, the evidence tends to suggest that simple 
visuals are better than complex visuals (e.g. a 2D line drawing 
vs a 3D drawing), but there is the exception where learning can 
be improved by using a modest level of emotional design focused 
on relevant visuals (Clark and Mayer, 2016). Sell (1977) outlined 
the requirements for HSE posters to be effective. These include 
that posters should deal with topics over which the audience has 
control, and should be specific to a task or situation. Additionally, 
HSE posters should not involve horror or be negative in nature. 
Brookes and Harvey (2015) also question the use of ’scare 
tactics’ in public health campaigns. Posters can become out-of-
date fairly quickly and become largely ignored if not changed 
frequently (Hughes and Ferrett, 2016).

There are also many dangers involved in using images in 
communications. Extraneous images can be distracting and 
disruptive to learning (Clark and Mayer, 2016). Cultural and 
lingual contexts are also factors in the understanding of signage, 
and given the multicultural and multilingual South African 
context, the design of signage/posters should preferably be as 
culturally unbiased as possible (Nicol and Tuomi, 2007). The 
use of metaphor in HSE propaganda can be a risky gambit. A 
well-understood metaphor can be immensely powerful, but 
a misused metaphor has the potential to cause great harm. 
Military metaphors contribute to the stigmatizing of illnesses, 
and consequently of those who suffer from the illnesses (Sontag, 
1989). This is of particular relevance during this time of the 
COVID-19 global pandemic. 

The semiotics of mining in South Africa
Inequality and mining have been inextricably linked in South 
African history. Support and implementation of discriminatory 
policies brought about inequalities in all avenues of South Africa 
society, but in the mining industry in particular. This linkage 
between South Africa’s apartheid and colonial past and the 
statues, monuments, cartoons, and artworks related to mining 
is a prominent one. This linkage means that the mining sector 
is frequently represented as exploitive, unjust, unsafe, and 
unethical. Examples of such representations are seen in the 
works of Sam Nhlengethwa, Gerard Sekoto, William Kentridge, 
Jonathan Shapiro, and others. This perception of the mining 
industry is problematic for internal communication promoting 
safety and justice.
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Mining-related advertising in the mainstream media focuses 
on machinery, landscapes, and staged photographs depicting a 
representation of work. Key visual references in mining currently 
are high-visibility vests, hard hats, work boots, and other 
personal protective equipment and are mostly represented by 
males. 

Methodology
Fifteen topics in total were chosen for study (five health, five 
safety, and five environmental topics). For each of these topics, 
the intention of the designs was decided. Each topic also required 
a design containing an icon and text, a symbol and text, an index 
and text, and a design containing text only. The illustration style 
was standardized across all designs. Reference images for the 
illustrations were sourced from popular internet search engines. 
The text used was consistent for each of the topics addressed. 
No colour, branding, or slogans were used in the designs. The 
Helvetica font was chosen as it is considered a neutral font 
(Braun, Silver, and Stock, 1992). All these restrictions were put 
in place to minimize the influence of factors other than that of 
the designs themselves. The design concepts included a blend of 
safety propaganda, instructional, and educational tactics.

The posters were collated into a survey which was 
administered digitally only. The restrictions of movement due to 
the COVID-19 global pandemic made face-to-face interviews and 
paper-based surveys impossible. The respondents were grouped 
into academics, HSE professionals, workers in the mining sector, 
workers who supply the mining sector, other high-risk working 
environments, design/creative fields, and ‘other’. Respondents 
were asked to select the design that best communicated the 
intention, as well as answer additional qualitative questions 
(using the five-point Likert scale). Surveys that were partially 
completed were disregarded. 

Results and discussion
The group most represented in the survey was the design/
creative fields (24.75%), followed by ‘other’ (23.76%), workers 
in the mining sector (16.83%), and workers who support the 
mining sector (12.87%). Academics (8.91%), HSE professionals 
(7.92%), and other high-risk working environments (4.95%) 
were the least represented. The total number of respondents 
was 101, and 63.38% of those had received some form of HSE 
training before. 

Overall, the index option was the most selected (53.53%) 
followed by the icon option (26.86%), the symbol option 
(17.43%), and the text-only option (2.18%) (see Figure 1). The 
text-only option represented no more than 10% of the choices 
in any individual question, and was not chosen in 6 of the 15 
questions. This evidence shows overwhelmingly that text-only 
communication is the least preferred form of communication with 
the respondents. 

While selections in most topics (10 out of 15) followed the 
index-icon-symbol-text order, there were a few exceptions. In the 
‘HIV/AIDS’ topic (Figure 2), the icon option had slightly more 
selections than the index option. This is thought to be because of 
the sexual nature of the index option which could have pushed 
respondents to select the icon option, which is a mainstream 
image relating to the topic. 

The icon option for the ‘wellness’ topic was overwhelmingly 
chosen (Figure 3). This is possibly due to the instructional nature 
of the image, which linked action and intention. The niche topic 

fall of ground’, seen in Figure 4, had a relatively high selection 
of the symbol option. This variance from the norm could be 
attributable to the topic not being relatable to many respondents, 
being only relevant to underground mining, coupled with the 
prevalence of this type of image in popular culture. 

Regarding ‘biodiversity’ and ‘protecting endangered animals’, 
the symbol option was substantially more preferred, with the 
index then icon options following and the text option again 
the least preferred (Figures 5 and  6). This is an instance of a 

Figure 1—Percentage selection by image mode - all respondents

Figure 2—Images, image mode, and percentage selection for all  
respondents. Images are trying to communicate that wearing a condom 
prevents the spread of HIV

Figure 3—Images, image mode, and percentage selection for all  
respondents. Images are trying to communicate promoting wellness

Figure 4—Images, image mode, and percentage selection for all  
respondents. Images are trying to communicate warning about fall of 
ground
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symbolic image transmitting the intended message well. It is 
presumed that this is due to respondents having prior exposure 
to similar images or an understanding of the metaphors 
embedded in the images.

The design/creative-HSE professional-worker in the mining 
sector triad is of particular interest as the views of these three 
groups embody the conceptualization, creation, and reception 
cycle of visual communications. The design/creative group 
consistently chose the symbolic images more than the HSE 
professionals or workers in the mining sector (in 11 out of 
15 topics). Symbolic images were selected in slightly more 
topics by workers in the mining sector (5 out of 15) than HSE 
professionals (4 out of 15). HSE professionals never chose the 
text option, while the other two groups chose the text-only option 
infrequently. No discernible trend was apparent in the selection of 
the iconic and indexical images when comparing within the triad. 

Other questions regarding the respondent’s opinions on HSE 
communications and mining were also posed. Again, the focus 
is on the design/creative-HSE professional-worker in the mining 
sector triad. While both HSE professionals and workers in the 
mining sector generally disagreed with the statement that HSE 
communication is a boring topic, the design/creative group was 
more sceptical, with just over a third either strongly agreeing or 
agreeing with the statement. This view of HSE communications 
is important as disinterest could lead to the creation of visuals 
which lack the intended impact. This sentiment is mirrored in 
the responses to the question asking if HSE communication 
was a creative topic. HSE professionals and workers in the 
mining sector generally agreed with the statement, while slightly 
under a third of the design/creative respondents disagreed. All 
respondents within the triad agreed that HSE communications 
ranged from ‘somewhat important’ to ‘extremely important’. 

Most of the triad (88%) believed that mining was a 
dangerous work environment. A majority of HSE professionals 
and workers in the mining sector had positive or very positive 
feelings towards the mining sector (see Figure 7). The design/

creative groups had negative, neutral, and positive feelings (20%, 
52%, and 24% respectively). 

Just under half (46%) of the triad agreed or strongly agreed 
with the statement that HSE communications is a complex topic, 
and 46% disagreed or strongly disagreed, with the remainder 
neither agreeing nor disagreeing (see Figure 8). In the design/
creative group, 64% perceived HSE communications as a complex 
topic. This could be due to the lack of familiarity with the subject 
matter of HSE communications. The HSE professional group was 
split 37.5% (agree) to 62.5% (disagree)  as to whether it is a 
complex topic, and worker in the mining sector groups were split 
23.53% to 70.59% in the same manner. 

This split raises some interesting points. Firstly, the groups 
that conceptualize and create HSE communications, that is the 
design/creative and the HSE professionals, disagree on the 
complexity of HSE communications. These two groups frequently 
work together, and the discordant perceptions could lead to 
difficulties in creating visual communications that are consistent 
with the intention. Secondly, given that a high proportion of 
HSE professionals believe that HSE communication is not a 
complex topic, it is possible that these HSE professionals are not 
adequately considering or testing the semiotics of their visual 
communications, which could lead to a divergence between the 
intention of the message and its reception. Lastly, workers in 
the mining sector also perceive the topic of HSE communications 
as not complex. This could have troublesome implications. The 
first of these implications is that these workers could move into 
an HSE role and carry with them this perception, leading to 
similar problems as discussed previously. The second implication 
is that it could lead to a lack of critical thinking about HSE 
communications, limiting the amount and/or quality of feedback 

Figure 5—Images, image mode, and percentage selection for all  
respondents. Images are trying to communicate the concept of protecting 
endangered animals

Figure 6—Images, image mode, and percentage selection for all  
respondents. Images are trying to communicate biodiversity

Figure 8—Response of design/creative-HSE professional-worker in the  
mining sector triad to the question ’Do you agree or disagree with the  
following statement, ‘Health and safety communication is a complex topic?’

Figure 7—Response of design/creative-HSE professional-worker in the  
mining sector triad when asked what their feelings are toward the mining 
sector
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to those that conceptualize and create. This makes it difficult to 
verify that the received message matches the intended message. 

Conclusion and recommendation
This study seeks to address the role of semiotics in HSE 
communications in the South African mining community. While 
the study aimed to gather the opinions of a diverse collection 
of respondents, we believe that HSE professionals were 
underrepresented. Future research should, therefore, seek to 
represent the HSE professional more thoroughly. It is accepted 
that there are other factors which influence the efficacy of HSE 
communications, such as level of literacy, cultural background, 
and language. These should be included in future studies on the 
role of semiotics. 

The results emphatically show that text-only images are 
the least preferred mode and should be avoided where possible. 
Overall, indexical images outperformed other image modes, 
but there were a few instances where the symbolic image was 
preferred. This is attributed to the effective use of metaphor 
within the image; however, care should be taken when using this 
image mode. The design/creative-HSE professional-worker in the 
mining sector triad was the focus of this study as it represents 
the conceptualization, creation, and reception cycle of visual 
communications. Perceptions as to whether HSE communications 
are complex or not were of particular interest. The groups within 
the triad differed in this opinion, which could lead to practical 
difficulties in creating visual HSE communications.  
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Worker inclusion in equipment 
development processes in the 
modernizing minerals sector in South 
Africa
J. Pelders1 and S. Schutte1

Synopsis
Worker participation in equipment development can result in improved user acceptance and product 
quality. This paper focuses on worker engagement in equipment development processes in the South 
African minerals sector. Qualitative data was gathered during interviews with original equipment 
manufacturers (OEMs) and industry experts. A lack of inclusion in equipment design from workers from 
all organizational levels in mines was reported. Meanwhile, the historical context and workplace culture 
of the mining industry (including leadership, trust, training, performance, and remuneration factors) 
were evident barriers to the implementation of new technology. Worker engagement processes should 
include securing management commitment, creating multidisciplinary teams, effective facilitation, 
shared understanding of needs, training and development, and iterative design. Human-centred 
design approaches and independent platforms for engagement on equipment design requirements are 
recommended.
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Introduction
Worker engagement is important for the success of modernization initiatives, as it can result in 
improved equipment design and ownership, and minimize resistance to change. The aim of the research 
was to draft a strategy for worker engagement in original equipment manufacturer (OEM) equipment 
development processes, in the context of modernizing mining and the minerals sector in South Africa. 
This paper is drawn from a project funded by the Minerals Council South Africa, under the auspices 
of the South African Mining Extraction Research, Development and Innovation (SAMERDI) strategy’s 
Successful Application of Technology Centred Around People (SATCAP) programme (Pelders et al., 
2019).

Review of literature

Modernization in the South African minerals sector
Modernization of the minerals sector in South Africa is required to make operations safer, healthier, 
more productive, and sustainable (Jacobs and Webber-Youngman, 2017; Minerals Council South 
Africa, 2018). Modernization involves changes to processes, technologies, skill sets, and the social and 
environmental impacts of mining (MacFarlane, 2001; Singh, 2017). Modernization takes place in the 
context of the Fourth Industrial Revolution (Industry 4.0) and will be partly driven by the heightened 
use of innovative technologies (Jacobs and Webber-Youngman, 2017; Pelders, 2019). For modernization 
initiatives to be successful, they need to be addressed in a holistic matter, while adopting a systems and 
people-centred approach (Minerals Council South Africa, 2018). 

Success and failure factors for the adoption of new technologies
Mixed successes of attempts to implement new technologies, including machinery and equipment, in 
the South African mining industry have been reported. Barriers to the successful implementation of new 
technologies, as listed by a number of authors (Gumede, 2018; Lynas and Horberry, 2011; MacFarlane, 
2001; Singh, 2017; Vogt and Hattingh, 2016; Willis et al., 2004), include:
 ➤   Premature application of technology
 ➤   Initially high or unexpected costs
 ➤   Employee attitudes or resistance to change 
 ➤   Fear of job loss as a result of the technology
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 ➤   Suspicion of management motives
 ➤   Poorly engineered work systems
 ➤   Technical failures
 ➤   Poor ergonomics
 ➤   Inadequate human-machine interface design
 ➤   Inadequate training or skills
 ➤   New health and safety risks created
 ➤   Poor implementation, planning and control
 ➤   Difficult mining conditions. 

Conversely, numerous factors required for the successful 
adoption of new technologies are reported in previous literature 
(François et al., 2016; Gumede, 2018; Kinnear and Ogden, 
2014; Lynas and Horberry, 2011; MacFarlane, 2001, Pelders, 
Murambadoro, and Letsoalo, 2019c), and include:

 ➤   Optimal design of equipment 
 ➤   Human-system integration
 ➤   Technology appropriate to work system
 ➤   Technological maturity 
 ➤   Usability 
 ➤   Operator acceptance
 ➤   Knowledge transfer
 ➤   Training and support
 ➤   Communication and coordination
 ➤   Ownership of the technology or work system by the 

workforce
 ➤   Worker involvement
 ➤   Trust in the technology 
 ➤   Quantified benefits
 ➤   Common vision.

It is evident that although many of these factors are 
interdependent, a full understanding of human factors affecting 
the implementation, is required to avoid the failure of adoption 
(Hattingh, Sheer, and du Plessis, 2010). Ergonomics and the 
ownership of the technology design by the workforce is important 
(MacFarlane, 2001). Ergonomics considerations are important for 
successful implementation to ensure that equipment is designed 
to suit people’s capabilities and limitations (MacFarlane, 2001; 
Martin, Legg, and Bown, 2013; Schutte and James, 2007). 
Equipment design can affect its operability, maintainability, 
safety, productivity, and sustainability (Lynas and Horberry, 
2011; Martin, Legg, and Brown, 2013). In addition to technical 
challenges, change management, culture, leadership, re-skilling 
and training requirements, business processes, resources, 
work planning, operation of the mine, and relationships with 
supporting industries need to be considered (Ritchken, 2017; 
Singh, 2017; Willis et al., 2004). 

End-user inclusion in equipment design processes
It is important to involve all stakeholders in the design process 
(Horberry, Burgess-Limerick, and Steiner, 2015; MacFarlane, 
2001; Martin, Legg, and Brown, 2013). End-user inclusion, 
including personnel from all organizational levels, can help to 
drive improvement in technology or equipment design (Hattingh 
and Keys, 2010; Rost and Alvero, 2020). Improved user-
involvement is understood to ensure that what is designed is 
suitable for the users and the environment in which it would be 
used (Scariot, Heemann, and Padovani, 2012). System design 
should be undertaken in consultation with potential operators 
and engineers (Lynas and Horberry, 2011). Meanwhile, workers 
should be part of the team and act as co-developers rather than 
being given a complete system to use (Vogt and Hattingh, 2016). 

Furthermore, the workforce should be included from the early 
stages of technology design, and in every step of design and 
implementation (MacFarlane, 2001; Lynas and Horberry, 2011).

