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FOREWORD

As an industry built on the strength, skill, and resilience of its people, mining’s most important
responsibility remains the protection of life. Every life lost represents a profound tragedy that must renew
our determination to do better — to lead, to innovate, and to care.

This year, the South African mining industry recorded 39 fatalities, compared to 33 during the same
period in 2024. This regression reminds us that safety is not an achievement that can be claimed once, but
a continuous journey requiring relentless focus, leadership, and accountability. Each number represents a
colleague, a family, and a community forever changed — and each must inspire us to redouble our efforts
to make ‘zero harm’ not just an ambition, but a lived reality.

The MineSafe Conference stands as a central pillar of this collective journey. It brings together all who
share responsibility for the well-being of the sector — from the Department of Mineral Resources and
Energy and the Minerals Council South Africa, to organised labour, health and safety practitioners, and
the many men and women who make mining possible. It is here that we pause to reflect, to learn, and to
strengthen our commitment to safer, healthier, and more sustainable mining operations.

The 2025 theme — Safe Mines, Healthy Lives, and Sustainable Futures — speaks directly to our shared
purpose. It challenges us to expand our view of safety beyond compliance and statistics, towards a holistic
culture that values health, human dignity, and environmental care as inseparable parts of sustainable
performance. It calls on us to recognise that sustainable futures are only possible when every miner works
in an environment that is both safe and empowering.

Over the past three decades, collaboration among industry partners has delivered remarkable progress in
risk reduction, technology adoption, and health outcomes. These achievements prove that we can make
lasting change when we work together. Yet, they also remind us that the journey is far from over. The task
ahead demands courageous leadership, practical innovation, and an unwavering belief that every fatality is
preventable.

The Industry Awards Day, to be held on 21 November 2025, will celebrate individuals and organisations
who have demonstrated excellence in safety, health, and sustainability. Their achievements reflect what is
possible when passion and purpose align — and they serve as a powerful reminder that safe, responsible,
and sustainable mining is within our grasp.

Let MineSafe 2025 be a time not only to recognise progress but to recommit ourselves to the future we all
want to build — one where every mine is safe, every worker thrives, and every community benefits.
Together, we can and must deliver on the promise of safe mines, healthy lives, and sustainable futures.

G. van Greunen
Chairperson: Organising Committee
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Real-time temperature profiling in underground mines: A
proof of concept using distributed temperature sensing based
on optical fibre

Y. Hletal, M. Mochubele?, P.D. Seroba2

1PositionNXT, South Africa
2University of the Witwatersrand, South Africa

In response to the September 2024 directive by the Mine Health and Safety Inspectorate in
South Africa, mandating continuous monitoring of environmental conditions, specifically
temperature, noise, and airborne pollutants, this study explores the viability of adopting
real-time technologies as a regulatory necessity. This paper presents a proof of concept
evaluating the application of Distributed Temperature Sensing (DTS), based on optical
fibres, for real-time monitoring of thermal conditions in underground mining
environments. The experimental results demonstrate that Distributed temperature sensing
offers high-resolution, continuous dry-bulb temperature profiling with an accuracy of up
to £1°C, as validated against standard thermometers over a six-hour monitoring session.
Notably, DTS enables the generation of spatially rich 3D thermal maps, allowing
ventilation engineers to visualise airflow patterns, temperature gradients, and potential
thermal hotspots in real time. By extending temperature monitoring over several
kilometres using fibre-optic cables, distributed temperature sensing significantly
outperforms traditional point-based sensors in both spatial and temporal resolution. The
study establishes distributed temperature sensing as a promising tool for enhancing
thermal risk management, ventilation control, and regulatory compliance in underground
mines.

Keywords: Distributed temperature sensing, real time, fibre, thermal map, underground

INTRODUCTION

The real time profiling of temperature variations is a critical aspect in safeguarding the mineworker’s
health and safety against risks such as heat stress and underground fires which can ultimately lead to
fatalities. A study by Aminossadati et al. (2010) looking into the applicability of Distributed
Temperature Sensing in underground environments, stated that in underground mines most safety
concerns are due to temperature rises and the lack of proactive monitoring which can lead to serious
disasters. A plethora of environmental conditions monitoring strategies have been employed in the
mining industry including scheduled workplaces walk-through inspections and daily workplace
measurement by the personnel as a regulatory enforcement, which clearly lack the principle to provide
reliable and consistent real-time temperature variations. This hampers the ability to provide and
maintain the ventilation supplied in response to the real time underground environmental conditions.

MineSafe 2025
Hybrid Conference, 19 - 20 November 2025
The Southern African Institute of Mining and Metallurgy



Recognising the health & safety implications, and the need for proactive control, the Department of
Mineral and Petroleum Resources (DMPR) issued a directive in September 2024 mandating continuous
real time monitoring of temperature, air velocity, noise, and airborne pollutants. Mines that fail to
comply risk penalties and Section 54 stoppages under the MHSA, with significant production and
financial consequences. This regulatory pressure highlights the urgent need for technologies capable of
providing reliable, real-time environmental data.

By deploying Distributed Fibre-Optic Sensing (DFOS) also commonly known as distributed
temperature sensing (DTS), mine operators can establish a real-time, spatially continuous thermal
monitoring system that informs ventilation control, maintains safe dry-bulb temperature thresholds,
and supports regulatory compliance . DTS enables early detection of abnormal heat signatures
associated with equipment fires or spontaneous combustion by tracking the movement and intensity of
hot gases along mine passages, capabilities that far surpass traditional point sensors. This study presents
a laboratory proof-of-concept to evaluate DTS accuracy, sensitivity, and deployment considerations for
underground applications.

LITERATURE REVIEW

Current Mining Industry Environmental Monitoring Practices

Regulation 9.2(2) of the MHSA 29 of 1996 read with Section 11(4)(a) and 12 compels the employer to
establish and maintain a system for occupational hygiene measurements. In response to the regulatory
requirements, mines conduct walk-through inspections at intervals of 30 days for temperatures above
27.5°C wet-bulb in all underground working areas. During these audits, personnel measures wet-bulb
and dry-bulb temperature, air velocity and wet-kata cooling power of air. In addition, there are daily
environmental audits conducted as part of workplace safe declaration, although these are limited to
only the wet air velocity, bulb and dry bulb temperature measurements. These assessments are carried
out using cost effective and simple to use instruments such as whirling hygrometers and vane
anemometer.

A significant limitation of manual monitoring is its reliance on human intervention, which introduces
inconsistencies in data collection. This dependency often results in data gaps or inaccuracies, making it
difficult to obtain a reliable and continuous representation of environmental conditions, particularly at
critical monitoring points. periodic audits in nature provide only snapshots of environmental conditions
at specific times, failing to capture the dynamic and rapidly changing nature of underground
environments. This reactive approach delays the identification of potential risks, especially those
associated with heightened heat levels, and hampers timely corrective actions.

A Kkey issue arises in the investigation of heat-related incidents, which is not conducted immediately
after an event occurs. Given the dynamic nature of underground environments, delays in investigation
compromise the reliability of retrieved data. This reactive approach can delay the detection of heat-
related hazards and postpone corrective actions. For instance, if a heat incident is caused by a non-
operational ventilation fan, remedial actions may be implemented before the investigation takes place.
Consequently, measured conditions may not accurately reflect those present at the time of the incident,
underscoring the limitations of manual environmental monitoring.

Current mine ventilation monitoring methods suffer from several critical limitations. Manual
inspections provide data only at discrete locations and times, leaving extensive airway segments
unmonitored and risking undetected hotspots or airflow irregularities between measurement points, or
buildup in between measurements. Routine walk-through surveys are labour-intensive and prone to
transcription errors and inconsistent measurement techniques, further delaying hazard detection and
undermining data reliability.



Real Time Monitoring Technologies Available in the Market

Several technologies have been explored for underground real-time environmental monitoring,
including thermal imaging, infrared cameras, point-type sensors with SCADA integration, and
Distributed Temperature Sensing (DTS). Their suitability depends on accuracy, coverage, redundancy,
cost, and maintenance.

Thermal imaging cameras measure surface temperature and can trigger alarms when thresholds are
exceeded. However, they require line of sight and are highly affected by dust, which scatters infrared
radiation and causes false readings (Visagie & Pearton, 2018; Francis, 2023). Their reliance on object
temperature rather than ambient air conditions further limits effectiveness in humid or wet
environments where water can mask heat signatures. Coverage is also localized, creating blind spots in
complex tunnels, while multiple installations increase cost and maintenance.

Infrared cameras detect heat signatures and are effective for fire detection, but their range is limited;
fires must grow larger with distance before being detected (Visagie & Pearton, 2018). Like thermal
imaging, they require a clear line of sight and are compromised by dust, moisture, and wear, making
them unsuitable for underground mining despite successful use in industrial facilities. Point-type
sensors linked to SCADA are widely used to monitor parameters such as gas levels, humidity,
barometric pressure, and temperature. They provide continuous logging and alarms but cover only
their immediate vicinity, requiring extensive networks for broader coverage. Installation is complex,
maintenance is high, and accuracy is affected by airflow, dust, and diesel fumes.

Distributed Temperature Sensing (DTS) transforms an optical fibre into a continuous linear sensor,
providing seamless temperature profiles across long distances. Unlike point-based systems, DTS offers
intrinsic safety, resistance to fire, radiation, electromagnetic and radio frequency interference, and
enables secure and self-calibrating data transmission in hazardous environments (Aminossadati et al.,
2010). With wide-area coverage from a single location and minimal maintenance, DTS offers a practical
and scalable solution for real-time underground monitoring (Luna Innovations, undated).

Visagie & Pearton (2018) developed a comparison framework between the various real time
temperature monitoring technologies such as DTS, thermal imaging, EMS and bearing temperature.
These systems were assessed for application on a conveyor belt installation based on reliability,
survivability, and availability. The scoring matrix uses a 0-2 scale, where 0 = Poor (does not meet the
criterion), 1 = Average (partially meets the criterion with limitations), and 2 = Good (fully meets the
criterion effectively). Weighted scores are then calculated across categories of reliability, survivability,
and availability to give an overall Control Quality Score for each technology. The DTS technology
emerged as the most favourable system for adoption based on the comparison and scoring mechanism
applied, see Figure 1.

(CONTROL QUALITY CALCULATION: Thermal Linear Heat EMS Bearing
Imaging (DTS) Temperature
JReliability Will the control detect heat/gas prior to a flame? 2 2 0 1

Is the technology proven? 2 2 2 2

Is the technology proven for early detection on underground conveyors? 1 0 0 2

Is the system failsafe/ have redundancy? 1 2 1 0

Is the design practical for full length of belt? 0 2 2 0
Survivability Can it be damaged, impaired? 1 1 1 1

Can the control be maintained during normal operating hours? 2 1 2 1

Is failure automatically detected? 1 2 1 2
Availability Can the system operate without mains power? 1 1 | 1

Is the system easy to maintain? 1 2 1 2

Can the control be tested to confirm correct operation? 2 2 2 1
Weighted Score 14 17 13 13
Control Quality Score 64% 77% 59% 59%
* Scoring: Good = 2; Average = 1; Poor = 0

Figure 1. Control quality comparison



Distributed Temperature Sensing Working Principle

Principles of Operation

Distributed Temperature Sensing (DTS) uses an optical fibre as a continuous sensor by launching pulsed
laser signals into the cable and analysing the Raman backscattered light along its length. The time-of-
flight of the return signal, similar to optical time domain reflectometry (OTDR), determines the location
of each measurement, while the ratio of the temperature-independent Stokes signal to the temperature-
sensitive anti-Stokes component provides the local absolute temperature. In this way, DTS generates
continuous temperature profiles with typical spatial resolutions of 0.25-0.5 m and measurement ranges
of up to 8-10 km. Modern interrogators can scan an entire fibre in intervals of 5-10 seconds, enabling
near real-time monitoring.

Key Equations
Temperature at distance z:
T(z) = - [1]

K-Aaz—(In 1,(z)/1.(2))

Where y is a system constant set by the Raman energy shift, K is a calibration offset, and Aa accounts
for differential attenuation between Stokes and anti-Stokes signals along the fibre.
Location (time-of-flight / OTDR):

z=vt/2 [2]
with v the speed of light in the fibre (= 2 x 108 m.s) and t the measured round-trip time.
The ratio Ias/ls largely cancels common-mode signal losses, but because the Stokes and anti-Stokes
components occupy different wavelengths, they experience different attenuation which is captured by
the Aaz term in the temperature equation. Accurate temperature retrieval therefore depends on
calibration, the constants K, y and Aa must be determined for single-ended or double-ended methods,
with double-ended configurations particularly effective at compensating for non-uniform attenuation
along the cable. Because Raman backscatter is intrinsically weak, system signal-to-noise is improved by
pulse stacking and temporal or spatial averaging. Consequently, temperature resolution improves with
averaging but degrades with distance due to attenuation (typical resolution ~ 0.01-1 °C). Once a system
is properly calibrated, however, its absolute accuracy is largely independent of distance.

Performance

Visagie and Pearton (2018) note that DTS can sample every 0.25-0.5 m and sense temperature changes
as small as ~0.1 °C with high-quality systems, over continuous lengths of several kilometres. The entire
length of the fibre can be monitored in real time, providing a continuous temperature profile and heat-
flow estimate at once, hence this dense spatial and temporal data is far beyond what discrete point
sensors (thermocouples, etc.) can offer in a mine.

Installation

In mining applications, the fibre cable is typically installed along the excavation or equipment to be
monitored (e.g. attached to or embedded in airways, declines, or conveyor frames). The fibre’s path
should be chosen to be as close as practical to potential heat sources, since small, localized fires or
hotspots require the fibre to be nearby for detection. As noted by Visagie & Pearton, “when the heat
source is small, the position of the cable is crucial to ensure that the cable detects the radiated, convected
or conducted heat”. In other words, DTS is inherently a linear heat detector it senses heating where the
cable is placed, so careful routing ensures coverage of critical areas.

Mining ventilation applications and test findings

Several studies have demonstrated the use of DTS in underground ventilation contexts. Notably,
Aminossadati et al. (2010) conducted an underground mine trial using DTS. In the trial fibre was
installed along mine tunnels and used the system to map the entire air temperature profile. This
experiment showed that DTS could serve as a powerful ventilation monitoring tool: the fibre-based DTS
system provided valuable information for the mine safety control and the mine ventilation system. In
their tests, the DTS measured air temperature throughout the mine with ~1 °C accuracy and 1 m spatial
resolution. The system clearly detected both heating and cooling fronts in the airflow and could quantify
heat generation at any location for example, from geological sources or equipment using the distributed
temperature data. In practice, this means a ventilation engineer can see exactly where the mine is
heating up or cooling down, in real time, rather than relying on sparse point sensors. Aminossadati et



al. (2010) even suggest that integrating DTS with other mine monitoring like gas sensors and ventilation
controls could lead to a safer, automated ventilation control regime.

Industry experts have similarly recognized DTS for fire and heat detection in mines. At a Mine
Ventilation Society of South Africa (MVSSA) conference, Visagie & Pearton (2018) reviewed DTS as a
proactive detector especially for conveyor belt fires and tunnels. They highlight that DTS is already used
in many tunnel and conveyor applications (“metro and train tunnels, manufacturing and warehouses,
and conveyor belt systems”), effectively giving continuous coverage along long linear structures. By
monitoring the entire cable length, DTS can provide early warning of temperature rises anywhere along
a belt or airway. In fact, for belt conveyors which is a leading fire risk in mines, DTS has been deployed
to continuously scan the belt for hot spots. The system can trigger an alarm or suppression long before
a flame develops, simply by detecting a rising temperature zone. Its millimetre-scale resolution means
even small local heat (e.g. a bearing overheating) can be seen if the fibre passes nearby. Overall, these
studies show that DTS yields richer thermal information than traditional sensors, covering wide areas
and capturing subtle changes in ventilation behaviour.

Limitations and considerations

While DTS offers many advantages, the literature also notes some practical limitations. First, fibre
placement is critical: if the cable is too far from a small heat source (say, off the conveyor or away from
a drift wall), a developing fire may not raise the local fibre temperature enough for early detection. This
means system designers must plan fibre routes to “hug” potential hazards (rollers, motors, power
cables, interfaces between airways, etc.).

