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FOREWORD

PIONEERING PROGRESS: THE FUTURE OF ROCK ENGINEERING

It is our great pleasure to welcome you to the Afrirock 2025, themed Pioneering Progress: The future of Rock Engineering.
This international conference brings together experts, practitioners, and academics from all over the world to share
knowledge, exchange ideas, and advance the state of practice in rock engineering.

Two formal workshops are planned prior to the official commencement of formal proceedings of Afrirock 2025, one on pillar
design and the other one stress measurements.

The first workshop will be hosted by Prof. Francois Malan, from the University of Pretoria. Presenters include Prof. Nielen
van der Merwe, Prof. Bryan Watson, Mr. William Joughin and Dr. Rudi Kersten.

The second workshop will be hosted by representatives from Japanese and South African geoscientists. Since the 1990s,
Japanese and South African geophysicists and geoengineers have collaborated to study the mechanisms of seismic events
induced by mining activities, through geotechnologies including stress measurements. A Geotech Consortium has now
been established based on this collaboration, to accelerate the transfer of the geotechnologies developed not only for deep
mining, but potentially also to non-mining applications such as shale gas extraction. The outline, basic theory and practice
of stress measurement methods and techniques will be presented by their inventors. Presenters include Prof. Ito Takatoshi,
Prof. Yusuke Mukuhira, Prof. Kiyotoshi Sakaguchi, Prof. Yasuo Yabe, Prof. Ray Durrheim, Dr. Dave Roberts, Mr. Willem
Meintjies and Mr. Gerhard Hofmann.

We are honoured to host distinguished keynote speakers, each bringing unique expertise and insight:

* Prof. Francois Malan, from the University of Pretoria.

» Dr. John Hadjigeorgiou, from the University of Toronto.

e Mr. Frans Basson, from Newmont Corporation.

e Mr. Brad Simser from Glencore Sudbury Operations.

» Associate Professor Bryan Watson, from the University of the Witwatersrand.
» Dr. Dave Roberts, from Sibanye Stillwater.

These keynote presentations promise to deliver rich and valuable insights that will stimulate discussion and inform best
practices in our field. In addition to the keynotes, the symposium features a robust programme of technical papers from
industry professionals, consultants, and researchers. These sessions offer attendees an opportunity to learn from the
practical experiences of others, explore innovative solutions, and contribute to ongoing dialogue and development within
the rock engineering community.

Five technical visits to gold, platinum, diamond and copper mines have been organised, which will take place after the
closing of the official proceedings. These technical visits, together with the social events planned at the end of each day,
provide conference attendees with further opportunities to network freely in an informal setting.

We extend our sincere gratitude to all those who have contributed to making this conference possible—our keynote
speakers, paper authors, reviewers, exhibitors, and sponsors. Your dedication, time, and expertise are the foundation of
this event’s success. A special note of appreciation goes to the Technical Paper Review Committee and the Organising
Committee, comprising members from Sanire and the Southern African Institute of Mining and Metallurgy (SAIMM), for their
dedication and hard work in delivering this international conference.

We look forward to a productive and inspiring event and encourage all participants to engage fully, share openly, and
collaborate broadly.

On behalf of the Organising Committee,

Afrirock 2025 Organising Committee:
K. Bosman (OHMS)

W.C. Joughin (SRK)

G. Knox (Epiroc)

J. Maritz (ISRM VP)

S. Mashile (SANIRE Honorary Treasurer)
S. Petho (Glencore Coal SA)

0. Rakumakoe (SANIRE VP)

D. Roberts (Sibanye Stillwater)

B. Watson (Wits University)

P. Ntumelang (SANIRE Administrator)
G. Charlie (SAIMM)
C. Jardine (SAIMM)
N. Mamdoo (SAIMM)
S. Moolla (SAIMM)
G. Matsoyane (SAIMM)
K.B. Le Bron
SANIRE President and Afrirock 2025 Chair
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Controlling tailings backfill leakage through fractured pillars

G.M. Mphike?, D. O’Connor?, S.M. Sibanda?

Minova Africa (Pty) Ltd, South Africa
2South Deep Gold Mine, South Africa

A deep level South African gold mine was experiencing leakage of tailings backfill through
fractured pillars into the workings, where it created difficult operating conditions. The
mine employs a long hole open stoping method, where the orebody is initially extracted
using mechanised horizontal destress mining — similar to bord and pillar mining — creating
a destress cut. This cut allows for long hole open stoping under reduced stress conditions,
enabling the extraction of large mining targets above it. The mining takes place at depths
nearing 3000 m, where the destress cut pillars are subject to high stress and are intensely
fractured. During the subsequent backfilling operation the fractures provided pathways
through the pillars for the highly fluid cemented tailings to migrate into the active
workings. Accumulation of the hardening tailings disrupted vehicle and personnel
movement, negatively impacting operations of the mine due to the need for rehandling the
backfill in the active workings.

Solutions considered were coating the walls of the pillars with an impervious liner; sealing
of the migration paths by injection into the pillars and modification of the tailings to
increase viscosity. The first two were rejected as they were unlikely to achieve continuous
sealing and they required additional crews and equipment to implement.

Viscosity increase was achieved by adding a gelling agent to the tailings stream. This
reacted with the cementitious binder in the tailings, to rapidly raise the viscosity to a level
that the fill could not permeate through fractures. Setting of the binder then proceeded at
its normal pace, over 4 - 6 weeks. The impact of the gelling agent was both significant and
swift; migration of the backfill through the pillar fractures was drastically reduced shortly
after its introduction and eliminated during the initial pour. Extensive laboratory testing
was performed prior to underground trials. Issues investigated included: optimal dosage
of the gelling agent; rate of viscosity increase and ultimate viscosity value; permeation rate
of gelled tailings through simulated fractured rock and effect of the gelling agent on
ultimate compressive strength of the backfill.

The system was then tested underground. Gelling agent was injected by a high-pressure
dosing pump into the backfill pipelines, 10 - 30 m before the discharge points. Backfill
leakage was significantly reduced or totally eliminated, contributing to a noteworthy
increase in operational efficiencies.

INTRODUCTION

Mine location

South Deep is situated approximately 45 km west of Johannesburg in the west Witwatersrand mining
region (Figure 1Error! Reference source not found.). The mining area covers 4232 hectares and extends
for 9.5 km north-south and 4.5 km east-west at its widest points. It is a mechanised mine, extracting a
wide reef at depths near 3000 m below the surface. Such wide reefs have not been mined at this depth
elsewhere in the world and the production layouts developed at the mine are therefore unique.
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Figure 1. Location of South Deep mine.

Mining method

A series of layered overlapping horizontal de-stress cuts are used to de-stress the large ore body target
horizons as shown in Figure 2. Access to the de-stress cut is obtained through a spiral decline, which is
sited beneath a previously mined de-stressed area. De-stress cuts consist of 6 m wide and 5.5 m high
bords and 7 m wide x 20 m long crush pillars. Mining must be optimally sequenced to mitigate rock
burst and stress damage. This destress cut is subsequently integrated with sequential long-hole stoping
by utilising the destress cut drives as long-hole drives (Figure 2). This layout allows for selective mining
in the massive reefs, where there may be sub-economic quartzite middlings.

Main access

@ Sequential stoping start  drives (MADS) @ Seq @ Final extraction along the MADS

Destress top cut

Desfress bottom cut

Figure 2. Isometric view of horizontal de-stress and stoping layout.

Backfill operations

The backfilling infrastructure at South Deep Gold mine consists of a surface semi-classified tailings plant
and an underground distribution system. The plant supplies backfill material underground for bulk
filling of the long-hole stoping voids.

The surface plant has the following major components (Figure 3):

o Tailings receiving plant
e Cyclone section
e Binder preparation plant

In 2024 the mine placed 20 000 m? to 60 000 m? of backfill per month.
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Figure 3. Semi-classified backfill process flow diagram (Source: South Deep CPR 2023).
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Backfill properties

To minimise water and mud in the stopes and drives, and to minimise shrinkage of backfill after
placement, an incentive exists to place backfill at the highest possible slurry density. South Deep uses a
hydraulic backfill with relative density ranging between 1.70 to 1.80. Particle size distribution is one of
the most important parameters controlled, as this determines both the backfill support capabilities and
the hydraulic transportation and placement behaviour of the backfill. The target range of fines (<10pum)
content is 10% to 20%. Target strengths for backfill are 0.5MPa after seven days and 1.2MPa after 28
days.

The problem - backfill leakage

In the highly stressed areas of the mine, the fractures in the pillars provide fluid pathways. In the several
hours between placement and start of setting, the backfill slurry leaked through the fractures into the
operating mine workings. The accumulation of backfill obstructed movement of vehicles and people,
so had to be removed. In 2024 rehandling of the partially-set backfill became a significant burden on
operations (Figure 4). In January 2024 a project was initiated to reduce the amount of backfill leakage.
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Figure 4. Backfill rehandling (Figure from (Gold Fields, 2024).

Solutions considered
Three potential solutions were identified and examined.

Lining of the backfill paddocks

This required creating an impervious barrier on the inside of the paddocks before filling. Possible
impervious barriers were spray-on linings eg., thin sprayed liner or shotcrete (du Plessis & Malan, 2021)
or film sheeting. Either needed a large amount of time and labour. Continuity of the lining could not be
assured as the pillars were subjected to ongoing deformation and surface scaling.

Injection into the pillars to create an internal barrier

The concept was built on the well-established practice (Hildreth, et al., 2019) of drilling into a rock mass
and injecting cement or resin grout to stop water or gas transmission. As the leakage was of a
cementitious material, the less costly option of injecting a cement grout would have sufficed.
Nevertheless, the concept was rejected as:

o Extensive drilling was required, calling for additional equipment and crews

e Dirilling and injection would have taken several days per paddock

o Continuity of the grout curtain could not be assured, especially in the dynamic deformation
environment.

Rapid thickening of the backfill slurry after placement

This solution derived from silicated backfill technology, originally developed in 1989 (Smart, et al.,
1993). Silicated backfill has been widely used, and investigated by other authors, for example (Kermani,
et al., 2015).

With a suitable cementitious binder, addition of an activated sodium silicate gelation agent causes a
rapid rise in the viscosity of the backfill slurry (‘gelation’). It was expected that the increased viscosity
would inhibit flow of the slurry through the narrow fluid channels. Based on favourable results from a
small-scale trial carried out in 2018, it was decided to investigate this option further.

Investigation program
An investigation program was set in the Minova Africa laboratories and mine backfill laboratory. The
following aspects of the tailings — binder - gelation agent system were examined:



e Nature of the gelation reaction - open time, rapidity and degree of viscosity rise

o  Effect of the gelation agent on strength development of the placed backfill

e Optimisation of gelation agent dosage rate

e Effect of the viscosity rise on flow through fractured rock

e Development of a dosing system to inject the gelation agent into the backfill stream.

Mine tailings were used to prepare tailings plus binder mixes with a constant binder addition of 8% and
relative density of 1.75. Gelation agent was added over a range from zero (control) to 2% by mass of the
tailings - binder - gelation agent mix.

Gelation reaction
Gelation effect was measured by change in flow table spread (ASTM, 2007) of the blend, and visual
observation and timing of thickening.

Effect of gelation agent on set strength, and optimisation of gelation agent dosage

The blends were cast into moulds to prepare samples for compression testing. The samples were cured
at 35°C for 24 hours, seven days, 14 days and 28 days (later extended to 56 days) then compression
tested.

Effect on flow through fractured rock

Permeation of tailings through the fractured rock was simulated by permeation along a column of
gravel in 30 mm diameter clear plastic pipe. Static pressure head was kept at 4 m. The gravel grain sizes
were 5 - 8 mm and void ratio was measured as 44 %. Permeation distance after one hour was compared
for backfill slurry with and without gelation agent (Figure 5). The rig is shown in Figure 6.

Figure 5. Backfill (grey) permeating through gravel column.



Figure 6. Permeation test rig - pipe on ground.

Development of dosing system

The gelation agent is typically injected into the backfill stream at 5 - 30 m before discharge. Backfill flow
rate depends on the pipe diameter employed at the backfill site and can vary from 60 - 120 m? per hour
(100 - 200 tonnes per hour). Nominal gelation agent dosing is one percent by mass of backfill slurry
(Smart, et al., 1993). Atrelative density of 1.4, the dosing pump had to deliver 700 - 1500 litres per hour.
Pressure at the injection point was unknown.

The dosing system designed for underground trials is shown in Figure 7. It included:

e A two-cylinder, high pressure piston pump, normally used for injection of two-component
resins into rock. Pressure can reach 100 bars (10 MPa).

e Pump drive by compressed air from the mine supply. This also controlled the speed of the
pump.

e Non-return valves, to prevent entry of backfill slurry into the dosing system.

e A’static mixer’, to disperse the gelation agent into the backfill stream. The static mixer was 2 m
of a 25 mm chain, secured at the upstream end and free to flail inside the backfill pipe.

e Supply of the gelation agent in 1 m3 “flowbins’.
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Figure 7. Gelation agent dosing system.

We attempted to measure the gelation agent flow, but this was abandoned as no flowmeter could handle
the alkaline environment and high pressure.

Although the mixing method appears rudimentary, it worked well when the silicated system was used
on a large scale in the 1990s. (Kermani, et al., 2015) found that over-mixing decreases the effectiveness
of the silicate.