There are numerous reported benefits of worker participation 
in design processes. A range of authors (Burton, 2010; EU-
OSHA, 2012; François et al., 2016; Hattingh and Keys, 2010; ISO 
9241-210, 2010; Kujala, 2003; Lee et al., 2009; Martin, Legg, 
and Brown, 2013; Rost and Alvero, 2020; Scariot, Heemann, 
and Padovani, 2012; Spinuzzi, 2004; Sundin, Christmansson, 
and Larsson, 2014) reported benefits which include social and 
economic factors such as:

 ➤   Improved product quality and design
 ➤   Improved ergonomics
 ➤   Improved understanding of users
 ➤   Improved user experience and wellbeing
 ➤   Avoidance of costly features that users do not need or use
 ➤   Early, and less costly, detection of problems
 ➤   Reduced training and support costs as equipment is easier 

to understand and use
 ➤   Increased accessibility for a wider range of people and 

capabilities
 ➤   Increased participation in decision-making
 ➤   Improved organizational problem-solving ability
 ➤   Improved workforce communication
 ➤   Higher sense of ownership
 ➤   Improved trust between workers and the employer
 ➤   Improved morale, commitment of workers, and 

organizational culture
 ➤   Improved acceptance and uptake
 ➤   Increased productivity, efficiency, and profitability
 ➤   Competitive advantage
 ➤   Improved health, safety, and wellbeing of the workforce
 ➤   Reduced discomfort, injury rates, stress, errors, accidents, 

and absenteeism 
 ➤   Increased sustainability of the workplace.

As such, improved engagement with stakeholders and 
workers from all organizational levels in equipment design 
processes is related to the successful adoption of new 
technologies.

Human-centred design approaches
Human-centred design approaches are recommended for 
equipment design and development, and can be used as an 
umbrella term for approaches such as user-centred, participatory, 
or ergonomics design (Horberry, Burgess-Limerick, and Steiner, 
2015). Human-centred design is defined as ‘an approach to 
interactive systems development that aims to make systems 
usable and useful by focusing on the users, their needs and 
requirements, and by applying human factors/ergonomics, and 
usability knowledge and techniques. This approach enhances 
effectiveness and efficiency, improves human well-being, user 
satisfaction, accessibility and sustainability; and counteracts 
possible adverse effects of use on human health, safety and 
performance’ (ISO 9241-210, 2010, p. vi).

Human-centred design is a collaborative design approach 
based on end-user inclusion in the design and development of 
systems, products, and services, and emphasises the input of 
numerous stakeholders (ISO 9241-210, 2010; Lee et al., 2009; 
Scariot, Heemann, and Padovani, 2012). Participatory design 
combines researchers and developers’ knowledge with the tacit 
aspects of human activity from participants (Lee et al., 2009; 
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Spinuzzi, 2004). The design process is iterative, as the impacts of 
designs are examined incrementally (Martin, Legg, and Brown, 
2013; Spinuzzi, 2004). While human-centred design approaches 
can be applied in different design phases, they usually become 
more costly to implement effectively further into the design 
process (Horberry, Burgess-Limerick, and Steiner, 2015). 

Mining companies in South Africa are regarded as slow to 
embrace human-centred approaches to modernization (Gumede, 
2018). Reported barriers include the risk-averse and conservative 
nature of mining, the time taken for technology development 
(sometimes being longer than the life of mine), and difficulties in 
accessing mine sites (Horberry, Burgess-Limerick, and Steiner, 
2015). Numerous factors can act as facilitators or barriers to 
participation in equipment development, and those listed by the 
Institute for Work and Health (IWH, 2008) and van Eerd et al. 
(2010) include:

 ➤   Support of the intervention among management, 
supervisors and workers

 ➤   Ergonomics training, knowledge, or abilities
 ➤   Resource availability (e.g. time, material, and personnel)
 ➤   Creation of a team with the required members
 ➤   Communication
 ➤   Organizational training, knowledge, or abilities
 ➤   Development and following of a systematic plan or 

approach
 ➤   Participatory ergonomics specialist, leader, or facilitator
 ➤   Working relations
 ➤   Easy changes to implement
 ➤   Workplace climate
 ➤   Production requirements
 ➤   Personnel turnover at management, supervisor, or worker 

level
 ➤   Awareness of the intervention among individuals, 

supervisors, and workers
 ➤   The research methodology
 ➤   Resistance or ability to change among individuals, workers, 

or supervisors
 ➤   The nature of the work
 ➤   The history of intervention attempts.

It is evident that factors required for the success of 
participatory approaches include senior management leadership, 
buy-in from all levels, investment in training, and the use of 
change agents (Hattingh and Keys, 2010). The programmes 
should be developed to suit local needs, conditions, and culture, 
and be adapted to suit specific workplaces (Burton, 2010; 
Hattingh and Keys, 2010; Helali, 2009; IWH, 2005). Horberry, 
Burgess-Limerick, and Steiner (2015, p. 2) listed essential 
principles for mining human-centred design, as follows:

 ➤   ‘The design is based on an explicit understanding of the 
user, their tasks, and the environment/use context. 

 ➤   Users and other stakeholders should be involved 
throughout design and development. Their needs, wants, 
and limitations are given attention at each stage of the 
design process. 

 ➤   It fits the equipment, system, or interface to the user, not 
vice versa. 

 ➤   The design is iterative, evolutionary, and incremental. 
 ➤   It is driven by user-centred safety evaluation criteria during 

the design process and for the end product. 
 ➤   A multidisciplinary design team is used, including HF 

[human factors]/usability champions. 
 ➤   The design is integrated with the wider work system 

organization. 
 ➤   The human-centred design process must be customizable: 

capable of being adapted to different mine sites conditions.’

Worker engagement process
Figure 1 illustrates a recommended process for human-centred 
design, which was compiled based on a review of literature on the 
topic (e.g. de Koker and Schutte, 1999; ISO 9241-210, 2010; van 
Eerd et al., 2010). Key phases are elaborated on in this section.

Firstly, it is necessary to define the scope of work, which 
includes the users, tasks, and the environment in which the 
equipment will operate (Horberry Burgess-Limerick, and Steiner, 
2015; ISO 9241-210, 2010). Thereafter, senior management 
support, commitment, and involvement is required for successful 
implementation and sustainability of participatory programmes 
(de Koker and Schutte, 1999; Hattingh and Keys, 2010; Helali, 
2009; Sundin, Christmansson, and Larsson, 2004). Meanwhile, 
understanding of the intervention and buy-in from all major 
stakeholders (including owners, managers, union leaders, and 
workers) is important to minimize resistance to change and build 
trust (Burton, 2010; de Koker and Schutte, 1999; Hattingh and 
Keys, 2010).

Multidisciplinary teams should be created with participation 
and accountability from executive, management, union, 
supervisory, and employee levels (de Koker and Shutte, 1999; 
Horberry, Burgess-Limerick, and Steiner, 2015; IWH, 2005; van 
Eerd et al., 2010). It is important to identify a good leader or 
facilitator for the process (de Koker and Schutte, 1999). Workers 
affected by the initiative, and worker representatives, should be 
actively involved in each step of the process, including planning, 
problem identification, problem solving, implementation, and 
evaluation (Burton, 2010; Schutte and James, 2007). The 
involvement of workers at all stages of the process increases 
support and provides access to knowledge and experience 
(Hattingh and Keys, 2010). 

Figure 1—Process for engaging workers in equipment design
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Training and development requirements for the successful 
implementation of participatory approaches include basic 
introductory training in ergonomics, learning about technical 
issues, how to communicate knowledge and experience, and the 
development of problem-solving skills (de Koker and Schutte, 
1999; Hattingh and Keys, 2010; IWH, 2005). Further training 
and skills needs include those that suit changing requirements 
as mining modernizes (Lynas and Horberry, 2011; MacFarlane, 
2001; Vogt and Hattingh, 2016).

The equipment and design solutions should then be co-
developed (de Koker and Schutte, 1999; van Eerd et al., 2010). 
There are various methods and tools that can be used to support 
the participatory design process, from the initial exploration 
of work, in discovery processes, to prototyping (Spinuzzi, 
2004; Sundin, Christmansson, and Larsson, 2004). Some of 
these methods include observations, workshops, focus group 
discussions, interviews, organizational games, and artefact 
analysis (Lee et al., 2009; Spinuzzi, 2004). Action checklists, 
ergonomics, and time analyses are also used (Helali, 2009; 
Sundin, Christmansson, and Larsson, 2004). Assessments 
can be made using three-dimensional digital models, physical 
mock-ups or prototypes, and graphic computer-based simulation 
and analysis (Sundin, Christmansson, and Larsson, 2004). The 
equipment design process should also involve a task-based risk 
assessment process such as the Operability and Maintainability 
Analysis Technique (OMAT) (Horberry, Burgess-Limerick, and 
Fuller, 2013). The design process should be iterative, which 
involves evaluation and refining of the solutions (Hattingh and 
Keys, 2010; Horberry, Burgess-Limerick, and Steiner, 2015; 
Martin, Legg, and Brown, 2013; Spinuzzi, 2004). The Deming 
(‘Plan-Do-Check-Act’) Cycle is often used to promote continuous 
improvement (Hattingh and Keys, 2010). 

The findings from the literature review were compared to 
outcomes from data gathered in the South African mining sector 
in order to gain an understanding of worker engagement in 
equipment design processes, and to make recommendations for 
implementation. 

Methods
The study employed a cross-sectional qualitative design. This 
methodological approach was chosen to obtain in-depth data and 
enable inductive reasoning to develop new understanding of the 
topic. Interviews were held with stakeholders from five OEMs and 
a range of industry experts, who were purposively selected. Data 
collection took place from April to May 2019. Informed consent 
was given by each of the participants prior to participation. The 
discussion guides for the project consisted of open-ended, semi-
structured questions relating to the extent of worker engagement 
in equipment design and development, benefits or barriers 
to worker engagement, potential training implications, and 

recommendations for improvement. Thematic analysis was used 
to identify themes or patterns in the data. Ethics approval for this 
project was granted by the CSIR Research Ethics Committee (Ref: 
239/2017). 

Results 

Participation of workers in equipment design
In general, the participants did not consider workers to be 
adequately engaged in the design and development of equipment 
for the South African mining sector. This was particularly the case 
for lower level workers. For example, a participant commented 
that ‘The input into the design of tools underground has never 
involved the workers, the user’. If there was involvement, it was 
usually with individuals from higher levels at mines, including 
engineers, and consultants. However, it was evident that mining 
companies were often not involved in the conceptualization or 
design of equipment developed for the industry. In other cases, 
equipment was developed around specific needs identified by 
mines. 

Workers or end-users were often involved only once the 
equipment prototype had already been developed, or when 
equipment was piloted at mines. The participants reported that 
feedback was provided to the OEMs at this stage or once the 
equipment was already in use. This feedback included that from 
service teams, artisans and operators, and from meetings or 
workshops held with mine personnel, including supervisors, mine 
engineers, and worker representatives. The feedback obtained 
could be used to customize or retrofit equipment, while it was 
usually used towards upgrades or new versions of the machinery. 
The participants observed that it was not always practical or 
feasible to retrofit equipment. Local OEMs were considered to 
be more able than international OEMs to design specifically 
for South African conditions. However, it was also noted that 
innovation of global OEMs was usually ahead of local OEMs.

A summary of the participant responses about the benefits 
and barriers to worker engagement in equipment design and 
development in the South African mining industry is shown in 
Table I and detailed in the following sections. 

Barriers to worker inclusion
A number of barriers to the participation of workers in equipment 
development were noted by the research participants, and 
included matters relating to the history and culture of the South 
African mining industry, performance and remuneration, mining 
company involvement, and problem prioritization.

The culture and historical context of the South African 
mining industry was a highlighted cause of the lack of 
worker engagement. Prevailing mind-sets and attitudes were 
seen as hampering the involvement of lower level workers. 

   Table I

  Reported benefits of and barriers to worker inclusion in equipment design and development 
   Benefits of worker inclusion Barriers to worker inclusion

   •  Improved equipment design •   History and culture of the South African mining industry
   •  Buy-in and ownership of the equipment •  Performance and remuneration
   •  Time and cost implications •  Mining company involvement
   •  Customization to local conditions •  Problem prioritization
   •  Skills and development opportunities •  Skills and development requirements
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Meanwhile, a lack of trust was a further barrier, and included 
employee concerns about job displacement resulting from the 
implementation of new technologies in mines. An understanding 
of how performance and remuneration would be affected by 
modernization and by the provision of input into the design 
of new equipment, was considered important to obtain worker 
buy-in. Measurement systems and pay structures would need 
to change according to changes in the mine environment. For 
example, the roles of operators and artisans could become 
more interlinked, while the current incentive system was 
not perceived to encourage operators to assist with the 
maintenance of equipment. Further challenges noted included 
haphazard change management processes, a lack of insight 
into change management principles by those responsible for the 
implementation of new equipment at mines, and a lack of support 
throughout the organization. The maturity level of mining 
houses was also considered to affect the implementation of new 
equipment on mines. 

A further barrier reported by OEMs was difficulty in gaining 
access to mines to engage with workers and test equipment. 
Reduced funding for research and development in the mining 
industry in the past few decades was cited as a reason for 
the lack of involvement of mining companies in equipment 
development. Additionally, the time and cost implications of 
gaining and incorporating worker feedback were a consideration 
for OEMs and mining houses. Difficulty in managing information 
received and prioritizing feedback gained was another concern 
when involving workers. Differences in understanding were 
considered, including difficulties for lower-level workers to 
engage in the concept stages of design, rather than with tangible 
products. The use of third-party suppliers of systems used in 
OEM equipment was a further challenge relating to managing 
user feedback.

Benefits of worker inclusion
Participants mentioned number of benefits associated with 
including workers in equipment design. These benefits were 
categorized under the themes of improved equipment design; 
buy-in and ownership of the equipment; and time and cost 
implications. 

Input from end-users, including those from high and low 
positions, was considered to be beneficial in the design of 
equipment to make it easier to use and repair, and therefore 
operate more effectively. Higher levels of engagement with 
industry would assist OEMs to understand what equipment is 
needed and how best to design it. Worker experience could help 
to increase understanding of the use of the equipment, the work 
that is performed and practicalities in the work environment, and 
identify and resolve potential issues. For example, a participant 
commented ‘… you must listen to them, because they sit with 
that knowledge and that experience’.

Engaging with workers was perceived to be an important 
mechanism to gain buy-in and a sense of ownership of the 
equipment by the workers. Early involvement was noted to help 
end-users to understand the benefits of the equipment, gain 
faster acceptance, take better care of equipment, and enhance the 
likelihood of successful implementation of new technologies. 

Gaining user input into equipment design up-front was 
noted to have time and cost benefits. Although additional time 
might be required at the initial stages of design, improved 
input was understood to reduce time to market. Participants 

commented that it was difficult, costly, and time-consuming to 
make changes to equipment once it had already been prototyped 
or manufactured. If equipment was designed correctly in the first 
place, the costs of redesign would be reduced, while avoiding 
threats to credibility and abandonment of the equipment. 
Additionally, ineffective design could make it difficult for workers 
to operate or fix equipment, resulting in safety risks and/or a loss 
of production, while if machines are designed with the proper 
input, they would be easier to inspect, maintain and repair.

Training and skills matters
Training and skill-related implications of the use of new 
technologies and worker inclusion in equipment design processes 
were considered. The participants explained that training is 
usually provided for operators and engineering staff when 
new equipment is introduced to mines, to help ensure that it is 
used correctly. The length of the training would depend on the 
familiarity of the workers with similar types of equipment and the 
time taken to adapt to the technology. Simulators are sometimes 
used to train people on how to operate equipment or machinery. 

Literacy levels, experience, and technical skills of the 
workforce were discussed. Basic levels of literacy were considered 
important for the use of new technologies. Participants noted 
that those with higher levels of literacy would likely engage with 
new concepts or ideas more easily, and be more willing and able 
to provide input and feedback. The experience of workers and 
engineers in the design teams was seen as helping to inform 
equipment design. A lack of experience and design skills in 
South Africa was a perceived challenge, and could be attributed 
to a lack of technical colleges and training in the country. It 
was noted that capability and education systems needed to 
be in place before mines could transition to the use of new 
technologies. A current divide between operators and artisans 
was commonly mentioned, and was further associated with the 
culture, hierarchy, and remuneration practices at the mines. A 
participant further commented ‘I imagine a degree would help. 
But … personally, I think the reason that operators don’t develop 
the necessary skills is because of the culture in a mine that does 
not allow them to develop the necessary skills.’

Opportunities for new skills development were evident for 
all levels of workers. It was noted that there was a shift from 
labour-intensive to more mechanized work, along with the need 
for increased knowledge-based, manufacturing or maintenance, 
and electronics-related skills. Differences in mind-sets between 
younger and older workers and managers were also noted in 
terms of adaptation to the use of new technologies. A shift in 
skills of mine managers was also regarded as important. Change 
management skills were considered to be necessary. 