Second, DTS systems require careful support infrastructure. For reliability, redundancy is
recommended: for example, Visagie & Pearton discuss dual controllers and dual fibres as backup.
Importantly, they note that any redundancy requires uninterrupted power (UPS) for the DTS units and
their communications links. In other words, the DTS measurement loop must remain live even during
power outages. Fiber optic cables themselves are passive and immune to electrical interference, but the
interrogator electronics need a continuous power source.

Another challenge is calibration and drift, fibre attenuation and connector losses can change over time,
though modern Raman-DTS systems often use double-ended or referential calibration to compensate.
In practice, one must occasionally verify that the DTS readings match fixed thermometers at key points.
This is noted in broader DTS literature (e.g. advanced DTS systems include continuous calibration
routines) even if not highlighted in the mine studies. Finally, DTS measures only temperature it does
not directly detect toxic gas or smoke. Mine safety still requires separate gas monitoring (CO, methane,
etc.). The idea, however, is that temperature data enriches ventilation management, for example, a
sudden temperature rise might indicate a methane ignition or a ventilation failure, prompting further
action. Aminossadati et al. (2010) foresaw linking DTS to gas sensors and control systems for an
integrated safety approach.

Currently the optical fibres DTS only measures the dry bulb temperature. Dry-bulb temperature
monitoring aids in determining whether the situation calls for official heat stress management (HSM)
initiatives. Temperatures below 37°C are seen to be part of the optimum environment to decrease the
danger of heat stress, routine work is advised not to be permitted if the dry-bulb temperature exceeds
this number. Although wet-bulb temperature is the primary driver of evaporative cooling in hot, humid
conditions, dry-bulb temperature remains a critical parameter both as a direct measure of ambient heat
load in indoor settings and as an integral component of heat stress With a maximum deviation from
wet bulb under extreme conditions not exceeding 5 degrees and an average of 3, a good corelation can
be drawn between the two, especially when considering fluctuations overt time.



EXPERIMENTAL DESIGN

Study Site and Physical Layout

The proof-of-concept was conducted in a university computer laboratory measuring 14 m in length, 7
m in width, and 3 m in height, see Figure 2. The room was enclosed on three sides by solid walls and
on one side by glazed windows. Air-conditioning diffusers were located at floor level along the window
wall, and fluorescent luminaires were ceiling mounted. Computer workstations occupied the central
floor area and generated localized heat sources during occupancy tests.

Figure 2. University computer laboratory

Fiber Optic Cable Routing and 3d Model

A steel-armoured multimode fibre optic cable (total length 60 m) was routed as follows; Ceiling run:
15 cm below the ceiling along half the room perimeter, to capture room temperature. Window sill run:
50 cm above the floor adjacent to the wall, to monitor heat exchange due to solar gain and convective
airflow. A 3D building information model was produced to document the cable routing and lab
geometry. The model was used to generate plan and elevation views for precise cable placement. The
cable was sectioned into 8 zones along the length of the room as depicted in Figure 3 and Table I.

The zones were created to easily monitor the temperature values across the room. A temperature
gradient was set for the cable with red indication the highest temperature value and blue indicating the

lowest temperature value. The data was analysed in five-minute intervals from a temperature profile.

Table I: Zone Configuration

N
3
o

Interval (m)
0-95
9.5-17
17 -29.5
29.5-37
37 -42
42 -445
44.5-49
49 - 60
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Figure 3. 3D heat map of the lab with zones labelled

Environmental Conditions and Baseline Measurement

Prior to any intervention, the laboratory was conditioned to static environmental settings with the air-
conditioning disabled, windows closed and lighting off. Under these baseline conditions, temperature
profiles along the fibre were recorded continuously for 60 minutes. This established reference
temperature gradients.

Regulated Environmental Disturbances

To evaluate system responsiveness, a series of timed interventions was introduced. Windows were
opened for one hour and then closed for one hour in two cycles, the air-conditioning was alternately
enabled and disabled for one-hour periods, and lighting was toggled on and off at one-hour intervals.
All interventions were time-stamped and logged, and the sequence was varied in replicate runs to assess
repeatability and minimise sequence effects.

Simulated Occupancy and Thermal Load

To simulate peak human and equipment heat loads, 50 occupants entered the lab and operated
workstations for 60 minutes under the following conditions: windows closed, air-conditioning disabled,
and lighting at full output. Continuous temperature monitoring via the fibre cable captured transient
thermal responses associated with metabolic and equipment heat flux.

Data Acquisition and Processing

Temperature was sampled along the fibre at 1 m spatial resolution and 30 s temporal resolution. Data
was exported for post-processing, which involved generating line plots to compare temperature
evolution at representative ceiling and windowsill segments and correlating anomalies with
environmental triggers such as air-conditioning status, lighting, and occupancy. System performance
was assessed in terms of response time to interventions, thermal distribution along the fibre, and the
stability and accuracy of DTS against reference thermometer readings.

RESULTS AND DISCUSSION

Room temperature

A thermometer was located at zone 7 (Figure 3), this was the location that was chosen to monitor the
room temperature and check how that value corresponded to the temperature measured by the fibre
cable at that location which was at 48m. Over the course of 6 hours of continuous monitoring, the
difference between the two measured temperatures was 1°C which was an acceptable difference.



Heat sources

The lights were turned off at 10:16 am and the screenshot in Figure 4 was recorded at 11:28 am. The
lights were turned on at 11:28 am and the screenshot in Figure 5 was recorded at 12:06 pm. It is evident
that the radiation from the light source influenced the temperature in the vicinity. When comparing the
two images, there are two hotspots in zone 5 which correspond to the two sources of light that were in
this area. In Figure 6 encircled in red, the two hotspots are registered as two peaks on the graph at 38.5m

and 41.5m reading 26.78 °C and 26.62 °C respectively.
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Figure 4: Zone 5 with the lights turned off
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Figure 5: Zone 5 with the lights on
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Figure 6: Temperature profile at 12:31 pm




The section of the cable in zone 2 installed on the window sill was in contact with the concrete by means
of duct tape, see Figure 7. As seen, zone 2 has a lower temperature than the rest of the room, this is
because the windows were open and there was airflow into the lab. The direct contact with the surface
also contributed to the low temperature as the other zones were clipped to the wall using adhesive clip-
ons rather than duct tape. In Figure 8, encircled in red is the section of the cable that was duct taped to
the windo wrsill. A seen the temperature in this zone is lower than the entire length of the cable. This is
because of direct contact with the concrete surface and the proximity to the open windows.
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Figure 7: Zone 2 with windows open at 09:51 am
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Figure 8: Temperature profile at 09:51 am

Occupancy

One of the objectives of the proof of concept was to investigate whether the fibre optic cable could detect
a temperature in the lab because of the number of people inside. 50 students entered the lab at 12:30 pm
and a lecture was conducted whilst the air conditioner was off, but the windows were open. There was
a noticeable increase in the dry bulb room temperature during the duration of the lecture.

Table II below shows the lowest and highest temperatures recorded along the cable at different times,
the lowest temperatures mainly came from zone 2 which was the location of the cable laid next to the
window. The highest temperatures were recorded at the location of the ceiling lights which is located
at Zone 5. The room thermometer was placed in zone 7, which is a 2.5m long segment.



Table II: Range of temperatures

Time Room dry-bulb Room Lowest Highest
Temperature Temperature Temperature Temperature

(Thermometer) (DTS) (Zone 2) (Zone 5)
11: 31 am 23.1 23.69 22°C 25.8°C
12:01 pm 23.4 23.81 2216 °C 26.36 °C
12:31 pm 23.7 24.24 21.98 °C 26.79 °C
1:01 pm 24 24.66 22.52°C 26.87 °C
1:31 pm 252 25.76 23.13°C 27.35°C
2:01 pm 22.4°C 23.78 21.36 °C 25.82°C

The temperature profiles were thirty minutes apart and room temperature increase was evident from
the progression. When the lab was evacuated at 1:31 pm, the air conditioner turned on and the door
opened, a drastic drop in temperature was noticed. The maximum dry bulb temperature recorded was
25.2 °C and the minimum 22.4 °C, registered at 2:01 pm. Figure 9 below shows the location of the
hotspots at 1:31 pm which proved the radiation of the lights had a significant effect on the temperature
of their surroundings.
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Figure 9. Hotspot location

Figure 10 below provides a visual of the difference in temperature profiles over a span of two hours
from 12:01 pm to 2:01 pm. Each line represents the temperature along the cable that was recorded at a
particular time. The lab was occupied with students at 13:01 pm and as expected, there was an increase
of room temperature as seen on the graph above. The decrease in room temperature at 2:01 pm was
because the lab was empty and the windows and air conditioner was on. The lab was also empty at
12:01 pm but windows were closed, and the air conditioner was off hence the difference in temperature
profile compared to the profile at 2:01 pm.
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Figure 10. Temperature profile comparison

Validation of temperature measurements

The close agreement between the fibre-derived temperature at 48 m (zone7) and the reference
thermometer with a maximum deviation of 1 °C over six hours confirms the overall accuracy and
stability of the DTS system under quasi-steady laboratory conditions. This level of agreement falls well
within acceptable limits for mine-safety applications, where *1°C resolution can reliably detect
ventilation anomalies and localized hot spots. The slight offset likely reflects small calibration
differences and the thermal lag inherent in the steel armoured cable, which were consistent over time
and did not compromise detection of dynamic events.

Detection of localized heat sources

The controlled lighting experiments in zone 5 demonstrated the ability of the DTS to resolve discrete
thermal peaks separated by as little as 3 m along the cable (peaks at 38.5 m and 41.5 m, Figure 6). The
measured peak temperatures of 26.87°C and 26.79 °C, rising from a 25°C baseline, illustrate the
system’s sensitivity to modest heat inputs on the order of 1-2 °C. In underground mining tunnels (3-
4m x 3-4 m), similar radiative or convective heat inputs such as vehicle exhaust, lamp banks, or localized
rock strata heating could be detected if the fibre is routed within 0.5-1 m of the heat source.

Influence of surface contact and airflow

Zone 2 measurements highlighted the impact of direct contact with the mounting surface and proximity
to open windows: duct-taped cable segments exhibited temperatures 1-2 °C lower than ceiling runs
under free-air conditions (Figure 7;8). In a mining context, close coupling of the fibre to the rock surface
(e.g., clipped or bonded to the tunnel wall) would similarly enhance detection of rock-mass temperature
variations, but may introduce bias if airflow currents are uneven. Careful mounting using clip-ons or
adhesive anchor points to maintain a minimal air gap can mitigate thermal conduction effects while
preserving spatial resolution of ventilation patterns.

Response to occupancy and ventilation changes

During the simulated occupancy test, the DTS system captured the progressive rise in dry-bulb
temperature from 23.7 °C to 27 °C and back down to 22.4 °C following evacuation and air-conditioning
activation (Table II, Figure 10). The measured response time on the order of minutes, confirms that the
system can track transient ventilation changes, such as those induced by shifts in airflow rates or
stoppage of fans. In underground mine roadways, where airflow velocities are higher and thermal
inertia lower, the response times may be even shorter on the order of seconds to tens of seconds allowing
near-real-time monitoring of ventilation performance and early detection of air-quality hazards.

11



Durability and terrain endurance

The steel armouring proved robust against routine handling and simulated interference in the lab;
however, underground mining environments subject cables to abrasion, rock fall, and chemical
exposure (e.g., diesel soot, moisture). To ensure long-term durability, the cable jacket should be rated
for cut resistance and chemical inertness, and installation should include protective conduit or angled
rock bolts in areas of high mechanical stress. Periodic visual inspections and automated integrity checks
(e.g., optical backscatter loss monitoring) will further safeguard against damage.

CONCLUSION

This proof-of-concept demonstrates that Distributed Temperature Sensing (DTS) based on optical fibre
is a practical tool for real-time thermal monitoring in confined environments, with strong potential for
underground mine ventilation and thermal-risk management. In controlled laboratory tests, DTS
produced stable temperature profiles with 1 °C accuracy, 1 m spatial resolution, and sub-minute
responsiveness. It reliably detected localized heat inputs of 1-2 °C and tracked transient changes caused
by occupancy and ventilation, confirming its ability to capture operational events and precursors to
hazardous conditions.

For mining operations, these results translate into three benefits: wider spatial coverage than point
sensors, real-time visualisation of ventilation behaviour, and enhanced early-warning of fires or thermal
events when fibre is routed near heat sources. Correlation with thermometer readings further supports
the use of DTS dry-bulb profiles in heat-stress and ventilation decisions. Practical limitations remain,
including sensitivity to cable placement, calibration needs, and durability in abrasive, wet, or high-
vibration environments. Addressing these requires protective installation, redundancy, and rigorous
calibration protocols. We recommend phased field validation in representative underground settings,
with integration into existing AMS and ventilation control systems.

In conclusion, DTS is a mature and deployable technology that meets DMPR requirements for
continuous monitoring and can materially improve ventilation control, early warning, and compliance.
Early adoption through pilot trials will reduce operational risk and build the experience needed for
large-scale underground deployment.
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Identifying safety risks and future research directions in the
pursuit of zero harm in South African mines: A review of
mine health & safety council initiatives

L.A. Maseko
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Although efforts continue to eliminate or reduce the harm to mine workers in South
African mines, there are still accidents and occupational diseases on the job. Understanding
the factors that lead to hazards remains the most important part of addressing safety risks
to achieve zero harm. However, there remains limited research that systemically explores
these causal factors.

The main objective of this study was to assess the progress towards zero harm by analysing
research output funded by the Mine Health & Safety Council. This was done to identify
research areas that may need attention through the lens of system safety. This research
paper was intended to help the mining industry improve occupational safety and health
outcomes.

Seventy funded projects covering the following areas were evaluated: occupational health,
occupational safety, human factors, technological innovations, gender and diversity,
policy, and regulatory framework. The analysis revealed that progress should be measured
against the gaps identified to achieve zero harm. In addition, technological advancement
must be tracked considering predictive approaches, artificial intelligence, and real-time
risk tools. Training has increased since the Mining Qualification Authority has contributed
to skills development, but behaviour change is lagging. The need for cultural change in the
workplace has been identified but has not yet been achieved.

Key identified gaps include a lack of adoption and scalability of interventions, a lag in
policy application, fast technology advancement compared to updates in regulation, and a
more focused inclusion of diversity in system design. These findings suggest that the
integrated systems approach that involves technology, policy, and human factors must
evolve together. Improved metrics are required to track the results of funded research
versus implemented safety changes. A visual road map with a matrix will be required for
the stakeholder to identify areas of priority.

Keywords: mine safety, mine safety education, occupational health, occupational safety,
systems safety

INTRODUCTION

Although efforts continue to eliminate or reduce the harm to mine workers in South African mines,
there are still accidents and occupational diseases on the job. Understanding the factors that lead to
hazards remains the most important part of addressing safety risks to achieve zero harm. However,
there remains limited research that systemically explores these causal factors.

MineSafe 2025
Hybrid Conference, 19 - 20 November 2025
The Southern African Institute of Mining and Metallurgy
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Mining in South Africa began in 1852 with the establishment of the first copper mining project, which
led to the founding of the town of Springfontein in the Northern Cape Province. The large-scale coal
production followed 12 years later (Casey, 2019). Since then, the mining industry has been characterised
by a complex and long history marked by significant economic contributions and mining safety
challenges. The severity of these safety challenges led to the promulgation of the Mine Health and Safety
Act (MHSA) in 1996 as a mitigation strategy by the South African government, in addition to existing
laws for this purpose. The MHSA eventually led to the establishment of the Mine Health and Safety
Inspectorate and the Mine Health and Safety Council (MHSC), comprising representatives from
government, organised business, and organised labour. (MHSA,1996)

The mandate of the MHSC encompasses a wide range of issues aimed at improving safety in the mining
industry. These include providing expert advice to the Minister of Mineral Resources, promoting a
safety culture in mines, formulating national policy, and finally funding and disseminating research to
tackle the persistent and emerging occupational hazards associated with health and safety. The MHSC
has been able to address these issues by organising its research into nine thrust areas. They are human
factors and behavioural safety, explosions and fires, air pollutants, physical hazards, machinery and
transportation, occupational diseases, rock bursts, rockfalls, and special projects. These foundational
activities define the direction of the MHSC in addressing safety challenges in the mineral industry
(MHSC, 1997).