Laboratory investigation results

Gelation reaction - open time and viscosity rise

Figure 8 to Figure 10 show the effect of gelation agent addition at zero percent (control), 0.5% and 1.0%
by mass of the backfill. The backfill slurry comprised full-plant tailings and 8% of cementitious binder,
with relative density of 1.75 - 1.79. Gelation took 2 - 8 minutes. Spread” - an indication of flow
propensity - decreased progressively from zero addition to being almost completely inhibited at 1%
addition. The flow measurements are shown in Table 1. Each result is the average of two measurements
at right angles.

Table 1. Flow test results

Percentage of gelation agent
0 0.5 1.0
Diameter of flow circle (mm) at 2 minutes after addition 172 133 88

This demonstrated the potential for gelation agent addition to stop leakage through the fractured pillars.



Figure 8. Flow sample with 0% gelation agent.

Figure 9. Flow sample with 0.5% gelation agent.



Figure 10. Flow sample with 1% gelation agent.

Permeation through packed pipe column
Permeation distance was measured after 30 minutes.

e Distance with zero gelation agent: 0.72m
e Distance with 1% gelation agent 0.25 m

Effect of gelation agent on strength development of the backfill

This testing was essential to ensure that the backfill containing the gelation agent still developed
sufficient strength. The same backfill slurry used for the flow tests was poured into cube moulds to
prepare specimens for this determination.

The results are summarised in Figure 11.
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Figure 11. UCS vs time and gelation agent dosage.

The results showed that gelation agent dosage up to 1.5% had little effect on late strength but did cause
a decrease in early (seven day) strength. This is most likely due to increased unreacted water retention
within the hardening solid. The decrease in strength above 1.5% may be due to syneresis. The possibility
of syneresis was noted by (Smart, et al., 1993).

Measurements of ‘bleed” water (free water above the solid) support these interpretations:

Table 2. Bleed water accumulation

Percent gelation agent
0.0 0.5 1.0 1.5 2.0

% water accumulation 1.10% 0.30% 0.30% 0.30% 0.70%
after 24 hours

Underground tests

Based on confidence from the laboratory tests, underground tests were carried out in July and August
2024. Gelation agent dosage of 1% was planned but actual dosing was approximate as backfill flow rate
was reported as 60 - 80 m?/hour, but not accurately known.

The dosing system shown in Figure 7 was set up close to active backfill paddocks. The 105 mm ID
backfill pipe was separated and a section containing the chain mixer was inserted, approximately 15 -
20 m before the discharge point (Figure 12).
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Figure 12. Gelation agent feed into backfill pipeline.

Output from the pump was measured and set by timing the filling of 10 litre buckets. Flow was
approximately 20 - 25 litres per minute, with the pump running at full speed. Air pressure was 4 bar.

Gelling action was observed by filling a 10 litre bucket with the backfill slurry and adding gelation agent
to approximately 1% by mass. The slurry in the bucket gelled completely within 10 minutes.

After backfill flow was commenced, the dosing pump was started. Effectiveness was monitored by
visual observation of backfill leakage though a fracture into an adjacent excavation. Leakage stopped
approximately 10 minutes after commencement of dosing. For confirmation, dosing was suspended.
Leakage re-appeared. The pump was then started again; leakage stopped 10 minutes later.

The trials were considered successful.

Operational use

The system has been taken into regular use on the mine and has proven to be effective in eliminating
leakages in most cases and significantly reducing them in a few cases. This application has contributed
to improving operational efficiencies at the mine.
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Sifanekiso M Sibanda

Regional Geotechnical Engineer
Goldfields

Sifanekiso M. Sibanda is a geotechnical engineer currently serving as the Regional Geotechnical
Engineer at Gold Fields South Deep Mine in Westonaria, where he oversees the entire Rock Engineering
function of one of South Africa’s most significant deep-level mining operations. With over two decades
of expertise in underground hard rock mining across the Bushveld Complex and Witwatersrand Basin,
Mr. Sibanda has established himself as a leader in geotechnical engineering, blending operational
excellence with innovative research.

Mr. Sibanda holds a BSc in Mining Engineering from the University of Zimbabwe (2002), awarded cum
laude with Distinction, and an MSc in Mining Engineering from the University of Exeter's Camborne
School of Mines (2006), earned cum laude with Merit. Currently, he is pursuing a PhD in Rock Mechanics
at the University of the Witwatersrand, further cementing his commitment to advancing the field of
geotechnical engineering.

Mr. Sibanda’s professional journey reflects a progressive ascent through South Africa’s mining sector.
He began his career in pivotal technical roles before rising to leadership positions at globally renowned
firms. As Chief Rock Engineer at Anglo American Platinum’s Bathopele Mine (2011-2016), he ensured
geotechnical stability in challenging mining environments. His tenure as Manager Rock Engineering at
Sibanye Platinum (2016-2023) showcased his ability to lead multidisciplinary teams, optimize safety
protocols, and drive operational efficiency. In 2023, he joined Gold Fields, where he continues to shape
best practices in rock engineering and risk management.

Committed to lifelong learning, Mr. Sibanda’s PhD research at the University of the Witwatersrand

focuses on advancing rock mechanics principles, aiming to address complex challenges in deep-level
mining. His work underscores a dedication to both practical solutions and scholarly contribution.

12



The development of the fast cable anchor

J. Wangl, B. Darlington!, M. Farrington?, P. Young?, S. Weaver!

1Sandvik Mining & Rock Solutions, Australia
2Agnico Eagle, Fosterville Gold Mine, Australia

Mines across the many mining regions are increasingly reliant on both primary and
secondary ground control systems. Secondary ground control systems mainly involve the
use of deep anchored cable bolts. These cable bolts often require long wait times prior to
mine operator re-entry into supported drives. In some current underground cable bolting
operations, cable bolting crews must wait up to 12 hours for grout curing before re-entering
the work area. This becomes particularly problematic for mine sites working with only one
active heading. To reduce re-entry times, and to increase the safety of the work area, a Fast
Cable Anchor (FCA) has been developed, which can also accelerate mining development.
This FCA allows miners immediate re-entry to the supported work area by securing both
the borehole and cable, which can be plated and tensioned immediately after complete
insertion. Unlike prefabricated/pre-assembled cable bolts, the FCA device is compatible
with bulk coiled cable, increasing the efficiency of the cable bolting process with the use of
a Sandvik cable bolter. This paper presents the development of the FCA, and a case study
performed at a gold mine in Australia and the Sandvik Test Mine in Finland.

Keywords: Ground support, cable bolting, immediate support, fast re-entry, mine safety,
case study

INTRODUCTION

Underground cable bolting is a widely used technique in mining and civil engineering to stabilise rock
masses and ensure the safety of underground excavations. This method involves the installation of steel
cables, which are grouted into pre-drilled holes in the rock. The primary purpose of cable bolting is to
provide deeply anchored secondary support, thereby enhancing the stability of tunnels, shafts, and
other underground structures (Hutchinson, 1995).

Since its introduction in the early 1970s, cable bolting has evolved significantly, becoming a cornerstone
of underground ground control systems. Its effectiveness in improving load transfer and overall
stability has led to widespread adoption in modern mining and civil engineering projects.

The current practice of installing cable bolts in Australian hard rock mines can be performed manually
or by mechanised means. Mechanised cable bolting machines are commonly used in large-scale mining
operations due to their efficiency and increased operator safety. These machines provide consistent
installation, which is crucial for maintaining the stability of extensive underground excavations.

Steps in Mechanised Cable Bolting

Drilling holes

The first step in the installation process is to drill holes into the rock where the cable bolts will be
inserted. This is completed using a cable bolting machine, which can accurately and efficiently drill
holes to the required depth and diameter. The holes are typically drilled at specific angles and patterns
to optimise the support provided by the cable bolts.

Afrirock 2025
Sun City, 21 - 23 July 2025
The Southern African Institute of Mining and Metallurgy
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Grouting

Grouting is a critical step in the cable bolting process, where the grout is pumped into the hole to fill the
space around the cable bolt when it is installed, ensuring secure anchorage to the rock. The grout can
be cementitious or resin-based, depending on the specific requirements of the installation. The grouting
process can be done using different methods, such as the breather tube method or the grout tube
method, to achieve optimal bond strength and load transfer capabilities.

Inserting Cables

Once the holes are filled with grout, the cable bolts are inserted into the holes. The cables are usually
made of steel and can be plain or have bulbs (birdcages) to enhance load transfer. Cables can be pre-
kinked before insertion to engage with the wall of the hole and thereby prevent cables from falling down
vertically-oriented holes.

Plating and Tensioning

After the grout has cured (typically for 12 hours), the cable bolts are tensioned to the required load,
which ensures load transfer from the cable bolt through the face plate to the surface or areal support
and rock mass. This step is crucial for bulking control and retention of damaged ground following a
rock burst or static fracturing and deformation, and in zones of poor or blocky rock mass. The tensioned
cable bolt and plate provide active support to minimise the amount of displacement prior to engaging
the capacity of the cable bolt.

In mining areas with rock burst damage, weak rock mass, very blocky or poor rock mass, cable bolts
can be ineffective in transferring rock mass load to adjacent rock bolts (Bawden 2024). The integrity of
surface support and the connection to the cable bolts through the plates is essential in preventing falls
of ground (Winder and Maney 2009).

Despite the widespread use and effectiveness of cable bolting in Australian hard rock mining, several
bottlenecks can impact its efficiency and overall performance. One of the major bottlenecks in cable
bolting is ensuring the quality and consistency of the grout used to anchor the cables. The grout's
water/cement ratio and the method of grouting can significantly affect the bond strength and load
transfer capabilities of the cable bolts. Inconsistent grouting can lead to weak points in the support
system, reducing the overall stability of the rock mass.

Re-entry time is a significant bottleneck in many cable bolting applications. After grouting and
installation of cable bolts, there is a mandatory waiting period to allow the grout to cure and achieve
the necessary strength before workers can safely re-enter the bolted area. This waiting period removes
workers from the area, where a risk exists of cables falling from the boreholes whilst the grout is curing.
This curing time can vary depending on the type of grout used, water/cement ratio and environmental
conditions; however, it typically takes from several hours to a full day. During this period, mining
operations in the affected area must be halted, leading to potential delays and reduced productivity.
Innovations in grouting materials, such as fast-setting grout or pumpable resin can help reduce re-entry
times, but their adoption is still limited due to cost and other practical considerations.

In the Robbins Hill decline at Fosterville, spanning over 3600 m, the 12-hour waiting period between
grouting and tensioning for each of the 84 intersections resulted in a total of six weeks of lost
productivity. Given that this is a continuous operation, reducing this waiting period could significantly
enhance efficiency, allowing operations to access ore six weeks earlier.

Fast Cable Anchor design development

With the restraints and difficulties of existing cable bolting methods, Sandvik identified an opportunity
to improve the safety and efficiency of cable bolting practices. The Sandvik Fast Cable Anchor (FCA) is
a mechanical anchoring solution designed for mines aiming to increase safety, speed up processes by
significantly reducing re-entry time, and ensure consistent ground support quality. During the
development of the FCA, several challenges needed to be overcome.

14



Tool-free connection required developing a faster way to connect the cable with the FCA without
requiring any tools. Insertion in pre-grouted holes was essential and important to ensure the FCA was
compatible with the current method of cable bolting; achieving secure engagement with the walls of
holes prefilled with grout, whether in sedimentary or igneous rock types. Immediate tensioning is
required to enable tensioning to 100 kN upon insertion.

Design features

Barrel and wedge sets are widely used in mining and civil engineering to secure cables. Building on this
well-known and well-used concept, the addition of a spring creates a fast-connecting mechanism. The
anatomy of the FCA is shown in Figure 1 and the wedges with the additional spring is illustrated in
Figure 2.

Cap ‘/my Tungsten carbide gripper . Pin

3-armed bracket

- Main spring

Mandrel
Internal spring

Figure 2. Internal wedges and spring combination to allow fast connection.

During the development phase, the spring load rating was found to be crucial for allowing the wedges
to open and let the cable through.

To overcome the challenge of inserting the FCA into pre-grouted holes, the main body of the anchor
was specifically designed with a shape that allows maximum grout passage. This design, as shown in
Figure 3, ensures that the grout can flow around the anchor, securing it firmly in place while
maintaining the integrity of the support system. The use of three leaves helps keep the anchoring system
automatically centred inside a round hole.

15



Figure 3. Triangular shaped mandrel compound to allow grout flow.

One of the primary concerns before the development of the FCA was ensuring it securely engaged with
the rock wall. Grouting adds to this challenge because wet grout can act as a lubricant, potentially
causing slippage of the anchoring system.

Initial engagement of the FCA with the rock is critical for successful and reliable gripping and
tensioning. To address this, a mechanical structure comprising a main spring, tube, and a three-armed
bracket is used to provide the leaves with the necessary initial engagement, as shown in Figure 4. Once
the initial engagement is established between the leaves and the rock, the FCA can take on the load
without being pulled out by the pulling force.

Figure 4. Main spring, tail tube and flexible 3-armed bracket to drive leaves to
engage with the rock wall.

At the early stage of the FCA development, slippage occurred due to inadequate grip between the leaves
and the test rock. To address this issue, tungsten carbide grippers were brazed onto the leaves,
enhancing their gripping capabilities with the rock, as illustrated in Figure 5. This upgrade ensured that
the FCA could securely engage with the rock surface, preventing slippage and improving overall
performance.

Figure 5. Leaves empowered by tungsten carbide grippers.