Participant recommendations for improved inclusion
The study participants made recommendations for improving the 
engagement of workers in equipment design and development. 
Participants noted that it would be worthwhile for stakeholders, 
including managers, supervisors, and users of the technology, to 
be engaged from the initial stages of equipment design, so that 
perceptions and needs are understood, ideas are discussed, and 
issues are better identified and resolved from the onset. 

Culture transformation of the mining industry was 
recommended to better engage workers in equipment design. 
These suggestions included changes to leadership style, 
relationships between management and labour, reconstitution 
of teams, and assessment of performance and reward. Mining 
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modernization would affect work structures, schedules, 
measures used, organizational culture, team compositions, and 
skills. Building of trust between stakeholders and improved 
communication are necessary, which would involve creating a 
shared understanding of the potential benefits of modernization 
initiatives and the use of new technologies.

The participants recommended the establishment of industry 
forums or platforms for engagement about equipment needs and 
design in the industry. A platform for OEMs and stakeholders to 
engage was considered valuable for enabling the development 
of equipment needed in the South African mining sector in the 
future. The need for a neutral facilitator to chair these platforms 
was highlighted. The development of standards and specifications 
for the South African minerals sector was further suggested 
to govern the design of equipment by OEMs. Frameworks for 
engagement and implementation were also recommended.

Discussion
Both similarities and differences between findings from the data 
gathered and findings from the review of literature were evident. 
It was surprising that there was an evident lack of worker 
engagement in equipment design processes in the South African 
minerals sector. The lack of engagement with mining companies 
and feedback from end-users is likely to hinder the successful 
design and implementation of new technologies. Improved 
engagement can help to address barriers to the implementation of 
new technologies, such as resistance to change and a lack of trust 
(Burton, 2010; Willis et al., 2004). 

The benefits of worker engagement were emphasised, and 
the participants noted that improved involvement would lead 
to improved equipment design, buy-in and ownership of the 
equipment, and reduced overall time and cost for successful 
implementation. These conclusions were in line with findings 
from the literature (Burton, 2010; Hattingh and Keys, 2010; 
Horberry, Burgess-Limerick, and Fuller, 2013; Horberry, Burgess-
Limerick, and Steiner 2015; ISO 9241-210, 2010; MacFarlane, 
2001; Martin, Legg and Brown, 2013; Rost and Alvero, 2020).

Barriers to worker inclusion in equipment design processes 
were reported. Matters relating to the culture and historical 
context of the South African mining industry, mind-sets, 
attitudes, and a lack of trust were commonly mentioned. 
Performance and remuneration matters relating to involvement 
in equipment design and development, and to modernized 
mine environments, also needed to be addressed prior to these 
engagements. Inadequate change management was a further 
barrier. Meanwhile, time and cost implications for research 
and development were a concern. These factors further made it 
difficult for local OEMs to design what is likely to be required 
in the industry. These barriers were linked to findings from the 
literature.

Training and skills-related matters that were discussed 
included the need for improved literacy levels, technical 
skills, and experience in the industry. Skills requirements and 
opportunities relating to modernization initiatives were noted, 
and included a potentially reduced divide between operators and 
artisans, and the need for change management skills in all levels 
of industry stakeholders.

Limitations of the study
This research focused on the perspective of local OEMs and 
selected industry stakeholders. Further input from a more diverse 

range of representation, including mining company management, 
unions, employees, government, and community stakeholders, 
is recommended prior to the development of a framework or 
guideline for the inclusion of workers in equipment design and 
development processes.

Conclusion and recommendations
It is evident that improved engagement for equipment design and 
development needs to take place for successful modernization 
in the minerals industry. Improved worker engagement in OEM 
equipment design processes will help to improve acceptance, 
ownership, equipment design, quality, health, safety, and 
productivity. 

Human-centred design, which includes participatory and 
ergonomics approaches, is recommended. It is important to 
engage all stakeholders in the design process. Furthermore, 
workers should be included as co-developers from the concept 
stage of equipment design through to product manufacture, 
implementation, and evaluation. A successful participatory design 
process requires senior management commitment, buy-in and 
involvement from all levels, investment in training, the use of 
change agents, and monitoring and evaluation. 

Platforms for engagement, with independent facilitators, are 
recommended for discussing equipment needs and designs for 
the South African minerals sector. The Earth Moving Equipment 
Safety Round Table (EMESRT) working group has developed 
an engagement process that could be emulated in the South 
African mining industry (EMESRT, 2018). These engagements 
will further enable growth in the capacity and capability of local 
manufacturers to develop what is required for the industry in 
the future. Culture transformation in the South African mining 
industry is required for modernization initiatives to be successful, 
and incorporates change management, leadership, trust, work 
structures and teams, performance and remuneration systems, 
and education, training, and skills requirements. 

Recommendations for future work are further engagements to 
provide input into the development of a guideline or framework 
for including employees in equipment design and development 
in the South African minerals sector. The assessment of pilot or 
case studies relating to the engagement of workers in equipment 
design is also recommended. This work is planned to take place 
in the SATCAP programme going forward.
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Blasting and preconditioning modelling 
in underground cave mines under high 
stress conditions

E. Córdova1, I. Gottreux2, A. Anani1, A. Ferrada1, and J.S. Contreras3 

Synopsis
Cave mining is an underground mass mining technique. The largest projects, which are known as ‘super 
caves’, produce hundreds of thousands of tons of ore per day, which involves large footprints with 
considerable column height, and have a life of mine of over 20-40 years. These operations are typically 
located deep, under high stresses and in competent rock masses, making initiation and propagation of the 
caving process harder to manage. These challenges must be confronted by optimizing the fragmentation 
of the orebody to achieve smaller size blocks that will result in consistent caving and improved flow of 
the ore from the drawpoints. To achieve better performance from the drawpoints, preconditioning is 
applied to fragment and damage the material required to cave.

We present a proposed design for preconditioning in underground mines, considering the challenges 
that these large-scale mines are already facing, based on a comprehensive analysis of current design 
parameters, case studies, and sensitivity analyses using numerical models.

Keywords
fragmentation, preconditioning, caving, blasting, structures, stresses, explosives.

Introduction
Caving operations undermine a massive orebody to initiate the collapse, comminution, and flow of 
the ore to multiple drawpoints. Cave mining operations are facing greater challenges due to greater 
depths. In Chile, some mines are up to a kilometre deep, such as the Chuquicamata Underground 
and the El Teniente New Mine Level copper projects. Besides the depth of the mines, the rock mass 
presents challenging characteristics, with fewer open structures, or joints filled with cohesive material; 
both conditions causing difficulties for the mining process, the caving of the ore, fragmentation, and 
seismicity. The problems associated with the mine’s operation impact safety, operational continuity, and 
ultimately business sustainability.

To mitigate the difficulties, preconditioning (PC) has been implemented in Chile to weaken the 
rock mass by hydraulic fracturing (HF), and this has shown favourable results in terms of the seismic 
response of the cave. In addition to HF, preconditioning with explosives (DDE or dynamic debilitation 
with explosives) has been used, on its own or in combination (HF+DDE) to produce a beneficial effect 
on induced seismicity, and reduce the frequency of hang-ups, and oversized boulders at the drawpoints. 
However, the fragmentation obtained with current preconditioning techniques has not shown a huge 
improvement, and fragmentation remains one of the most critical aspects in caving mines. The work 
presented in this paper describes the modelling process for alternative forms of preconditioning to 
optimize fragmentation of the rock mass.

State of the art

Types of preconditioning 
Preconditioning essentially involves treating the rock mass prior to caving, under natural confinement 
conditions, with an appropriate process to generate fractures by activating the in-situ structural 
network, or by explicitly creating a set of new fractures. The main purpose is to weaken the competent 
rock mass in the primary domain material.

There are three main ways to precondition the rock mass for caving.

Preconditioning with hydraulic fracturing (HF)
Hydraulic fracturing is a technique adapted from the oil industry. A section of a borehole in the rock 
mass is isolated with pressurized packers and a fluid (usually water) is injected up to a pressure that 
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will initiate and propagate a tensional fracture through the 
rock mass. The boreholes are oriented such that the fractures 
propagate in the plane of the principal stresses σ1 - σ2, so they 
open up in the minimum principal stress direction σ3. The 
application of this technique has resulted in a reduction in 
significant seismic responses due to the caving of the rock mass, 
reducing the seismic hazard1.

Preconditioning with explosives
Blasting is carried out under confined conditions, without any 
free faces present. The objective is to produce new fractures and 
reduce the overall strength of the rock mass. The placement of 
initiation points along the charges and the inter-hole timing can 
be selected to promote stress wave interaction to enhance the 
resulting damage in the rock mass. 

Mixed or intensive preconditioning: 
Catalán et al. (2012) describe preconditioning using a 
combination of both techniques (HF+DDE) in order to improve 
the initiation of the cave, its propagation, and to ensure primary 
fragmentation of the in-situ rock mass that will allow high 
extraction and productivity rates.  

Pre-conditioning experiences in caving mines
Codelco, Division Andina, Chile
Brown (2007) describes preconditioning with explosives in 
caving mines based on a test blast  performed by Sougarret et al. 
(2004) in Andina, with 19 holes on a 26 m by 13 m pattern, with 
a hole diameter of 140 mm and a length of 100–112 m, charged 
with  bulk emulsion. This translates into a low powder factor of 
around 0.045 kg/m3, and it is surprising that the results showed 
a significant change in the fragmentation of the rock mass: the 
in-situ block size of 2 × 1 m being reduced to a P80 of 1.4 to 0.7 
m at the drawpoints. There was no significant change in the size 
for the smaller fragments, < 0.5 m.

Newcrest, Cadia East 1, Australia
In 2012, Dyno Nobel, conducted a trial in a panel at Cadia East at 
a depth of 1200 m. Blast-holes 150 m long were charged with a 
specially formulated emulsion and 20 m of stemming. The blast 
produced significant fracturing in the rock mass adjacent to the 
blast-holes. The improvement due to finer fragmentation was 
manifest through the longer time between interruptions at the 
drawpoints, and a concomitant increase in the production rates.

Newcrest, Cadia East 2, Australia
A larger scale pre-conditioning trial was performed in Cadia East 
by Catalán, Onederra, and Chitombo (2012). The layout of the 
holes was tighter, with a pattern of 14.2 × 14.2 m, with holes  
165 mm in diameter of, and 150 m in length. Each hole was 
charged with 3.2 t of emulsion, and 20 m of stemming. The 
design had a powder factor of 0.12 kg/m3 with initiation points 
every 8 m along the charge length. The initiation design was 
developed through numerical modelling, which indicated that the 
high density of initiation points would create localized areas of 
stress interaction that would generate zones of increased damage. 

Pre-conditioning experimentation at Codelco, El Teniente, 
Chile
Brzovic et al. (2014) compared preconditioning by HF and by 
blasting. Overall, the pre-conditioning generated new fresh 
primary fractures within a competent rock mass. HF produced 

certain beneficial effects; the occurrence of large boulders was 
reduced from 0.8% to 0.2% when blasting was used, to almost 
zero when the spacing between the blast-holes was reduced. 
After the blasting tests, core drilling was carried out, and 
mapping of the core showed that the maximum extension of the 
generated fractures was 8 m and the minimum extension was  
0.5 m, with an average extension of 5 m.

Modelling 
Using the hybrid stress blasting model (HSBM), Onederra, 
Catalan, and Chitombo (2013), demonstrated a reduction in the 
extension of the blast-induced fractures according to the depth 
and stress concentration of the area. They calculated that the 
radius of exent for fractures to a depth of 500 m was in the order 
of 3.5 to 4 m, while at 1500 m depth it was only in the order of 
1.5 m.  

Castro et al. (2014) simulated six variations of 
preconditioning techniques, changing the size of the blocks of 
rock and evaluating these changes according to the response of 
flow, productivity, costs, and processing. The results showed that 
blasting the confined rock mass increased the flow of material 
and the productivity, especially when the spacing between the HF 
was greater. Combining the types of preconditioning was more 
expensive, although it led to a greater improvement in the overall 
mining rates and an overall reduction of costs.

Rock mass characteristics to consider
Nowadays designs for preconditioning with explosives are made 
based on numerical modelling, combined with advice from 
experts, and the designs are then adapted to the layout of the 
mine. There is no design methodology for preconditioning in 
mines using caving techniques. The amount of information is 
limited to that presented in Table I, which shows the powder 
factors used in different preconditioning tests. The closest design 
methodologies are for massive destress blasting: a graph of the 
design for destress blasting (Brummer and Andrieux, 2002) 
that compares the total explosive energy to use depending on 
the rock mass being conditioned, with a value between 200 
and500 cal/kg, and an index of destressing capability (Andrieux 
and Hadjigeorgiou, 2008) that defines the critical parameters 
that control a blast for destressing, and the study between 
the interactions among the parameters by using a matrix of 
interaction RES (rock engineering system).

Rock mass under high stress confinement
The deepening of underground mines has resulted in efforts to 
cave a rock mass under high stress conditions, and as a result, 
the mining-induced stress is also increased. A rock mass under 
high stress can be defined as an area of the mine where the 
depth and mining-induced stresses have the potential to cause 
geomechanical issues that could impact production.

   Table I

  Powder factor (PF) values from confined blasts
   Information PF (kg/m3) Author

   PC narrow veins 0.15–0.32 Toper, 2003 
   Destress blasting 0.1–0.25 Saharan, 2004 
   PC Andina 2004 0.045 Brown, 2007 
   PC Newcrest Cadia East  0.12 Catalán, Onederra, and Chitombo, 2012 
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Rock mass properties 
It is important to take into account the fact that the rock mass 
will behave differently under different load conditions. Static 
properties are usually used for calculating the resistance to 
failure of the rock. However, Prasad (2000) presents (Table II) 
a relationship between the deformation velocity and the applied 
stress. 

From Table II, for a blast with a high detonation velocity and 
a high rate of energy transmission into the rock, it can be seen 
that dynamic rock properties should be used instead of the static 
properties.

Starzec (1999) compared the static and dynamic Young’s 
modulus for 300 tests on five  different rock types. The results 
indicated that the dynamic Young’s modulus is higher than 
the static modulus for rock material. Blanton (1981) proved 
that the resistance to dynamic compression is in the order of 
1.5–2.5 times that for static compression, and Prasad (2010) 
indicated that the factor varies between 2.5 and 4.6 times. At 
the same time, the dynamic tensile strength also increases as the 
deformation velocity increases. Cho, Otaga, and Kaneko (2003) 
obtained a difference between the resistance to the dynamic and 
static traction of between 2.1 and 13 times. This explains why 
material failure models using static parameters usually predict 
fractures that extend a long way, while dynamic analyses indicate 
greater resistance to the waves travelling from the explosion. It 
is recommended that numerical models be built that use dynamic 
rock properties, which are more capable of representing the 
fracture generation and propagation in the rock mass, especially 
when a high-resolution seismic tomography campaign can 
provide the dynamic properties of the rock mass.  

In-situ structures
Empirical evidence shows that the resistance of a competent rock 
mass to caving is controlled mainly by the tensile strength of its 
network of discontinuities. The preconditioning results of Baéz et 
al. (2014) show that horizontal structures limit the extent of the 
fractures induced by blasting by only a few centimetres. However, 
in the case of vertical structures, the results show a loss in 
symmetry around the charge, where the greatest impact is in the 
direction perpendicular to the plane of the structures. 

In-situ stress 
Using laboratory tests Jung (2001) showed that confinement 
of the rock mass reduces the extension of the fractures, and 
that the fractures align in the direction of the major principal 
stress. Aydan (2013) came to the conclusion that in the case 
of  anisotropic stresses, fracturing extends further from the 
blast-hole in the direction of the minimum principal stress. 
Furthermore, Aydan showed through laboratory experiments and 
full-scale tests that the extension of the structures is affected 
much more by the anisotropy of the in-situ stress than by the 
highly fragmented area.

Preconditioning design and modelling 
Modelling in this study was undertaken with the Mechanic 
Blasting Model (MBM), capable of simulating the non-ideal 
detonation of the explosive in a blast-hole, the stress/strain 
effects induced in the surrounding rock mass, the dynamic 
influence of the gases from the charge, and the evolving fracture 
network through to the final post-blast damage state of the 
rock mass (Minchinton and Lynch, 1996). MBM is based on 
the large ELFEN dynamic finite/discrete element code (Owen, 
Munjiza, and Bicanic, 1992) with pre- and post-processing 
extensions. The numerical simulations are evaluated in terms of 
the generation and extension of fractures, and the percentage of 
elements damaged within the crush and crack zones (primary 
fragmentation) indicated in a two-dimensional plane strain model 
of a horizontal section through a blast-hole (Figure 1). All this 
is due to the restrictions associated with escalating a primary to 
secondary fragmentation (comminution through the flow of the 
caving material) (Eadie, 2002).