The main goal the mining industry and the MHSC seek to achieve is zero harm. Understanding this
paradigm shift hinges on inspiration, setting realistic cultural and strategic goals that emphasise the
safety and health of the workforce, communities, and the environment (MHSC, 2015). These factors play
an important role in the planning and implementation of relevant strategies to combat health and safety
challenges. Khumbul'ekhaya strategy that was formulated by the industry CEOs in 2019 serves as an
indicator for commitment to achieve zero harm (Seccombe, n.d.).

Despite recognition and concerted efforts to achieve zero harm, the reality is that mining workers in
South Africa face a variety of hazards on the job, which pose a serious risk to their health and safety.
The dangers persist, including exposure to various toxic substances, chemicals like cyanide and mercury
(Frost-Killian, 2008). The impact of the mining industry extends beyond the operation to rural
communities with inadequate health care resources due to migration, leading to increased rates of drug-
resistant diseases. The suggested solution covers the following: improved housing, trafficking
prevention, and standardised healthcare (Stuckler et al., 2013).

Ngwenyama (2023) raised the need for effective emergency assistance and safety measures in the South
African minerals industry, where explosions, underground fires, ground falls, and accidents involving
mining machinery are encountered. Another study found that routine workplace violations caused by
administrative barriers lacking self-enforcement capabilities lead to human error. The main contributing
factors listed were the lack of strong leadership in safety and the proper analysis to understand systemic
factors in mining safety (Bonsu, 2017). Eliminating these hazards (chemical or operational) requires an
informed and rational understanding of new solutions available to remove or minimise them to lower
levels. Traditional risk assessment methods cannot help in this case due to their limitations. The new
approach that can help in this case is to look at the framework of systems thinking.

OVERVIEW OF THE SYSTEMS THINKING FRAMEWORK

It is important to discuss the origin and fundamental concepts in systems thinking because it has been
applied in many fields to address complex problems. Secondly, it is the tool used in this paper to assess
the MHSC’s initiatives and to provide guidance. Systems thinking has a long history dating back to the
20th century, developed by scholars and practitioners from various disciplines like biology, social
sciences, and engineering. The main reason for this interdisciplinary approach was to understand
dynamic interactions and interdependencies of complex systems. Key contributors include Ludwig von
Bertalanffy, Jay Forrester, Donella Meadows, and Peter Senge (Qudrat-Ullah, 2025).
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Systems thinking is based on three fundamental principles which are holism, feedback loops, then
stocks, and flows. Holism put emphasis on the interconnection of elements within a system while
underestimating the impact of examining the system as a whole rather than individual parts (Sterman,
2000; Qudrat- Ullah, 2023). This implies that every component of a system is interdependent and
changing one part can affect the entire system, leading to a domino effect throughout the whole system.
Feedback loops shape the behaviour of the system. They are divided into two parts: reinforcing, which
amplifies change with the system, and balancing loops, which aims to bring balance and equilibrium
into the system (Sterman, 2000). Systems thinking acknowledges that systems involve the accumulation
of resources (stocks) over time. Flows, on the other hand, indicate the rates at which resources move
into, out of, or between stocks.

Holism assists stakeholders to observe the broader context and long-term implications of their decisions
while understanding that the interplay between feedback loops is crucial for comprehending system
behaviour to predict the consequences of interventions or changes. A clear understanding of the
stocks and flows concept assists practitioners in developing systemic interventions which
generate the desired outcomes and also mitigate against the undesirable system behaviour.
Systems Thinking highlights the importance of embracing complexity and interconnectedness in
addressing organisational and social challenges (Senge, 1990).

Another important question is how systems thinking differs from the traditional reductionist
approaches that have always been used to solve real world problems. Systems thinking views a system
as a whole, noting relationships and interaction between its parts or subsystems. This approach is based
on the notion that systems cannot be fully understood by examining individual parts in isolation. In
contrast, the reductionist approach aims to understand a complex phenomenon by analysing functional
properties of individual parts (Koskinen, 2013). Systems thinking takes note of the dynamic and
adaptive nature of complex systems characterised by feedback loops, non-linear causality, and
emergent properties. The reductionist approach relies on linear cause and effect models which have
limitations in capturing complexity and adaptability of real-world systems (Adam & de Savigny, 2012).
Finally, systems thinking has been widely used, including health systems in low- and middle-income
countries, to identify and address multifaceted and interconnected challenges (Adam & de Savigny,
2012). The reductionist approach has been used in many fields, including biological research, with an
inability to provide sustainable solutions to complex, systemic issues like climate change and urban
planning (Bosch et al., 2014).

Although systems thinking has many advantages to assist in addressing complex problems in the real
world, there is a place for the reductionist approach to contribute to problem-solving. The reductionist
approach is more useful where a detailed analysis of individual components is required. As the
complexity of global challenges increases in all areas of life, there is a need to move towards systems
thinking that offers a more comprehensive and integrative framework to understand and address
complex systems, of which mine safety is one. This shift requires the following: a change in mindset,
and the development of new skills and methodologies to effectively address the complexities of the
modern world (Green, 2024).

DATA AVAILABILITY AND METHODS

Data used

Data for this research were sourced from the MHSC. The MHSC uses a variety of documents to conduct
its business. This includes research proposals, project reports (comprising final reports and summaries),
bid documents, and guidance handbooks. All of these documents contain detailed information on
research projects. In this research, I compiled the data using summaries of reports, although I also
reviewed the full reports. The analysis period ranges from 2010 to 2025.

Seventy funded projects were evaluated, covering the following areas: occupational health,
occupational safety, human factors, technological innovations, gender and diversity, and policy and
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regulatory framework. The content of interest in all these documents was the nine thrust areas. Some
documents were discarded on the basis of this choice.

Other documents used were the annual Mine Health and Safety Inspectorate (MHSI) reports covering
the same period as those of the MHSC (2010-2023). The publication of MHSI for the years 2023 to 2025
was not yet available for review. The key issues covered in the MHSI programme are the programme
performance, the state of safety in the mining industry, the state of health in the South African mining
industry, and the activities of the Inspectorate. The data used for this research focused on the state of
safety in the mining industry. The metrics considered were only fatalities; injury data were excluded
from this analysis.

Methodological approach

The primary objective of this study was to assess progress toward zero harm by analysing research
output funded by the MHSC. This was done to identify research areas that may need attention through
the lens of system safety. This paper was intended to help the mining industry improve occupational
safety and health outcomes. The continuous effort to achieve zero harm necessitates critical analysis to
ensure that optimal resources are allocated for effective interventions.

The research problem for this task revolves around understanding how the MHSC initiatives,
categorised according to the various thrust areas, function as a cohesive and interconnected system. The
key basic questions that the paper attempts to answer are:(i) How do the MHSC's research thrust areas
interconnect to achieve zero harm? (ii)What systematic research gaps exist for future funding based on
the principles of system thinking?

To address these questions, this paper establishes a systems thinking framework for mine safety and
then reviews the progress and performance of the MHSC's initiatives over the past 15 years, using
statistics from the MHSI annual reports.

Finally, the interdependencies for this paper’s thrust areas are analysed for effectiveness, and an
alternative arrangement based on a systems thinking approach is suggested. This analysis will help
identify critical research gaps and provide recommendations for an integrated approach to develop a
comprehensive solution for safety in the mining industry.

RESULTS AND DISCUSSION

Mining Qualifications Authority

The Mining Qualifications Authority (MQA) serves as a cornerstone institution for developing skills in
South Africa's mining industry. Its origin and function are related to the State’s mandate to improve
competence, productivity, and occupational health and safety. The uniqueness of MQA lies in its
reporting to two government departments: the Department of Mineral Resources and Energy for health
and safety standards, and the Department of Higher Education for skills policy and administration. This
is because the MQA was established in terms of the Mine, Health and Safety Act of 1996 and the Skills
Development Act of 1998 (MQA, n.d.).

The collaborative relationship between MHSC and MQA is intended to promote health and safety in
the mining industry through research-informed education and training interventions. This was agreed
upon at the Mining Health and Safety Summit in 2003, aiming to achieve zero harm in the mining sector
by 2013. Platinum mines benefited from improved safety compared to their counterparts abroad as a
result of this initiative (Genc et al., 2019). However, the inherent challenge facing the MQA is the tension
of satisfying two departments with different goals. Research adequately achieved given this limitation
(MQA, 2019). Training has increased since MQA contributed to skills development, but accidents and
fatalities persist. Rikhotso et al. (2024) note that, although there is extensive reporting of occupational
health and safety performance indicators in the mining sector, a standardised approach for effective
comparison is lacking, and these companies have not yet achieved zero harm.

18



Performance review of MHSC
The review of the MHSC council will be based on the research activities recorded from 2010 to 2025.
The research articles in question cover the nine thrust areas as indicated in Table L.

Table I: Mine Health and Safety Council Thrust Activities 2010-20250
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From Table I, project activity is uneven over the 16-year period from 2010 to 2025. It is concentrated in
a few topic areas, while there are significant peaks and periods of no activity in research, indicating
where research was focused mostly during this period.

Between 2010 and 2012, there was modest activity, which peaked around 2016 with 10 project reports.
There were years of little or no recorded projects (2020, 2023-2025). This pattern suggests a disturbance
rather than a steady annual pipeline.

Cumulative totals indicate that more activities are occurring in categories like machinery and transport
(six projects), rockfalls/rock bursts (13 projects), related areas, and human factors (six projects). The
research concentration effort focused on operational and physical hazard topics (machinery/transport,
rockfall/rockbursts), with a priority on practical safety in mining operations.

In 2016, the highest number of projects was completed (10 projects), with related rockfall/rock bursts
being the dominant area of focus. Occupational diseases, as a separate category, have the highest
number of projects compared to the other thrust areas. The focus indicates a need for a response based
on the potential to affect the workforce adversely.

Safety statistics

In 2024, the mineral industry had 42 fatalities (42% decrease from the previous year) and a 16%
reduction in injuries, amounting to 1841 (Mining Review, 2025). This was achieved through the
collaborative efforts of organised labour, industry and the government. Table II summarises the
outcomes of interventions over the years from 2010 to 2024.

Table 1I: Evolution of fatalities in South African Mines (2010-2024)

FALL OF MACHINERY AND
YEAR GROUND TRANSPORT FIRES GENERAL

2010 48 40 5 20
2011 40 43 0 25
2012 26 37 0 35
2013 32 34 0 16
2014 25 20 0

2015 22 20 0

2016 24 27 1 16
2017 33 36 0 18
2018 22 19 6 16
2019 20 19 0 5
2020 22 13 3 14
2021 22 24 0 14
2022 6 20 2 18
2023 15 18 1 8
2024 13 - - -

Trends and observations

2010-2014

The fall of ground decreased from 48 (1010) to 25 (2014), a reduction of 48%. The largest single-year
drop was from 2011 to 2012 (from 40 to 26 fatalities).

Machinery and transport fatalities reached a peak in 2011 at 43, then decreased to 20 in 2014. This is a
roughly 50% decrease.
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Fire deaths dropped to 0 from 2011 onwards and remained at that level until 2015.
General deaths decreased from 20 (2010) to 4 (2014), with a spike to 35 in 20012, which is an outlier.

2015-2023
Fall of ground fatalities are the most variable, peaking at 33 (2017) and dropping to a lowest of 6 (2022).

Machinery and transport trends have reduced from a high of 36 fatalities (2017) to a low of 20 fatalities
in 2022. In the years 2018, 2019, 2020, and 2023, the number of fatalities was below 20, except in 2021.

The deaths associated with fires are mostly low, with occasional spikes (6 deaths in 2018).

General fatalities declined from mid-high teens to a single digit in 2019 and later fluctuated to reach
another single digit in 2023.

In general, the data indicate an improvement in safety statistics over the years, with a notable reduction
in fatalities from fall of ground, machinery, and transport, as well as fires. There are fluctuations in
numbers from year to year. A better picture of the trends is depicted in Figure 1.

Fatalities Trends 2010-2024
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Figure 1. Fatalities trends from 2010 to 2024

All these improvements are related to the interventions that the MHSC has undertaken over the years
in an attempt to achieve zero harm in the mining industry.

MHSC focus on thrust areas

The MHSC council has been focusing on nine thrust areas to achieve its objectives. These thrust areas
are human factors and behavioural safety, explosions and fires, air pollutants, physical hazards,
machinery and transportation, occupational diseases, rock bursts, rockfalls, and special projects. Not all
of these thrust areas attracted the same resources based on their potential to cause fatalities.

Rockfalls and rock bursts: MHSC has invested more than R250 million in seismicity-related research,
which has led to significant improvements in the following aspects: mine design, underground support
methods incorporating pillar systems, multi-seam design, and early warning systems for seismicity
(Sokutu, 2018). All of these contribute to improving safety initiatives.
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Machinery and Transportation: While the hazards that have been identified over the years have been
well controlled, new accidents have emerged in this area, resulting in additional fatalities. In response
to this, the MHSC deployed resources by funding research into proximity detection systems and
collision avoidance technologies. This also resulted in the promulgation of trackless mobile machinery
(TMM), which became effective in 2022 to avert this risk (Shangoni, 2023).

Human factors and behaviour safety: MHSC acknowledges that technology alone cannot yield the
desired results in terms of safety. As a result, research has been conducted on culture. This includes
initiatives such as team mobilisation and Khumbul'ekhaya strategies with the main goal of changing
the safety culture from dependence to interdependence. The Minerals Council of South Africa initiated
the Khumbul'e ekhaya campaign.

Occupational diseases: Historically, the MHSC addressed the major health issues affecting the
workforce, focusing on issues such as HIV/AIDS and tuberculosis, setting targets for mitigation
purposes. In addition to that, MHSC research focused on long-term health risks associated with the
following: diesel particulate matter, heavy metal exposure, crystalline silica, and mining methods.

This background clearly indicates the historical change in the profile of the accident pattern. The fall of
ground was once a dominant factor, but it has been drastically reduced. This is an indicator of success
due to the MHSC interventions mentioned above. However, as the depth of the mine increases, new
technologies are introduced to enhance efficiency and mitigate traditional risks, but new hazards also
emerge.

Interventions that result in an improvement in one area may give rise to vulnerabilities in other areas
in ways that are difficult to predict due to feedbacks, delays, and incomplete understanding of
interdependencies (Sterman, 2006; Holling, 1973; Carey et al., 2015). Based on this reality, there is a need
to shift from a reactive, hazard-by-hazard approach to a more proactive, systems-level strategy. This
approach anticipates and addresses these new and interconnected risks. The systems thinking
framework has become the most appropriate tool for addressing such safety challenges.

Interdependencies and synergies-systems analysis

Interconnections

Although the MHSC's thrust areas are organised in silos, they are deeply interconnected. A systematic
analysis reveals that any intervention in one area of focus has a profound effect and influences
relationships in another area. Therefore, for a holistic understanding of mine safety, it is essential to
map these relationships. Although this exercise can be carried out, the current MHSC research thrusts
are not ideal to achieve zero harm.

Cultural and leadership integrations

The Culture Transformation Framework (CTF) was initiated under the MHSC and approved at the 2011
Tripartite Mine Health and Safety Summit. Its aim was to transform the health and safety culture across
the mining industry by shifting the focus from only technical controls to organisational and leadership
factors, learning systems, incentives, and collaborative tripartite action (MHSC, 2011).

The CTF aim to achieve its objectives by focusing on eleven pillars to drive culture change in the mining
sector. These pillars include integrated mining activities, risk management, technology, leading
practices, the elimination of discrimination, bonuses and performance incentives, tripartism, a
regulatory framework, an inspectorate, data, and, finally, leadership. Some work has been done to
ensure that CTF is effectively implemented in the mining industry, including breakaways, research and
academic work (Magweregwede, 2021). The MHSC and the Minerals Council of South Africa describe
intent, actions, monitoring and observed improvements regarding CIF. Despite these efforts, the CTF's
direct contribution is not straightforwardly demonstrated in a single peer-reviewed study that directly
assesses its causal impact. More needs to be done to quantify the exact contribution of this framework.