16



Laboratory testing results

Laboratory tests were conducted in the Sandvik Ground Support Research and Development facility in
Heatherbrae, Australia, to evaluate the performance of the FCA. Initial testing utilised confinement
blocks, cast using Master flow 4600 grout, reinforced with 4 mm basalt aggregate, and allowed to cure
for over 28 days. The wet grout used to fill the cast holes was a general-purpose cement mixed with
water at a 0.33 water/cement (W/C) ratio.

FCA prototypes were installed into pre-grouted holes, precast to 58 mm and 52 mm diameter. The
prototypes were tensioned immediately, as would be expected when used in the underground
environment, which showed that both prototypes exceeded the target tension of 100 kN, as shown in
Table 1. The prototype installed into the 58 mm hole reached a peak load of 190 kN before dropping
briefly, then increasing again to 210 kN; whereas the prototype installed into the 52 mm hole reached a
peak of 233 kN before dropping slightly to 167 kN. These test results show that the FCA with carbide
grippers can grip the rock in a pre-grouted borehole, which deemed it ready for an underground trial.

Testing results

Table I. Fast Cable Anchor pull test in 58 and 52 mm cast holes

58 mm hole 52 mm hole
Load Hydraulic ram Load Hydraulic ram
(kN) extension (mm) Remarks (kN) extension (mm) Remarks
0 I 0 \ 0 I 0 \
25 3 20 4
42 4 40 7
60 8 60 10
80 10 80 12
100 12 100 14
125 18 120 18
140 21 140 22
160 26 160 23
190 28 dropto 8OKN | 180 26
210 30 drop to 8O KN | 200 28
233 30 drop to 167 kN

Case study

With the success of the laboratory grouted hole testing, the next critical phase in a new product
development is an in-depth field trial. A successful field trial is key to successfully proving the design
of all new ground support products, as the underground environment can often present different
challenges to a laboratory environment. In the case of the FCAs, 10 FCA prototypes were tested for
installation and tensioning performance.

The trial was conducted at Agnico Eagle, Fosterville Gold Mine in a drive 8 m wide x 6.5 m high, located
in the H4770 RAW being developed as part of a major ventilation upgrade project. The location is 400
m below ground level and the rock is an interbedded sandstone and shale turbidite sequence, with
typical rock strength of 110 MPa for sandstone and 40 MPa for shale. See Figure 6 for more details.

17



Figure 6. Core photo from a nearby diamond drill hole.

A Sandvik DS420 cable bolter was used for the trial, including drilling the holes, mixing/pumping grout
and feeding cables. The cement mixture used was builders’ cement with a water-to-cement ratio 0.3:1.
The drill bits used were brand-new button drill bits, with two different diameters: 54 mm and 51 mm.
The drilling plan for the two different bits diameter test holes are shown in Figure 7.

54 mm trial ring 51 mm trial ring

Figure 7. Drilling plan.

Meetings with site engineers and operations teams were arranged before the trial to evaluate the tasks
and risks, ensuring a safe testing procedure (see Table II).

During the trial, FCA samples performed well in holes drilled with brand new 54 mm and 51 mm drill
bits. Nine out of ten samples could be fully inserted into holes prefilled with grout using the cable bolter.
All FCA samples were tensioned up to 100 kN with a relatively short jack extension of around 60 mm,
provided the gaps between rock faces and plates were removed prior to tensioning (see Table III). This
test validated the use of the FCA in a sedimentary rock.
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Table II. Testing procedure

Item No. Steps
Holes pre-drilled before trial

1 Cable bolter mixes cement with 0.3 water to cement ratio

2 Pump grout into borehole

3 Manually put anchor onto cable end

4 Insert cable and anchor into grouted hole

5 Cable feeders reverse to test engagement with rock

6 Cable bolter cut cable

7 Cable bolter repeats 2-7 until using up the whole drum of cement mixture

8 Cable bolter leaves the area

9 Cable tensioning rig moves forward

10 Place plate and barrel and wedges against rock face

11 Tension the cable to 100 kN

1 Release tension, relocate jack and re-tension if longer than ~150 mm ram extension is

needed
Table I11. Testing results
Drill bit . Hole. Insertion Plating Ram extension

(mm) orientation
54 1 Samplrijgr;;:‘fd A3 ok 100 kN at 42 mm
54 2 ok ok 100 kN at 90 mm
54 3 ok ok 100 kN at 50 mm
54 4 ok ok 100 kN at 50 mm
54 5 ok ok 100 kN at 58 mm
54 6 ok ok 100 kN at 40 mm
54 7 ok ok 100 kN at 36 mm
51 3 ok ok 100 kN at 58 mm
51 4 ok ok 100 kN at 55 mm
51 5 ok ok 100 kN at 59 mm

To understand the FCA performance in an igneous rock type, a series of tests were planned and
conducted at the Sandvik Test Mine in Tampere, Finland. This test mine has massive granite rock, which
makes it a perfect location to test the FCA performance in an igneous rock. This test was carried out in
the F4 area, as illustrated in Figure 8.
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Figure 8. Location of the Sandvik Test Mine testing site.

A DS422i cable bolter was used for the trial, which included drilling holes, mixing grout, and installing
the samples. The grout used for this trial was Portland cement with a water-to-cement ratio set at 0.33:1.
Table IV summarises the various drill bits used to drill the holes for the trial.

Table IV. List of used drill bits

1 - Drill bit small
53 -52.5mm

- Drill bit small

52 - 52.5 mm
(Drill bit 3
resharpened)

3 - Drill bit medium
545 - 55 mm

4 - Drill bit large
57.5 - 58 mm

~ 5 Drill bit large
57.5 - 58 mm

The testing prototypes for this test included two different spring ratings, a low strength and a high
strength, and the assembled samples ready for installation are shown in Figure 9.
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FCA15.2 with high strength main spring

FCA15.2 with low strength main spring

Figure 9. Two types of the Fast Cable Anchor samples were tested.




Three aspects of performance were assessed during the trial:

FCA samples assembly onto the cable end,
Assembled FCA full insertion into grouted holes, and
Installed FCA immediately tensioned to 100 kN.

Additionally, some of the installed cables were planned to be pull-tested to higher loads, above 200 kN,
to determine the ultimate strength of the FCA installation prior to grout curing. However, due to a
hydraulic cylinder issue encountered, the FCA samples were not tested to destruction; see Table V for

the full test results.

Table V. Test mine testing results
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The Test Mine test results indicate that the FCA performed well in igneous type of rock holes, with most
installations being successful. Failure of insertion on two samples with weak springs was mainly caused
by the usage of a worn-out drill bit No. 1, along with drilling through cracked and fractured ground.
One FCA experienced slippage in the hole drilled with a 57.5-58 mm drill bit due to its hole size
exceeding the FCA design working range. FCAs were all tensioned up to 100 kN before the grout set
but were not tensioned to failure due to the capacity of the hydraulic system. This test successfully
demonstrated the FCA deployment in an igneous rock.

CONCLUSION

Laboratory tests conducted at the Sandvik Ground Support Research and Development facility in
Heatherbrae, Australia, provided a demonstration of the effectiveness of the FCA under controlled
conditions. The FCA was successfully inserted into pre-grouted boreholes (precast to 58 mm and 52
mm), and immediately tensioned as is the intended function in the underground environment. These
tests showed the FCA was capable of immediate tension exceeding 190 kN, which is above the current
cable bolt tension required load (typically 100 kN).

Field tests at Agnico Eagle’s Fosterville mine, with sedimentary rock, and the Sandvik Test Mine, with
igneous rock, also yielded positive results. These tests demonstrated successful insertion and tensioning
of FCA samples in the underground environment. Five samples were also tensioned above the required
load (100 kN), reaching peak loads between 156 - 209 kIN.

This testing in a variety of ground and borehole conditions confirmed the applicability of the FCA for
insertion into pre-grouted holes and immediate tensioning.

The development of the FCA represents a significant advance in underground cable bolting practices,
particularly for mechanised cable bolting utilised in Australian hard rock mining. By addressing key
challenges such as re-entry time, grouting quality, and secure engagement with rock walls, the FCA will
enhance both safety and efficiency in mining operations.

The implementation of FCA can significantly enhance rapid development in mining operations by
drastically reducing the waiting period between cable bolt grouting and tensioning. This allows for
continuous operation and minimises downtime, leading to increased productivity. FCAs, with their
quick-setting properties, enable the immediate application of tension, ensuring that the support system
is ready for load-bearing much sooner than traditional methods. This efficiency not only accelerates the
overall development process but also supports larger cable bolting campaigns by allowing more
intersections to be secured in a shorter timeframe. Consequently, mining operations can advance more
rapidly towards ore extraction, optimising both time and resources.
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Review of the stope support system at Impala Bafokeng
North Shaft owing to stope closure at shallow mining depths

T. Walsh

University of the Witwatersrand, South Africa

Impala Bafokeng’s North Shaft is a shallow platinum mine on the western limb of the
Bushveld Igneous Complex. Shallow mines experience very little horizontal stress which
leads to a support issue of the tensile zone. North Shaft relies heavily on mine pole support
due to the requirements for a stiff support system. Elongate support failure in the deeper
parts of the mine have occurred due to a change in the loading environment. The support
failure has resulted in inadequate support resistance in the back areas and some large falls
of ground (FOGs). In this research report the hybrid section stope closure rate was
measured. The closure does not appear to be linked to a detachment of a hangingwall
parting. The ground penetrating radar scans and borehole data correlate with the
observations. The FOGs are structure related and occur in the back areas of the panel after
the elongate support had failed. The footwall material is weaker than the hangingwall
material and the pillar punches into the footwall. The footwall fractures and tensile cracks
in the panel footwall indicate that the stresses are forced to move horizontally due to the
Footwall 4 parting plane. The footwall thrusts into the panel causing the high closure
observed. The combination of a shorter panel length and pencil sticks would provide
adequate support for the high closure rates observed.

Keywords: closure, support failure, footwall thrust

INTRODUCTION

The Bushveld Igneous Complex (BIC) is a layered igneous intrusion that is mined for platinum group
minerals. The BIC spans approximately 350 km from east to west and has three major outcrops, the
northern, eastern and western limbs. Impala Bafokeng’s North Shaft is situated within the western limb
of the BIC between the Pilanesberg and Rustenburg (Figure 1). The mine is approximately 30 km north
of Rustenburg, in the North-West Province.
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The Southern African Institute of Mining and Metallurgy
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Figure 1. Location of the mine within the Bushveld Igneous Complex (Watson, et al., 2010).

Impala Bafokeng’s North Shaft is a shallow tabular hard-rock mine that exploits the Merensky and
UG2 reef horizons. A mix of conventional scattered breast mining and hybrid mining takes place. The
UG2 reef is currently being mined in the shallower portions of the mine. A reef middling of
approximately 70 m is consistent across the workings. The Merensky reef is currently being mined
between 400 m and 600 m depth. The shaft bottom is approximately 670 m below surface and the mine
is therefore considered a shallow working environment. The hybrid section consists of mechanised on
reef development with conventional scattered breast stoping and is located at the deepest workings
of the mine (Figure 2). Ore is transported along raise lines using a winch, into a muckbay. A load, haul,
dump loader is then used to transport the ore to the strike conveyor belts. The hybrid design was
utilised to allow for development on-reef and to reduce capital expenditure and time to access the reef.

e

uG2
Section

Merensky
v4 Upper

Hybrid
Section

Figure 2. Plan view of North Shaft.

Shallow mines experience very little horizontal stress which leads to the formation of a tensile zone in
the hanging wall. When the tensile zone interacts with low angled geological structures, it can lead to
instability. North Shaft’s support designs have historically been of an empirical nature. The mine relies
heavily on elongate support due to the requirements for a stiff support system to prevent any
unravelling from taking place. The first raise line that was established and mined at 15 level (Figure 3),
experienced higher than expected closure rates which led to the failure of mine pole support units.
The safety risk and the loss of reserves necessitated a review of the stope support system.
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Figure 3. Plan view of the Merensky section on microstation.

The mine pole support was found to be splitting and buckling in the back areas of panels from as little
as 20 m away from the face (Figure 4). This led to the finding that the closure rate had increased rapidly
from previously mined levels.

Figure 4. Failed mine poles in the back area of stopes.

Support Design Background

A mine pole refers to an unturned elongate (Figure 5). The width of the mine pole is measured
diametrically across the end of the pole. The mine poles are installed in combination with a pre-
stressing device to make it an active support unit and to reduce blast-outs.

Figure 5. Mine poles (Khosa, 2022).

The face support includes in-stope bolts and temporary support in the form of mechanical props with
safety nets. The back area support consists of ‘breaker lines” - clusters of three mine poles. The clusters
are installed to support the hanging wall up to the tensile zone. The hybrid section is serviced with on-
reef mechanised roadways that need to remain stable over the life of the mine. Strike stability pillars
were designed on either side of the roadways and belts (Figure 6). The hybrid section’s in-stope pillars
were designed to crush; they are 6 m long and 3 m wide.
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Figure 6. Hybrid section mining layout.

Instrumentation
Closure measurement data was recorded with closure loggers. The data can be used as a predictor for

large collapses in mines. Closure data can also be used for improving support designs through the
inclusion of the effect of the mining rate (Malan & Napier, 2021). The data can be used to define a new
ground control districts with specific support strategies. The installation process is captured in Figure
7. The loggers were used to determine the rate of closure per metre of advance. A total of five loggers
were installed across the working places.

Figure 7. Closure logger installation by the author.