Initial work investigated the influence of increasing in-situ 
stress on the extent of the crack and crush zones for two bulk 
explosives, ANFO and a straight emulsion, in a 5¾ inch  
(146 mm) diameter preconditioning blast-hole with no free face.

Figure 2 shows that the emulsion induces more damage in 
the rock mass, with the greatest effect in the crush zone. 

The higher detonation pressures in the emulsion will produce 
higher amplitude stress waves in the rock mass around the blast-
hole compared to ANFO. Due to geometric spreading of the waves 
as they travel through the rock, and the stress waves having to 
overcome the in-situ stress condition, the higher amplitude stress 
waves will have the greatest effect in creating new fractures 
closer to the blast-hole, hence more damage in the crush zone. 
Despite the ANFO charge having a lower detonation pressure, 

   Table II

  Deformation velocity and damage associated with different processes (Prasad, 2000)
   Property Low deformation velocity Medium deformation velocity High deformation velocity

   Deformation velocity (Sec-1) < 10–6 — 10–4 10–4 — 10 < 10 — 104

   Type of stress Static load Mechanical load Impact or explosion
   Example Standard static test Crushing and milling Blasting

Figure 1—Crush and crack zones
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Discrete Element Mass
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the confined rock mass traps the explosive gases in the blast-
hole and the pressure flows down the dominant radial fractures 
(Figure 3), which will aid their formation.

Blast-holes for preconditioning will not be fired in isolation, 
and so analysis of the influence of different hole separation 
distances (burden/spacing) on the resulting fracturing is 
important in maximizing the benefit of explosive preconditioning 
(Figure 4). The modelling indicates that for two 5¾ inch diameter 
blast-holes initiated on the same delay, in rock with 10 MPa in-
situ stress, the maximum crack extension will be achieved at a  
9 m blast-hole spacing at 4.5 m (half the hole spacing), 50% 
more than for a single blast-hole at 3 m crack extension. The 
crack extensions for 7 m and 8 m blast-hole spacings are slightly 
less than for 9 m spacing, while at 10 m spacing the crack 
extension decreases to less than 4 m.

Influence of in-situ stresses
The influence of in-situ stress anisotropy on blast induced radial 
fracture length was investigated by varying the stress on the X 
and Y axes of the model. The fracture networks for different in-
situ stress conditions show that the larger the stress anisotropy 
the greater the fracture length in the direction of the larger stress 
condition (Figure 5).  

Once the extent of the damage is characterized for the type 
of explosive, hole diameter, and in-situ stress condition, it is 
important to investigate the influence of initiation configuration 
timing on damage in the rock mass. The results of the analyses 
show that the simultaneous detonation of holes leads to an 
overall better level of effectiveness in terms of interaction and 
extension of fractures, and this validates the pre-cut blast-hole 

Figure 2—Fracture zone for an emulsion and ANFO bulk explosives in a 5¾ inch (146 mm) diameter blast-hole

Figure 3—Visualization of the ANFO gases under 40 and 50 MPa in-situ 
stress

Figure 4—Extension of fractures for different burden distances between blast-holes (5¾ inch diameter blast-hole and 10 MPa confinement)

Figure 5—Analysis of damage due to an emulsion charge in a 5¾ inch  
diameter blast-hole under different rock stress anisotropies
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theory. Therefore, it is recommended that primers be positioned 
every 8 m in the explosive column and initiated all on the 
same delay. It is also recommended to offset the position of the 
primers in adjacent holes, so that the stress waves are initiated at 
different levels, producing a more even fracture network between 
the blast-holes.

Interaction of blasting with hydrofractures
When evaluating the potential performance of the mixed pre-
conditioning it is important to assess the influence of a campaign 
of HF on the subsequent blast-induced preconditioning (DDE).  
The modelling scenarios are based on common industry HF 
practice and utilize axisymmetric model geometries with the 
axis of the blast-hole on the line of symmetry. The analysis of 

the damage induced in the rock mass only quantifies the new 
blast-induced fractures, not the fractures produced by the HF; 
however, the influence of the existing HF fracture network on the 
blast-induced fractures is modelled. The scenarios are: no HF, and 
HF on 1.5 m, 1.0 m, and 0.5 m spacings, considering two holes 
spaced at 1 m and overlapping between them.

The modelling indicates that across the four scenarios, the 
greatest blast-induced fracture length is achieved with HF on a 
1.5 m spacing (Figures 7 and 8). As the HF spacing is reduced, 
the blast-induced damage is reduced, due to greater dispersion of 
stress wave energy through refraction and reflection of the waves 
between the HF fractures. From Figure 8 it can be seen that in the 
modelled scenarios no more than 10% of the total fracture length 
is generated in the crack zone (beyond the crush zone).

Figure 6—Extension of fractures for different rock stress anisotropie

Figure 7—Modelling results of a blast with no HF and with different HF spacings

Figure 8—Results of blast interaction and hydraulic fracturing spacing
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Influence of rock mass conditions 
To investigate the interaction between multiple blast-holes, plan 
view geometries on a horizontal section were constructed. The 
models assessed the influence of variations in discontinuities 
(structure), in-situ stress, and blast-hole pattern (Figure 9).

The results show that with fewer structures (Figure 9a), long 
fractures are generated between blast-holes in the direction of the 
principal stress; with more structures the radial fracture pattern 
around each blast-hole is more uniform (Figure 9b). 

A staggered layout of the holes will show an improvement if 
there is stress anisotropy in the area, by generating a better blast 
interaction between the holes than when they are drilled on a 
square grid pattern.

From the previous analyses, it can be determined that for 
medium to high in-situ stresses there will be no connection of 
the fractures from neighbouring blast-holes. Therefore, there 
would be little reduction in the size of the larger blocks of 
rock. On the other hand, actual tests in the mines have shown 
an improvement in fragmentation at the drawpoints (Cerruti, 
2009). This indicates that despite the accumulated primary 
fracturing due to blasting being uneven through the rock 
mass and potentially in isolated regions, there is still improved 
comminution through the cave flow to produce finer material.

Blasting to a void
Even though blast-induced preconditioning is confined, without 
a free face, it is interesting to explore new design alternatives, 
and to investigate how they would perform with an available free 
face (pilot hole) or ‘dirty face’ (a face not completely free, with 
a certain percentage of broken material from a previous blast). 
Figure 10a shows the resulting damage and initial movement 
when firing to a free face on the right, and in Figure 10b the 
same blast parameters are applied to a confined condition with 
in-situ stresses and only a 1.5 m diameter hole to provide relief 
on the right, showing the reduction in fracturing, with the radial 
fractures not even extending to the void hole.

In the model in Figure 10b the 7 m separation between 
the blast-hole and the void hole was too large to influence the 
fracturing at the blast-hole. Therefore, further models were run 
with smaller distances between the blast-hole and the void hole 
(Figure 11). The results show that at 3 m separation the void 

hole has a significant impact on the fracturing between the void 
hole and the blast-hole, to the extent that the rock mass at the 
void hole has completely failed and material has moved into the 
void. However, at 4 m separation, damage has accumulated at the 
void hole, but the rock has not failed.

Further modelling investigating the influence of a range 
of void hole diameters (0.5 m, 0.75 m, 1.0 m, and the 1.5 m) 
showed that more damage accumulates in the rock mass with a 
larger diameter void hole, as one would expect.

Proposed preconditioning design
The design utilizes the significant increase in damage that 
blasting to a void can achieve compared with more conventional 
confined precondition blasting, with the understanding that 

Figure 9—Accumulated damage between multiple blast-holes for (a) square 
pattern, less structure, and 22 MPa inter-hole and 10 MPa inter-row  
stresses, (b) square pattern, more structure, and 22 MPa inter-hole and  
10 MPa inter-row stresses, (c) staggered pattern, less structure, and 15 MPa 
inter-hole and 30 MPa inter-row stresses, (d) staggered pattern,  
less structure, and 22 MPa inter-hole and 10 MPa inter-row stresses 

Figure 10—Blast-induced damage when firing in (a) a surface environment with minimal in-situ stress and a free face 7 m from the blast-hole, (b) an underground 
environment with 10 MPa in-situ stress and a relief hole 7 m from the blast-hol
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further comminution occurs in the cave flow. Therefore, 
the primary fragmentation can be coarser than the final 
fragmentation obtained in the drawpoints. The design borrows 
from drawbell blast design, where a central pilot hole provides an 
initial void for the first blast-holes to fire into, which then in turn 
provides subsequent relief for later firing blast-holes further from 
the centre. Figure 12 shows the plan view model geometries for 
the design, divided into two stages. A 1.5 m diameter pilot hole 

is located in the middle, and then the first stage initiates the first 
four blast-holes, each located 3.5 m away from the pilot hole in 
the sequence shown in Figure 13 to produce a fragmented rock 
mass between the four blast-holes. The square hole pattern is 
effective in underground development burn cuts, for example, 
due to the high powder factor in the blast design. However, in 
designs with a lower powder factor a spiral configuration of 
blast-holes can be applied to fracture a greater volume of rock 

Figure 11—Blast-induced damage and movement due to the void hole located 3 m (left) and 4 m (right) away from the blast-hole

Figure 12—Model geometries for, stage one (left) and the later firing stage two (right)

Figure 13—Blasting sequence for stage one firing of the horizontal blast-hole first (left) and the vertical blast-holes later (right)
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and increase the effective free face. The application of this spiral 
design is shown in Figures 14 and 15. In Figure 14 the sequence 
of blast-hole firing results in a consistent direction of movement 
as each blast-hole fires, as opposed to the sequence of blast-holes 
firing in the square pattern (Figure 13) with blast-hole material 
moving against the opposing blast-hole. Figure 15 shows the 
final breakout for the spiral design.     

Figure 16 shows the spiral design as stage one of the two-
stage model, with the second stage the same as that for the 
square design (Figure 12) with a 10 m spacing of the perimeter 
blast-holes.

Figure 17 compares the evolution of the fracture network 
as the blast-holes in stage two fire for the square design and 
the spiral design. In the square design (Figure 17a), after the 
first two blast-holes have fired there is not a consistent fracture 
network between the blast-holes and the void. In contrast, 
in the spiral design (Figure 17d) there is complete failure of 
the material between the blast-holes and the void due to the 
larger void space providing more relief. As the second set of 
blast-holes fires, again the spiral design (Figure 17e) produces 
many more interconnected fractures around the void than the 
square design (Figure 17b). The final fracture pattern for the 
spiral design (Figure 17e) results in significantly more damage 
to the rock mass with consistent fracture networks across the 

pattern, compared to the square design (Figure 17c) where the 
later firing blast-holes are effectively isolated from the void and 
are over-confined. It should be noted that although the stage 
two simulations model the void as empty, while in the field it 
would contain fractured rock, the final plots in Figure 17 show 
little movement of the void wall, as one would expect if the void 
contained fractured rock.

Definitive designs must be developed for the specific 
conditions of each mine, but it is recommended that the pilot 
holes should be located in the intersections between the drives 
and crosscuts, so as to provide more flexibility in the design 
geometries and the number of blast-holes. Another important 
aspect not quantified in this study is that working with free 
faces provides the ability to direct the blasts, in order to protect 
infrastructure from being damaged by a blast. 

Figure 18 compares the limited damage accumulated in 
the rock mass for a confined preconditioning blast, with blast-
holes on a 10 × 10 m spacing with no interconnected fractures 
from neighbouring blast-holes, to the two designs firing to an 
initial 1.5 m diameter pilot hole. The regions coloured grey 
are fragments that have broken away from the rock mass, 
highlighting the significant increase in discrete fragments in the 
spiral design over the other two designs. 

To the design aspects, the following comments can be added.

Figure 14—Spiral design with the damage due to firing the first (left), second (middle), and third (right) blast-holes 

Figure 15—Spiral design with accumulating damage as each blast-hole fires in sequence



Blasting and preconditioning modelling in underground cave mines under high stress conditions

79 ◀The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 121 FEBRUARY 2021

 ➤   High-sensitivity bulk explosive is preferred. Larger blast-
hole diameters will improve detonation performance of the 
bulk product and produce more damage. Larger diameter 
holes also suffer less deviation. Simultaneous detonation of 
blast-holes will produce the best overall fragmentation. 

 ➤   The primers should be detonated simultaneously in each 
hole.

 ➤   The recommended spacing between the booster charges is 
around 8 m.

 ➤   The primers in adjacent holes should be offset to produce a 
more even fracture network between blast-holes

Conclusions
There are no established design rules for preconditioning 
in caving mines. Therefore, evaluating different designs in 
different rock masses requires the use of sophisticated numerical 

modelling incorporating representative detonation performance, 
and the response of the rock mass to the explosive loading 
through a strain-rate-dependent material model, including 
failure.

The modelling in this study evaluated the blast performance 
based on the extent of the crush zone and crack zone around 
individual blast-holes. It can be concluded that due to the 
operational and technical requirements in preconditioning 
(length and diameter of the holes), under high stress conditions, 
a bulk emulsion rather than ANFO is the preferred explosive. 
In particular the emulsion produces a much larger crush zone 
compared to ANFO. When assessing the radial crack extension 
between two blast-holes the optimal hole spacing can be selected 
to maximize the crack length.  

As regards the rock mass, it has been shown that the 
most critical factor is the in-situ stress state in the area where 

Figure 16—Spiral design model geometries for, stage one (left) and the later firing stage two (right

Figure 17—Comparison of material displacement for (a, b, c (upper row) the square and (d, e, f (lower row) the spiral blast designs
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preconditioning is needed, with higher stresses significantly 
impeding the blast-induced fracture network. When there is 
stress anisotropy in the rock mass, greater fracture extension 
is produced in the direction of the major principal stress. The 
network of structures present in the rock mass can have a 
significant impact on the propagation of radial fractures and 
will disperse the blast-induced stress waves. The use of free 
faces will allow the possibility of directing the energy from the 
blast, providing a better efficiency, and reducing damage to the 
surrounding infrastructure. 

If a combined preconditioning scheme is to be used (hydraulic 
fracturing together with dynamic debilitation with explosives), 
it is important to study and analyse the effect of the explosive 
in the HF-induced fractures. For a range of HF spacing (0.5 m, 
1.0 m, and 1.5 m) the 1.5 m spacing was found to produce the 
largest total blast-induced fracture length, which was greater 
than the simulation with no HF.

Obtaining optimal fragmentation at the drawpoint through 
preconditioning is hindered by the predefined mining layout 
(spacing of production and crosscut drives), increased in-situ 
stresses, and a more competent rock mass in deeper mines, with 
the addition of confined low powder factor designs. Under all 
these restrictions, a blasting design is proposed that is based on 
what has been learned in blasting underground drawbells and 
the development of tunnels, where a partial free face is developed 
through a void hole created using mechanized drilling, and 
the appropriate blast-hole pattern and initiation sequence are 
designed to fire into the void, enlarging the void to maintain the 
relief through the blast.

Further developments in numerical modelling could include 
real mapped locations and conditions of the stack of hydro-
fractures, rather than the idealized representation in this current 
modelling. A second challenge is quantifying the real effect on 
fragmentation due to the flow of the rock mass within the cave. 
This will provide information on the flow distance required to 
achieve the desired fragmentation, and thus an estimation of the 
height of the primary domain to be pre-conditioned, focusing the 
efforts on the first part of the primary domain where the coarser 
fragments are produced.

The application of numerical modelling in mining, allows the 
testing of different design options within a sensitivity analysis of 
rock mass conditions, identifying the options that show potential 
for successful implementation. Field data from the implemented 
options must then be collected to validate the models, so as to 
continue improving the preconditioning models.
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Accretion formation on the refractory 
lining during the melting of ferrosilicon
T.M. Nemavhola1,2, T. Coetsee1, and A.M. Garbers-Craig1

Synopsis
Accretions often form in furnaces when slag and charge materials attach to the refractory wall and 
build up over time. Accretion formation is usually unwanted because it reduces the working volume 
of the reactor and hinders material flow through the reactor. However, in some instances a thin, stable 
accretion layer may be desirable to protect the underlying refractory material. In order to prevent and/or 
manage accretion formation, it is important to understand the underlying principles of this phenomenon 
in the particular reactor. 