Another important initiative is the Khumbul'ekhaya campaign. The Khumbul’e khaya strategy and its
focus on cultural transformation underpin all the other safety initiatives. Introducing a technical
intervention like the collision avoidance system for TMM cannot succeed in a vacuum (CSIR, 2025). It
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requires a complementary cultural shift where leaders demonstrate a clear personal commitment
involving the mobilisation and training of teams to understand and trust the new technology. The shift
from a dependent culture to an independent culture is the human element that enables seamless
integration of technology. Without cultural transformation, even the most advanced technology or well-
crafted legislation will fail to achieve its intended safety outcomes.

The role of technology in integration

Modern technologies, such as the Internet of Things (IoT), artificial intelligence (Al), and digital twins,
are not just tools; they form the infrastructure for a unified and integrated system. The CSIR’s
development of a digital twin for TMM collision is a prime example. This approach breaks down the
traditional silos by allowing operators and decision-makers to visualise the interplay between driver
behaviour, traffic management plans, and non-conformance events (CSIR, 2025). The move towards
integrated systems is necessary to mitigate the risk of future technologies to achieve zero harm.

Systemic research gaps and future directions

Although the MHSC’s historically siloed approach has been able to reduce fatalities from specific
hazards, such as the fall of ground, the analysis suggests that this framework is less equipped to address
the complex, interconnected, and evolving risks of the modern mining environment.

Based on the current reductionist approach, key identified gaps include a lack of adoption and
scalability of interventions, lagging policy application, rapid technological advancement compared to
regulatory updates, and a more focused inclusion of diversity in system design. These findings suggest
that an integrated systems approach involving technology, policy, and human factors must evolve
together.

Given these challenges, it is necessary to go beyond a traditional hazard-by-hazard review as currently
done. A mine is a socio-technical system; therefore, hazards do not act in isolation. A systems approach
suggests that safety domains should be organised around functions, flows, or control systems, capturing
interactions, feedback loops, and emergent risks. Therefore, the new or reorganised thrusts that are
suggested are as follows in Table IIL

Table III: Description of the proposed thrust areas.

Thrust Area Description

Risk governance, safety culture,
leadership, and behavioural systems.

Covers human factors, behavioural safety, management systems,
leadership, safety culture, policies, and regulations.

Key issue: Behavioural and organisational drivers are central, not
mitigations.

Operational systems, machinery,
vehicle-equipment interactions

Combines transport and machinery, hazards (machine-related), and
interactions between people and equipment.
Key issues: focus on dynamic parts of operations

Geotechnical hazard systems The fall of ground, rockfalls, and rock bursts/seismicity are interrelated

through geology, mining depth, ground support, and stress redistribution.

Atmospheric and environmental
exposure systems

Airborne pollutants, dust, gases, explosions, fires (environmental
conditions), atmospheric monitoring, heat, and ventilation.

Health outcome and disease systems

Occupational diseases, cumulative exposure, long-term health surveillance,
noise, vision, hearing loss, and tracking chronic and latent health outcomes.

Emergency, incident response and
resilience systems

Explosions/fires, rescue, emergency preparedness, evacuation, post-
incident recovery, redundancy system, failure prevention, monitoring, and
early warning,.

Special, emerging and enabled
technologies

New technology, data and digital systems, Al/IoT, predictive systems,
robotics, remote monitoring, automation, and special projects across all
domains.
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These thrusts are less hazard-by-risk but more about systems of risk, control, responses, feedback, and
emergence. Each domain is large, but it is necessary to handle complexity based on the potential to
produce more research topics for effective interventions in safety.

CONCLUSIONS

The analysis confirms that the historically hazard-based MHSC approach has contributed to reducing
accidents in the mining industry, thereby resulting in a notable reduction in fatalities. However,
fatalities have not been completely eliminated over a long period.

To achieve the aspiration of zero harm as a vision, a change in research direction is needed. The evidence
indicates that the siloed and hazard-based approach is no longer sufficient to address the complex and
interconnected challenges of the modern mining environment. A new paradigm is needed that takes
into account systems thinking to investigate the interdependencies between technical, human, and
social factors.

Future MHSC funding should shift towards a holistic, integrated research approach that identifies gaps
in socio-technical systems, external threats, and employs proactive data analytics.

Improved metrics are needed to track the results of funded research versus the implementation of safety
changes. A visual roadmap with a matrix will be required for stakeholders to identify areas of priority.
Only by adopting this forward-looking approach can the mining industry maintain impressive safety
records to achieve zero harm.
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Efficiency and sustainability: Evaluating the performance of
lime-based expansive agents in hard rock mining - A field
study

M. Mekgwe, T. Mmola, H. Grobler

University of Johannesburg, South Africa

Legal constraints are inherent to a mine operation and thereby require sustainable mining
practices. Expansive agents are a sustainable alternative to conventional blasting in mining,
offering reduced vibration, noise, and environmental impact. These are beneficial for
Klipspruit Colliery, an opencast mine based in Mpumalanga. The proximity of
neighbouring communities posed a legal constraint, and risked sterilising mineral
resources. To provide a potential solution, quantitative research aimed to evaluate the
efficacy of a lime-based expansive chemical agent was conducted, with varying spacing
and burden in the removal of the overburden constituting hard rock. The rationale for the
selected methodology was to evaluate the influence of hole spacing and burden to rock
fracturing. The statistical analysis suggests a negative correlation for both holes spacing
and burdeny respectively, but no causal relationship was established. In the field study,
results suggested an optimum measure of 1.2m for hole spacing and 1m for the burden.

Keywords: NERB, expansive agents, sterilisation, crack width, correlation and regression.

INTRODUCTION

Study Background

The study was based in Mpumalanga, at Klipspruit Colliery - one of the operations owned by Seriti
Resources Holdings (Pty) Ltd. Klipspruit Colliery planned to extend its mining operation to a particular
site within its mining boundaries called Portion 10. A legal constraint was presented to the mine
operation, as the two neighbouring host communities, i.e., Ogies and Phola are respectively 7 km and 2
km distance away from the planned extension (Seriti, 2025).

Y = = ——— - - Outcrops
_____ - Wetlands
[ . Minable Area
— - Streamline

Figure 1.- Portion 10 extension relative to host communities and ecological systems (source: Klipspruit
Colliery).
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Not only is the operation constrained by host communities, but also by ecological systems shown in
Figure 1, regulated by the National Environmental Management Act 107 of 1998 (Bray, 1999). Therefore,
compliance to the two legal frameworks: Mine Health and Safety Act 29 of 1996, Chapter 4 relating to
explosives law and the National Environmental Management Act 107 of 1998, challenged the mine
operation. The MHSA (Act 29 of 1996), Chapter 4.16 paragraph 2 of the act states: “no blasting
operations are carried out within a horizontal distance of 500 metres of any public building, public
thoroughfare, railway line, power line; any place where people congregate or any other structure, which
it may be necessary to protect in order to prevent any significant risk,” (MHSC, 2018). To address the
legal constraints, research was conducted with permission of the mine management to evaluate
alternative rock-breaking methods to comply with imposed regulations. Hence, the aim of this research
was to evaluate the efficacy of expansive agents in hard rock-breaking for overburden removal
composed of sandstone, siltstone and shale. The purpose of the research was to assess the hole spacing
and burden, optimal for efficiency. The burdenx is the minimum distance from the row of blastholes to
the free breaking face and spacing is the distance between blastholes in the same row (Persson et al.,
2018). The term ‘burden’ is commonly associated with dynamic explosives blasting; therefore, in this
study the same distance is referred to as burden, / B, when applied to rock breaking using expansive
agents, which are static in nature. The evaluation is to support sustainable mining practices using a
lime-based expansive agent.

Mining Social Importance

The mining industry is transforming with time, and the complexity of mining demands research and
development that can offer solutions to the challenges faced by the industry. Mining is concerned with
the exploration and removal of rock or ores, or minerals from the earth (Elbeblawi et al., 2022). It
contributes significantly to the gross domestic product, of this nation, hence the need for research and
development to foster sustainability towards continuous improvement of best mining practice.
According to Professor Griliche, research and development increase the growth of productivity in a
company (Griliches, 1979). This research aims to address the efficacy of lime-based expansive agents’
performance applied in hard-rock mining to mitigate the risk of sterilisation.

Sterilisation of Mineral Resource

Mining is a dynamic industry with inherent complexities. These complexities emerge due to the
increased scale of mining, production rates, the need for support infrastructure, and mines leverage on
the availability of modern technology for a solution (Spitz and Trudinger, 2019). When no solution is
found, mineral resources are sterilised. Mineral resources is defined as “a concentration of naturally
occurring solid, liquid, or gaseous material in or on the Earth's crust in such form and amount that
economic extraction of a commodity from the concentration is currently or potentially feasible” (U. S.
Bureau of Mines and U. S. Geological Survey, 1980, p. 1 cited in Taylor and Steven, 1983). The
sterilisation of mineral resources refers to the loss of the possibility to extract mineral resources
(Pendock, 1984). This occurs when modifying factors - mining considerations: metallurgical process,
marketing, legal, environmental, social and governmental that assess the feasibility of profitable
extraction, have low confidence in converting mineral sources to reserves ((Pendock, 1984; Stephenson,
2000). Hence, the importance of ore body assessment against modifying factors. An ore body may satisfy
most of the modifying factors, however legal constraints may present a challenge if there is development
overlying the mineral, which may render the mineral inaccessible (Wrighton et al., 2014). This is an
instance of legal constraints due to proximity of the orebody to inhabited areas.

Sterilisation of mineral resources has a negative implication for a country. The effects of inaccessible
minerals are reduced resource availability, potential economic losses, adverse social implications, and
job losses (Lumadi and Nyasha, 2024; Sermet and Nieé, 2021; Wrighton et al., 2014). To mitigate
sterilisation, there are technological advances and sustainable practices that can be implemented.
Sustainability is defined as “the ability to meet present needs without compromising future generations’
ability to meet their own needs” (Brundtland and Mansour, 2010). Therefore, striking a balance between
the economic, environmental and social considerations (Rajaram et al., 2005). In addition, it encourages
mine operations to facilitate the mining process in a way that is protective to humans and the
environment by minimising impact, thus ensuring continuation of usage in following generations. In

28



this paper we have evaluated lime-based expansive agents, which are environmentally friendly as a
sustainable mining practice for efficient rock-breaking.

Literature Review

Rock Breaking

The rock-breaking mechanism is the in-situ liberation of minerals of interest and is explained in the field
of fracture mechanics of materials. A rock not as a continuum, it is heterogeneous, containing
discontinuities, which are planes of weakness in the material (Broberg, 1999; Malvern, 1969). A brittle
rock means that the tensile strength is much smaller than its compressive one and therefore easier to
fracture in tensile loading than in compressive loading (Zhang, 2016). Brittle materials fail abruptly with
minimal deformation, whereas ductile materials exhibit substantial plastic deformation—such as
elongation or bending — prior to fracture (Thompson and Clegg, 2018; Wu, 2018). The distinct difference
between brittle and ductile fracture is the material’s response to strain energy: brittle materials absorb
only a small amount of strain energy before fracturing, whereas ductile materials can undergo
significant plastic deformation and absorb larger amounts of energy prior to failure (Callister Jr and
Rethwisch, 2020; Thompson and Clegg, 2018). Therefore, rock breaking occurs when the applied stress
exceeds the fracture stress, inducing a “break-up’ process whereby there is a reduction in size to smaller
fractions of the rock (Redner, 1990).

There are two types of brittle fractures: (1) shear fractures, which are oriented parallel to the fracture
surface, or 30° to the compressive stress exerted, (2) extension fractures, which are displaced normal to
the compressive axis (Handin, 1969; Logan, 1979). Both types of shear fractures are categorised
according to the modes of failure - a theoretical framework developed by Irwin (1957), a continuation
of Griffith’s (1920) work on brittle failure (Mecholsky Jr, 1995). These modes of fracturing are Mode L, II
and III (Irwin (1957) cited in Atkinson, 1987). Broberg, further develops the theoretical frameworks, by
describing the fracture of brittle material in three phases. The work concluded by summarising the crack
initiation to propagation, into three phases if no pre-existing cracks, the phase follows. The first phase,
is the loading of the stress without crack growth, followed by the stable crack growth, and the third
phase - unstable crack growth (Broberg, 1999a). Ultimately, deformation will occur in the third phase,
which is the failure point, characterised by shearing or sliding of the material.

The extent of fracturing according to fracture mechanics principles is dependent the rock type and
geological structures, which are directly associated with the rock strength, and fracture toughness
(Zhang, 2016). The three geological classifications of rock types, namely, igneous, metamorphic and
sedimentary, are directly related to the rock mechanical characteristics of various lithologies (Harris,
1977). The rock types are naturally arranged by geological structures, which refer to physical features
that form within rock masses as a result of deformation processes and stresses generated in the Earth’s
crust (Price and Cosgrove, 1990). These features influence the distribution and concentration of stresses
within a rock mass, thereby influencing the deformation response and rock strength (Zang and
Stephansson, 2009). Therefore, for a fracture to occur, sufficient energy has to be exerted by a system
onto a rock to overcome opposing stresses.

NERB Techniques

Rock breaking is an activity that can be achieved with or without the use of explosives. The term
‘blasting’ refers to the use of explosives, to reduce large in-situ rocks to manageable sizes, providing the
quantity and quality required in production for comminution (Bhandari, 1997). However, the use of
explosives is associated with unwanted negative impacts, especially when the blast operation is
intended to be carried out near a large population (Al-Bakri and Hefni, 2021). These negative effects,
include vibration, air blast, noise, and fly rock (Bhandari, 1997; Kramadibrata et al., 2015); which present
hazards on surface mines during a blast, therefore may pose a risk to a development if in proximity to
the operation. Therefore, to avoid litigation processes for non-compliance of mines near populations,
non-explosive rock breaking (NERB) is an alternative to resolve any disputes (Hinze and Nelson, 1996).

There are three main groups shown in Table I, from the literature describing the various NERB methods
and respective categories (Pickering, 2017; Santos et al., 2018; Al-Bakri and Hefni, 2021; Habib et al.,
2022a; Yang et al., 2023).
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Table I: Non-explosive Rock breaking Msethods

Non-explosive Rock-Breaking Methods

Mechanical Chemical Electrical

Hydraulic splitting Expansive Agents Plasma Blasting
Hydraulic breaker Carbon Dioxide Cracker Heat Splitting Rocks
Boring Machine Metal Burners

Thermal Fragmentation Supercritical Carbon Dioxide

Thermal Spalling Cardox

Diamond Wire Cutting Nonex

Radial-Axial Splitter

Pick - Cutting

Penetrating Cone  Fracture
(PCEF).

High-Pressure Water Jet

The tabulated methods are employed in various industries such as civil, mining, oil, and gas; when
there is a need for environmentally-friendly rock breaking (De Silva et al., 2016, 2019; Habib et al.,
2022).The methods have ensured continuity of mining, reduction in ore dilution and mineral losses,
cutting down on the number of labourers required, increased safety, and eliminated the need for time
blast-fumes to clear out (Dessouki and Mitri, 2011; Haase and Pickering, 2021). To obtain satisfactory
outcomes, an operation must make an informed choice on the selection of NERB methods from the three
broad categories - mechanical, chemical or electrical.

Lime-based Expansive Agents

Physical and Chemical Properties

Expansive agents are chemical NERB methods and have three common primary constituents that
formulate the types of an expansive agent. The first is based on calcium sulphoaluminate (Cas(AlO)
6504), secondly, on quick-lime (CaO), and thirdly, magnesium oxide (MgO) serving as primary
ingredients (Gagné, 2016; Li et al., 2021). Variation of these primary constituents in different chemical
proportions make the four types of expansive agents (ACI, 2010). The four types according to ACI
(2010), are Type K - calcium sulphoaluminate and calcium sulfate, Type M - calcium aluminate and
calcium sulfate, Type S - tricalcium aluminate and calcium sulfate and Type G - calcium dioxide and
aluminate oxide.