Data from the closure loggers were collected using a tablet equipped with a Bluetooth system. This
allowed the data to be collected safely without having to enter the back areas of the panel. Borehole
camera investigations (Figure 8) was conducted along the roadways. The holes were drilled vertically
to approximately 15.0 m into the hangingwall. The 15.0 m depth was chosen as this was the known
depth of the ‘Bastard Reef’ chrome parting, and the contact was examined for any signs of tensile
failure.

Figure 8. Rock engineering department borehole camera.

The borehole camera was utilised to assess the condition of potential parting planes such as the
Bastard Reef located at 15 m above the Merensky Reef, illustrated in Figure 9. The contact can have a

shear plane.
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Figure 9. Stratigraphic column of the BRPM mining locality (Impala Bafokeng - Geology Department).

Ground penetrating radar (GPR) scans were conducted along the 14 and 15 level roadways and along
the 15 level north 2 raise line. The borehole camera work was used to correlate with the GPR scans.
Any observations on the scans were referenced against physical observations (Figure 10).

Figure 10. The author conducting GPR scans along the roadway.

The GPR that was utilised is referred to as a sub surface profiler. The tablet enables the user to check
the scans immediately (Figure 11). Technology that is more user-friendly enables scans to take place
more regularly.

Figure 11. Sub surface profiler used for GPR analysis (Andrews, et al., 2019).

Visual Observations

The stability of the panels is influenced by the geological discontinuity spacing, infilling, orientation,
dip and persistence. Investigations of numerous falls of ground (FOGs) by York et al., (1998) found
that almost all FOG events were linked to major geological discontinuities and not due to span alone.
Their investigations led to a correlation between a reduction in span and improvement of hangingwall
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conditions where shallow dipping discontinuities were present. The crush pillars were inspected and
no sign of any pillar failure was found. The taller gully sides of the pillars, along the advanced strike
gully showed less scaling than the shorter side at the top of the panels. The gully sidewalls were bolted
to reduce scaling along the travelling route which increased the confinement on that side. The
hangingwall around the pillars was observed to be competent and no fractures were present.
Hangingwall conditions were stable. The footwall around the pillars had fractured significantly and
footwall heave had taken place around the pillar (Figure 12).

Figure 12. Footwall fracturing and heave around a crush pillar footwall.

Tensile cracks were observed in the centre of the panel along the footwall. The tensile cracks had an
8 mm aperture and extended for a trace length of more than 20 m (Figure 13). The tensile cracks were
orientated near parallel with the mining direction.

Figure 13. Tensile cracks in the footwall.

DISCUSSION

The North Shaft data for the closure loggers is presented graphically in Figure 14. The figure
represents the measured displacement in millimetres over time.
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Figure 14. Closure logger data after five months (Unit 3131).
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The closure measured on the loggers between the periods of 26/09/2022 and 23/02/2023 was 115 mm.
The advance over this period was 64 m.

Closure measured (115 mm) [1]
= Closure rate (1.79 mm/m)

advance (64 m)

Borehole data was compared with the GPR scans that were conducted. The GPR scans show no
obvious parting besides the consistent contact at 2.0 m into the hangingwall (Figure 15). The contact
was between the Merensky hangingwall pyroxenite and the Mid 1 Norite. The borehole camera was
used to confirm the contact.

Figure 15. GPR scan of 14 level roadway.

Support Strategy

The mine poles (18 - 20 cm diameter) that are currently installed reach their peak strength after a
displacement of 30 mm (Figure 16). This means that after approximately 18 m advance, the closure
caused the mine poles to fail.

Mean Load vs Deformation Geaphs of 1.2m x 16-18cm, 18-20cm and 20-22cm Mine Poles

Load (kN)

g

Detormationgmm)

Figure 16. Load-deformation chart of various size mine poles (Khosa, 2022).

Pencil sticks were introduced as an alternative to the mine poles. They provide the benefits of a stiff
support system with the yielding capability required for the closure experienced. The profiled portion
of the stick brushes/yields (Figure 17) in a controlled manner to allow the load to be shed whilst
maintaining the support resistance. The strategy falls in line with those of industry experts: “The
problem of premature failure of props caused by footwall heave, resulting from pillar punching, can
be overcome by installing yielding elongates” (Jager & Ryder, 1999).
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Figure 17. Pencil sticks selected for load deformation testing (Mabitsela, 2023).

Pencil sticks are capable of rapidly reaching peak load, within 10 - 15 mm of deformation. The pencil
sticks maintain that load for up to 120 - 150 mm of deformation (Figure 18).

Load vs. Deformation Graphs of "18"cm Pencil Props Tested
500

Load (kN)

0 50 100 150

Deformation (mm)

Figure 18. Load-deformation chart of 18 cm pencil sticks, 140 mm length (Mabitsela, 2023).

A short panel length at N15LNO1 panel 006W was mined with a 23 m face length from pillar to pillar.
The panel was last mined in June 2022, and the condition of the support was fair 12 months after
mining was completed to the panel limit. The panel was not redeveloped during its mining cycle and
reached the 120 m limit.

Footwall Heave Hypothesis

The high closure rate was initially considered to be due to tensile failure of the hangingwall. The data
collected from the borehole camera, GPR scans and visual observations indicated otherwise. The
footwall fractures around the in-stope pillars combined with the tensile cracks observed on the panel
footwall were indicators of potential footwall heave. The footwall material is weaker than the
hangingwall. The presence of layers in the footwall with low cohesion induces foundation instability
and pillar punching with heave in the adjacent panels and stope closure (Jager & Ryder, 1999).
Exploration drilling data was obtained from the geology department for the contact. The average
footwall 4 parting plane elevation was located at 4.65 m below the reef. The potential for the contact
to form a parting plane is high due to its 1 - 2 cm thick slickensided and serpentinised contact.

CONCLUSIONS

The GPR scans and borehole data correlate with the observations made that the hangingwall is stable
when not affected by low angled geological structures. The FOGs that were analysed are structure
related and occur in the back areas of the panel after the elongate support had failed due to high
closure. Panels with no prominent structures remained stable after the support failure due to the in-
stope crush pillars. The pillar footwall material is weaker than the hangingwall and the pillar punches
into the footwall (Figure 19).

32



Pyroxenite

Figure 19. Illustration of stress transfer into the footwall.

The footwall fractures and tensile cracks in the panel footwall indicate that the stresses are forced to
move horizontally due to the footwall 4 parting plane. The footwall thrusts into the panel causing the
elongate failure and high closure rate observed (Figure 20). The panel length was established as a
critical factor in maintaining stability of the workplaces. Reducing the panel length allowed a panel to
be mined to completion without any structural failures and with reduced support failure. Panel length
was reduced to 25 m for all new panel layouts. The combination of reduced closure within the shorter
panel length and the increased yield capability of the pencil sticks provided suitable support for the
high closure rates observed. Pencil stick support continued as the primary support.

N W W '] 1
Stress ’ “'Il Support Failure l" ' Closure
] I

Figure 20. Illustration of footwall failure and heave into the panel.
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A proposed method of pre-mining rib pillars and replacing
pillars using a cemented aggregate fill

R.M. Arlow?, 1. Malpartida?, J. Nyagumbo?

1Dayenu, South Africa
2Alphamin Resources, South Africa

The mine is progressing into deeper regions to access a high-grade tin deposit,
unfortunately, due to the mining method, substantial ore remains locked in rib pillars
required for stability. An investigation into the removal of the rib pillars was undertaken
where replacing rib pillars with cemented backfill is considered. The study assessed ‘jig
tails” a tailings material, consisting of mica schist and amphibolite materials, as a backfill
medium.

Initial testing demonstrated high strengths (12.65 MPa to 27.4 MPa) but revealed that
cement content exceeding 20% would be economically unviable. Modified mix ratios (1:3:6,
1:2.25:9 and 1:3:8) with reduced cement content (8%-10%) targeted UCS values between 3
MPa and 10 MPa, aligning with operations of similar approaches. Empirical design
methods were used to estimate the backfill strength. A conservative design strength of 32
MPa, was eventually suggested.

Trial mining is planned where it is suggested that cored samples of the backfill from the
trial mining site be taken. These samples will undergo further testing, and results will
inform discrete element or finite different codes to validate design parameters for deeper
mining areas.

INTRODUCTION

Alphamin Resources owns and operates the Bisie Mine in North Kivu, Democratic Republic of Cong.
Located approximately 180 km northwest of Goma, the Bisie Mine is one of the World’s richest tin
producers and accounts for 4% of global tin production (International Tin Association Industry Review,
2022). The mine was established in 2014, with development of Mpama North commencing in 2018,
followed by the commissioning of the Mpama South operation in 2022.

Tin ore is extracted using the long hole open stoping method, with stopes backfilled using waste rock
fill. Rib pillars are utilised to divide stoping blocks, and sill pillars are used to separate the main levels,
referred to as ‘echelons.;

Recent exploration has intersected high-grade tin mineralisation at depth within Mpama North,
prompting a review of the existing pillar system. The current design limits ore extraction, thus
shortening the mine's operational life. As an alternative, a pillar-less system is being investigated, where
the existing pillars would be pre-mined and replaced with a cemented aggregate fill made from tailings
material ‘jig tails’ mixed with cement and sand.

A critical consideration in this study is the behaviour of the cemented fill, both during placement and
following adjacent stoping activities, including the impact of waste placement on its stability.

Afrirock 2025
Sun City, 21 - 23 July 2025
The Southern African Institute of Mining and Metallurgy
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BACKGROUND

Geological setting

The Bisie tin deposit is hosted within a N-S trending, steeply east-dipping shear zone in mica schist. Tin
mineralisation occurs as botryoidal cassiterite veins, ranging from millimetre to over a metre in
thickness. These veins are boudinaged, brecciated, and folded, indicating deformation during and after
mineralisation.

The host rock is altered, with chlorite replacing feldspar due to hydrothermal fluid interaction. The
mineral assemblage includes muscovite, quartz, and minor amphiboles, but lacks tourmaline and
fluorite, suggesting a distal tin source. Tin precipitated from low-pH, high-salinity fluids below 230°C,
likely due to fluid mixing and cooling.

The deposit is segmented by NW-SE faults, separating the Mpama North and South ore bodies. Late-
stage faulting influenced quartz veining and localised sulfide precipitation, including pyrite,
arsenopyrite, chalcopyrite, sphalerite, and galena.

Bisie represents a shear-hosted, structurally controlled tin deposit, with mineralisation influenced by
syn-tectonic deformation and late-stage faulting. Shear structures generally define the contacts of the
mineralised zones which have weak chlorite infilling and a range of thicknesses.

Mining layout and pre-mining of pillars

The Mpama North orebody has a limited regional strike extent, ranging from 552 m at its shallowest
point to 182 m at its deepest point. The orebody generally dips at an average of 70°s, with strike spans
between rib pillars varying from 15 m to 45 m, depending on ground conditions and stability factors.
Mining depths range from 100 metres below surface (mbs) and will be extending beyond 500 mbs.

The mining layout consists of primary footwall drives, with a ramp system providing access to all
sublevels. Each echelon includes five sublevels, with sill pillars spaced approximately 74 m skin-to-skin.
From the footwall development, crosscuts are driven to intersect the orebody, with ore drives positioned
along the hangingwall contact. This approach facilitates sliping while minimising exposure to the weak
hangingwall shear contact.

Figure 1 illustrates a typical stope design, including the planned placement of rib pillars, while Figure
2 presents a cross-section of an echelon showing the ore drives and slipped stopes used to create the
undercut.

Planned Stoping Blocks

Sub-levels/ Ore Drives Echelon = 74m Measured Vertically

Off-Reef Footwall Drives
Declines and Ventilation
Accesses

Longitudinalview of the Mini

Planned Rib Pillars Planned Stoping Blocks Off-Reef Footwall Drives

Echelon
74m = = - bt [\ sub-levels/

Figure 1. Typical echelon layout implemented at Mpama North.
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Figure 2: a) Typical cross-section of an echelon showing the footwall excavations and position of the ore drives.
b) Stope plans showing the reef contact, sliped area (light blue) and the original position of the ore drives (light

grey).

TESTING OF CEMENTED AGGREGATE FILL

Testing program and results

Before conducting any backfill design and backfill exposure assessments, it was essential to evaluate
the backfill strengths achievable with the available materials on-site. As is well known, mica schist can
reduce the strength of concrete over time by up to 28%. To assess this impact, testing was conducted on
mica schist and amphibolite/mica schist tailings material, commonly referred to as ‘jig tails’. The
particle size distribution of the tailing material is generally uniform, ranging from 19 mm down to 75
pm. Various mix ratios were evaluated, and Table I outlines the range of ratios tested.