Excessive accretion formation hampered production at the Exxaro FerroAlloys ferrosilicon melting 
and atomization plant. This plant uses induction furnaces in which a 15% silicon-iron alloy is produced 
by batch smelting a mixture of ferrosilicon of 75%Si grade and low-carbon steel. The molten ferrosilicon 
alloy is then gas-atomized to a powdered product for use as a dense medium in mineral processing plants. 
The objective of this study was to investigate the effect of different impurity levels in the ferrosilicon 
feed material on the extent of accretion formation as well as the effect on the accretion properties, which 
influence the ease of accretion removal upon furnace shut-down. Refractory and accretion samples were 
collected after a furnace shut-down and characterized using X-ray diffraction and scanning electron 
microscopy–energy dispersive spectroscopy. It was concluded that the trace elements in the FeSi-75 feed 
material (Al, Ca, Mn) were mostly responsible for accretion formation, but that rust on the low-carbon 
steel and oxidation of the steel contributed to accretion attachment to the lining. The total contaminant 
content, calcium to aluminium ratio in the FeSi-75 feed material, and thereby the liquid to solids ratio 
in the accretion at temperature determine the strength of attachment as well as growth of the accretion.

Keywords
Accretion, build-up, slag, refractory lining, ferrosilicon.

Introduction
Atomized ferrosilicon is produced by melting high-grade crude FeSi-75 (75% Si and 25% Fe) and 
diluting it with low-carbon steel scrap in an induction furnace until the silicon content of the melt 
is 15% and the iron content 85%. Atomization can be done using either a steam jet or inert gas jets 
(Collins, Napier-Munn, and Sciarone, 1974). The molten metal is poured into a tundish fitted with a 
zirconia nozzle (different nozzle sizes based on the production rate and product quality) and is blasted 
with high-pressure nitrogen gas. As a result of the blast, small spherical ferrosilicon dust particles are 
produced. The fine dust is then classified using screens according to the specification of the final product 
required for use as a dense medium in mineral processing plants. 

One of the operational difficulties that can be experienced when producing FeSi-15 using an 
induction furnace is accretion build-up. This is a phenomenon whereby slag, metallic oxides, or 
refractory oxide material (often with metal entrainment) adhere onto the refractory surface during the 
production cycle, thereby forming accretions on the refractory lining of the furnace (Figure 1, Williams 
and Naro, 2007). It has the undesirable effect of severely reducing the volume of the furnace, thus 
limiting the production capacity. As the accretion becomes part of the refractory lining, the lining 
becomes thicker which implies that during accretion build-up the coil efficiency decreases and the 
amount of electrical energy required to melt the charge increases (Naro, Williams, and Satre, 2018). The 
harder the accretion the more difficult it is to remove, and removal subsequently leads to mechanical 
damage of the refractory since a jackhammer is required to break the accretions from the refractory wall.

The induction furnace is shut down intermittently to allow for the removal of the accretions, 
inspection of the condition of the refractory material, and for repairs to the refractory lining. After a 
predetermined number of taps, the furnace is shut down for relining. The process of shutting down 
the furnace for routine cleaning and inspection exposes the refractory lining to a significant amount 
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of thermal shock, as well as  mechanical damage to the lining 
when the accretions are removed. This reduces the usable life of 
the refractories and occasionally results in premature refractory 
failure. Overall, the stoppages lead to significant losses in 
production time (approximately 20% downtime) and revenue due 
to low production volumes.

The objective of this study was to investigate the effect of 
different impurity levels in the ferrosilicon feed material on 
accretion attachment, the extent of accretion growth, and ease of 
accretion removal. 

Background
Induction furnace melting plants use different production cycles 
suited to the particular alloy produced. In the case of Exxaro 
FerroAlloys the following production sequence is used. Crude 
FeSi-75 and low-carbon shredded scrap are batched through 

the raw materials batching system into a 500 kg holding bin, 
according to a predetermined recipe. This recipe is based on the 
chemical composition of the crude FeSi-75 and the low-carbon 
scrap. Two induction furnaces with installed  SAVEWAY@ systems, 
which provide continuous measurement of the lining thicknesses 
during operation, are used for the production process. While 
the first furnace is being tapped, which takes approximately 
1 hour, the second furnace is charged with a new batch and 
the charge melted. When the furnace is ready for de-slagging 
(1520–1540°C) a coagulant is added to the charge, which results 
in the formation of a slag layer on top of the alloy. This slag is 
removed from the alloy using a metal spoon as it has adverse 
effects on tapping and atomization due to its rapid cooling rate, 
which causes runner build-ups and tundish blockages. The 
coagulant contains mostly silica and alumina with approximately 
5 mass% potassium oxide as a fluxing component (Table I). The 
resulting slag is Al2O3-SiO2-CaO-based, but also contains FeO, 
MgO, BaO, K2O, and MnO in low concentrations. XRD analysis 
of this slow-cooled slag indicated that it contains corundum as 
the only crystalline phase. After de-slagging, the metal is heated 
to the tapping temperature of between 1580°C and 1600°C. The 
hot face of the refractory lining can therefore reach a maximum 
temperature of 1600°C.

The furnace lining is a silica-based dry vibratable refractory 
material consisting of fused silica grains, crystalline quartz, 
chromic oxide, and boron oxide as the bonding agent and 
sintering additive (Table II). An Al2O3-based plaster material is 
used to seal the top or mouth of the furnace to prevent any loose 
furnace lining material from falling into the furnace, and also 
to patch damaged areas of the furnace after cleaning in order 
to prolong the life of the refractory lining. Each furnace lining 
is typically installed after 5 days of operation. The chemical 
composition of the plaster material is given in Table III. It can 
be assumed that the temperature at the mouth of the furnace is 
significantly lower than 1600°C, and that the plaster material 
will bond to the SiO2 lining through the formation of mullite 
(3Al2O3.2SiO2).

Literature survey
Accretions form in different high-temperature processes. In some 
instances accretion formation is unwanted because it reduces the 

Figure 1—Schematic representation of accretion build-up inside an induc-
tion furnace (Williams and Naro, 2007)

   Table I

  Chemical composition of the coagulant (mass%)
   SiO2 Al2O3 K2O FeO CaO MgO BaO MnO TiO2 Total

   77.9 15.1 4.6 0.7 0.6 0.2 0.2 0.1 0.1 99.5

   Table II

  Mineral composition of the furnace lining (mass%)
   Silica (crystalline) quartz) Silica (fused) Chromic oxide Boron oxide

   50 – 70 30 – 50 <2 <2

   Table III

  Chemical composition of the furnace patching material (mass%)
   SiO2 Al2O3 Fe2O3  CaO MgO Na2O P TiO2 Total

   5.9 88.9 0.5 0.2 0.1 0.1 1.3 1.2 98.2
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working volume of the reactor and hinders material flow through 
the reactor. This is typically the case of accretion build-up in 
induction furnaces and ring formation in rotary kilns (Chatterjee 
and Mukhopadhyay, 1983). However, sometimes a thin, stable 
accretion layer may be desirable to protect the underlying 
refractory material and ensure containment of the molten alloy 
and slag in the furnace. This is the case when the refractory is 
force-cooled to form and maintain a freeze lining of slag on the 
refractory surface (Pistorius, 2003, 2004).

Karakus, Hagni, and Moore (1989) identified alloying 
elements, components from the refractory material, and some 
oxides released from the raw material charged to the process as 
sources that contribute to accretion formation. They identified 
furnace temperature, chemistry of the slag and melt, and furnace 
atmosphere as the factors influencing the attachment of the 
accretion onto the refractory lining. 

Singh (1974) described two possible theories on the creation 
of primary insoluble oxides:

 ➤   Oxygen (air) diffusing through the porosity of the 
refractory lining towards the alloy, followed by oxidation of 
molten metal

 ➤   The slag impurities contained in the primary metal source 
or from the ferroalloys used in the melt combine to form 
accretions.

Various studies on the mechanisms of accretion formation 
identified the presence of an initial liquid oxide phase (slag) 
as a necessary precursor. Garbers-Craig and Coetsee (1996) 
found that liquid phase formation is the first step required to 
enable solid material to become attached to the refractory lining 
and enhance accretion growth. They further established that a 
silica-rich (SiO2) liquid phase fluxed with Al2O3 and CaO from the 
charge alloys provided the initial liquid oxide phase. Garbers-
Craig and Coetsee (1996) concluded that the PO2 at the refractory-
alloy interface is set by iron and ferrosilicon in the furnace, so 
that only a small fraction of silicon and iron is expected to be 
oxidized at the typical melt temperature of 1600°C. Therefore, 
the PO2 associated with the ferrosilicon alloy far exceeds the 
equilibrium PO2 for the Al/Al2O3 equilibrium and the aluminium 
in the feed material will easily oxidize to Al2O3. Similarly, any 
elemental calcium as contaminant in the feed ferrosilicon will be 
oxidized to CaO. Therefore, any air entering the furnace through 
the refractory porosity as described by Sing (1974) will easily 
oxidize aluminium and calcium to their respective oxides. The 
phases that form will be based on the oxides of the impurities in 
the charge raw materials. It is therefore expected, that Al2O3, CaO, 
MgO, MnO, FeO, and SiO2 will react to form the final accretion 
phases. 

Naro, Williams, and Satre (2006) explained that accretion 
build-up begins when a slag with a liquidus temperature 
above the liquid metal temperature cools to below its solidus 
temperature due to it being in contact with the colder refractory 
lining. The solid slag adheres to the refractory wall, forming 
a bond with the refractory material and over the period of 
production grows to form an accretion or build-up. Williams 
and Naro (2007) described the growth or build-up mechanism 
of the accretions as following the characteristic nucleation and 
crystalline growth route. The surface of the build-up consists of 
the same primary phase as that which precipitates from the liquid 
slag according to the equilibrium phase diagram. 

Magwai (2005) identified corundum (Al2O3) and two different 
calcium aluminosilicates in the accretions removed from a 

coreless induction furnace. In his investigation into the hardening 
of the accretion he distinguished between a ‘normal’ or soft 
accretion and an ‘abnormal’ or harder accretion. The proportions 
of CaO and Al2O3 in the accretions differed, which pointed to 
the sources of the impurities as the reason for the difference in 
textures of the two samples. The initial work by Magwai (2003) 
indicated that the ‘normal’ accretion consists of mullite and a 
silica-rich phase.

In conclusion, accretions can be completely eliminated from 
the refractory walls, but this may be detrimental to the refractory 
lining since it might then be exposed to erosion and chemical 
attack. It is therefore important to understand how a thin, 
protective accretion layer attached to the refractory wall can be 
retained. 

Experimental
Analysis techniques
Low-carbon shredded steel scrap (routinely cut-off strips from 
rolled coil) and different grades of crude ferrosilicon were used as 
feed materials in four trials during which FeSi-15 was produced. 
The shredded scrap is screened before being batched. During 
screening a dust, composed mainly of iron oxide and SiO2, is 
separated from the scrap. Any rust that is not removed during 
screening but which remains on the scrap will, however, enter 
the furnace. Varying scrap qualities can therefore lead to varying 
amounts of iron oxide entering the furnace.

The raw materials were sampled before each test. Chemical 
compositions were determined using ICP-OES (inductively 
coupled plasma–optical emission spectrometry), crystalline 
phases were identified using XRD (X-ray powder diffraction), 
and phase analysis was performed using SEM-EDS (scanning 
electron microscopy–energy dispersive X-ray spectroscopy). The 
carbon content of the low-carbon steel was determined using 
LECO CS 230.

Samples for XRD analysis were crushed and pulverized 
to passing 75 µm using a tungsten carbide ball and milling 
pot. A PANalytical X’Pert Pro powder diffractometer fitted 
with X’Celerator detector operated at 25°C, 50 mA, and 35 kV, 
was used to analyse the samples. The crystalline phases were 
determined using X’Pert Highscore Plus software, while their 
relative amounts (mass%) were estimated employing the Rietveld 
method using X’Pert Highscore Plus.

Phase characterization was performed using a JEOL JSM 
IT300 SEM with Oxford X-Max50 energy-dispersive spectrometry 
(EDS) and Aztec software. The machine was operated under the 
following conditions: 15 kV, live time of 60 seconds, processing 
time of 4 seconds, and working distance of 10–11 mm. The phase 
compositions determined by EDS were reported in atom% and the 
stoichiometries of the oxides calculated with the assumption that 
Si is present as SiO2, Al as Al2O3, Mg as MgO, Ca as CaO, Cr as 
Cr2O3, and Fe as FeO.

Plant trials
FeSi-15 was produced by melting the high-grade crude 
ferrosilicon (FeSi-75) and diluting it with low-carbon steel scrap 
in a 3.5 t medium-frequency coreless induction furnace (Table 
IV). Four different types of crude ferrosilicon (Feeds 1-4, Table 
IV) with different impurity ratios were used to establish the effect 
of these impurities on the thickness and texture of accretion 
build-up. XRD analysis confirmed that all four feed ferrosilicon 
samples consisted of silicon (Si) and ferdisilicide (FeSi2) as 
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crystalline phases. The main alloying component in the steel was 
manganese (0.29 mass%), while the crude ferrosilicon contained 
aluminium, calcium, and manganese in trace amounts (Table IV). 
The aluminium content in the crude ferrosilicon varied between 
0.6 and 2.8 mass%, the calcium between <0.001 and 0.1 mass%, 
and the manganese between 0.1 and 0.2 mass%. The different 
ferrosilicon feeds were classified according to impurity aluminium 
and calcium concentrations as follows: Feed 1 as medium Al and 
low Ca, Feed 2 as medium Al and low Ca, Feed 3 as high Al and 
zero Ca; Feed 4 as medium Al and medium Ca. The Ca/Al mass 
ratios in the different feeds thus varied between 0.00 and 0.14. 
The start-up of all four tests followed the same procedure: from 
the batching plant low-carbon steel shredded scrap was added 
first into holding bins, followed by the FeSi-75. The batched 
recipe was then loaded into a vibrating feeder. Since the shredded 
scrap was at the bottom of the bin, it came in contact with the 
hearth of the furnace first. More low-carbon steel was required to 
produce the product grade of FeSi-15 in Feed 1 as the raw FeSi-
75 of Feed 1 was very enriched in silicon (> 86 mass%).

At the end of each refractory lining campaign, the number of 
taps carried out and qualitative aspects on the ease of accretion 
removal and extent of accretion build-up were noted. Samples 
of the refractory material with attached build-up were taken 
at various points inside the furnace. Each sample was cross-
sectioned from the hot face of the accretion to the cold face of 
the lining (Figure 2). Subsamples were then removed from the 
hot face of the accretion, the interface between the accretion 
and lining material, and from the cold face of the lining. These 
samples were prepared for XRD and SEM-EDS analyses.

Results
Observations
The number of taps per lining, as well as the thickness and 

strength of each accretion and the effort required to remove it, 
were noted (Table V). The largest number of taps per lining was 
achieved in the trials with Feeds 1 and 4, during which thin 
accretions formed. The only accretion that was easy to remove 
was the one formed in the Feed 4 trial.

XRD analysis
Crystalline phases identified in the hot faces of the accretions, 
as well as the hot and cold faces of the refractory, are shown 
in Table VI. The hot faces of the accretions were mostly oxide-
based, with low concentrations of alloy phases. Fe3Si occurred 
in all accretions, with metallic iron also present in the accretion 
of Feed 1 and Fe5Si3 in the hot face of the Feed 2 accretion. The 
accretions that formed with Feeds 1 and 2 contained mainly 
corundum and mullite as crystalline phases, while the accretion 
of Feed 3 contained corundum and anorthite, and that of Feed 4 
hibonite and corundum. The sintered hot faces of the silica-based 
refractory samples were transformed into cristobalite, while the 
cold faces consisted of a combination of quartz and 1 mass% 
eskolaite. The presence of mostly cristobalite at the hot face 
of the refractory implies that the accretion–refractory interface 
temperature reached at least 1470°C (Muan, 1965). Metallic 
iron and Fe3Si particles extended up to the accretion–refractory 
interface in all four trials. 