Lime-based expansive agents are Type G expansive agent - a greyish, powdery lime-based chemical
admixture added to cementitious material, that generates compressive stresses due to volumetric
increase or swelling that induces tensile fracturing (Hinze and Brown, 1994; Gagné, 2016; Soeda et al.,
2023). Expansive agents collectively are called soundless chemical demolition agents (SCDAs)
traditionally used in the civil engineering industry (Hinze and Brown, 1994). Expansive agents are
recognised with different names - soundless cracking demolition agent (SCDA), soundless cracking
agents, non-explosive demolition agents, soundless stone cracking powder, static cracking agents
(SCA), expansive demolition agents, non-explosive demolition agents, expansive mortar, etc., (Kesler,
1976; Kawano, 1982; Dowding and Labuz, 1982a; Hinze and Brown, 1994; De Silva et al., 2016; Zhai et
al., 2018a). These names were coined owing to the various applications in industry, either civil or mining
of the rock-breaking technique.

The composition of an SCDA constitutes anhydrite - CaSO, and calcium oxide - CaO, which are the
main additives, and a mixture of Portland cement (Nagataki and Gomi, 1998; Konik et al., 2007). The
agents are not flammable or explosive, safety adherence is relatively high, they have low breaking
power, and the cracking time is longer (usually more than 10 hours), therefore are static in mechanism
Zhou et al., 2018). A static mechanism is indicated when low pressure is exerted by slowly releasing the
expansion pressure from the reaction, which could take 12-24 hours for maximum results in
performance (Soeda et al., 2023). Consequently, the expansion pressure released induces fracturing in a
restrained system, therefore leading to rock breakage.
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All expansive agents are shrinkage compensating (ACI, 2010). Shrinkage is a process in which there is
a reduction of the water's ability to evaporate, potentially causing the concrete that has not set to harden
at the surface and develop cracks (Revilla-Cuesta et al., 2020). Therefore, a requirement of expansive
agents is to control crack formation. The performance of expansive agents depends on the degree of
restraint and the type of agent used (ACI, 2010; Gagné, 2016; Li et al., 2021; Nobre et al., 2020).

Expansive Materials

Expansive materials are a product of the combining of a type of expansive agent and a type of
cementitious material (Gamage and De Silva, 2020). Cementitious material is one of the chemical
admixtures in expansive material and may be in the form of cement, mortar, or grout in different
applications (Gillot and Coutelas, 2018; Yuan et al., 2021). According to the American Cement Institute
(ACI), expansive cements are defined as: “a cement that, when mixed with water, forms a paste that,
after curing, tends to increase in volume to a significantly greater degree” (ACI, 1998). Curing is the
enforcement of moisture and temperature conditions to allow for the hydration process in concrete
(ACI, 2010 cite in Taylor, 2013Taylor, 2013).

A mortar is a cementitious product that takes on the form of a paste after saturation, mixed with binding
material as cement or lime, and fine aggregate ((ASTM, 2009a; Gillot and Coutelas, 2018; Gopi, 2025).
Mortar used for SCDA is cement-based with several binders, however, Portland cement is the primary
binder used (Gillot et al., 2018; Gamage et al., 2020; Revuelta, 2021). It has adhesive and cohesive
properties, attributed to Portland cement a binder in the material and fine aggregate acting as a filler
(Gillot and Coutelas, 2018). A fine aggregate added is sand, which is a non-reactive substance, assists
with workability, shrinkage, and compressive strength in mortar (Revuelta, 2021). The presence of sand
contributes to the bulk, strength, and stiffness of mortar (Gillot and Coutelas, 2018). In expansive mortar,
the benefit of using Portland cement is its ability to facilitate the ‘hydration” process in SCDA in
application (Yuan et al., 2021).

Shrinkage compensating concrete or expansive materials exhibit a swelling action when saturated to
compensate for cracking during shrinkage (Aitcin, 2016). Cracks are formed in concrete during drying
shrinkage, due to volumetric changes caused by water loss during curing, particularly from
environmental exposure, when the water-to-cement ratio results in evaporation and insufficient internal
moisture (Bentz and Jensen, 2004). The cracks occur when filling-in empty pores formed and left
unoccupied; therefore, less space is occupied, and deformation occurs to the hardened matter (La
Chatelier, 1900; Nagataki and Gomi, 1998; Gagné, 2016). The swelled products of expansive agents, from
the reaction, occupy the empty pores and thus prevent cracks (Nagataki and Gomi, 1998; ACI, 2010).
This mechanism is maximised into engineering designs of various industries; expansive materials are
used primarily in two applications - shrinkage compensation and self-stressing purposes. The efficacy
of expansive agents for shrinkage compensating application, is primarily dependent on the forms of
restraint. In shrinkage compensation is internal and in self-stressing applications used for rock breaking
the restraint is external.

CaO-expansive Agents Hydrate Products

The resultant product of the chemical reaction of lime-based expansive mortar (Type G) combined with
water is called Portlandite, which is an expansive hydrate or hydration product (Nagataki and Gomi,
1998; Yuan et al., 2021). The product is a result of the progressive conversion from a paste-state to a
solid-state product, reacting over time by a process called hydration (Bye, 1999; Hammer, 2007; Yuan et
al., 2021). Hydration is described in in two phases - setting (paste-state) and hardening (solid-state)
(Vekilov, 2010; Yuan ef al., 2021; Myerson and Ginde, 2002).

Portlandite is a crystal formed as a hydrate product of lime-based expansive agents (Gagné, 2016). The
simplified chemical equation is CaO+ H,O—Ca (OH),, illustrated in Figure 2, an adaptation from Xu et.
al., (2023), with added clarifying notes from authors (Liang et al., 2018; Xu et al., 2023). It is the
production of Portlandite, that is responsible for the volumetric increase experienced by crystallisation
(Nagataki and Gomi, 1998; Gagné, 2016; Walkley and Provis, 2019). The volumetric increase
experienced is 2 - 3 times that of the original volume before hydration was initiated (Hinze and Brown,
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1994; Tang et al., 2012; Li et al., 2021). The volumetric increase or swelling action induces expansive
pressure.

.' = é. =Dy Expansion
ot () - Q Q Q reaction
Unhydrated Hydrated SCDA N

SCDA Sy
Resistance
® Ca0 e
Restraint

Figure 2: SCDA reaction under restraint (Xu et al., 2018.

In the formation of hydrate products, heat is dissipated reaching around 150°C (Hinze and Nelson,
1996; Yuan et al.,, 2021). In the dissipation, water is lost, strengthening the mechanical bonds between
molecules, and therefore hardening takes place which is the last phase of hydration (Aitcin, 2016;
Gamage and De Silva, 2020; Yuan et al., 2021). The completion of hydration occurs when all reactants
are consumed, and Portlandite platelets and lumps of amorphous substance called calcium silicate
hydrate (CSH) are formed (De Silva et al., 2017). The presence of CSH lumps and Portlandite platelets
in solid phase as powder are indicators that moisture in the products has evaporated and are therefore
unhydrated, with a breakdown in cohesion (De Silva et al., 2017).

During the process of hydration, fractures are formed in the brittle material induced by the mechanism
of expansion when quicklime (CaO) and H>O react to form calcium hydroxide (Ca (OH);). In the
hydration process, internal expansion pressure is generated and if restrained, will cause fracturing
(Gagné, 2016). The internal expansion pressure generates compressive stress in the radial direction and
tensile stress in the tangential stresses within the surrounding material, shown in Figure 13 (Gagné,
2016; Zhong et al., 2023). The volumetric expansive pressure acts on the restraint in the radial direction
symmetrically around the borehole (Sakhno and Sakhno, 2024). The build-up of stresses will encounter
the surface area of restraint - borehole. The compressive stresses normal to the confinement area are
induced, and pressure is exerted in the radial and tangential direction (Habib et al., 2022). At the point
when the tensile stress exceeds the tensile strength of the rocks, deformation of the rock will occur as
crack fractures (Sakhno and Sakhno, 2024). Therefore, tangential tensile stress is the primary cause of
cracking and will diminish away from the confinement (Zhong et al., 2023). The generated expansive
pressure exerted against the walls of the confinement is estimated to be about 50 - 80 MPa (Sakhno and
Sakhno, 2024).

Lime-based Expansive Agent Application

The application of expansive mortar is user-friendly. It does have legal requirements in terms of
transportation and handling as it is not an explosive (Huynh and Laefer, 2009; Hinze and Brown, 1994).
Not only legal constraints, but safety constraints are mitigated as well. The NERB method is ideal for
use near inhabited areas, natural gas lines, roadways, or other areas (Hinze and Brown, 1994). Both
mitigation strategies are beneficial to a mine operation incorporating expansive mortar for rock
breaking.

To administer hydrated expansive mortar expansive mortar mixed in the correct prescribed dosage as
powdery materials at the factory and made available in packages onsite (Revuelta, 2021). Expansive
mortar as powder is added to water at a recommended ratio and thereafter loaded into drilled boreholes
(Huynh and Laefer, 2009; Natanzi and Laefer, 2014). This procedure is simple, requiring little training
for users. Therefore, these advantages made expansive agents a viable option as a solution for extraction
purposes in any mining environment.
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Methodology

The field study adopted a quantitative research design, using a deductive approach. The location of the
field study site (Figure 3) was determined by a non-probability purposeful sampling method. This
ensured reliability of the results from the study and was located in the geological area of interest - the
proposed extension of mining. Figure 4 illustrates the view from the study site looking towards the
R545, with the residential road that separates Klipspruit Colliery - Portion 10 and Ogjies.

+1507..60

Figure 3 - Study site dimensions in Portion 10.

Figure 4 - View of the R545 from the study site.

Within the area of the study, four areas were designated (Area 1,2,3, and 4), with different
measurements of hole spacing and burden, as detailed in Table II. In the initial phase of the study, we
were guided by two theoretical frameworks developed by Gémez and Mura from 1984, and Habib,
Vennes and Mitri from 2022. The two theoretical frameworks guided the hole spacing distance used in
the geometric design pattern. Gémez and Mura developed an equation:

K= %, where L is the hole spacing, D - hole diameter and K - material-dependent proportionality
factor, corresponding rock type.

A k-constant of 10 for hard rock, was used corresponding to the rock strength in uniaxial compressive
strength of the overburden composed of sandstone and siltstone. Sandstone and siltstone were assessed
to have a UCS of 66.3 and 137.6 MPa respectively. The equation returned a value of 1m, for hole spacing.
Habib, Vennes and Mitri developed an equation:
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Hole Spacing = 12.8 — 14.6® , where @ - bore hole diameter.

The 12.8 -14.6 is the ratio of spacing to hole diameter. The median ratio of spacing-to-diameter constant
of 13.7 was used for the case study. Inputting 102 mm, the borehole diameter which was a constant in
the field study. The equation returned a value of 1.4 m hole spacing. These values guided the range
from which the hole spacing of the four areas was determined.

Table II. Four areas designated into the field site geometric configurations

Areas Row number | Number of Holes | Spacing (m) | Burdeny Angle of Drill
(m) Production Hole (°)

1 19 B=1 B=1 10
1 2 20 B=1 B=1 5

3 20 B=1 B=1 5
2 4 9 L=1.2 L=1 ~0
3 5 17 B=1.2 R=1.5 ~0
2 6 16 B=1.2 1 ~0
4 7 13 B=15 1.2 ~0

| Total Holes | 114

The hole spacing and burden, are the dependent variables, and crack width and fragmentation were
independent variables. The fragmentation assessment was conducted using an image analysis software
- WipFrag 4, developed by WipWare Inc. based in Canada. The software is used to process field images,
to derive the quantitative fragmentation parameters and provide a particle distribution curve (PSD)
(Wipware, 2025). The fragmentation data, crack width, crack types and spacing-to-burden ratio was
used to draw correlation and infer a causal relationship. The collection of different types of data was
synthesised through statistical (descriptive, correlation, linear and multi-linear regression), on which
hypothesis testing was performed. In additions, thematic analysis was done by triangulation. The
continuous (crack width) and discrete data (fragmentation) was corroborated with categorical data
(crack types) by triangulation to enhance validity and increase accuracy in results interpretation.

The field study was five days for the actual drilling and loading of the expansive material. On arrival
we received an induction to the mine for external personnel. After time was spent on administrative
activities, drilling was only started on day 2 of arrival. After five days the entire field site was drilled
and loaded with lime-based expansive material. An assessment of the fragmentation was conducted
after maximum expansion time had lapsed. This occurred at a late stage due to operational constraints.
The area was “pulled-apart’ by an excavator, as expansive agents are not dynamic, therefore there was
no displacement of the rock mass in the field study site. The excavator was only able to operate on Area
1, which had a hole spacing and burdeny design of 1m X Im.

Results and Discussion

Fracture Response over time

Expansive agents are static in operation, therefore required daily observation on the boreholes that were
loaded with the expansive chemical. The rate of fracturing that occurred appeared as hair-line cracks
and widened with time. This is the period between loading the expansive material into the boreholes
and the appearance of the first visible cracks on the rock surface. The first set of 19 boreholes drilled and
loaded were observed on day 4 indicating cracks formed between the boreholes shown in Figure 5.

34



Figure 5 - Fracture observation of row two on day four.

On day 4, boreholes that were loaded on day 3 with expansive material were still reacting and had not
yet shown signs of fracturing. After the maximum expansion time of 35 days, there was visible
fracturing observed from the site, shown in Figure 6. The site area was blocky due to the formation of
the fractures that radiated from individual boreholes. The highly fractured study site was created by
longitudinal and diagonal cracks.

Figqure 1 - Field fractures after maximum expansion time allowance.

An estimated number of six diagonal cracks were observed in the field site. The highest frequency of
diagonal crack occurred between row 3 and row 4 in Area 3 with three diagonal cracks shown in Figure
7. The second highest number of diagonal cracks was between row 2 and row 3 with two of the crack
types. One diagonal crack was observed between rows 5 and 6. Area 3 with the highest frequency of
diagonal cracks, has a geometric design hole spacing of 1.2 m and burdeny of 1 m, and a spacing-to-
burden,, ratio of 1.2.
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Figure 7 - Location of diagonal cracks on the field area.
Correlation Analysis

Spacing-to- burden, ratio and diagonal cracks

To investigate the correlation and causal relationship between the spacing-to- burdeny (S/ By) ratio and
diagonal cracks created from the pattern, we analysed the numerical data with the statistical techniques.
A correlation analysis was performed on results indicated in the schematic drawing of the field site in
Figure 7. The computed results of correlation are summarised in Table III.

Table III - Correlation results for diagonal cracks observations

Variable Spacing Burden, S/ By No. cracks
Spacing 1

Burdeny 0,290821 1

S/ By 0,540542 -0,6431 1

No. cracks -0,46442 -0,77354 0,359753 1

The results from the correlation analysis suggest a positive relationship between S/ By and the number
of diagonal cracks formed with a correlation coefficient of r = 0.3598. Indicating a higher S/ B, ratios are
slightly associated with more diagonal cracks, but the relationship isn’t strong. It suggests that while
ratio matters, burden, and spacing individually have stronger effects on crack development. Spacing
and number of diagonal cracks returned a correlation coefficient of r = -0.4644. There is a moderate
negative correlation. As hole spacing increases, the number of cracks decreases. This suggests that closer
spacing promotes more crack development, which supports the idea that tighter spacing enhances rock
fracturing. Lastly, discussing the burden, and number of diagonal cracks has a correlation coefficient of
r = -0.7735. This negative correlation suggests that as the burden, increases, the number of cracks
decreases sharply. This implies that larger the burden,, the lesser the propagation of cracks, likely
because the expansive energy is distributed across more rock volume.

Spacing-to-burdenx ration and crack widths

The analysis of the entire field study crack widths returned a positive correlation coefficient of r = 0.4018,
which indicates a moderate positive correlation. Showing that as the S/ By ratio increase, the crack width
widens. The probability value is 0.057362077, therefore there is no statistical significance indicating that
the observed association could be due to chance. Therefore, no definitive conclusion about a causal
relationship can be inferred to the variables.

S/By and cracks multi-linear regression analysis

Multiple regression analysis was performed on the hole spacing, burden, and S/B,. This inferential
statistical technique allowed us to observe independent effects of the spacing, burden,, S/B, onto the

36



number of diagonal cracks formed. In performing this analysis, the causation relationship was inferred
in comparison to the null hypothesis.