Table I: Range of mixing ratios tested and cement content

Material type Tests Cement: Sand: Aggregate ratio | Percentage cement content
Jig Tails 1 1:0:2.52 28%
Jig Tails 2 1:0:2.52 28%
Jig Tails 3 1:0:3.26 23%
Jig Tails 4 1:0.5:2.52 25%
Jig Tails 5 1:0.7:2.77 22%
Mica Schist 6 1:0:2.11 32%
Mica Schist 7 1:0:2.73 27%
Jig Tails 8 1:2.25:9 8%
Jig Tails 9 1:3:6 10%
Jig Tails 10 1:3:8 8%

The initial objective of achieving 75% of the host rock strength was based on a practical assumption: the
host rock had an average uniaxial compressive strength (UCS) of approximately 47 MPa, and it was
considered feasible to produce a cemented aggregate backfill with strengths ranging between 30 MPa
and 35 MPa using a high cement content. This target was not derived from numerical modelling or
detailed stability analysis, but rather from initial material testing and practical expectations of what
could be achieved in a controlled setting.
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While these strengths were successfully achieved during laboratory trials, the high cement content
required rendered this approach economically unfeasible for large-scale application. Consequently, a
lower strength target was considered, guided by the work of Sainsbury (2014) on the Ballarat Gold
Project. In that study, through a combination of numerical modelling and empirical testing, backfill
strengths ranging from 620 kPa to 1 420 kPa were shown to be sufficient for the replacement of pillars
with cemented rock fill under similar operational conditions. This provided a more realistic and cost-
effective design target for backfill strength, aligning technical performance with economic viability.
Three mix ratios were tested:

e 1:3:6 -yielding a 28-day strength of 3.4 MPa

e 1:2.259 - yielding 4.2 MPa

o 1:3:8 -yielding 6.4 MPa
Notably, these strengths are significantly higher than those ultimately proposed for the Ballarat Gold
Project, reinforcing confidence in the stand-up capabilities of the lower mix ratios. However, the free-

standing stability of the backfill required further evaluation, which is discussed in subsequent sections
of this report. Figure 3 below provides the uniaxial strengths achieved throughout the testing phase.

50.00

45.00

27.40
25.68 2044

23.46
21.67 21.20 2104
20.00 = 18.57 Lower Percentage
o Binder
15.00
10.00 \
6.4
s I I
- al I||

W 7 Day Curing w14 Day Curing w21 Day Curing

Figure 3. Uniaxial strength estimates based on various cement: sand: aggregate ratios.
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1:3:6 - 10% Binder 1:2.25:9 - 8% Binder 1:3:8 - 8% Binder

Figure 1. Tested samples after 28 days for various lower-range mix ratios.

No elastic components could be validated, however, and since modelling the behaviour of the cemented
rib pillar requires these parameters, an alternative approach was considered. Through personal
communication with Patterson and Cooke on tests completed on a cemented aggregate type-fill, the
following formula was used to estimate Young’s Modulus.

E =150 x UCS [1]

Where E is the Youngs Modulus (MPa) and UCS (MPa) is the uniaxial compressive strength of the tested
sample.

A fixed Poisson ratio (0.25) and friction angle (44°) were assumed, and using Mohr’s theory, the
cohesion was calculated. While it is acknowledged that this method may not fully represent the tested
samples and requires further validation, it provides a first-pass assessment of the relevant elastic
parameters. The ratio between Young's modulus and UCS will differ from the materials used, hence
actual triaxial strength (TCS) and UCS tests are required. Notably when the backfill is placed, it may
result in the layering of weak and strong materials, which will influence the effective strength and
stiffness of the fill.

PRE-MINING THE RIB PILLARS

To fully realise the effect of the cemented pillars, it is necessary to pre-mine the pillar and then backfill
it with cemented fill. Removing these pillars after the stope block has been mined will be challenging,
as the stope blocks will be filled with waste, which could collapse during blasting and development
activities. The layout is presented in Figure 6 below. The following outlines the pre-mining sequence
for the pre-removal of the pillar:

e During the development of the ore drive, a “pillar cross-cut” will be created at the location of the
planned rib pillar.

e The dimensions of the pillar cross-cut will match the width of the pillar to be backfilled.

e The minimum width that can be created is no less than 4.5m, due to machine and equipment
constraint.

e Once the cross-cut is established on both the upper and lower levels, drilling will commence,
and a slot will be blasted in the pillar.

o  After the blasted ore in slot is removed, the remaining long holes will be charged, and the entire
pillar will be blasted.

e Following the removal of the ore, shuttering will be installed in a manner that ensures the ore
drive remains open.

e During the construction of the shuttering, a sump mixing chamber will be developed, capable
of accommodating up to six pillars. This chamber will only need to be developed once.
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e The materials required for the pillars will be transported to the sump mixing chamber according
to the mixing ratios.

e Mixing will be carried out using loaders and will be directly delivered into the mined block.

o The fill must cure for a minimum of 28 days before adjacent stope blocks can be mined.

-

XxC XxC
Developmenlof RibXC

I \ Ore Drive

Rib Pillar
Slot Slot
Planned Stopes -

Figure 5. Suggested mining layout (plan view) to excavate the pillar before backfilling.

NUMERICAL MODELLING OF PILLAR STRENGTHS

Model Construction

At the time of compiling this paper, access to distinct element and finite difference codes was not
available. Consequently, finite element codes were used to assess the deformations of the backfilled rib
pillars considering the fill strength and rib pillar widths.

Rocscience's RS3 software was employed to simulate the planned development and stoping sequence.
Figure 6 illustrates the mining steps modelled in RS3. The material properties of the host rock were
derived from historical studies at the mine, while the fill strength and stiffness varied based on UCS
tests, as presented in Table II.

The planned pillar widths varied between 3.5 m and 6.5 m. The UCS values tested in the models were
0.5 MPa, 2 MPa, and 4 MPa. The mining depth was maintained at 300 mbs, and a maximum ore body
width of 10 m was considered.
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(b)

(a)

- -~
xm (varied between 3.5 mand 6.5 m) xm (varied between 3.5 mand 6.5 m)

d
© (d)

Figure 6: a) Ore drives and pillar drives which are pre-developed. b) Pillar mined to full height. c) Pillar filled
with cemented fill. d) Slyping of the stop blocks to their required widths adjacent to the filled pillar. e) Stoping
block mined and filled in separate mining steps adjacent to the pillar. f) Second stoping block mined.

Table I1: Material properties applied in the model

- Mohr-Coulomb
= E “ @ ° Hoek-Brown parameters
= E S 3 = S parameters
. & B B ~ S~ 3 - ©
Material s X — 9 © T © o © s
= = e Ea| 92 g & 5 Friction
Z O o = E = 2 2 i
type N £ a2 =2 P— a . Cohesion
s 2 € = 3 3 mi mb s a MP angle
3 : | = % = (MPa) )
Amphibolite 3970
) 66.9 3040 70 44100 14700 0.35 5 0.97 0.013 0.5 1.80 37.00
schist 0
] ] 2810
Mica Schist 47.3 2820 65 0 29200 10500 034 | 26 0.39 0.007 0.5 1.00 29.00
Waste
) - 2100 - 100 670 400 0.25 - - - - 0.05 30.00
Backfill
0.5 2430 - 75 50 30 0.25 - - - - 0.11 44.00
Cemented
Fill 2 2430 - 300 200 120 0.25 - - - - 0.43 44.00
i
4 2430 - 600 400 240 0.25 - - - - 0.85 44.00
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Model Analysis and Results

The numerical analysis conducted at this stage of the study aimed to assess the impact of mining and
waste fill, once placed, on the horizontal displacement of the cemented pillar. When analysing the
horizontal displacements, increased deformations were observed in the middle of the cemented pillar,
resembling the behaviour typically seen in retaining walls (Figure 7).

Deflection (mm)

024 8 1012141618 2022 Horizontal displacement along the height of the pillar

0.0

25 Horizontal Displacement (m)

0 0.05 01 015 0.2 0.25
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Height(m)

~—o— Pillar Backfilled ~&—Stope Block 1 Mined +— Stope Block 2 Mined

b)

c) o d)

Figure 7: a) Deflection related to retaining wall height (Qiao & Ding, 2012). b) Horizontal displacement of a 4.5
m wide 0.5 MPa cemented fill pillar ¢) Model outputs showing the horizontal deformation once the adjacent
stoping block has been mined next to the cemented pillar. d) Model outputs showing the horizontal deformation
once the second stope block is mined and waste fill placed within the first stoping block.

When comparing the horizontal displacements for a 4.5 m wide rib across all assessed fill strengths after
the second stoping block is mined (as shown in Figure 8), it is evident that lower strength fills (notably
less stiff material) exhibit significantly higher displacements—up to 23 c¢cm for the 0.5 MPa fill—
compared to just 3 cm for the 2 MPa fill. Despite the variation in magnitude, horizontal movement is
observed in all cases, whether minor or severe. In contrast, the intact pillar and the fill simulating 75%
of the intact rock strength (exhibiting a high stiffness) showed negligible displacements, less than 1 mm.



Horizontal displacement along the height of the pillar
Displacement measured during stoping of Block 2
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Figure 8. Horizontal displacement measured along the height of the pillar once stoping block 32 has been mined
— results represent all material strengths assessed and fixed a 4.5 m rib pillar width.

The maximum horizontal displacements (Figure 9) were compared across various pillar widths, ranging
from 3.5 m to 6.5 m. The results indicated that wider backfilled ribs experienced less displacement
(although marginal), even when the fill strength was lower (less stiffness). However, increased fill
strength within the wider rib pillars did not notably reduce deformation, suggesting that the wider ribs
are not so sensitive to the fill strength and stiffness.
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Stope block 1 mined
Horizontal deformation and backfill strength versus pillar width
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Figure 9: Maximum horizontal deformation for each pillar assessed at various widths once the adjacent mining
blocks are excavated.

Notably, during the mining of the second block, while the first stoping block is already filled, the
increase in deformation remains marginal (Figure 11) - stiffness is consistent throughout the width and
UCS range.

The current model and model package do not provide sufficient results to fully quantify this behaviour.
Therefore, further analysis using alternative numerical modelling codes, such as UDEC and FLAC, is
necessary to better understand the displacement and overall behaviour of the cemented pillar. It does
however provide an insight into the backfill strength (or in this instance the stiffness of the fill) and
associated impact on expected deformations.
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BACKFILL FREE-STANDING CAPABILITIES: A STRENGTH COMPARISON

Empirical formulae were considered to determine the appropriate strength for the cemented backfilled
pillars, based on published work in journal papers and conference proceedings. For example, Askew et
al. (1987) proposed a strength requirement based on the width-to-height ratio and exposure conditions
of cemented backfill, highlighting that single-sided exposures require less strength than double-sided
exposures. Mitchell et al., (1982) provided guidance on fill stability under different confinement
conditions, noting the importance of arching effects in narrow excavations. Belem and Benzaazoua
(2004) developed strength classification schemes based on laboratory testing of cemented paste backfill,
which helped correlate UCS requirements with fill geometry. Abdelhadi et al., (2018) presented an
empirical design chart for cemented rockfill pillars, linking UCS requirements to the pillar’s width-to-
height ratio and expected stress environment, with particular attention to cut-and-fill applications.
These studies collectively informed the selection of strength targets relevant to the current rib pillar
configuration, which involves narrow exposure faces and low-confinement conditions.

The analysis indicated that backfill strengths ranging from 200 kPa to 1000 kPa may be required to
ensure stability. However, when evaluating the modelled deformation and failure modes it was
interpreted that a UCS greater than 2 MPa would be required to fully prevent pillar failure under worst-
case conditions. To provide context and substantiate this interpretation, the behaviour of backfill pillars
was compared to that of an intact in-situ pillar under identical loading conditions. The intact pillar
exhibited negligible deformation (<1.5 mm). Similarly, when backfill strength was set to 75% of the
intact strength, deformations remained low (<2 mm). In contrast, a backfill with a UCS of 2 MPa—
roughly ~4% of the intact rock strength — exhibited horizontal displacements of just under 3 cm for a 4.5
m wide pillar.

Based on these findings, a backfill strength of 2 MPa is recommended for the proof-of-concept trial
mining section. This higher strength accounts for the assumptions made regarding friction angle,
cohesion, and elastic properties. The trial phase should also be used to validate practical considerations
such as material segregation, layering, resistance to horizontal deformation, and stand-up time.

For comparison, Sainsbury and Sainsbury (2014) recommended a maximum backfill strength of 120 kPa
for pillar replacement at the Ballarat Gold Project, based on 3D numerical modelling. Table III provides
a comparison of the parameters used at the Ballarat mine to that utilised and tested at Alphamin’s Bisie
Mine and generally shows that the backfill tested at Bisie mine is higher in modulus and has a higher
ultimate strength. It must be noted that the geological setting at Ballarat involves narrower, flatter-
dipping ore bodies. Despite the lower design strength suggested by the modelling at the Ballarat mine,
laboratory tests on backfill samples at Ballarat exceeded 1000 kPa after just seven days of curing. This
suggests that the required backfill strength at Mpama North, Bisie Mine, may ultimately be lower than
2 MPa, reinforcing the opportunity for optimisation during detailed design.

Table III: Material property comparisons of Ballarat Gold Mine and Bisie Mine

Operation Ballarat Gold Mine Bisie Mine

Host Material Sandstone/Siltstone and Amphibolite and Mica Schist
Quartz

Backfill type Cemented Rock Fill Cemented Aggregate Fill

Maximum Size of Particles 200-400mm 19mm

Depth Range 670mbs 600mbs

Orebody Dip 40-60 degrees 60-70 degrees

Backfill Cement Content 3% to 5% 8% to 10%

Tested Backfill Young's 44 MPa to 274 MPa 75 MPa to 600 MPa

Modulus Range

Tested Backfill UCS 881 kPa to 4190 kPa 3200 kPa to 6200 kPa
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Backfill strength estimates - empirical methods
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Figure 10: Backfill UCS design strengths based on various methods/formulae used in the industry.

CONCLUSIONS

Pillarless mining is being evaluated for high-grade zones at Alphamin Resources” Mpama North Shaft,
Bisie Mine. The concept involves pre-mining rib pillars using existing development infrastructure,
followed by replacement with a cemented aggregate-type backfill.