SEM-EDS analysis
Hot faces of the accretions
Backscatter electron (BSE) Images of the hot faces of the 
accretions that formed in the Feed 1–4 trials are shown in Figures 
3 to 6. A glassy oxide phase (which can be distinguished as the 
light grey matrix phase that contains alloy droplets and darker 
grey crystals) could be identified in all four accretion samples. 
This oxide phase was liquid under operating temperatures and 
remained as a glassy phase after cooling. Crystalline corundum 
and gupeiite alloy droplets are common to the hot faces of all 
accretion samples. Mullite could also be distinguished in certain 

   Table IV

   Chemical compositions of the steel and ferrosilicon 
feed materials (mass%)

   Raw material Low-C FeSi:  FeSi: FeSi: FeSi: 
 steel Feed 1 Feed 2 Feed 3  Feed 4

   Si 0.016 86.7 75.8 70 75.4
   Fe 99.5 11.6 22.4 27 22.5
   Al 0.039 0.82 0.63 2.79 0.9
   Ca 0.004 0.077 0.047 <0.001 0.13
   Mg <0.001 0.01 0.014 0.009 0.007
   Ti <0.001 0.051 0.075 0.091 0.046
   Mn 0.29 0.101 0.171 0.147 0.093
   P 0.008 0.014 0.028 0.021 0.031
   Cr 0.019 0.035 0.033 0.032 0.023
   V <0.001 0.002 0.004 0.005 0.03
   Ba <0.001 0.002 0.003 0.001 0.004
   C 0.069 - - - -
   Total 99.9 99.4 99.2 100.1 99.2
   Ca/Al mass ratio 0.10 0.09 0.07 0 0.14

Figure 2—Cross-section of a refractory sample with attached accretion (thin 
accretion that formed during the Feed 4 trial)

   Table V
  Number of taps per test and qualitative observations on accretion properties

   Feed Taps per lining Accretion observations

   1 360 Accretion was thin and very brittle, hard to remove since it was easy to damage the refractory during the cleaning process.
   2 282 The accretions were thick and hard to break, force had to be applied and therefore the refractory as well as the coil grout were damaged. 
   3 296 The accretions were average in thickness but also hard to remove.
   4 346 Thin accretions; the bond between the accretion and the refractory lining was not so strong as it was easy to remove. 
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areas of the hot face of the Feed 1 accretion, while needle-shaped 
anorthite could also be found in the Feed 2 and Feed 3 accretions. 
The amount of glassy oxide is higher in the hot faces of the 
Feed 1 and 4 samples, intermediate in the hot face of Feed 3, 
and the lowest in the hot face of Feed 2. The glassy oxide phase 
associated with the hot faces of the accretions are all CaO-Al2O3-
SiO2-based, with MgO, BaO, and FeO in low concentrations (Table 
VII). The glassy oxide phase in the hot faces of the accretions that 
formed from feeds 2–4 are similar, with CaO/Al2O3 mass ratios 
in the order of 0.8, while in the case of the Feed 1 accretion the 
CaO/Al2O3 mass ratio of the glassy phase is 0.4, with a significant 
higher SiO2 content.

Phase chemistry of the mid-sections of the accretions
The mid-sections of the accretions consist of corundum, mullite, 

Anorthite (CaO.Al2O3.2SiO2), corundum (Al2O3), cristobalite (SiO2), eskolaite (Cr2O3), hibonite (CaO.6Al2O3), mullite (3Al2O3.2SiO2), quartz (SiO2), tridymite, (SiO2); gupeiite (Fe3Si),  
xifengite (Fe5Si3) 

   Table VI

  XRD analysis of the accretions and refractory material (mass%)
 Feed 1 Feed 2 Feed 3 Feed 4

   Accretion hot face Mullite (45%) Corundum (83%) Anorthite (44%) Hibonite (57%) 
 Corundum (21%) Mullite (6%) Corundum (40%) Corundum (31%) 
 Cristobalite (1%) Cristobalite (1%) Gupeiite (16%) Gupeiite (12%) 
 Iron (30%) Gupeiite (7%) 
 Gupeiite (3%) Xifengite (3%)

   Refractory hot face Cristobalite (73%) Cristobalite (72%) Cristobalite (99%) Cristobalite (93%) 
 Tridymite (10%) Tridymite (20%) Gupeiite (1%) Quartz (2%) 
 Iron (17%) Quartz (7%)  Iron (3%) 
  Gupeiite (1%)  Gupeiite (2%)

  Refractory cold face Quartz (99%) Quartz (99%) Quartz (99%) Quartz (99%) 
 Eskolaite (1%) Eskolaite (1%) Eskolaite (1%) Eskolaite (1%)

Figure 3 – BSE images of the hot face of the Feed 1 accretion. (i) and (ii) depict different areas of the hot face. (a) Glassy oxide, (b) corundum, (c) gupeiite, (d) mullite

Figure 4 – BSE image of the hot face of the Feed 2 accretion. (a): Glassy 
oxide, (b) corundum, (c), gupeiite, (d) anorthite

Figure 5 – BSE image of the hot face of the Feed 3 accretion. (a) Glassy 
oxide, (b) corundum, (c) gupeiite, (d) anorthite

Figure 6 – BSE image of the hot face of the Feed 4 accretion. (a) Glassy 
oxide, (b) corundum, (c) gupeiite
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and a glassy oxide phase in certain areas, and anorthite together 
with corundum and glassy oxide in others. Gupeiite could 
be detected throughout the accretions. The mid-sections are 
particularly crystalline and dense, with low concentrations of the 
glassy oxide phase (Figure 7). Low concentrations of ZrO2 could 
also be detected in the mid-sections of the accretions that formed 
from Feeds 3 and 4.

Phase chemistry of the accretion–refractory interface
The accretion side of the accretion-refractory interface consists 
of either a glassy oxide phase and corundum (Feed 1), glassy 
oxide phase and mullite (Feeds 2 and 4), or glassy oxide phase, 
corundum, and hibonite (Feed 3). Only a glassy oxide phase 
and SiO2 were detected in the hot face of the refractory at the 
accretion-refractory interface. This phase is (Fe,Mn)O-Al2O3-
SiO2-based in Feed 1 (Figure 8), and CaO-Al2O3-SiO2-based in 
Feeds 2–4 (Table VIII). The composition of this CaO-Al2O3-SiO2-
based glassy oxide phase is similar in Feeds 2–-4, but contains 
significantly higher concentrations of SiO2 compared to the glassy 
oxide phase in the hot faces of the accretions. The CaO/Al2O3 
mass ratios of this glassy oxide phase are also significantly lower 
than in the hot face of the accretion (0.3–0.4 vs. 0.8).  

Discussion
Since the coagulant is added to the furnace when the alloy 
temperature is just above 1500°C and the ferrosilicon is tapped 
when the alloy temperature is in the order of 1600°C, it is 
logical to consider the 1500–1600°C temperature range when 

the observed phase relations in the accretions are interpreted 
in terms of accretion attachment and build-up. At operating 
temperatures between 1500 and 1600°C the slags that are 
produced in the FeSi-15 smelting process are Al2O3-SiO2-CaO-
based, with compositions that fall in the (liquid + corundum + 
anorthite) and (liquid + corundum) phase fields of the SiO2-CaO-
Al2O3 phase diagram at respectively 1500 and 1600°C (indicated 
by the circles, Figures 9a and 9b). These slags are therefore not 
compatible with the SiO2-based lining, and chemical interaction 
between the slag and lining is expected. 

Analysis of the accretion-refractory interfaces confirmed 
that the accretions attach to the lining through the formation of 
a liquid phase when oxides from the charge react with the SiO2 

   Table VII

   Average EDS analyses of the glassy oxide phase in the 
hot faces of the accretions, Feeds 1–4 (mass%)

 Feed 1 2 3 4

   EDS analysis Al2O3 28.15 29.23 31.24 32.9
  SiO2 57.25 36.45 32.57 34.37
  CaO 11.19 23.29 26.28 24.8
  BaO 0.5 2.78 4.78 4.18
  MgO 1.61 6.21 2.43 1.53
  FeO 0.32 1.02 2.47 0.55
  MnO 0.08 0.00 0.00 0.00
  Total 99.1 98.98 99.77 98.33
   Normalized compositions Al2O3 29 31 34 35
  SiO2 58 38 35 37
  CaO and BaO 11 25 28 27
  MgO 2 7 3 2
  Total 100 100 100 100
  CaO/Al2O3 0.40 0.80 0.84 0.75

Figure 7—BSE images of the mid-sections of the Feed 3 (i) and Feed 4 (ii) accretions.  (a): Glassy oxide, (b) ZrO2-enriched area in liquid oxide, (c) corundum,  
(d) anorthite

Figure 8—BSE image of the hot face of the Feed 1 refractory. (a) Glassy 
oxide, (b) silica

   Table VIII

   Average EDS analyses of the glassy oxide phase in the 
hot faces of the refractory, Feeds 1–4 (mass%)

 Feed 1 2 3 4

   EDS analysis (mass %) Al2O3 16.81 17.74 19.38 18.51
  SiO2 49.8 71.54 65.93 71.07
  CaO 4.12 6.08 7.55 6.47
  BaO 0.0 0.0 0.64 0.93
  MgO 0.53 1.07 0.74 0
  FeO 19.97 0.73 0.94 0.57
  MnO 7.58 1.86 0.6 0.43
  Cr2O3 0.61 0.0 2.61 1.35
  Total 99.42 99.02 98.39 99.33
   Normalized compositions Al2O3 18 19 21 19
  SiO2 53 75 71 73
  FeO and MnO 29
  CaO and BaO  6 9 8
   100 100 101 100
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lining. Either a (Fe,Mn)O- and alumina-containing silica-rich 
liquid phase (Feed 1) or a CaO- and alumina-containing silica-
rich liquid phase (Feeds 2–4) forms (Table VIII). The FeO and 
MnO in this liquid phase (Feed 1) result from the low-carbon 
steel, presumably due to oxidation but also to the rust layer on 
the shredded scrap (approximately 30% of the shredded scrap 
used on the plant contains a surface layer of rust). The CaO and 
Al2O3 in the liquid phase result from the oxidation of the Ca and 
Al impurity elements in the feed FeSi-75.

During operation the liquid phase at the accretion-refractory 
interface is highly viscous due to its high SiO2 content and serves 
to further attach oxidation products from the raw materials to 
the lining. As the aluminium and calcium from the feed continue 
to oxidize in further heats and react with the coagulant, an 
Al2O3-SiO2-CaO-based accretion builds up. The silica content of 
the accretions decreases, while the calcium oxide and alumina 
contents increase from the accretion-refractory interface 
towards the hot face of the accretion. Cooling and heating cycles 

Figure 9—Isotherms of the CaO-Al2O3-SiO2 phase diagram at (a) 1500°C and (b) 1600°C (FactSage 7.3). Circles indicate the normalized slag composition; coloured 
lines indicate the CaO/Al2O3 mass ratios of the different feeds

(b)

(a)
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associated with alternating cooling of the accretion during 
tapping followed by heating when the next heat is processed 
enhance the continuous growth and re-equilibration of phases 
in the accretion. This explains the densified microstructures of 
the middle sections of the accretions, which consist mostly of 
crystalline phases with very low concentrations of the glassy 
oxide phase.

The hot faces of the accretions consist of gupeiite (Fe3Si) and 
either (liquid + Al2O3 + mullite), (liquid + Al2O3 + anorthite), or 
(liquid + Al2O3 + CaO.6Al2O3). The (liquid + Al2O3 + CaO.6Al2O3) 
phase composition can exist at both 1500 and 1600°C, while 
the (liquid + Al2O3 + anorthite) phase combination exists only 
at 1500°C and the (liquid + Al2O3 + mullite) phase combination 
only at 1600°C (Figure 9). The main difference between the thin 
and thick accretion layers (Feeds 1 and 4 vs. 2 and 3) is the 
higher glassy oxide concentrations observed in the hot faces of 
the thin accretions. It is believed that higher concentrations of a 
liquid phase in the hot face of the accretion during operation limit 
accretion build-up as such a hot face layer can more easily be 
washed back into the molten alloy due to bath motion caused by 
electromagnetic stirring. It can be seen from the 1500 and 1600°C 
isothermal sections of the SiO2-CaO-Al2O3 phase diagram (Figures 
9a and 9b) that higher CaO/Al2O3 mass ratios in the accretions 
will result in the formation of accretions with compositions 
closer to the all-liquid phase field. These accretions will therefore 
contain more liquid at temperature.

Since the accretion that formed in Feed 4 was the thinnest 
and easiest to remove, it can be concluded that accretion 
formation can be managed by limiting the total calcium and 
aluminium impurity content of the feed material, and by using a 
higher Ca/Al impurity ratio whereby the total solid oxides content 
in the accretion can be minimized. Using an alumina-based lining 
could also be considered, as such a lining will be more compatible 
with the initial Al2O3-rich slag that forms during start-up and 
which attaches the accretion to the lining.

Conclusions
Accretion build-up during the production of FeSi-15 was 
investigated by varying the impurity aluminium and calcium 
contents in the FeSi-75 feed material. The following conclusions 
can be drawn.
 ➤   Calcium and aluminium impurity components in the feed 

FeSi-75 are predominantly responsible for accretion build-
up. These impurity components oxidize and react with 
the SiO2 lining and coagulant, respectively attaching and 
building up the accretion.

 ➤   The accretion attaches to the refractory lining through 
the formation of a liquid phase at temperature, which is 
either (Fe,Mn)O-Al2O3-SiO2- or CaO-Al2O3-SiO2-based. This 
liquid phase reacts with the SiO2 lining and penetrates it 
as the reaction proceeds. The iron and manganese oxides 
in this liquid phase presumably originate from the rust 
layer associated with some of the scrap that is used, as 
well as oxidation of the low-carbon steel during start-up 
of the furnace. These transition metal oxides only played a 
noteworthy role in the attachment of the accretion of Feed 
1 to the lining, and not during accretion build-up.

 ➤   Since the lining is SiO2-based, the liquid phase that forms 
is SiO2-enriched and therefore highly viscous. This viscous 
liquid phase facilitates accretion build-up, through which 
phase combinations of CaO, Al2O3, and SiO2 attach in 

successive layers to the lining. Alloy particles are also 
entrapped in this liquid phase, although only in very low 
concentrations.

 ➤   It appears that a higher proportion of liquid to solids in the 
hot face of the accretion under operating conditions limits 
accretion build-up. This can be achieved through the use of 
a high Ca/Al impurity ratio in the FeSi-75 feed.

 ➤   The formation of accretions can be completely avoided, but 
this will expose the refractory lining to slag attack, which 
in turn will lead to premature refractory failure. It is hence 
important to leave a thin layer of accretion to protect the 
refractory lining from chemical attack by the slag. In order 
to achieve this it is recommended that the total calcium and 
aluminium impurity content in the FeSi-75 feed material 
should be as low as possible, but the Ca/Al impurity ratio 
must be high.
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A new automated, safe, environmentally 
sustainable, and high extraction soft-
rock underground mining method
A.J.S. Spearing1, J. Zhang1, and L. Ma1

Synopsis
Ore deposits are becoming more complex to mine as a result of the exhaustion of surface and other easily 
mined deposits. There is also increasing socio-political pressure to design more environmentally sound, 
sustainable, and safe mining practices. Wang and Ma designed a mining method for coal, similar to a 
modified drift and fill using a continuous miner to take sequential cuts (rooms) that are subsequently 
backfilled. The authors have modified the concept to make it more autonomous, safer, and less costly 
using highwall coal mining techniques, modified and adapted for underground applications. The method 
is more flexible than longwall mining and the percentage extraction would seem to be in the same range. 
In addition because of the backfilling, surface subsidence would not be a major issue and could be more 
effectively managed.

Keywords
highwall mining, underground coal mining, backfilling, backfill face stability, continuous miner, safety.

Introduction
Longwall mining is currently the safest and most effective method for soft rock deposits, especially 
coal. Unlike room and pillar, which has a typical extraction range of 40–60% depending mainly on 
depth and seam height, longwall mining has typically around 80% extraction and is also used for deep 
coal deposits (>1000 m). Room and pillar mining tends to become less suitable as depth increases as 
the economics of the lower extraction becomes a major issue. One of the main problems associated 
with longwall mining has been surface subsidence. If there is nothing sensitive on surface above 
the longwall, rehabilitation can take place after mining and is relatively simple, cheap, and effective. 
Conventional longwall mining below sensitive infrastructure such as water, rail, major roads, and high-
rise buildings has been restricted in the past, but advances in effective backfill techniques, mainly solid 
backfill mining (Zhang, Miao, and Guo, 2009; Zhang, Zhou, and Huang, 2012) have now resolved the 
subsidence issue. Clearly this involves a cost increase, but many of these coal deposits would not be 
mineable otherwise.

Conventional highwall mining
Highwall mining using augers originated in the USA in the 1940s (Volkwein, Mucho, and Bhatt, 1995). 
According to Zipf (2005), about 60 highwall mining systems and about 150 auger systems were active 
in the USA in 2005, producing about 45 Mt of coal annually. Initially, the systems used a large auger 
drill to produce the coal but a customized continuous miner (CM) was found to be more efficient and 
productive.

On surface a web (slender pillar) is left between each drift (slice) mined. Backfill is not used due to 
the cost and backfill access issues (only from one side which makes it very difficult in practice).

The Continuous Highway Miner (CHM) can currently mine unsupported drifts (slices) up to 500 m 
(Figures 1 and 2).

The CM is moved forward using Addcars or similar; the principle is the same as for a drill bit with 
drill rods. The coal is transferred from the Addcars into a transfer box and onto a conveyor belt.

The CM can be fitted with a gamma ray device to ensure it mines on the seam and does not cut 
waste in the roof and floor (Figure 3).