Table IV - Multiple regression for the independent variables

Variables Coefficients Standard Error t Stat P-value
Intercept -16 26.77205 -0.59764 0.58227
Spacing (m) -16.6667 23.47619 -0.70994 0.516938
Burdeny (m) 13.33333 21.90515 0.608685 0.575606
S/ By 20 27.65901 0.723092 0.509644

From Table 1V, all the p-value (probability) was above the p-value of 0.05 alpha constant at 95%
confidence level; indicating that there is no statistical significance to establish causation between S/By
and the number of diagonal cracks formed. Therefore, the data fails to reject null hypothesis. The
coefficients of the variables support the findings from the correlation analysis, which suggest that as the
hole space increase, the number of diagonal cracks decrease. Conversely, as the burden, increases the
number of diagonal cracks decrease.

Fragmentation Analysis

Fragmentation analysis was conducted to evaluate the size distribution of rock fragments produced
following the application lime-based expansive chemical agent. The assessed fragmentation was
collected from the left-side of the field site and had an S/B, of 1. For calibration purposes, a boulder of
known dimensions was used a reference point to work-out the fragment size for the image analysis
software and generated a PSD-curve shown in Figure 8, with a histogram which organised the
numerical fragment size into discrete data as bins.

Expansive Agent Fragmentation Analysis
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Figure 8 - Particle size distribution curve.

According to Figure 8, Dsy (mean particle size of rocks) and Dgo (80% of the fragmentation size) are
342.50 and 496.58 mm respectively. From the specified mean particle size, an informed decision can be
determined regarding the crusher mesh size for comminution processes (Taiwo, 2024). Since 100% of
fragments are below 681-1000 mm, the material is within the acceptable range for feed at a typical
primary crusher (jaw crusher), usually or within a maximum feed width of 1600 x2514mm depending
on make of the crusher (Gupta and Yan, 2016; Metso, 2011). This implies the expansive agent achieved
adequate breakage and minimised secondary breaking requirements.
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The distribution of the curve is positively skewed, therefore indicating large amounts of fine particle
size. The shape of the distribution is steep, indicating a near-symmetrical, narrow distribution which
means that there is uniformity in the particle sizes, therefore consistent cracking. The majority of the
particle sizes are centred around the range of 20 mm to 160 mm. The sphericity (SPH) of the case study
is 0.71; being above 0.5, the general shape of the fragment is angular, elongated and irregular. The
fragmentation analysis using WipFrag provided a quantitative assessment from the application of the
expansive chemical agent, and from the results the fragmentation analysis indicate compatibility. From
the truck fleet complement at Klipspruit Colliery; the fragmentation is suitable to be handled by the
CAT 785, and 793 models, according to Dspand Dso. Therefore, the case study site was well-fragmented,
and demonstrated that the expansive agent was effective in producing controlled rock- breakage.

Statistical limitations

Limitations encountered in the field study was firstly, the field conditions. They could not be fully
controlled, such as the planes of weakness in the rock mass, as it may have influenced the crack initiation
and propagation, and thereby, the fragmentation assessment. Secondly, the sample area was too small
to accommodate the four designated geometric pattern. Reducing the number of hole spacing and
burden configuration, would have increased the empirical data of a dataset, therefore strengthen the
statistical analysis.

Recommendation for future work

To promote the adoption of expansive agents in the mining industry, in addition to quarry mining, there
needs to be clear and concise regulations for practical application in the field. One suggestion to achieve
this intention, is to invest more research into investigation into the impact and influence of the
perpendicular distance to the free breaking face, also called the burdeny in the context of using
explosives. The consideration of this parameter recognises the need for creating diagonal cracks, not
just longitudinal.

Conclusion

The summary of the findings indicates that the is a direct influence of the hole spacing and burden,. A
correlation between S/ B, and diagonal crack is established, but no cause-and-effect relation can be
statistically proven. From the results, conclusions can be determined that lime-based expansive agents
are effective in breaking hard rock, at an optimal geometric pattern design of hole space and burden, of
1.2 m and 1 m respectively. The fragmentation of hole spacing to burden of 1 m x 1 m, is compatible
with trucks operating at the surface mine. The research indicated the importance of a burdeny to
generate diagonal cracks, which stimulates the growth of multi-directional fracturing and efficient
fragmentation. Expansive agents are effective in hard rock, an environmentally-friendly alternative to
mitigate the risk of sterilisation, and satisfy legal constraints.
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Eliminating fall of ground incidents in underground mines:
Lessons from Australia for the Southern African mining
industry

A. Mapuranga

Northern Star Resources, Australia

Fall of ground (FoG) incidents continue to be one of the leading causes of injury and
fatalities in underground mining operations around the world. While technology and
regulation have improved significantly over the years, FoG events remain a persistent
challenge, especially in regions where mechanisation and technology are still evolving. In
Australia, a combination of proactive ground control measures, robust regulatory
oversight, and widespread adoption of areal support systems has contributed to a
noticeable decline in FoG-related incidents. This paper examines how lessons from the
Australian mining industry can be adapted to help eliminate FoG incidents in the Southern
African context, and how reciprocal learnings between the two regions can drive safer
mining practices. Drawing on proven approaches from Australian sites, such as the
standardised use of mesh in development headings and consistent classification of
unsupported ground, this paper shows how such measures can enhance FoG control and
management in Southern African mines. Rock engineering and geotechnical practices from
both Australian and Southern African operations reveal a mix of successes, challenges, and
opportunities where collaboration can drive mutual improvement and elevate global
ground-control standards.

INTRODUCTION

Fall of ground (FoG) incidents remain one of the most persistent safety challenges in underground
mining worldwide. Despite decades of technological advances in rock support, monitoring, and
regulatory oversight, FoG continues to be a leading cause of injuries and fatalities. According to the
International Council on Mining & Metals (ICMM, 2024), FoG was the second-highest cause of fatalities
in 2024 ; in South Africa FoG accounted for ~30% of mining fatalities as of Oct 2024 (MHSC, 2024); and
in Zimbabwe FoG comprised ~37% of sector fatalities in Q2 2025 (Mapuranga, 2025). The continuing
risk reflects the complexity of mining, rockmass behaviour and the adequacy of controls.

In highly mechanised jurisdictions such as Australia, the combination of proactive ground control
strategies and regulatory driven use of areal support systems has led to a measurable decline in FoG-
related incidents over the past two decades. Practices such as the systematic installation of mesh in
development headings, coupled with strong oversight from regulatory authorities, have contributed
significantly to reducing exposure to unsupported ground. By contrast, in Southern Africa, where
mining operations range from highly mechanised to labour-intensive operations, FoG incidents remain
a critical hazard. While progress has been made in formalising ground control regulations and
improving support practices, challenges persist due to resource constraints, legacy mining methods,
mining environment, depth and gaps in technology adoption. This contrast provides an opportunity to
draw lessons from both the Australian and Southern African mining industry and consider cross-
pollination of ideas to strengthen FoG management in Southern Africa.

MineSafe 2025
Hybrid Conference, 19 - 20 November 2025
The Southern African Institute of Mining and Metallurgy
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BACKGROUND AND LITERATURE REVIEW

Global trends in fall of ground incidents

FoG incidents remain one of the most significant hazards in underground mining and have historically
accounted for a large proportion of injuries and fatalities (Netshilaphala & Zvarivadza, 2022). Despite
sustained improvements in mining technology, ground-support systems and risk-management
practices, the inherently complex and variable nature of rock masses means that complete elimination
of FoG remains a persistent challenge (Fulawka et al., 2022). Across jurisdictions, there is convergence
on several key mitigation strategies such as improving support designs, adopting systematic ground-
support, enforcing rigorous regulatory oversight, and cultivating a resilient safety culture, all aimed to
reducing FoG risk.

Australian experience in ground control

Australia has robust mechanisms in FoG management due to proactive adoption of areal support
systems, i.e., mesh and in some cases, fibrecrete as standard inclusions in ground-support standards. In
addition, the implementation of clear unsupported ground such as ‘no entry in unsupported ground” is
strongly reinforced by the regulatory framework embedded in the Work Health and Safety (Mines)
Regulations 2022 (DMIRS, 2025).

Western Australia’s mining safety performance has remained consistently strong, driven by legislation
and mature safety management systems. The 2022-23 Safety Performance Report recorded three
fatalities across the entire mineral industry, one of which was classified as a FoG-type incident where a
worker was struck by falling rock underground (WorkSafe WA, 2025). Although FoG-specific data are
not published as a continuous time series, available evidence shows FoG incidents are not as frequent
compared with mobile equipment or fall from height accidents. Mechanisation and systematic areal
support have been effective in maintaining a low and stable FoG risk profile. The regulatory framework
enforced by the Department of Mines, Industry Regulation and Safety (DMIRS) ensures high
compliance and transparent incident reporting where learnings are shared and accessible to all mines
(WorkSafe WA, 2025).

Southern African context

Southern Africa presents a different risk profile, particularly in gold, platinum and chrome mines as
well as small-scale artisanal mining. Conventional methods and labour-intensive operations increase
exposure to unsupported ground. While mechanisation is expanding, adoption of universal areal
support remains uneven due to cost and logistical constraints. In Southern Africa, FoG is still one of the
leading causes of underground fatalities in hard-rock mining.

South Africa and Zimbabwe experience

South Africa’s mining industry has historically reported high FoG-related fatality rates due to its labour
intensiveness, deep-level tabular reef mining and high-stress environments. In 2024, the country
recorded 42 mining fatalities, marking a 24% reduction from 2023 and the lowest onrecord (Ajayi, 2025).
According to the Mine Health and Safety Council (MHSC) and the Mining Occupational Safety and
Health (MOSH) Learning Hub, FoG incidents accounted for approximately 30% of these fatalities as of
October 2024 (MOSH, 2024). Targeted industry programmes including the Falls of Ground Action Plan
(FOGAP), seismic management protocols, and improvements in ground support have been
instrumental in improving outcomes. Notably, FoG fatalities fell from 22 in 2021 to six in 2022, a 73%
reduction (MOSH, 2024). The long-term trend in South Africa therefore shows a steady decline in FoG
incidents, attributed to coordinated regulatory enforcement, improvement in systems, and structured
behavioural safety initiatives. However, despite this encouraging progress, the industry has yet to reach
its ultimate goal of zero harm.

In Zimbabwe, FoG remains the leading cause of mining fatalities in Zimbabwe. In the first two months
of 2024, 17 of the 33 recorded mining deaths (52%) were attributed to FoG (Zvinonzwa, 2024). The
previous year saw at least 237 mine fatalities nationally, many within small-scale or artisanal operations
that lack engineered ground control systems (Business & Human Rights Resource Centre, 2024). The
volatility and persistence of FoG incidents in Zimbabwe reflect limited industry mechanisation,
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inadequate enforcement of safety standards, and widespread informal mining. It is important to note
that Zimbabwe’s FoG incident statistics are disproportionately affected by events in the informal and
small-scale mining sector. These operations typically lack engineered support systems, qualified
supervision, and compliance monitoring (Matambo, 2024). By contrast, tier-one operators such as
Zimplats, Mimosa, and Unki have established formal ground-control programs aligned with
international best practice. As a result, FoG events within these companies occur at a considerably lower
frequency and are often contained before escalation. National FoG rates should therefore be interpreted
with caution, as aggregated data over-represents the risk relative to the regulated, mechanised segment
of the industry

While the Chamber of Mines has introduced campaigns aimed at improved ground-control awareness,
FoG continues to dominate Zimbabwe’s mining fatality statistics over the last decade, particularly in
gold, platinum and chromite operations due to inadequately supported work areas and at-risk practices
(Nyikadzino, 2024).

Research and knowledge transfer

In both regions, there is a shared understanding that FoG is a critical risk that must be eliminated.
Evidence shows that structured ground-control practices, particularly the standardisation of areal
support systems reinforced through regulation, significantly improve safety outcomes in Australia
(DMIRS, 2019).

This section examines the opportunities for transferring effective FoG management practices between
mining jurisdictions. The intent is to cross-pollinate proven technical, organisational, and regulatory
measures across the entire mining spectrum, from tier-one operations to artisanal and small-scale mines.
Knowledge transfer is considered both as a technical process (sharing design standards, ground-
support technologies, and monitoring tools) and as a cultural process (embedding learning, reporting,
and behavioural reinforcement) (Duryan et al., 2018).

KEY TECHNICAL AND PRACTICAL LESSONS FOR ADOPTION

Formalising Support in the Informal Sector

FoG statistics in Southern Africa, particularly Zimbabwe, are heavily skewed by incidents in the
artisanal and small-scale mining sector (Business & Human Rights Resource Centre, 2024). Structured
support to this sector is essential. Governments, mining chambers, and academic institutions should
develop portable ground-support standards, basic training programmes, and low-cost areal support
solutions that can be deployed in small workings. Introducing the compulsory use of basic support
elements would immediately reduce exposure to unsupported ground. These measures should be
complemented by community-level safety education, subsidised access to engineering advice, and
extension services similar to agricultural outreach programmes but focused on mine safety and FoG
control.

Strengthening collaboration between tier-one and small-scale operations

Large mining companies worldwide have advanced ground-control systems and access to professional
geotechnical oversight. Establishing structured mentorship and technical-exchange programmes
between these tier-one companies and surrounding small-scale miners could accelerate knowledge
diffusion and raise baseline safety performance. Shared services could include geotechnical inspections,
provision of government support, and participation in FoG awareness sessions. Such collaboration
mirrors sustainable mining frameworks that promote inclusive development and safer regional
ecosystems (MOSH, 2024).

Government and institutional support

Governments and regional mining authorities should institutionalise technical support for small scale
mining operations through geological surveys, safety audits, and dedicated training programmes.
National skills authorities could also fund scholarships and bursaries in rock mechanics, strata control,
and geotechnical engineering to mitigate the ongoing brain drain from the region. Hebblewhite (2010)
highlights how Australia’s Mining Education Australia programme demonstrates the value of sustained
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university-industry collaboration in building advanced mining capability. Adapting similar
collaborative frameworks through partnerships between institutions and Southern African universities
could foster regional centres of excellence in ground-control research and education for the wider
benefit of the industry.

Cross-regional collaboration and incident information sharing

Australia’s safety model demonstrates the value of transparent reporting and rapid dissemination of
lessons learned. When a FoG incident occurs, the Department of Mines, Industry Regulation and Safety
(DMIRS) issues safety flashes and incident bulletins accessible to all operators (WorkSafe WA, 2025).
This practice enables continuous learning and early adoption of preventive measures. In contrast,
Southern African regulators seldom or selectively circulate incident information beyond the affected
mine, limiting institutional learning. Establishing a Southern African Ground Control Forum could
enable cross-mine information sharing, common data repositories, and annual workshops (MOSH,
2024). Harmonising regulatory definitions of “‘unsupported ground,” minimum support standards, and
incident reporting obligations across the Southern African Development Community would enhance
consistency and transparency.

CROSS-POLLINATION OF PRACTICES BETWEEN AUSTRALIA AND SOUTHERN AFRICA

Australia’s underground mines have established areal support as the baseline standard, with universal
installation of mesh, fibrecrete, and cable bolts in all development drives (WorkSafe WA, 2025).
Systematic quality assurance/quality control (QAQC) processes and integration of regulatory
requirements in the mining workflow has created a closed feedback loop where support design,
verification, and performance continually inform one another (DMIRS, 2019).

In contrast, Southern African operations demonstrate uneven implementation of similar systems, with
selective mesh installation and reactive practices (MOSH, 2024). A practical pathway forward involves
cross-pollinating Australia’s engineering discipline with Africa’s contextual adaptability. Australian
standardisation can be blended with local empirical practice to accommodate narrower reef workings.
Research-driven collaboration between Australian institutions such as the Australian Centre for
Geomechanics and Southern African universities could accelerate the localisation of support
technologies.

Harmonising management of unsupported ground

Australia’s ‘no person in unsupported ground’ principle is a cornerstone of its ground-control culture.
The policy is driven by regulation and operationalised through clearly-defined procedures and physical
demarcations. For context, unsupported ground in Western Australia mining operations means no
mesh and bolts. Southern Africa already recognises this principle conceptually but suffers from variable
interpretation between operations (MOSH, 2024).