Laboratory tests show that high cement mix ratios can yield strengths exceeding 25 MPa, while lower
ratios result in UCS values between 2.4 MPa and 6 MPa. However, the lower-strength mixes exhibited
signs of segregation and poor inherent bonding. A 1:3:8 (cement:sand:aggregate) mix ratio, representing
approximately 8% binder content, was found to be more consistent and practical for use.

Estimates of elastic properties were applied in the finite element modelling to assess fill performance.
Results indicate that displacements were significantly larger for backfill with a lower stiffness (UCS of
500 kPa), while backfill material of higher stiffness (UCS of 2 MPa) resulted in minimal to negligible
deformation. The results indicated that wider backfilled ribs experienced less displacement (although
marginal), even when the fill stiffness was lower. However, increased fill strength within the wider rib
pillars did not notably reduce deformation, suggesting that the wider ribs are not so sensitive to the fill
strength.

The modelling incorporated assumptions for friction angle, Poisson’s ratio, Young's modulus, and
cohesion. Based on these findings and supporting empirical studies, it is recommended to proceed with
a trial mining phase using a target backfill strength of 2 MPa.

These modelled results were compared to empirical backfill strength formulae used in pillar recovery.
For an orebody height of 10 m and pillar width of 4.5 m, industry-based estimates suggest that UCS
requirements should not exceed 1200 kPa.

The following elements are recommended for implementation during the trial mining phase:

¢ Installation of multi-point borehole extensometers to monitor deformation within both the fill
and the surrounding host rock, which will provide input for model calibration and validation.

e Core sampling of placed backfill to assess segregation and layering, particularly in light of the
17 m fall height from upper levels.
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e Laboratory testing to confirm the elastic and strength properties of the fill, including UCS, TCS,
and tensile strength testing.

e Water management during fill placement, as excess moisture, may reduce backfill performance
and long-term strength.

e Advanced numerical modelling using distinct element and finite difference methods (e.g.,
UDEC, FLAC) to better understand the interaction between the fill, excavation geometry, and
host rock conditions.

Initial findings highlight the potential for optimisation in the fill design, which could lead to improved
mine economics through enhanced ore recovery, reduced dilution, and better long-term ground control.
If successful, this approach may significantly extend the life-of-mine while reducing the need for in-situ
pillars.
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My mining career began in 2006 when I joined Anglo American as a Learner Miner. During this time, I
obtained my blasting certificate and developed foundational mining skills, progressing from PTV to
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Control Observer, eventually advancing to Rock Engineer. I continued as an Operations Rock Engineer
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geotechnical engineering, geotechnical logging, feasibility studies, numerical modeling, and
geotechnical reviews. I was subsequently promoted to Senior Rock Engineer and then to Rock
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consulting, during which I have gained experience in both local South African mining operations and
international massive and surface mining methods.

50



Performance and mechanical properties of a styrene-
free polyester resin produced with water-based catalyst
and a new generation catalyst
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Due to increased knowledge about styrene safety, health, and its environmental impact
(especially its effects on humans) a new generation of styrene-free resin cartridges has
been recently created. It has been shown that the new styrene-free resin cartridges
produced with the so-called oil-based catalyst have superb mechanical parameters. Their
compressive strength, stiffness and low creep strain are superior in comparison with
standard polyester resin capsules.

As the majority of the resin capsules used in hard rock mines worldwide use the so-called
water-based catalyst, the next step in the creation of the new generation of the styrene-
free resin cartridges has been made by using a water-based catalyst in their production
as well as the development of a novel, new-generation type catalyst.

In this paper we discuss characteristics and performance of these new types of a styrene-
free resin. Not only the standard testing results (uniaxial compressive strength, Young’s
modulus, creep and shear strength) are presented but the procedure of a special push-
out test to confirm the effectiveness of the anchoring along the bolt is described. The
results of pushing ca. 15 cm cut sections of the bolt embedded in a high strength concrete
in a steel pipe are presented as well. The first results of impact (dynamic) loading of Versa
bolts embedded in the steel pipes with the styrene-free resin conclude the paper.

INTRODUCTION

Styrene is a key ingredient in polyester resin capsules, commonly used in mining rock bolting
applications. Over the last two decades, there has been an increase in research and associated medical
knowledge regarding styrene safety, particularly its health impacts upon people. For example, the
issue of carcinogenicity and harmful effects on fertility and unborn children has been identified (
Vineis and Zeise, 2002; Huff and Infante, 2011). Due to these health concerns, the use of styrene-based
resin products in civil construction projects has since been banned in Europe (European Union, 2014).
This scenario has further raised safety concerns within resin cartridge production facilities, as well as
in the handling and usage of cartridge resin at the end customer’s site.

Recent development of styrene-free polyester resin cartridges may become a breakthrough technology
for health and safety of miners, with increased mechanical properties and performance of the resin at
the same time.

Afrirock 2025
Sun City, 21 - 23 July 2025
The Southern African Institute of Mining and Metallurgy
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Although the creation of new, safe styrene-free resin cartridges has recently been achieved, the work
on the bases for the shift from potentially harmful styrene-based cartridges to styrene-free resin has
not been completed.

The first representatives of a new generation of styrene-free resin cartridges were produced with the
so-called oil-based catalyst and their superb mechanical parameters have been confirmed (Smolnik
et al., 2024, Evans et al., 2025). Their compressive strength, stiffness and low creep strain are superior
in comparison with standard polyester resin capsules.

But since the majority of resin capsules used in hard rock mines worldwide use the so-called water-
based catalyst our focus was on the creation of the strong, robust yet cheaper version of styrene-free
resin cartridges using a water-based type of catalyst. Research during that endeavour was successful
- a water-based type of catalyst for the styrene-free resin cartridges was developed but also a
completely new generation type of catalyst: emulsified peroxide catalyst (EPC) for the styrene-free
resins was created.

After extensive studies performed in the laboratory, both products have been developed and their
properties and performance are presented and discussed in this paper.

MECHANICAL TESTING OF THE PROPERTIES OF A STYRENE-FREE POLYESTER RESIN PRODUCED
WITHWATER-BASED AND A NEW GENERATION (EPC) TYPE OF CATALYST

In order to enable the comparison of the results and behaviour of the different types of a new styrene-
free versions of resin capsules, as well as the existing styrene-based resin cartridges, the results of the
laboratory experiments presented were obtained following the requirements of British Standard
(2007). These requirements are for strata reinforcement support system components that were used in
British coal mines. In general, the requirements of this standard for resin cartridges are more stringent
than those that meet local industry standards.

Examples of resin characteristics in uniaxial compression for a basic version of styrene resin
cartridges (water-based catalyst) are presented in Figure 1. Typical normal stress - vertical strain

curves for styrene- free resin cartridges produced with water-based catalyst are given in Figure 2 and
those curves for styrene-free resins created with EPC catalyst are shown in Figure 3.
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Figure 1. Characteristics of normal stress - vertical strain in uniaxial compression of standard (water -based
catalyst) styrene resin cartridges.
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In general, the unconfined compressive strength (UCS) of standard formulation styrene resin cartridges
is about 50 MPa; for the batch presented in Figure 1, the mean value of UCS is equal to 47.4 MPa
(standard deviation 2.63 MPa and coefficient of variation 5.5%). The results (shape of the curves) of all
the tested specimens are quite similar, ductility (vertical strain at maximum stress) is about 2.3%.
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Figure 2. Characteristics of normal stress vs vertical strain in uniaxial compression of styrene-free resin
cartridges produced with water-based catalyst.
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Figure 3. Characteristics of normal stress vs vertical strain in uniaxial compression of a new type of styrene-free
resin cartridges created with a new EPC-type of the catalyst.

Mean UCS value for the styrene-free water-based catalyst is equal to 67.5 MPa, and again all the results
of the individual tests are similar (UCS standard deviation 1.60 MPa) and ductility is around 2.4%.

New formulation of styrene free resin cartridges based on EPC-type of a catalyst results in significantly
higher UCS values. The mean UCS value of the test results presented in Figure 3 is equal to 90.9 MPa
(standard deviation 1.39 MPa) and the resin is stiffer (ductility 2.0%). The maximum UCS value
determined during testing of eight specimens reached 92.4 MPa and the minimum 88.7 MPa.

UCS of a new styrene-free resin formulation based on EPC-type of catalyst is almost twice as high as
standard (water-based catalyst) styrene-based resin cartridges formulation and about 35% higher than
water-based catalyst of styrene-free resin.

UCS is not the only mechanical parameter which is important to describe the properties and behaviour

of the resin cartridges. BS2007 requires the determination of elastic modulus and creep of resin. Elastic
modulus is determined, according to BS2007, in a procedure of loading and unloading cycles between
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the 2.5 kN and 7.5 kN load and the elastic modulus is the mean of the three-second moduli measured
between the two levels of the applied load.

Since the water-based catalyst styrene resin cartridges do not comply with or do not even give the results
close to the requirements of BS2007, the following results and discussion refer to styrene-free resins produced
with either a water-based catalyst or a new formulation based on EPC-type of a catalyst. Characteristics of
force vs vertical strain in uniaxial compression of styrene-free resin cartridges produced with water-based
catalyst are shown in Figure 4. The corresponding curves in the same procedure but for a new type of
styrene-free resin created with EPC-type of catalyst cartridges are shown in Figure 5.

Force in kN

0.2 04 0.6

Figure 4. Characteristics of load vs strain in uniaxial compression of styrene-free resin cartridges created with
water-based catalyst obtained in the procedure for determining elastic modulus.
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Figure 5. Characteristics of load vs strain in uniaxial compression of a new type of styrene-free resin cartridges
based on EPC-type of catalyst obtained in the procedure for determining of elastic modulus described in British
Standard (2007).

According to BS2007 the elastic modulus shall be greater than 11 GPa. Although the UCS value for the
styrene-free water-based catalyst is in a range of 65-70 MPa and is significantly below the 80 MPa
threshold but its stiffness given by the Young’'s modulus value =10.2 GPa is only slightly below the
threshold. The mean value for the styrene-free water-based catalyst resin cartridges presented in
Figure 4 is 10.20 GPa (standard deviation 0.21 GPa and coefficient of variation 2.04%).

A new type of styrene-free resin cartridges based on EPC type of a catalyst is stiffer and meets the
requirements of British Standard (2007), E mean value is equal to 12.93 GPa and the results are quite
consistent (standard deviation value 0.25 GPa and coefficient of variation of 1.9%).

Rigidity of the resin is of high importance in rock bolting; E value of a range of about 13 GPa is similar

to Young’s modulus values of many sedimentary rocks like mudstones and weak, deformable
sandstones and more than Young’s modulus values of coal and the majority of shales. This means that
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even significant loads exerted on the bolt will result in a small deformation (displacement) of the bolt
shank.

Rheological properties of the resin cartridges are determined, according to BS2007, in a procedure of
loading the specimens to a load of 5kN and maintaining this load for a duration of 15min. The

resistance to creep is the recorded strain between 0.5 and 15 min expressed as a percentage and it shall
be no greater than 0.12%.

Example characteristics for creep determination of styrene-free resin cartridges produced with water-
based catalyst and a new type of styrene-free resin created with EPC type of catalyst cartridges are
shown in in Figures 6 and 7, respectively.
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Figure 6. Characteristics of load vs strain in uniaxial compression of styrene-free resin cartridges produced with
water-based catalyst obtained in the procedure for determining creep.
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Figure 7. Characteristics of load vs strain in uniaxial compression of a new type of styrene-free resin cartridges
based on EPC type of catalyst obtained in the procedure for determining creep described in British Standard
(2007).

Resistance to creep of both the water-based and EPC-type of catalyst used to produce styrene-free
resins meet the requirements of British Standard (2007). The mean value of the water-based catalyst

type of styrene-free resin cartridges presented in Figure 6 is 0.108% (standard deviation 0.009% and
coefficient of variation 7.84%).

A new type of styrene free resin cartridges produced with the EPC-type of catalyst has improved creep
resistance with a mean creep value of 0.068%. This is almost two times lower than the creep value
required (normative) given in BS2007. What's more, the results are uniform and reduced scatter of data
is observed (standard deviation ~0.001% and coefficient of variation 1.94%).

Since in some countries the compressive tests described above are sometimes complemented with or
even replaced by testing of the shear strength of the resin, such tests were also conducted for the new
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type of styrene-free resin cartridges produced with the EPC-type of catalyst. Tests were conducted
according to the South African National Standard (2018).

A sufficient mass of resin mastic and the quantity of catalyst corresponding to the resin mastic-catalyst
ratio in the capsule were separately weighed and then cooled in the refrigerator until the samples had
reached =~4°C. The cooled resin mastic and catalyst were mixed together and test specimens were
moulded in the 3 mm washer and then conditioned for three hours at 50°C. After cooling the
specimens in the room temperature the first specimen was positioned symmetrically in the punching
tool assembly which was placed in the loading device (Figure 8a).

The load was applied steadily using the punch and the increasing force fractured (sheared) the test
specimen after about 30 seconds. The maximum force values sustained by the test specimens were
recorded and the shear strength of the resin was calculated. Example load - deformation curves for
shear strength determination are shown in Figure 8b.
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Figure 8. The punching tool assembly positioned in the loading device for shear strength testing (a);
characteristics of load vs displacement of a new type of styrene-free resin cartridges based on EPC- type of
catalyst obtained in the procedure for determining the shear strength of the resin described in SANS (2018) (b.)

Mean value of the shear strength determined from the eight tests is equal to almost 34 MPa (33.87 MPa).
Maximum value reached about 37.7 MPa and minimum value was equal to 30.6 MPa. The results are
quite consistent (standard deviation value 2.41 MPa and relative standard deviation of about 7%).
Shear strength of styrene-free resin based on EPC-type of catalyst far exceeds the threshold values of
19 MPa and 23 MPa given in the standard; in fact it is almost 50% higher than the value required for
the 523 resin.