The Addcars (Figure 4) are the key components and are added automatically as the CM moves 
forward cutting the coal. The Archimedes screws in the Addcars convey the coal out to the surface. Once 
the drift is completed to the design length, the machine automatically pulls them out and removes the 
Addcars one at a time and stacks them, so that the CM can be recovered and the next slice mined. Some 
Addcars now use an internal conveying system in place of the augers.
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The highwall miner referred to was used over a period of 
several years at Knight Hawk Coal LLC in the Illinois Basin. The 
coal seam height varied from 2.00 to 2.15 m. The CM cutter head 
was 3.5 m  wide and 10.2 m long. The Addcars with the screws 
were 6.2 m long and where able to handle all the coal produced 
by the CM. The maximum production rate was 260 t/h, and the 
highest monthly production was over 62 000 t, running 32 shifts 
of 10 hours each (Smith, 2020).

These results clearly show the potential of the highwall 
mining equipment with the screw auger Addcars.

Trials with highwall mining in Australia found little 
application and punch longwalls were preferred instead (Mo et 
al., 2016). At South Blackwater Mine in 2000 (ACARP, 2000) 
highwall mining equipment was used to develop punch longwall 
gates. The procedure was first to cut a 3.5 m wide entry and 
then increase it to the final width of 5.2 m in a second pass. 
Even though rockfalls were an issue during the first operation 
(the rock was very weak) the test was considered a success. The 
second operation was not undertaken because the immediate roof 
was found to have an unconfined compressive strength of 3 to  

10 MPa, which the ACARP investigators Shen et al., 2000) noted 
is the weakest in the Australian coal industry based on the CSIRO 
database.

Subsequently, an underground trial (Buddery and Hill, 2004) 
was planned for Southern Colliery in Australia. The coal seam 
was 2.7 m high and an auger (not a CM) with a diameter of  
1.6 m was used. Thin rib pillars (webs) were planned at a 
minimum of 0.9 m and no backfill was sconsidered. Auger holes 
were typically 60 m long, but up to 100 m was  achieved. The 
span between ‘auger panels’ was limited to 105 m. The work was 
not continued and underground highwall mining applications 
were considered only for small areas where longwalling was not 
feasible. This was because the layout yielded poor extraction and 
the design principles used were too conservative.

The highwall system is, however, well proven and established 
in the USA and continues to be used successfully.

Development of highwall technology for underground
The method outlined in this concept paper is thought to resolve 
some of the previously considered problems and constraints, not 

Figure 1—The highwall coal mining concept (Caterpillar, 2014)

Figure 2—The continuous miner used for highwall mining
Figure 3—The gamma ray instrument fixed to the continuous miner  
(Caterpillar, 2014)

Figure 4—(a) An Addcar with the screw to move the coal, (b) The automatic unit for adding or removing the Addcar units
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only with highwall mining but also some issues associated with 
room and pillar mining as well as longwall mining. It follows the 
work on a method called Continuous Extraction and Continuous 
Backfill, developed by Ma and co-workers (Ma et al., 2019; Yu, 
Ma, and Zhang, 2020).

Room and pillar mining is limited as regards depth, and also 
suffers from poor extraction generally. Longwall mining is highly 
productive but cannot be used if the roof is not cavable or in 
geological disturbed coal seams. Faults and folds with vertical 
displacements of more than 1 to 2 m are very difficult to mine 
through effectively with a longwall panel. A modified highwall 
mining method, preferably using backfill, is therefore proposed, 
and should be viable at depth and be better able to mine around 
or through adverse geology.

An Australian start-up has recognized the potential for using 
highwall mining technology underground and is progressing 
with the concept  (PBE Technologies, 2017). Figure 5 shows the 
conceptual layout. The method outlined in this paper has several 
potential and important differences and advantages, including the 
following:

 ➤   In the preferred option, no pillars are left between 
successive cuts. This has productivity and extraction 
advantages – pillars can be undesirable as they become 
stress concentrators, which can lead to falls of ground 
and even violent failure. This potential problem can be 
exacerbated by guidance issues when cutting results in 
smaller pillars, or in weaker rock mass areas.

 ➤   Addcars with screws are used rather than flexible 
conveyors, which have many more moving parts and 
could therefore be less reliable. Remote maintenance is 
impossible on conveyors.

 ➤   The method outlined in this paper is much less capital 
intensive.

 ➤   An external ram inserts and retracts the Addcars, and 
therefore there is no self-propelling equipment in the 
remote and unsupported slices.

 ➤   The backfilling system maximizes extraction while 
protecting the surface from subsidence. This has been 
proven on many coal mines in China.

The system using the flexible bridge conveyor train will 
have a higher instantaneous hourly tonnage capacity when it 
is available (i.e. operating). The main problem, however, is that 
flexible conveyors have many moving parts and systems and they 
cannot be readily accessed if maintenance is needed as the cuts 
will be unsupported. Such a system has been designed, however, 
and is undergoing trials. The two systems will obviously be 
compared, and economics will be the main determining factor.

The key to the success of the remote operation is mining at 
a stable short-term unsupported span. There is a considerable 
knowledge base from conventional surface highwall operations 
and some of the calibrated modelling for deeper underground 
conditions (Ma et al., 2019; Yu, Ma, and Zhang, 2020).

The potential for such systems has already been established 
in trials of the continuous extraction continuous backfill method 
(CECB) developed by Ma and co-workers (Ma et al., 2019; Yu, 
Ma, and Zhang, 2020). This method is similar to the PBE method 
but has already been extensively tested in the Ordos, Jincheng, 
Xinwen, and Zaozhuang coal mining areas of China. To date  
2.6 Mt of coal have been extracted using CECB. These systems 
have used shuttle cars or continuous conveyor to move the coal 
out of the cuts (slots). Daily tonnages from a single system 
regularly average 4500 t at a reported capital outlay of about 8% 
of an equivalent longwall operation.

Mining method outline – safe highwall underground  
remote mining (SHURM)
The following method is a possible alternative to room and pillar 
coal mining (with stooping – secondary pillar recovery), and for 
coal seams (or parts of coal seams) that perhaps are of a size or 
condition not readily suitable for longwall mining. It may even 
be less costly than some longwall mines, based on results to 
date (Yu, Ma, and Zhang, 2020). The main difference between 

Figure 5—The conceptual highwall mining design (PBE Technologies, 2017)
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SHURM and CECB is the use of more reliable and less costly 
screw auger Addcars and the fact that the cuts are unsupported. 
CECB trials are also planned using smaller unsupported cuts so 
that all mining method options can be compared for a particular 
coal deposit. Local geology, hydrology, surface infrastructure, and 
seam height are the main considerations.

The SHURM method is based on conventional highwall 
mining. It is modified for underground use, preferably with 
backfill (to maximize extraction and eliminate surface problems). 
With backfilling it is likely that the percentage extraction will be 
greater than with conventional longwalling without backfilling, 
because the backfill becomes significantly load-bearing 
considerable faster than conventional gob. An alternative to 
backfilling would involve leaving a slender pillar (web) between 
the cuts (slots), as is common practice with conventional 
highwall mining. A hybrid of slender web pillars and uncemented 
backfill could also be considered. It is expected that SHURM could 
be used for coal seams over 1.8 m high. An example of a layout 
is shown in Figure 6.

Currently, an unsupported stable span of about 4 m is 
assumed. This could be reduced for a weaker coal seam roof to, 
say, a minimum of 3 m if needed. The CM and Addcar size would 
just need to be reduced accordingly. The start of the panel is 
shown in Figure 7.

In the method, the slots are preferably holed through between 
the drifts so that no internal pillars are left that could potentially 
fail. Slots would be left incomplete only if dictated by local 
geological conditions and seam properties.

Addcars with augers (screws) are preferred to conveyors 
because they have fewer moving parts (only bearing sets) 
that need maintenance and which could potentially fail in the 
unmanned and unsupported slot. The flexible conveyor units 
have far more moving parts and this would adversely affect 
system availability. Addcars with augers are simple and reliable 
and have proved to be successful and able to handle the coal 
tonnage produced by the CM (Caterpillar, 2014)

Ideally, mining would be conducted updip to facilitate 
water drainage and make backfilling easier and less costly. The 

Figure 6—An example of a panel layout

Figure 7—The start of a new SHURM panel
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backfilling would preferably be done downdip to improve roof 
contact. The system for underground would obviously need to be 
much more compact than that for surface operations.

As mining progresses towards the main entries, the 
monorail sections could be removed and reinstalled in front of 
the retreating overall panel face (towards the main entries) as 
successive slices are mined.

Assumptions for a safe highwall underground remote 
mining (SHURM) mine section
Highwall miners currently produce from 40 to 120 kt/month 
(Mo et al., 2016). For this prefeasibility example a conservative 
production rate of 50 k t/month is assumed. Continuous 
highwall miners (CHMs) can mine up to 500 m but, again, 
to be conservative, a length of 200 m has been used in this 
prefeasibility study.

A single cut (or slice) would be 200 m long, 4 m wide, and 
(say) 2.5 m high. Assuming an in-situ coal density of 1.3, each 
cut would yield 2600 t. Based on the assumed annual production, 
a single SHURM unit would cut 20 slots per month, and produce 
600 kt annually. A typical mine could therefore consist of several 
SHURM units, which would give it considerable flexibility.

For a 200 m long extraction panel, 50 Addcars would 
be needed so 60 is assumed for extra capacity to allow for 
maintenance. For safety considerations the Addcars would only 
be stacked four high (i.e. 15 stacks of four each). Assuming the 
Addcars to be 2.5 m wide and stacked 1m apart, a storage length 
of about 55 m is needed. The monorail Addcar transport system 
(for installing or removing Addcars) would be fully automated.

The width of the access drives would be limited to (say) 
6–8 m depending on local strata conditions. Space is obviously 
a constraint, so the hydraulic ram in Figure 7 would need to be 
about 2.5 m wide and be able to push and pull the Addcars in 
and out of the slot quickly and efficiently.

We assume therefore that the ram width is kept to about  
2.2 m maximum (when the hydraulic cylinders are fully 
retracted). The exact required capacity of the ram is unknown at 
this stage, but based on surface highwalls, the minimum forward 
thrust should be at least 135 t, and 275 t to retract (Caterpillar, 
2014). A suitable factor of safety would be built-in. This device 
would therefore need a three-stage telescopic cylinder with a total 
extension of 4.5 m (longer than an Addcar). This would give a 
first extension cylinder of 1.7 m, a second of 1.5 m, and a third 
of 1.3 m, for a total of 4.5 m. The stabilizers for the ram would 
need to carefully designed and tested and have a large contact 
area with the floor and the roof (and possibly with the rib too) in 
order to remain stable during the pushing (cutting) and retracting 
of the Addcars after a slice has been mined.

To move the ram unit after each slice is mined, it could be 
mounted on a sled and dragged to the new slice position or be 
crawler-mounted and move itself. It would be secured for each 
cut using hydraulic rams between the roof and floor, and possibly 
against the ribs.

If methane build-up in the slices/slots is an issue, a 
compressed air line, modularized ventilation duct, or similar 
could be incorporated on the CM and along the Addcars to dilute 
any gas. This would limit the chance of a frictional ignition 
caused by one of the CM picks sparking off a hard rock. In 
November 1991 in Kentucky, USA a fatality occurred, apparently 
cause by a highwall CM ignition (Volkwein, Mucho, and Bhatt, 
1995).

Backfilling

Backfill requirements
Backfilling is a key to the success of SHURM for the following 
reasons.

 ➤  It drastically reduces surface subsidence and helps protect 
the overlying water table.

 ➤  It increases the percentage extraction as it reduces the 
stresses carried by the pillars.

 ➤  It moves waste products from surface to underground, thus 
improving the environment.

The backfill would need to be free-standing as the CM will 
need to mine alongside it. It would therefore need a cementitious 
component. Backfilling, and the time before mining can resume 
next to a backfilled slice (so the strength needed to free stand 
could be developed), is a potential bottleneck that needs to be 
designed out.

Blight and Spearing (1996) showed that for backfill to free 
stand at a certain height the following minimum cohesion is 
needed:

 ➤ 2 m height, minimum cohesion about 7 kPa
 ➤ 3 m height, minimum cohesion about 10 kPa.

These figures can be used for initial backfill strength 
development tests as a guideline.

A major instrumented retaining structure will need to be 
constructed on the bottom entry level in the slice just mined, and 
a minor one on the top entry, so that personnel can still work 
during backfilling in the downdip entries.

The fill volume per slice is 2000 m3. Assuming, for 
downstream safety considerations that an initial fill rate of  
50 m3/h is used for the first 5 hours, then 100 m3/h afterwards, 
fill time would be about a day (including a couple of hours to 
erect the backfill barricades). A slot would be mined on average 
every 1.5 days, then take a day to backfill.

Many cut sequences are possible using a staggered extraction. 
In the example in Figure 7 the backfill would need 3 to 4 days to 
gain adequate strength before it is mined against (based on the 
cohesive strength developed). If this is insufficient, the extraction 
sequence could be readily modified.

Backfill placement will be important as the backfill must be 
in good contact with the roof over the whole length of the slice. 
Mining updip and backfilling downdip would greatly assist with 
this, especially if the dip exceeds 3°.

Clearly, the backfill is the area requiring the most innovative 
design so it does not become an insurmountable bottleneck. The 
production plan can be adjusted to resolve this, it is believed at 
this early pre-feasibility stage.

It would seem that slurry or paste backfilling would be 
cheaper and easier, especially if the coal seam had a shallow 
sdip. Tight safety-related systems and controls would be needed 
as the production focus would be downdip of the backfilling (in 
the bottom access entry) and filling would be from the top access 
entry.

Backfilling options
To develop free-standing ability quickly a suitable cement and/or 
pozzolan (such as fly ash) will be needed.

The cementing options are basically as follows.
 ➤ Portland cement
 –  This is generally effective but costly. It is estimated 
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that at least a 4% by weight addition would be needed 
to make the early strength gain of the backfill fast 
enough, based on previous experience.

 ➤ Activated fly ash (with lime)
 –  This system is viable but the strength gain tends to be 

relatively slow.
 ➤ Activated (quenched and finely ground) blast furnace slag
 –  This is a really cost-effective pozzolan, produced 

routinely in South Africa (Afrisam, n.d.), and with 
all of China’s iron ore blast furnaces this is good 
option in that country. For backfill in South Africa, 
the 5% cement addition was replaced with 5% ground 
granulated slag activated with slaked lime, and it 
achieved faster strength development at a much 
smaller material cost.

 ➤  Silicated backfill (ettringite, which is a complex molecule 
with 32 molecules of water as the hydration product). This 
was developed by Minova (Smart, Spearing, and Harrison, 
1993). A 4% addition reduces runoff water in a slurry from 
about 44% to less than 10%, and in a high-density slurry 
it virtually eliminates the water runoff and post-filling 
shrinkage.

 ➤  Other polymer-based products that can gain strength and 
undergo minimum shrinkage.

The backfill must not shrink after placement as this could 
create serious problems such as:

 ➤ Poor contact with the roof
 ➤  The need for an additional cementitious addition, because 

this component tends to be the finest in the backfill and so 
comes out with the post-filling drainage water.

Backfill strength development tests must be carried out to 
determine the rate of strength gain and cost, in order to formulate 
the optimum backfill. A key consideration will be the need to 
limit post-filling shrinkage, and based on previous experience 
this points to the silicate backfill system (Smart, Spearing, and 
Harrison, 1993).

Backfill placement
If the coal seam is relatively flat (dip < 3°), a sacrificial PVC 
or HDPE barrier will probably be needed in the slice to ensure 
tight backfill to the roof. This has been done routinely in China 

with CECB and was successfully applied on the gold mines 
in South Africa, but for a different application and at stoping 
widths (mining heights) of typically 1 to 2m. The pressure in the 
delivery system ensures tight roof contact. A possible method is 
shown in Figure 9.

Potential advantages of SHURM
This method has many potential advantages over other 
conventional coal mining methods. Clearly a detailed cost 
comparison is needed so that the mining methods can be 
quantitatively compared. The following advantages are 
anticipated.

Compared to room and pillar mining
 ➤  Much higher coal seam extraction, especially as depth 

increases.
 ➤ Not depth-limited
 ➤ Support costs are much lower
 ➤  Safety would be improved, as less labour is needed and no 

personnel work at the advancing face
 ➤  Ventilation is easier and better controlled (due to the 

backfill sealing off all old areas)
 ➤  Higher productivity is possible because the operation of 

the CM is not interrupted for rockbolt installation in the 
production slots. Production is also semi-continuous and 
does not need to wait for scoop trams or ram cars to collect 
and move the coal to the panel loader and conveyor belt. 
The use of flexible conveyors can resolve this productivity 
issue in room and pillar mines, but it is still not commonly 
used due to cost and reliability issues.