A harmonised approach should formalise an industry-wide definition of ‘unsupported ground’
reinforced through training, procedural audits, and industry coordination. Aerial support as shown in
Figure 1 and Figure 2 remains a critical engineering control, significantly reducing personnel exposure
in the intervals between installed bolts or timber supports.
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Figure 1: Supported ground with mesh and bolts in Western Australia.

Figure 2: Supported ground with shotcrete, mesh, straps and bolts in Western Australia.

STRENGTHENING THE REGULATORY AND INSTITUTIONAL FRAMEWORK

Australia’s Work Health and Safety (Mines) Regulations 2022 and DMIRS enforcement model
demonstrate how clear, enforceable rules combined with transparent data reporting reduce FoG
exposure (DMIRS, 2019). DMIRS conducts random audits, publishes improvement notices, and
disseminates open ‘safety-flash’ bulletins, allowing lessons learned to circulate industry-wide
(WorkSafe WA, 2025).

In Southern Africa, while the Mine Health and Safety Act 1996 provides the legal basis, regulatory
capacity remains stretched (MOSH, 2024). A cross-pollination strategy would involve joint DMIRS-
DMRE-MHSC taskforces and exchange programmes focused on inspection methodology, investigation
techniques, and database management. Embedding knowledge-sharing forums within mine health and
safety frameworks could institutionalise transparency and collective learning.
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Leveraging education and knowledge transfer

Knowledge transfer must operate at both the technical and cultural levels. It requires not only sharing
design standards and monitoring tools but also reinforcing learning and behavioural discipline across
all jobroles (Duryan et al., 2018). South Africa’s structured competency framework for rock engineering
stands as one of the most mature and measurable systems in Africa - even globally. The Rock
Engineering Certificate, administered under the Minerals Council and including the Mine Health and
Safety Act, provides formal recognition of technical proficiency in ground control design, stability
analysis, and strata control supervision. The certification process includes rigorous theoretical
examinations, practical assessments, and mandatory experiential training; resulting in professionals
with demonstrable and auditable competencies (Minerals Council South Africa, 2022). This qualification
system has proven instrumental in professionalising the discipline and driving measurable reductions
in FoG incidents by ensuring that all ground control designs and decisions are overseen by certified
practitioners.

On the other hand, Australia’s framework for geotechnical and ground control competency remains
largely experience-based and institution-driven, with professional accreditation typically governed by
Engineers Australia and site-specific training processes. While effective, it lacks the formal national
certification and measurable competency assurance seen in South Africa’s model. Adopting a similar
structured qualification or ‘Rock Mechanics Certificate’ pathway in Australia would enhance
uniformity, benchmarking, and accountability across operations. However, a persistent challenge is the
brain drain of certified South African rock engineers and strata control officers migrating to Australia,
Canada, and other mining jurisdictions. This trend underscores the international demand for
structured, competency-based certification and the need for collaborative training pipelines between
both regions to build and retain technical capacity.

ELIMINATING FALL OF GROUND INCIDENTS

Achieving zero FoG harm requires a harmonised approach that draws from both Southern African and
Australian mining practices. Each jurisdiction offers valuable lessons: Zimbabwe bridging the
information gap between tier 1 mining companies and small-scale miners; South Africa’s strong
behavioural and verification culture through the FOGAP programme, and Australia’s robust regulatory
and engineering design frameworks via Ground Control Management Plans (GCMPS) and Critical
Control Management systems (Emery et al., 2020 & DMIRS, 2025).

Leadership and critical control management form the foundation for FoG elimination. The International
Council on Mining and Metals (ICMM, 2015) advocates for critical control frameworks that define
material unwanted events, critical controls, verification standards, and accountability at senior levels.
Australia has embedded this practice through GCMPs mandated by state regulators (DMIRS, 2025),
while South Africa’s Minerals Council implemented a similar structure under the FOGAP, which
includes mandatory leadership verification and ‘no work under unsupported ground’ protocols.

Engineering design and support systems remain the technical backbone of ground stability. Chikande
and Zvarivadza (2016) suggest improvement is needed in local support, spacing, design and mining
practices. Site experience has demonstrated that permanent mesh and bolts significantly reduce FoG in
underground operations.

Work execution discipline and human factors are equally critical. FOGAP (Minerals Council South
Africa, 2022) emphasises supervisor-led verification of ground conditions, illumination improvements,
and behavioural coaching. Australia’s ground control literature, (Emery et al., 2020) discuss how
Australian underground coal mines use formal critical-control verification processes within a proactive
ground-control management system. Zimbabwe can merge these approaches to enhance FoG
management strategies.

Finally, the uplift of small-scale and contract mining sectors, particularly in Southern Africa, is essential
to achieve sustainable FoG elimination. While not explicitly addressed in Chikande & Zvarivadza
(2016), the evidence they present suggests that complementing their technical recommendations with

48



standardised GCMPs, shared geotechnical services and periodic audits could help reduce FoG burdens
in operations with ground control challenges. These initiatives should be jointly supported by
government, universities, and major operators, echoing South Africa’'s FOGAP training collaborations
and Australia’s mine safety regulator-university partnerships.

In summary, a cross-jurisdiction FoG elimination framework must merge Zimbabwe’s structural
redesign emphasis, South Africa’s behavioural control culture, and Australia’s systemic governance and
technology integration. Together, these elements form a verifiable, auditable pathway to eliminating
FoG across the mining industry.

DISCUSSION AND CONCLUSIONS

This paper has demonstrated that eliminating FoG incidents requires a cross-jurisdictional approach
that transcends traditional regional boundaries and leverages the strengths of different mining systems.
The comparative review between Australian, South African, and Zimbabwean operations shows that
while each jurisdiction faces unique geological, operational, and socio-economic conditions, the
fundamental mechanisms driving FoG risk remain consistent, that is, inadequate ground support,
seismicity, poor QAQC and deficiencies in supervision and compliance.

Australia’s experience illustrates the value of systematic engineering discipline, underpinned by
rigorous regulatory oversight, continuous QAQC, and a proactive safety culture. Mandatory areal
support installation, critical control verification, and robust enforcement by the DMIRS have proven
highly effective in maintaining low FoG frequencies (DMIRS, 2025). South Africa, through the FOGAP,
has demonstrated the effectiveness of structured behavioural and leadership interventions,
complemented by rigorous data tracking and information sharing across the sector (Minerals Council
South Africa, 2022). Zimbabwe, though at a different developmental stage, presents significant potential
for improvement through structured capacity building, adoption of technology, and progressive
regulatory strengthening.

Cross-pollination between these jurisdictions presents tangible opportunities for progress. The
combination of Australian engineering rigour, South African behavioural discipline, and Zimbabwean
contextual innovation could form the basis of a robust, regionally-adaptable FoG elimination
framework. For instance, Australian GCMP and Critical Control Management methodologies could be
localised in Southern Africa to include economic and logistical constraints, while maintaining
auditability and verification integrity. Similarly, South Africa’s illumination and supervision-led
verification standards could reinforce Australia’s existing QC systems and provide a more holistic FoG
control culture across all regions.

In conclusion, eliminating FoG incidents across Southern Africa will depend on strong regulatory
harmonisation, leadership accountability, and the adoption of auditable technical standards. The
integration of real-time monitoring, predictive analytics, and cross-sector collaboration can transition
FoG control from a reactive to a proactive discipline. The evidence from this paper suggests that success
lies in engineering discipline, behavioural compliance and institutional integration and technology
partnerships. Together, these form a sustainable pathway toward zero harm. By aligning institutional
frameworks, technological innovation, and cultural leadership, the mining industry can move
decisively toward the complete elimination of FoG incidents.
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Beyond compliance: Addressing psychosocial risks in
Southern African mining - integrating ubuntu, systems
thinking, and innovative practices for a sustainable workforce

A K.B. Chigwada

ABE Risk Solutions, Australia

Mining operations across Southern Africa are entering a critical transition. While physical
safety performance has improved through mechanisation, regulatory pressure, and
structured safety management systems, psychosocial risks remain under-recognised and
under-managed. Fatigue, mental distress, harassment, job insecurity, community pressure,
and intergenerational trauma increasingly shape workforce wellbeing, stability, and
productivity. These risks are no longer a 'soft' HR issue; they are a material business risk
with direct implications for production discipline, ESG performance, and social licence to
operate.

This paper proposes an integrated psychosocial risk governance model for the Southern
African mining sector that combines (1) Ubuntu as a culturally grounded philosophy of
collective care and accountability; (2) systems thinking, treating psychosocial harm as a
product of organisational design rather than individual weakness; and (3) technology-
enabled early detection and escalation. Drawing on case insights from platinum, coal, gold
and diamond operations across Zimbabwe, South Africa, and Botswana, the paper
demonstrates how culturally-aligned wellbeing programs and data-informed controls can
reduce absenteeism, improve safety climate, and build sustainable workforce resilience.
The work also situates Southern Africa in a global context by comparing emerging
approaches in Australia, Canada, and Chile, where psychosocial harm is now explicitly
regulated.

The argument is simple and urgent: psychosocial risk management must move from
reactive wellness initiatives to a strategic, auditable, leadership-owned control framework.
A mine that protects the mind secures its legacy.

Keywords: Psychosocial Risks, Ubuntu, Systems Thinking, ISO 45003, Mining, Southern
Africa, Mental Health, Human Factors, ESG, Workforce Resilience

INTRODUCTION

The Southern African mining sector remains a socio-economic engine for the region, providing formal
employment, foreign currency, and community infrastructure. At the same time, the sector carries an
inherited burden of complex human impacts: migrant labour systems, historical inequality,
displacement of land-based livelihoods, high-risk production targets, and deeply gendered, male-
dominated work cultures.

MineSafe 2025
Hybrid Conference, 19 - 20 November 2025
The Southern African Institute of Mining and Metallurgy
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Over the last two decades, physical injury rates have improved significantly in many high-exposure
operations. Mechanisation, remote operation, behavioural safety programs, and leading practice
adoption systems such as MOSH (Mining Industry Occupational Safety and Health) have driven down
lost-time injury frequency rates across major South African sites (South African Chamber of Mines,
2017). Despite this progress, an equally material threat has accelerated: psychosocial harm.

Psychosocial risks include chronic fatigue from extended rosters; traumatic exposure to fatalities and
near misses; bullying and harassment; perceived unfairness in work allocation; job insecurity under
contracting models; isolation in remote camps and hostels; and financial anxiety linked to debt and
remittances. These risks manifest in burnout, substance dependency, presenteeism, self-harm ideation,
escalation of interpersonal conflict, and ultimately, instability in production crews. Absenteeism linked
to mental ill health in mining workforces in Southern Africa has been reported to have increased by
more than 30% in recent years, while worker surveys across platinum and coal operations identify
fatigue, stress, and job security as leading perceived threats to personal wellbeing.

Yet, psychosocial risk is still often managed informally: an employee assistance programme (EAP)
helpline here, a poster campaign there, a supervisor told to 'check in' on the crew. It is rarely embedded
in critical control verification, risk registers, or executive assurance reporting. This is the frontier. This
paper argues that psychosocial risk must be governed with the same discipline as physical hazards. It
must be designed into work, resourced at leadership level, benchmarked, assured, and disclosed as part
of environmental, social and governance (ESG) performance and social licence to operate.

To that end, this paper advances an integrated framework drawing on three pillars:

* Ubuntu, as the cultural logic of collective accountability: 'I am because we are.'

* Systems thinking, treating psychosocial harm as an emergent property of work design, production
pressure, and culture.

* Digital intelligence, enabling ethical, near-real-time visibility of emerging psychosocial hotspots.

The paper also outlines how these principles can be mainstreamed into governance using ISO
45003:2021 Psychological Health and Safety at Work, ESG reporting expectations, and Board-level
oversight.

Literature Review and Theoretical Framework

Psychosocial risk is not new in occupational health science, but its explicit treatment as a controllable,
leading indicator of operational performance in mining is relatively recent. Three theoretical lenses are
most useful for the mining context:

Job Demand-Control-Support Model

Karasek’s Job Demand-Control-Support model proposes that psychological strain emerges when
workers experience high demand (workload, time pressure, exposure to trauma) combined with low
control (little autonomy, rigid supervisory command) and low social support (weak team cohesion,
unsympathetic leadership) (Karasek, 1979). In deep-level or high-intensity operations, workers often
face extreme production pressure with minimal say in how work is sequenced or paced. That structural
imbalance is a psychosocial hazard.

Effort-Reward Imbalance Theory

Siegrist’s Effort-Reward Imbalance theory argues that sustained high effort that is not matched by fair
reward (material, social, or reputational) produces chronic stress with physical and psychological
consequences (Siegrist, 1996). This is acutely relevant in Southern Africa, where some mineworkers
carry multigenerational family expectations and community pressure while dealing with insecure
contract arrangements.

Socio-Technical Systems Thinking

Mining operations are complex socio-technical systems. Accidents and breakdowns are rarely caused
by one worker making one mistake, but rather by multiple latent conditions aligning (Reason, 1997).
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Similarly, psychosocial harm is rarely the consequence of individual 'weakness'. It is produced by roster
design, camp living conditions, labour models, supervisory style, production targets, and community
tensions. A systems view therefore reframes psychological harm not as a wellness deficit but as an
organisational design failure.

Ubuntu as Operational Philosophy

Ubuntu, often expressed as 'l am because we are,' is more than an ethical slogan. It encodes a duty of
care that is collective, relational, and identity-forming. In the mining context, Ubuntu suggests that
psychological safety is not an individual entitlement but a shared obligation among workers, leaders,
unions, and community structures. This stands in contrast to many Western-origin safety models that
privilege individual resilience training. Embedding Ubuntu operationally therefore means building
peer-support norms, leadership empathy, and shared recovery mechanisms into the way work is
organised, supervised, and assured.

Taken together, these lenses position psychosocial harm as foreseeable, measurable and governable —
not accidental, unpredictable, or private. They provide the theoretical foundation for the framework
advanced in this paper (ISO, 2021; International Council on Mining and Metals [[CMM], 2023; Safe Work
Australia, 2023).

Methodology

This paper synthesises:

* Internal program evaluations and workforce sentiment tracking conducted between 2018 and 2024 in
large-scale platinum and base metal operations in Zimbabwe and South Africa (ABE Risk Solutions,
2019; Zimplats, 2019).

* Reported wellbeing and safety climate metrics from a diamond mining operation in Botswana where
psychosocial factors were integrated into the site-wide operational risk register and governance routines
(Debswana, 2022).

* Publicly available program summaries and wellbeing disclosures from multinational mining houses,
including Anglo American’s WeCare initiative, which has combined on-site counselling, telehealth, and
post-incident support mechanisms across Southern Africa.

* Global guidance material and regulatory trends including ISO 45003:2021, ICMM’s Mental Health
and Wellbeing Framework for Mining (ICMM, 2023), and psychosocial risk codes emerging in
jurisdictions such as Australia (Safe Work Australia, 2023).

The analysis is interpretive and translational. It does not claim to be a statistically representative
workforce study. Instead, it aims to extract implementation lessons that can inform governance models
for psychosocial risk in high-risk, high-pressure mining environments.

Ubuntu Philosophy: Cultural Foundations for Psychosocial Safety

Ubuntu frames identity as relational. The wellbeing of the individual is inseparable from the wellbeing
of the team, the family, and the community. In mining, this counters the myth of the isolated, self-reliant
worker and replaces it with an ethic of mutual obligation.

In practice, embedding Ubuntu into psychosocial safety has taken several forms:

* Peer-support structures and buddy systems, where workers are explicitly encouraged and trained to
check on one another’s fatigue levels, stress load, and emotional state — particularly after high-energy
production cycles or serious incidents.

* Inclusion of respected community figures (social workers, elders, chaplains, union health reps) in
workforce welfare committees, normalising help-seeking behaviour and reducing stigma around
mental distress.

* Leadership accountability for empathy. Instead of treating empathy as 'soft', some operations now
include measures of psychological safety, fairness of task allocation, and quality of supervisor check-
ins in frontline leader performance reviews.