TESTING BONDING STRENGTH OF A NEW TYPE OF STYRENE-FREE RESIN BASED ON A NEW
GENERATION TYPE OF CATALYST

Laboratory tests performed confirmed improved mechanical properties of both types of the new
styrene-free resin formulations (water-based and EPC type of catalysts) to the existing styrene-based
ones. Those results, although important, are not sufficient to prove the readiness and usefulness of a
new type of resin cartridges (styrene-free) for use in underground workings for rock bolting.

It has been decided that an important step to check the performance of the new type of a styrene-free
resins would be to test the bonding strength of the assemblies of rock bolts grouted with styrene-free
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resin in the holes drilled into high strength concrete embedded in steel pipes. The styrene-free resins
based on EPC type of catalysts were selected for this testing and as a first step a pumpable version of
that formulation.

One of the reasons supporting the choice of the pumpable version of the new type of resin for rock
bolting was its popularity in some parts of the world, but the most important factor was the ability to
eliminate possible variabilities related to mixing quality and to test the true bonding strength of the
assemblies.

Two steel pipes, diameter = 15 cm and length ~ 200 cm, were filled with a high strength concrete and
left for more than 28 days to allow strength build-up. The pipes were then installed in a Sandvik
ground support drilling rig (Figure 9a) and 33 mm holes of were drilled. Canadian 22 mm rebars were
subsequently embedded with a pumpable version of the styrene-free resin based on the EPC-type of
the catalyst. After curing the resin the pipes were then cut into 15 cm long sections (Figures 9b and
10a).

a) b)

Figure 9. Sandvik ground support drilling rig (a); cutting the assemblies of rock bolts grouted with styrene-free
resin in the holes drilled in a high strength concrete embedded in steel pipes (b).

Ambient temperature in the workshop where bolting and curing took place was about 15°C. Cylinders
of diameter and length equal to 15 cm were then placed in a standard, 400 kN capacity testing machine.
Using a special shape piston of 19 mm diameter, made of hardened steel, a compressive load was
gradually applied to determine the bonding strength of the assemblies (Figure 10b).
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Figure 10. 15 cm sections of the pipes ready for testing (a); one of cylinders placed in a standard 400kN capacity
testing machine during push-out tests (b).

A loading rate was in a range of 0.7 kN/s - 0.9 kN/s and bonding strength for almost all sections of
the pipe tested reached at least about 20 tons (=200 kN). The detailed results are presented in Figure
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11. As can be seen, the styrene-free resin based on the EPC-type of the catalyst gives superb bonding
strength. For pipe number 1 the minimum bonding strength was 200 kN and the maximum reached
234.5 kN. For only the first section of the pipe (collar of the bolt) the bonding strength was a bit smaller
(163.5 kN) and this result is believed to be caused by the different boundary conditions, i.e., possible
microcracking of the concrete at the end of the pipe.

Maximum loads for pipe number 2 determined during pushing-out of the sections of the bolts grouted
with styrene-free pumpable resin were generally even higher. The minimum bonding strength was
almost 200 kN (198.5 kN for section number 5) and the maximum reached 270 kN. The load pushing
out the bolt was not determined for the first section of the pipe since it was lost due to failure of the
equipment during cutting.
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Figure 11. Bonding strength of the assemblies of rock bolts grouted with styrene-free resin based on EPC-type of
catalyst in the holes drilled in a high strength concrete embedded in steel pipes cut into 15 cm long sections.

General comment is that the bonding strength is very high for all the sections of both bolts, and
although the results are quite uniform, especially for pipe number 1, the differences are noticeable.
Since the mixing of the resin is not responsible for this effect it is believed that the local strength of
concrete in the pipe is a reason for the behaviour. It was decided that a better concrete embedment in
the pipes’ techniques should be performed in the future. For now a preliminary study of the concrete
revealed presence of some pores and micro open spaces filled with air, especially in those sections of
the lowest bonding strength determined.

In each case pushing-out of the bolts embedded with FASLOC styrene-free resin at a loading level of
about 20 tons or more occurred due to the failure (sliding) of the resin-concrete interface. The calculated
shear bonding strength is in a range of 12.8 - 17.4 MPa.

The results obtained show that the bonding strength of the assemblies of standard rebar bolts
embedded with styrene-free resin based on the EPC-type of the catalyst are very high. Just a 15 cm
embedment section is needed to transfer a load of 20 tons or more. Although the concrete used to fill
the steel pipe was a special type of high compressive strength its UCS is certainly much lower than
that of many hard rocks.

Since the bonding strength increases with the strength of the substrate rock, it can be expected with
confidence that in those rocks the bonding strength of the rock bolts grouted with a new type of
styrene-free resin will be even higher. It means that an embedment length of just 10-25 cm could be
enough to cause the failure of steel (and not the grout) of every bolt shank commonly used in the
mines. This also confirms that the strength of a new type of styrene-free resin based on the EPC-type
of the catalyst is more than sufficient to fulfil the practical requirements for rock bolting in the
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underground workings. The tests with different substrate rocks and with resin cartridges, not only a
pumpable version of the resin, will be continued.

DYNAMIC TESTS OF THE ASSEMBLES OF ROCK BOLTS GROUTED WITH STYRENE-FREE
RESIN IN THE STEEL PIPES

Increasing depth of the mining excavations and extensive extraction in many mines around the world
result in complex underground structures’ geometries and huge areas or volumes of the extracted ore.
All of these cause high seismicity observed in the mines and a high risk related to rockburst hazard.

To mitigate the risk it is important to install so-called dynamic types of support or reinforcement and
one of the most popular types of reinforcement used in a seismic/rockburst hazard conditions are
dynamic rock bolts fully grouted in the rock mass. The behaviour of a new type of the styrene-free
resin based on the EPC-type of the catalyst under dynamic loading conditions was also tested.

For initial dynamic tests Versa bolts of 22 mm diameter and length of 2.4 m were selected. It was
decided to follow the recommendations of the recently published ISRM Suggested Method (Li et al.,
2025). The bolts were embedded with the pumpable version of the styrene-free resin based on the EPC-
type of the catalyst directly in the steel pipes and the thickness of the wall of the steel pipes was
determined to mimic the deformational properties of the rock mass. Calculations were based on the
formulas given in the ISRM Suggested Method (2025) and pipes of the internal diameter of 34.1 mm,
wall thickness equal to 7.1 mm and length 2x1135 mm were selected. The so-called spilt tube tests were
performed on the rock bolt styrene-free resin grout assemblies at Central Mining Institute (CMI) -
National Research Institute’s dynamic testing rig in Poland (Fig. 12a).

a) b)

Figure 12. (a) Versa bolt embedded with styrene-free resin in a split-tube before the impact testing at Central
Mining Institute's dynamic testing rig); (b) Versa bolt after the impact testing with 40 kJ of input energy.

The CMI dynamic testing rig uses the so-called free-fall of a mass method, and it has been used for
more than two decades to test various types of dynamic bolts from many parts of the world (see Pytlik,
2024; Li et al., 2021). The capabilities of the testing rig far exceed the dynamic capacity of any bolt used
underground and it is also very stiff, meaning that about 99% of the impact energy is absorbed by the
tested bolt assembly and only about 1% is dispersed by the testing rig.
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As an example the results of testing of two Versa bolts - styrene-free resin grout assemblies are shown.
The first of those bolts was hit by a mass of 2620 kg, released from 1400 mm height, resulting in a 36k]
input energy and a velocity of the impact mass equal to 5.2 m/s. The assembly of Versa bolt styrene-
free resin grout behaved very well, the maximum load sustained by the assembly reached 354.3 kN,
the bolt deformed and the maximum tubes’ split was measured to be 131.1 mm but as there was still
an elastic component of the total strain the final displacement of the tubes was reduced to about 117
mm (Figure 13).
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Figure 13. Load - displacement and energy absorption - displacement curves for Versa bolt embedded with
styrene-free resin in a split-tube tested with 36 kJ of input energy (first impact).

Although the impact energy was equal to 36 k], the total energy absorbed by the embedded bolt was,
due to its elongation, about 38 k] and the average impact force (AIF) was almost 300 kN (299.9 kN).
The bolt stiffness and rise time determined by the procedures described in the ISRM Suggested Method
were 80 MN/m and 1.4 ms, respectively. The time to the first rebound was below 0.1 s and force
measured just before the dropped mass rebounds was equal to 314.5 kN.

It was decided to hit the bolt assembly with the same very high input energy (36 kJ) a second time. As
a result the bolt failed but nevertheless it absorbed about 28 kJ of energy. The maximum load in the
test reached 486.5 kN, AIF was about 334.7 kN and the force just before the failure of the bolt was 338
kN (Figure 14).
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Figure 14. Load - displacement and energy absorption - displacement curves for Versa bolt embedded with
styrene-free resin in a split-tube tested with 36 k] of input energy (second impact).
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The bolt deformed and the additional displacement due to the second impact reached almost 84 mm
(83.9 mm) and as a result the total energy dissipated by the bolt in two hits reached about 66 k] before
failure.

To test the response of Versa bolt - styrene-free resin grout assembly to the dynamic loading of an even
higher input energy a test of 40 k] input energy on another assembly was performed.

The drop mass was kept constant (2620 kg), but it was released from a 1555 mm height, resulting in a
40 kJ input energy and an increased impact velocity (5.5 m/s). The assembly of Versa bolt - styrene-
free resin grout sustained this high energy impact; the maximum load measured in the test reached
346.4 kN, the bolt deformation and the maximum tubes split was a bit bigger, equal to 145.9 mm and
again as there was still an elastic component of the total strain of the bolt the final displacement of the
tubes was reduced this time to about 131 mm (Figures 12b and 15).
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Figure 15. Load - displacement and energy absorption - displacement curves for Versa bolt embedded with
styrene-free resin in a split-tube tested with 40 kJ of input energy (first impact).

Although the impact energy was equal to 40 k], the total energy absorbed by the embedded bolt was,
due to its elongation, almost 44 kJ and the AIF was above 300 kN (304.3 kN). The bolt stiffness and rise
time determined by the procedures described in the ISRM Suggested Method were 146 MN/m and 1.0
ms, respectively. The time to the first rebound was again below 0.1 s (0.07 ms) and force measured just
before the dropped mass rebounds was equal to 313.7 kN.

CONCLUSION

Development of a new styrene-free polyester resin represents an important step in reducing chemical
hazards in underground roof and sidewall rock bolting applications. It is safe for both men and women
workers and in the mine it offers increased work comfort, easy waste management and it is hardly
flammable. It does not require any special conditions for air, sea and road transport and it can be stored
with other materials since it does not require well-ventilated warehouses.

At the same time, the new formulation delivers improved mechanical load transfer properties and the

improved product packaging assures reliable pneumatic installation even when using automatic
loading systems such as the Sandvik ARI system.
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Development of a new generation catalyst (EPC) for the styrene-free resin seems to be an important
step forming the basis for the shift from potentially harmful styrene-based cartridges to styrene-free
resins.

Results of testing of the mechanical properties both listed in the BS (2007) i.e., uniaxial compressive
strength (above 90 MPa), Young's modulus (about 13 GPa) and creep (below 0.07%) as well as the shear
strength in the SANS (2018) (about 34 MPa) showed very good behaviuor of the styrene-free resin
based on the new generation catalyst.

Push-out tests confirmed its very high bonding strength (generally, above 20 tons per 15 cm long
section) and dynamic impact tests showed its usefulness in seismic or rockburst hazard conditions.
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Blast-on-Mesh: Transforming deep-level gold mining -
success stories from Kusasalethu

R. van Heerden!, M. Phathu?

Harmony Gold Mining Company Limited, South Africa
2Geobrugg Southern Africa

This case study examines the successful implementation of permanent blast-on-mesh
(BOM) at Harmony Gold’s Kusasalethu Mine and its positive impact on mine safety. The
adoption of netting and bolting as a ground support practice began in 2013 as part of the
Mine industry Occupational Safety and Health (MOSH) initiative, which aimed to reduce
fall-of-ground incidents and enhance safety standards. In 2020, Kusasalethu pioneered the
introduction of permanent blast-on-mesh, marking a significant shift in ground support
practices. The initiative was met with favourable feedback from underground crew
members, who noted the improvement in safety in their working environment.

The introduction of permanent BOM resulted in a marked reduction in gravity-induced
fall-of-ground injuries and a significant decrease in overall fall-of-ground incidents. This
study highlights the effectiveness of permanent areal support in providing long-term
stability to underground workings, with the transition to permanent areal cover support
becoming a leading practice by 2023. However, the success was not without its challenges.
Issues related to the installation quality of the mesh, as well as damage during routine
cleaning and maintenance, were identified as areas for improvement. Despite these
challenges, the implementation of netting and BOM proved effective in reducing the
severity of fall-of-ground incidents, thus enhancing the overall safety and operational
efficiency of the mine.

This case study underscores the critical role of innovative ground support technologies
and safety practices in improving mine safety, and it serves as a model for the continued
evolution of ground support systems in the mining industry. By detailing both the
successes and challenges encountered at Kusasalethu, the study provides valuable insights
into the practical application of permanent BOM and its potential to reduce ground-related
hazards in deep-level mining operations

INTRODUCTION

The reduction of falls of ground incidents in South African underground mines has been significantly
influenced by advancements in areal coverage support systems and other leading practices, reflecting a
dynamic response to the challenges of eliminating fall of ground (FOG) injuries and incidents in deep-
level mining operations.