Figure 8—An example of a staggered slice/slot layout to give time for the backfill to develop adequate strengt

Figure 9—Possible backfilling method using sacrificial plastic pipes and a 
barricade that could be simplified (after Strata Worldwide)
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Compared to room and pillar with stooping (secondary 
pillar extraction)
 ➤  Significantly improved safety
 ➤  Lower support costs 
 ➤  Much higher. productivity
 ➤  Coal seam extraction should be higher.

Compared to longwall mining (without backfilling)
 ➤  Selective areas can be left unmined; because of adverse 

geology, poor coal quality, water, or local instability’ for 
example

 ➤  Surface subsidence and groundwater interruption are 
greatly reduced (or eliminated) if backfill is used

 ➤  Less capital-intensive
 ➤  The same or slightly higher percentage extraction
 ➤  Safer, as no labour is required on the producing face.
 ➤  More geologically disturbed coal seams can be mined 

efficiently. Short or narrow longwalls are not very cost-
effective.

The main disadvantage may be higher production cost, due 
mainly to the backfilling, and this would need to be investigated 
on a site-by-site basis. Clearly, several SHURM sections would be 
needed to match the tonnage output from a longwall.

The pillars on the top and bottom entries of a SHURM panel 
would be less stressed than in conventional longwalling without 
backfilling, because of the high early-strength backfilling. They 
are used for two panels (as in longwalling) – as a top entry first 
and then as the bottom (main) entry second. A typical panel 
layout is shown in Figure 10.

SHURM variations
The method is very flexible, and hybrid methods can also be 
considered:
 ➤  A thin, (say) 0.5 m web, could be left routinely or for 

localized areas where strata conditions have deteriorated. If 

webs are left, uncemented, cheap backfilling could be used 
or even no backfill at all, but a conservative design would 
be needed to avoid pillar runs and/or surface subsidence. 
The SHURMS standard method should have about an 85 to 
95% in-panel extraction, depending on the panel length. If 
the webs were routinely left, this would drop to between 76 
and 85%, which is still a much higher extraction than room 
and pillar mining. This assumes a two-entry system with a 
12 m wide chain pillar, and is obviously dependent on the 
mining height and panel width.

 ➤  Web pillars could be left if local conditions deteriorate or 
burnt coal is encountered for example, if cemented backfill 
was used in a standard SHURM layout.

Main challenges
The main challenges that need to be addressed are as follows:

 ➤  The safe unsupported span under various coal seam 
and immediate roof conditions. A minimum of 3 m will 
probably be needed for SHURMS to be an effective method.

 ➤  The highwall mining equipment suite needs to be made 
much more compact to fit into the underground entries. 
This has already been achieved for the CM to a certain 
extent, and reducing the length of the Addcars from the 
current length of 6.2 m to 3.5 to 4.0 m will not be an issue.

 ➤  The monorail that adds and reclaims Addcars needs to 
operate safely, remotely, and quickly, and the handling 
attachment will need to be effective.

 ➤  The hydraulic cylinder unit for advancing the CM and 
Addcar string, then reclaiming the Addcars, needs to be 
mobile (track-mounted, perhaps) and be able to lock itself 
into position in order the move the Addcar train in and 
out of the slot. It would need to hold itself it position with 
hydraulic cylinders between the roof and floor (similar to 
a longwall shield, possibly with a canopy for safety and to 
spread the support load).

 ➤  A small transfer box will be needed to transport the 
coal from the Addcars to the flexible conveyor train or 
equivalent in the entry drifts.

 ➤  The rapid, high early-strength development of the backfill. 
The cost is the main issue as, technically, any strength 
can be obtained but at a cost (too high a cementitious 
addition). The technical challenge is depicted in Figure 11.

Conclusions
Based on this conceptual study, the following conclusions can be 
drawn.

(1)   The SHURM concept appears to have potential and no 
potential fatal flaws have been identified so far.

(2)   A conceptual feasibility study is needed to compare SHURM, 
room and pillar, and longwall mining at different depths, coal 
seams, and geological conditions to establish the relative Figure 10—A panel layout for SHURM

Figure 11—The need for adequate cohesion for the backfill to be free-standing
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cost-effectiveness of the methods. The concept study would 
need to include the leaving of web pillars between slots 
and the combination of web pillars and uncemented backfill 
(where backfilling to the roof is far less critical).

(3)   SHURM should be the safest mining method because 
personnel are not working on the advancing face, which is 
typically the most hazardous work area.

(4)   SHURM would seem, at this stage, to be able to recover 
more of the coal (or other soft-rock material such as trona 
or halite) than longwalling at depth unless backfilling is also 
incorporated with the longwalling. This is mainly because 
not all of a coal deposit at depth can be effectively mined 
using longwalling because of geological features. To be 
effective, a longwall panel needs to be at least 150 m wide 
and about 1 500 m long.

(5)   The method is environmentally friendly because the 
preferred use of backfill will reduce or eliminate any adverse 
groundwater and surface effects.
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5TH MINERAL 
PROJECT 
VALUATION

28-29 July 2021
The Canvas Riversands, 
Fourways, Johannesburg

COLLOQUIUM

COLLOQUIUM

SAIMM HYBRID

      Keynote Speakers
S. Gemell 

Gemell Mining Engineers, Australia
T. Ellis 

Ellis International Services Inc, USA

FOR FURTHER INFORMATION, CONTACT:
Gugu Charlie, Conference Coordinator, E-mail: gugu@saimm.co.za, Web: www.saimm.co.za

BACKGROUND
The SAIMM announces the 5th Mineral Project Valuation Colloquium. This very successful Colloquium has been 
run in 2011, 2012, 2014 and 2017. The Colloquium will start with the basics for determining market values 
for mineral projects using the Income Approach (Discounted Cash Flows). The Colloquium will then progress 
to advanced discussions around shortcomings of the various current methods as well as new approaches. 
This colloquium will thus cover a broad selection of topics and should be of value for anyone in the mineral 
asset valuation (MAV) space. Whether you a mining engineer, project geologist or consultant, the lessons, 
presentations, and discussions will cater to all experience levels, from novice to highly experienced valuators. 
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NATIONAL & INTERNATIONAL ACTIVITIES
2021 
18–22 April 2021 — IMPC2020 
XXX International Mineral Processing Congress  
Cape Town, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

9–10 June 2021 — Diamonds – Source To Use — 2021 Hybrid 
Conference  
‘Innovation And Technology’ 
The Canvas, Riversands, Fourways, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

23–25 June 2021 — ROLLS6 2021 
London, UK 
Contact: Chelsea Wallis, Tel: +44 (0)207 451 7302

24–26 June 2021 — AGROMIN II AGRO-Mining  
Convention - Agriculture and Mining joined by Nature 
Trujillo 
Contact: (51-1) 989-590-328 
E-mail: informes@agrominperu.com, peru.agromin@gmail.com

27–30 June 2021 — European Metallurgical Conference,  
EMC 2021 
Salzburg, Austria 
Tel: +49 (5323) 93 79-0 
E-Mail: verein@gdmb.de, Website: https://emc.gdmb.de/contact/

28–30 June 2021 — Renewable Solutions for an Energy  
Intensive Industry Hybrid Conference 2021  
Mintek, Randburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

1–2 July 2021 — The Mine Waste & Tailings Stewardship  
Conference 2021  
Brisbane 
Website: https://www.ausimm.com/conferences-and-events/mine-
waste-and-tailings/

13–16 July 2021 — Copper Cobalt Africa 
Incorporating 
The 10th Southern African Base Metals Conference 
Avani Victoria Falls Resort, Livingstone, Zambia 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za 

28–29 July 2021 — 5th Mineral Project Valuation  
Hybrid Colloquium 
The Canvas Riversands, Fourways, Johannesburg 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za

3–4 August 2021 — DIMI (Diversity and Inclusion in the  
Minerals Industry) Hybrid Conference 2021 
‘Empowering the African minerals industry through diversity and 
inclusion’ 
The Canvas, Riversands, Fourways, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za 

16–17 August 2021 — Worldgold Hybrid Conference 2021 
Misty Hills Conference Centre, Muldersdrift,  
Johannesburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za 

29 August–2 September 2021 — APCOM 2021  
Minerals Industry Hybrid Conference 
‘The next digital transformation in mining’ 
Misty Hills Conference Centre, Muldersdrift,  
Johannesburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za 

21–22 September 2021 — 5th Young Professionals Hybrid 
Conference 2021 
‘A Showcase of Emerging Research and Innovation in the Minerals 
Industry’ 
The Canvas, Riversands, Fourways, South Africa  
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za 

26–29 September 2021 — The 16th International Ferroalloys  
Congress (INFACON XVI) 
Clarion Hotel & Congress Trondheim 
infacon2021@videre.ntnu.no

4–6 October 2021 — PGM The 8th International  
Conference 2021 
Sun City, Rustenburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

18–19 October 2021 — Southern African Rare Earths  
International Conference 2021 
Misty Hills Conference Venue, Muldersdrift, Johannesburg,  
South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

26–27 October 2021 — SAMCODES Conference 2021 
‘Good Practice and Lessons Learnt’ 
The Canvas Riversands, Fourways, South Africa 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za

8–10 November 2021 — Global Tailings Standards and  
Opportuniries Hybrid Conference 2021 
‘For the Mine of the Future’ 
Sun City, Rustenburg, South Africa 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za

11 November 2021 — 17TH Annual Student Colloquium 2021 
The Canvas Riversands, Fourways, South Africa 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za
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Company affiliates
The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited
AECOM SA (Pty) Ltd
AEL Mining Services Limited
African Pegmatite (Pty) Ltd
Air Liquide (Pty) Ltd
Alexander Proudfoot Africa (Pty) Ltd
AMEC Foster Wheeler
AMIRA International Africa (Pty) Ltd
ANDRITZ Delkor(Pty) Ltd
Anglo Operations Proprietary Limited
Anglogold Ashanti Ltd
Arcus Gibb (Pty) Ltd
ASPASA
Atlas Copco Holdings South  
Africa (Pty) Limited
Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axiom Chemlab Supplies (Pty) Ltd
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining
BASF Holdings SA (Pty) Ltd
BCL Limited
Becker Mining (Pty) Ltd
BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering  Pty Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
Castle Lead Works
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing  
SA Pty Ltd
CSIR Natural Resources and the  
Environment (NRE)
Data Mine SA
Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
Duraset
Elbroc Mining Products (Pty) Ltd
eThekwini Municipality

Ex Mente Technologies (Pty) Ltd
Expectra 2004 (Pty) Ltd
Exxaro Coal (Pty) Ltd
Exxaro Resources Limited
Filtaquip (Pty) Ltd
FLSmidth Minerals (Pty) Ltd
Fluor Daniel SA ( Pty) Ltd
Franki Africa (Pty) Ltd-JHB
Fraser Alexander (Pty) Ltd
G H H Mining Machines (Pty) Ltd
Geobrugg Southern Africa (Pty) Ltd
Glencore
Hall Core Drilling (Pty) Ltd
Hatch (Pty) Ltd
Herrenknecht AG
HPE Hydro Power Equipment (Pty) Ltd 
Immersive Technologies 
IMS Engineering (Pty) Ltd
Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA
Joy Global Inc.(Africa)
Kudumane Manganese Resources
Leica Geosystems (Pty) Ltd
Longyear South Africa (Pty) Ltd
Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd
Magnetech (Pty) Ltd
Magotteaux (Pty) Ltd
Malvern Panalytical (Pty) Ltd
Maptek (Pty) Ltd
Maxam Dantex (Pty) Ltd
MBE Minerals SA Pty Ltd
MCC Contracts (Pty) Ltd
MD Mineral Technologies SA (Pty) Ltd
MDM Technical Africa (Pty) Ltd
Metalock Engineering RSA (Pty) Ltd
Metorex Limited
Metso Minerals (South Africa) Pty Ltd
Micromine Africa (Pty) Ltd
MineARC South Africa (Pty) Ltd
Minerals Council of South Africa
Minerals Operations Executive (Pty) Ltd
MineRP Holding (Pty) Ltd
Mining Projections Concepts 
Mintek
MIP Process Technologies (Pty) Limited
MLB Investment CC
Modular Mining Systems  
Africa (Pty) Ltd

MSA Group (Pty) Ltd
Multotec (Pty) Ltd
Murray and Roberts Cementation
Nalco Africa (Pty) Ltd
Namakwa Sands (Pty) Ltd
Ncamiso Trading (Pty) Ltd
New Concept Mining (Pty) Limited
Northam Platinum Ltd - Zondereinde
Opermin Operational Excellence
OPTRON (Pty) Ltd
Paterson  & Cooke Consulting  
Engineers (Pty) Ltd
Perkinelmer
Polysius A Division Of Thyssenkrupp 
Industrial Sol
Precious Metals Refiners
Rams Mining Technologies
Rand Refinery Limited
Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies
Rosond (Pty) Ltd
Royal Bafokeng Platinum
Roytec Global (Pty) Ltd
RungePincockMinarco Limited
Rustenburg Platinum Mines Limited
Salene Mining (Pty) Ltd
Sandvik Mining and Construction  
Delmas (Pty) Ltd
Sandvik Mining and Construction 
RSA(Pty) Ltd 
SANIRE
Schauenburg (Pty) Ltd
Sebilo Resources (Pty) Ltd
SENET (Pty) Ltd
Senmin International (Pty) Ltd
SISA Inspection (Pty) Ltd
Smec South Africa
Sound Mining Solution (Pty) Ltd
SRK Consulting SA (Pty) Ltd
Time Mining and Processing (Pty) Ltd
Timrite Pty Ltd
Tomra (Pty) Ltd
Ukwazi Mining Solutions (Pty) Ltd
Umgeni Water
Webber Wentzel
Weir Minerals Africa
Welding Alloys South Africa
Worley 



The SAIMM through its committee for Diversity and Inclusion in the Minerals Industry (DIMI) and in collaboration with Women in Mining South Africa 
(WiMSA) is excited to announce its �rst ever conference focusing on the issues of diversity and inclusion in the mining and minerals industry. 

The Southern African Mining sector, just like the global mining industry, still faces huge challenges when it comes to diversity and inclusivity in 
the workplace. While the landscape might be changing due to a lot of companies becoming more aware of the need for a more representative 
and diverse workforce, there is still a lot to be done. Beside issues of gender disparity in the industry, safe spaces in the workplace, protective 
equipment, sanitation facilities, pregnancy and childcare facilities for women are some of the challenges that continue to plague the sector. The 
industry also needs to go beyond workforce diversity to inclusion. Identifying individuals from different geographic, gender, economic and cultural 
groups, creating safe spaces for them, providing support for them to grow into their roles and creating conditions that promote inclusion on a daily 
basis can go a long way in retaining and advancing the careers of these individuals and hence contribute to the long term growth of the mining sector. 
There is thus, a need for platforms that allow for discussions that can lead to the development of strategies for advancing and encouraging decisions 
that are in the best interest of a diverse workforce.

Conference Coordinator:
Camielah Jardine, Head of Conferencing

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

BACKGROUND

IN COLABBORATION WITH

3-4 AUGUST 2021
RIVERSANDS CANVAS, 
FOURWAYS, GAUTENG 

Empowering the 
African minerals industry
    through diversity
       and inclusion

SAIMM DIMI 
CONFERENCE 

2021

CONFERENCE

SAIMM HYBRID

WHY YOU SHOULD NOT MISS 
THIS EVENT
Professionals from the mining and minerals industry and related business 
sectors are encouraged to attend. The aim of the event is to;  
• Highlight the challenges and bene�ts associated with an inclusive 

and diverse workforce. 
• Provide an excellent opportunity for the industry leaders and 

professionals, policy makers, researchers and academics and other 
stakeholders who are driving strategies that promote diversity and 

inclusion in the mining and minerals industry to come together to 
openly debate, deliberate and interrogate the current landscape in 
this regard. 

• Provide a forum for professionals working in the �eld to celebrate 
achievements, share experiences and thus empower others in the 
�eld.

• Uncover challenges and approaches to attracting and retaining a 
diverse future workforce, and

• Collectively empower and transform the industry.



THE POWER OF AUTOMATION
TAKING YOU MILES FURTHER
AutoMine® for Trucks continues to set the industry standard with autonomous seamless truck haulage from under-ground 
up to the surface. They help to reduce equipment damage and repair work, add the highest levels of effi-ciency and fleet 
utilization, giving a lower cost per ton and make your operation more productive and safer. They are scalable for different 
mining applications and can be supervised from remote locations. 
It turns Sandvik’s intelligent mining trucks into unmanned robots, robots that keep running.

ROCKTECHNOLOGY.SANDVIK /AUTOMINE-FOR-TRUCKS

https://www.home.sandvik/en/