Afrirock 2025
Sun City, 21 - 23 July 2025
The Southern African Institute of Mining and Metallurgy
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FoG Leading Practices and Initiatives
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Figure 1. Falls of ground (FOG) leading practices and initiatives (Minerals Council South Africa, 2025).

Leading practices in South African underground mining have evolved significantly over the years,
driven by the need for enhanced safety, efficiency, and sustainability in response to the challenges
presented by deep-level mining operations. The unique geological conditions and the increased depth
of mines have necessitated the development and implementation of advanced support systems
designed to maintain the integrity of underground workings while minimising rockfall hazards and
optimizing resource extraction (Minerals Council South Africa, 2025).

From the Minerals Council South Africa (2025) it can be seen that the only areal coverage support
utilized in the industry by 2012 was safety nets, and it was not an industry-wide practice at the time.
That, together with other initiatives or leading practices mentioned on the Minerals Council South
Africa website (2025) contributed significantly to the decrease in FOG-related fatalities and injuries. This
evolution reflects a commitment to innovative engineering solutions as mining companies strive to
balance economic viability with the imperative of protecting their workforce and the environment, as
South Africa remains a pivotal player in the global mining sector (Minerals Council South Africa, 2025).

In the past five to ten years, several conventional underground hard rock mines in South Africa have
adopted the use of permanent workface areal coverage mesh. This type of areal support is often
preferred because it allows the workforce to always work under supported ground, and due to it being
permanent, the back areas remain supported from an aerial perspective. The major contributor to most
mine’s adoption of permanent areal mesh has been the drive from MOSH, which stems from discussions
in March 2021, where the CEO zero harm forum discussed the industry’s 2020 falls of ground safety
performance and tasked MOSH to find ways of mitigating FOG regression in the industry (Minerals
Council South Africa, 2025).

Mineral Council South Africa (2025) shows that the study led to MOSH adding permanent work face
areal mesh as a leading practice in 2023. Some of the learnings came from different mines that had
already started adopting the solution as far back as 2017. Kusasalethu was one of those mines that had
already started with this initiative.
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The impact of areal coverage support at Kusasalethu mine

Kusasalethu Gold Mine is situated approximately 90 km west of Johannesburg, near the border of
Gauteng and the North-West, in the West Witwatersrand Basin (Figure 2). It extracts the Ventersdorp
Contact Reef (VCR) which is overlain by the Alberton Porphyry Formation (Ventersdorp Lava). The
current mining extracts the orebody at depths of 2700 m - 3388 m below the collar elevation and employs
the modified sequential grid mining method. The sequential grid mining method employs a series of
raise lines spaced 200 m apart, separated by 30 m wide dip stabilizing pillars. The access/ventilation
tunnels are placed ‘deep’ in the quartzite footwall, >80 m below the reef plane and are excavated ahead
of the mining operations. Long cross-cuts every 200 m link the main haulages to the reef plane, where
raises are developed (Figure 3). The mining sequence helps to manage the stress levels and limit the
incidence of seismicity (van Heerden, 2022).
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Figure 2. Locality of Kusasalethu Gold Mine (Harmony Gold Mining Company Limited, 2023)

The hanging wall is Ventersdorp Lava, which has a UCS of some 300 MPa. Conditions vary
considerably across the above-mentioned reef type. Varying conditions are caused by pilloids; inter-
pilloid breccias and joints, associated with slopes and duplicated reef zones. Another contributing factor
is arelatively large amount of flat faulting, which extends into the hanging wall, due to the brittle nature
of the hanging wall lava. The footwall is competent quartzite, (UCS 180 - 250 MPa) which extends to a
depth of approximately 430 m below the reef on the eastern boundary and about 550 m below the reef
on the western boundary, enabling haulages and most other primary development to be sited deep in
the footwall, in strong competent host rock (van Heerden, 2022). Backfilling is practised to improve the
overall stability, to reduce closure rates and improve regional as well as local support when
incorporated with additional support units such as pre-stressed timber elongates and packs (van
Heerden, 2022). The mine infrastructure includes twin vertical and twin sub-vertical shaft systems,
which facilitate the movement of personnel and materials underground. This design is essential for
optimizing the efficiency of the mining operations, especially given the depths at which mining occurs
(Harmony Gold Mining Company Limited, 2025).
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Between the years 2013 and 2018 the mine was utilising temporary safety nets as areal coverage and
only started trialling permanent areal mesh in late 2018. The temporary net that was previously used
was a nylon-type net with square 100 mm square apertures that was installed during entry examination
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Figure 3. Overall strategy for sequential grid mining (Handley, de Lange, Essrich, & Banning, 2000)

and making safe and removal of the net before the blast.

On the 10t of July 2018 following a loss of life incident at the operation in a gravity-induced rock fall
incident a mandate was given by the then COO of Harmony that permanent net/mesh should be
implemented, this informed the transition from a temporary in-stope net to a permanent areal coverage
solution. A cable-type net with 100 mm square apertures was selected as the solution, but the overall
success of the initiative was hampered as the full change management process as laid out in the 16-step

MOSH adoption process, was not fully followed. Figure 4 illustrates the generic process.
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Figure 4. 16-step MOSH adoption process.




Various challenges arose during this time and ranged from were not limited to:
e the size of the net, the mass of the net proving to be cumbersome to handle,
e tensioning and overall installation quality,
e And consistent damage during cleaning operations.

The efficacy of the permanent nets was compromised, and in essence all the relevant stakeholders were
not involved and adequately informed. According to the MOSH adoption process, the following seven
steps must be followed, updated and refined from the sixteen-step process (Minerals Council South
Africa, 2025):

e Secure support for adoption,

e Establish a mine adoption team,

e Confirm my STS (socio-technical system) elements to be addressed,

e Establish mine adoption plan,

e Review, update and monitor operational processes and documentation,

e Execute leading practice adoption and implementation in the pilot site,

e Roll out the leading practice to the rest of the organisation.

In Figure 5 below, a comprehensive summary of total incidents (reported and investigated FOGs) and
injuries recorded from July 2018 to June 2024 is presented, with the statistics for 2025 still pending
completion over the next four months. Notably, the graph illustrates a significant downward trend in
the total number of falls of ground (FOG) incidents since the trial and implementation of permanent
areal coverage mesh at the Kusasalethu gold mine. This positive trend highlights the effectiveness of
integrating permanent support systems in enhancing mine safety and stability, demonstrating a clear
correlation between the adoption of this innovative support solution and a reduction in FOG incidents.
As the mining industry continues to prioritise safety and risk mitigation, the ongoing analysis of these
statistics will provide valuable insights into the impact of areal coverage mesh on overall operational
safety.
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Figure 5. Total falls of ground incidents and injury summary per financial year (van Heerden, Kusasalethu Fall
of Ground Stats, 2025).

The main causes for the rock fall-related injuries at Kusasalethu mine are seismicity, entry examination
and barring. Figure 5 shows the number of incidents caused by seismicity, entry examination and
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barring from the financial year 2018 to 2025. From the statistics, from 2020 the incidents caused by entry
examination and barring started flattening out and decreasing towards 2024. The main reason of this
decrease was the re-implementation of permanent areal coverage mesh.
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Figure 6. Rock-related Injuries (van Heerden, Kusasalethu Fall of Ground Stats, 2025)

The introduction of permanent areal coverage mesh means that most of the stoping area has areal
coverage except for the area from the previous day's blast advance and creates additional cover for the
night shift cleaning crews. This leads to less time that the crews must spend barring the panel, because
they must only bar the area exposed by the blast advance. The entry examination is also conducted in a
panel that has areal coverage, hence less opportunity of being exposed to a FOG.

The Implementation process of Blast-on mesh at Kusasalethu

The operation revisited the adoption process with assistance from the Minerals Council adoption team
and implemented the 16-step adoption process at the time. Consultations were held with all the various
stakeholders, and underground visits were conducted at Masimong one of Harmony’s mining
operations in Welkom, Free State. On completion of the aforementioned process, a relevant product was
selected which complied with the specifications set out by the company, to hold a 500kg mass with a
maximum deflection of 400mm. The product selected was made from high-tensile steel, with a tensile
strength of 12.5kN with a blasting cable, and the design of the product ensured that it could withstand
the impact of the blast.

Thereafter, training was conducted for every stoping crew on the mine. Upon completion of the training,
underground on-the-job coaching was conducted, and the product was rolled out systematically over
three months from June 2020 to September 2020. The impact of the newly rolled-out blast-on mesh was
followed a reduction in the incidents related to gravity-induced falls of ground. The overall trend for
falls of ground incidents and accidents is downward, showing a positive result from the correctly
implemented blast-on mesh.

Case studies

Following the full implementation and roll-out of permanent blast-on mesh, several incidents have
occurred where, if the blast-on mesh was not installed, a loss of life may have occurred, a lost-time
injury may have been a reportable incident or worse. Discussed below are two such examples where, if
it was not for permanent areal coverage, the outcome may have been significantly worse.

Case study 1
The incident occurred during the morning shift at 10:26 am on the 9t of April 2023, where five
employees were injured when a seismic event with a local magnitude of 1.0 occurred. The employees
suffered various injuries, but no one lost their lives. Of the five injured employees, 2 were trapped
following the FOG. Following the incident, an in-loco investigation was conducted, and some of the
findings are listed below:

- At the time of the incident, support was being installed, including a new installation of

permanent blast-on mesh.
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- The FOG was significant at the top of the stoping panel and became less severe towards the toe.
The fall of ground was large with a total combined mass of 88 tonnes.

- The seismic event was a crush-type event, with the failure (nodal) plane aligning with the face
of the panel.

- During the underground investigation and subsequent surface interviews the Team Leader of
the crew stated that “if it was not for the blast-on mesh being in place they would never have
been able to rescue the Rock Drill Operator as he would've been completey engulfed by the fall
of ground”.

Without the blast-on mesh being in place regarding this particular incident the outcome may well

have been a loss of life.
H/wall
3 shakedown

Position of
Face | the RDO
bulking ¢

and h/wall
shakedown

H/wall
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Figure 7. Plan view of the panel in which the incident occurred (van Heerden, 109-40 West 5 - Fall of Ground
Incident, 2023).
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Figure 8. Position from where the rock drill operator was rescued.

Case Study 2
A rock-related incident occurred at 09:41 on the 7t of February 2025. A seismically induced fall of

ground occurred, which trapped an employee. The local magnitude of the event was 1.7, and
fortunately, the employee an RDO, was only trapped for a short period. If it were not for the blast-on
mesh, the outcome could have been different. Some of the findings during the investigation are listed
below:
- The lagging panel had been started up late, which influenced the mining layout.
- The seismic event was a complex-type event, with the failure (nodal) plane aligning with the
abutment created with the leading panel to the north.
- In the area where the fall occurred, the steel netting was held in place by two elongates, which
prevented further unravelling of the hanging wall.

Potentially life-threatening fall of ground was limited to a lost-time injury.
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Do underground excavations mined by non-explosive mining
techniques require less support than when mined by
blasting? A challenge to rock engineers to review support
design practice

R.G.B. Pickering, D. Arnold, J. Porter

Rock Eater (Pty) Ltd, South Africa

In a paper by Olsson et al, from the Swedish Rock Engineering Research Unit and entitled (What
Causes Cracks in Rock Blastingl, presented at EXPLO 2001 they concluded that:

¥ Shock waves are mainly responsible for crack lengths in the remaining rock walls.

¥ Gases are responsible for moving the rock.

It is a given that explosives, by definition, create shock waves, non-explosive mining does not
create shock waves. In this paper the authors will:
¥ Consider the current support design methodology for hard rock underground excavations.
¥ Investigate the work done to quantify the extent of rock fracturing caused by blasting.
¥ Provide visual evidence of how excavations mined non-explosively have weathered the
ravages of time.
¥ Identify possible benefits of non-explosive rock breaking to mining (and other) operations.
¥ Raise the question of how to design support in non-explosively mined excavations

INTRODUCTION

Mining soft rock such as coal, salt and potash, benefitting from new innovations, moved from drilling
and blasting in the latter half of the twentieth century, to effective soft rock cutting or ploughing
methods of mineral extraction. The corresponding increase in both safety and productivity can be
demonstrated with statistics from the British coal mining industry where between 1947 and 1994 (a
major period of change due to coal cutting) productivity increased from 270 to 6216 tons per man year.
Fatalities were also substantially reduced; with production increasing from 0,35 to 21,5 million tons
produced per fatality.

The development of tunnel boring machines (TBMs) also dates from the 1950s and 1960s where their
application has mainly been in civil projects. There have been TBMs used in mining but not extensively.
It is not the purpose of this paper to discuss productivity or other performance issues related to the
different mining machines discussed in this paper but to focus on how excavations created by non-
explosive methods withstand the passage of time.

The destructive nature of blasting with explosives, which is the norm in most mining operations, can,
and generally does, result in serious damage to the rockmass surrounding that being excavated; while
cutting methods, such as boring and wire-lines, inflict little peripheral damage.

The damage caused during explosive rock breaking results from an initial shock wave that fractures the
rock, followed by expansion of these fractures by gas pressure. Of course, this damage is not limited to
the fractures induced by the shock wave, but also to any and all local pre-existing discontinuities and
flaws in the rock.

Afrirock 2025
Sun City, 21 b 23 July 2025
The Southern African Institute of Mining and Metallurgy
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