Case experience from Zimplats shows that a culturally-resonant program using storytelling and shared
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responsibility language (‘Don’t Drop the Clay Pot') reduced incident-related absenteeism by
approximately 25% and improved self-reported cohesion in production crews (ABE Risk Solutions,
2019; Zimplats, 2019). The metaphor of the clay pot—once dropped, it cannot simply be reassembled —
communicated the idea that safeguarding one another’s wellbeing is both urgent and irreversible.

Systems Thinking: Psychosocial Risk as a Complex Adaptive Challenge

Mining workforces exist inside complex adaptive systems where production pressure, supervision
quality, living conditions, and personal financial stress interact. Psychosocial harm is therefore
multicausal. Fatigue may be linked to mandatory overtime to meet quarterly targets; isolation may be
linked to rotational rosters that pull parents away from children for 3-6 week blocks; anxiety may be
linked to rumours of contractor renewal or retrenchments.

In this sense, psychosocial harm is a latent condition in the same way that poor maintenance is a latent
condition. James Reason’s Swiss Cheese Model (Reason, 1997) is directly transferable: catastrophic
events emerge when latent weaknesses align without barriers. If we accept that cognitive overload,
anger, exhaustion and moral injury can erode hazard awareness and decision-making discipline, then
psychosocial risk must be managed as an antecedent control for physical safety.

This is consistent with prior research on human error in platinum operations, which found that roughly
70% of recorded operational deviations were linked to cognitive overload, distraction, or stress-related
lapses rather than technical incompetence (Chigwada, 2016). Psychosocial stability, therefore, is not only
a wellbeing outcome. It is a production control.

The Five-Pillar Framework for Psychosocial Risk Management

To operationalise psychosocial governance, this paper proposes a five-pillar framework that integrates
cultural intelligence (Ubuntu), systems thinking, and formal Workplace Health & Safety (WHS)/ESG
governance expectations. This framework is designed to sit alongside existing ISO 45001 safety
management systems and align directly with ISO 45003:2021.

Description / Application in Mining

Operations

1. Leadership & Culture Embed psychologically safe leadership
behaviours. Measure supervisor empathy,
listening, fairness, and follow-through as part
of performance assessment. Treat
psychological safety as a critical control, not a
wellness gesture.

2. Work Design & Flexibility Redesign rosters, task rotation, break
structures, and accommodation policies to
reduce chronic fatigue, role overload, and
perceived unfairness. Link roster design to
cognitive performance and error risk.

3. Worker Participation (Ubuntu in Action) Co-create controls with workers, unions, and
community representatives. Use storytelling,
dialogue, and lived-experience panels to
surface psychosocial hazards early and
remove stigma.

4. Digital Intelligence & Early Detection Use ethical, privacy-conscious data sources
(absenteeism  spikes, near-miss trends,
overtime patterns, EAP access, anonymous
surveys) to identify hotspots. Deploy mobile
and chatbot-based confidential reporting and
triage.

5. Governance & Assurance Integrate psychosocial KPIs into WHS
dashboards, critical control verifications,
Board risk reporting, and ESG disclosure.
Treat psychosocial risk as auditable, with
accountable owners.
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Technology-Enabled Monitoring and Analytics
Historically, psychosocial harm has been difficult to quantify because it sits in the space between
‘feelings’ and “performance’. Emerging approaches are closing that gap.

Leading practices now include:

* Wearables and fatigue monitoring: Biometric indicators (alertness, micro-sleep events, heart-rate
variability) are being trialled to detect high fatigue exposure in haul truck and drill rig operators.

* Integrated dashboards: Some operators now fuse absenteeism data, overtime exposure, crew conflict
reports, and safety climate survey scores to flag at-risk departments in near real time.

* Anonymous digital counselling access: Al-enabled chat interfaces and telehealth escalation pathways
(piloted in Southern African and West African gold operations) are widening access to psychosocial
support while bypassing stigma.

These tools are promising, but they also raise ethical and industrial-relations questions. Data
governance must be grounded in informed consent, confidentiality, and non-retaliation. Psychosocial
surveillance cannot become a productivity weapon. Without trust, workers will not disclose early
signals, and leading indicators will be lost.

Figure 1 (conceptual placeholder below) illustrates how a proactive psychosocial dashboard can operate
as an early-warning system for both production leadership and health, safety and environment (HSE)
governance.

Figure 1. Psychosocial Risk Early Warning Dashboard (conceptual placeholder):

Inputs: overtime hours 1, unplanned absenteeism 1, counselling requests 1, peer conflict reports 1 —
Alert to: Superintendent / HSE Lead / HRBP —

Response: roster review, crew dialogue, supervisor coaching, escalation to wellbeing clinician.

Socio-Economic Context: Mining, Inequality, and Mental Health

Psychosocial strain in the Southern African mining workforce does not emerge in a vacuum. It sits inside
a regional socio-economic story shaped by legacy and present-day realities: apartheid systems of
migrant labour, persistent wage disparities, informal settlements and substandard housing around
mine leases, debt cycles, and the emotional load of being a primary economic provider for extended
family structures.

The Marikana tragedy in 2012 remains a stark demonstration that unresolved psychosocial drivers—
anger, financial distress, hostility toward management— can escalate into instability with irreversible
human and reputational cost. Beyond immediate trauma, these crises damage long-term trust between
companies, workers, unions, and communities.

For this reason, psychosocial risk is inseparable from ESG. Leading mining companies in Southern
Africa now report mental health and wellbeing within the ‘social’ dimension of ESG, framing
psychological safety and dignity at work as core to their social licence to operate and stakeholder
legitimacy (Debswana, 2022; ICMM, 2023).

Empirical Insights from Southern Africa
Three implementation stories from the region illustrate how psychosocial risk can be operationalised:

Zimplats - 'Don’t Drop the Clay Pot'
This cultural safety and accountability program used storytelling rooted in shared responsibility.
Workers were taught that wellbeing is a fragile collective asset, not a private struggle. Outcomes

included a ~25% reduction in incident-related absenteeism and measurable improvement in perceived
team cohesion (ABE Risk Solutions, 2019; Zimplats, 2019).

Anglo American - WeCare Program (South Africa)

WeCare combined on-site counselling, trauma support following serious incidents, and telehealth
access for workers and their families. By 2023 it had reached more than 10,000 individuals and began to
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normalise mental health check-ins as an accepted part of safety culture. Anglo also positioned
psychosocial wellbeing as essential to production stability and long-term employability (Anglo
American, 2023).

Debswana (Botswana)

Debswana integrated psychosocial indicators (fatigue risk, morale, conflict exposure) directly into its
Operational Risk Register and HSE dashboards. Over approximately two years, safety climate scores
reportedly improved by around 20%, and supervisors began to escalate psychosocial hotspots in the
same forums where they escalated physical hazards and equipment defects (Debswana, 2022).

These examples demonstrate feasibility: psychosocial risk can be structured, measured, and governed —
not just campaigned about.

Comparative Global Perspectives
While this paper is rooted in Southern Africa, similar psychosocial dynamics exist globally.

Australia: Remote and FIFO (fly-in fly-out) operations face isolation, extreme roster compression (e.g.,
2/1, 3/1), fatigue, and mental health stigma among predominantly male crews. In response, Australian
regulators have moved toward explicitly regulating psychosocial hazards as workplace health and
safety risks. The national Model Code of Practice for Managing Psychosocial Hazards (Safe Work
Australia, 2023) treats psychosocial risk as enforceable, not optional, and requires employers to apply
controls, not just awareness campaigns.

Canada: Arctic and sub-Arctic mining communities report similar isolation stressors and community
disruption effects, especially where workers are flown in from distant provinces. Companies have
begun embedding mental health and cultural support services into camp design and collective
bargaining arrangements.

Chile: High-altitude copper operations report significant fatigue and cognitive strain because of
hypoxia, long shifts, and remote camp life. Psychosocial regulation has increasingly been framed as part
of occupational hygiene rather than HR policy, aligning mental health with exposure control thinking.

Global convergence is becoming visible. ISO 45003:2021 is being embedded as a companion to ISO 45001
in multiple jurisdictions. The ICMM'’s 2023 Mental Health and Wellbeing Framework has moved mental
health from 'nice to have' to Board accountability. The opportunity for Southern Africa is to contribute
Ubuntu-driven, relational models of care to global practice, rather than importing only Western
individual-resilience models.

This is reverse innovation: Southern Africa is not 'catching up'; it is offering leadership.

DISCUSSION

The evidence and practice insights in this paper point to four core conclusions.

First, psychosocial harm is structurally produced. It is not a matter of individual weakness or personal
coping deficits. It emerges from roster design, production intensity, job precarity, and unresolved socio-
economic pressures. This means it can be designed out, just like fall-from-height risk or energy isolation
failures.

Second, psychosocial stability is a production control. When fatigue, anger, despair, or moral injury rise,
hazard awareness falls, conflict escalates, and attention to critical controls erodes. Treating psychosocial

risk as a first-order control is both morally responsible and operationally rational.

Third, culture matters. Ubuntu is not sentimental branding; it is an operational logic for collective
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resilience, peer accountability, and social healing inside high-pressure production systems. Where
workers co-own wellbeing, uptake of support mechanisms is dramatically higher.

Fourth, assurance must evolve. Boards and executive teams are comfortable with Total Recordable
Injury Frequency Rate (TRIFR), exposure hours, and critical control verification. Psychosocial
governance requires similarly visible metrics and escalation pathways. This is starting to happen in
Botswana, South Africa, and Australia. It should become standard.

The implication is that psychosocial risk governance is not an HR program. It is a line accountability
and executive assurance function. It belongs in the enterprise risk register, the sustainability report, and
the Board pack.

Recommendations for the Southern African Mining Industry
Based on the analysis above, seven immediate recommendations are proposed:

1. Adopt ISO 45003:2021 alongside ISO 45001 to create dual systems for physical and psychological
safety.

2. Mandate psychosocial risk reporting in ESG disclosures and sustainability reporting, including Board
visibility.

3. Train supervisors and superintendents as 'psychological safety leaders,’ with accountability for
fairness, listening, and early escalation.

4. Embed psychosocial indicators into critical control verifications and site risk registers—treating
fatigue, job insecurity, and harassment as operational risks.

5. Deploy digital wellbeing analytics (with explicit privacy and consent) to proactively identify hotspots,
not to punish individuals but to fix work design.

6. Leverage Ubuntu-led co-design between management, unions, and communities to normalise mental
health dialogue and collective recovery.

7. Establish regional benchmarking and knowledge-sharing forums across the Southern African
Development Community on psychosocial risk performance, rather than competing site by site in
isolation.

Future Research and Industry Collaboration
Three areas for further collaborative research and industry practice emerge from this paper:

* Predictive analytics for psychosocial precursors: How can we responsibly build leading indicators
that warn leaders of cumulative fatigue, psychosocial load, and crew instability —before an incident,
walkout, or escalation?

* Economic case modelling: What is the quantified business case linking psychosocial stability to
production continuity, talent retention, legal risk, and ESG investment attractiveness? Demonstrating
this in CFO language will accelerate adoption.

* Cross-cultural transferability: How can Ubuntu-informed relational safety models be responsibly
adapted to other mining regions such as Australia’s FIFO operations or Chile’s high-altitude workforce
without cultural appropriation or dilution? Conversely, what elements of Australian regulatory
enforcement and Canadian remote-camp mental health practice can strengthen Southern African
operations?

Future research should explicitly bridge psychosocial risk governance, ESG performance, and social
licence to operate. The psychosocial conversation must move from compassion to strategy.
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CONCLUSION

Psychosocial risk management is the next defining capability of mining leadership in Southern Africa.
It is no longer credible to separate safety from mental health, or performance from dignity. The evidence
from Zimplats, Anglo American, and Debswana shows that culturally aligned, data-enabled,
leadership-owned psychosocial governance is both feasible and impactful.

The integration of Ubuntu, systems thinking, and digital intelligence creates a pathway out of reactive,
compliance-driven wellness campaigns and into a strategic, preventative model of organisational
resilience. This approach positions psychosocial wellbeing not as a cost centre, but as a core enabler of
safe production, social licence, and ESG credibility.

In simple terms: a mine that protects the mind secures its legacy.

Appendix A. Example Psychosocial Performance Indicators

Table Al illustrates a sample set of lead and lag indicators that can be included in site-level dashboards,
critical control verifications, and Board WHS reporting. These are indicative and should be co-designed
with the workforce, unions, and community representatives to ensure trust and legitimacy.

Unplanned absenteeism (by Lead Early signal of fatigue,
crew / function) burnout, or conflict before
formal incident reports.
Overtime  hours above Lead Flags production pressure
rostered baseline and cumulative fatigue risk
exposure.
Reported  harassment / Lag (with governance Measures psychological
bullying cases closed with overlay) safety and fairness of
action treatment under supervision.
Voluntary counselling / peer Lead Tests trust in systems. Uptake
support uptake going up can indicate cultural
safety, not just distress.
Safety climate / cohesion Lead Strong predictor of incident
score (crew self-rating) proneness,  conflict, and
production instability.
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Understanding battery chemistries, safety considerations, and
suppression challenges in the mining industry
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Social media often generalises lithium-ion batteries (LIBs) as a single, inherently dangerous
category, not distinguishing between the various chemistries and their safety indices.
There are several widely used and emerging lithium-ion cell chemistries; each with a
preferred application, based on its individual characteristics and different thermal
reactivity. As the application of batteries in the mining industry broadens, it is imperative
to understand how these chemistries differ, specifically in terms of the hazard associated
with each. With the growing public concern vs the potential benefits each lithium-ion
chemistry offers, it was deemed necessary to conduct in-depth research into all major
chemistries. This included a focused evaluation of a preferred type, aimed at
understanding the safety characteristics and how they compare to the batteries currently
used in mining operations. To support this research, a full-scale test was conducted at the
CSIR Kloppersbos Explosion Research Facility. During the tests both lead-acid and
lithium-ion phosphate batteries — along with their locomotive systems — were subjected
to extreme heat conditions via exposure to open flames. The objective was to rigorously
assess the behaviour of the batteries (and their control systems) under thermal runaway
scenarios. It was also necessary to evaluate the effectiveness of any existing mitigation
systems as well as potentially suitable chemical fire suppression products. It was found
that with correct construction and chemistry selection the lithium-ion phosphate batteries
performed significantly better than existing lead acid systems - showing less reactivity,
exhibiting self-extinguishing behaviour and a safer environment for emergency response
control.

Keywords: Lithium-ion, thermal runaway, crystal lattice structure, battery-electric
locomotive, underground mining, lithium-ion batteries

INTRODUCTION

The mining industry, especially in underground operations, is adopting increasing numbers of
electrically-powered, battery-operated, and hybrid machines. This change is largely driven by the global
shift toward reducing greenhouse gas emission through decarbonisation, improving safety for
personnel and increasing efficiency (Tabelin et al., 2021; Ye et al., 2022). At the forefront of these
improvements are lithium-ion batteries (LIBs) (Yu and Manthiram, 2021). Furthermore, these batteries
are seen as the replacement for lead acid batteries in a wide variety of applications, increasing their
prevalence. With higher numbers of LIBs in use, potentially significant safety risks associated with
thermal runaway may increase as well (Khade, 2021).
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The Southern African Institute of Mining and Metallurgy
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LIBs are under increasing scrutiny due to their thermal instability. When subjected to abusive conditions
they may enter thermal runaway, leading to rapid temperature escalation, heat and fire propagation,
the release of toxic and flammable gases, asphyxiation and explosion risks. These risks are significantly
increased with increase in size, especially in an enclosed space with limited ventilation (Jhu et al., 2011,
2012; Koronaki, Prentza and Papaefthimiou, 2017; Larsson et al., 2017; Lei et al., 2017; Feng et al., 2018;
Porzucek, Loj and d’Obyrn, 2022; Wang and Huang, 2023).

There are several widely used and emerging lithium-ion cell chemistries. The former referring to
lithium-cobalt-oxide (LCO), lithium-iron-phosphate (LFP), lithium-titanate (LTO), lithium-nickel-
cobalt-manganese-oxide (NCM), lithium-nickel-cobalt-aluminium-oxide (NCA) and lithium polymer
(LiPo) (Wang et al., 2017; Chen et al., 2021; Robinson et al., 2021; Shahid and Agelin-Chaab, 2022; Mei et
al., 2023; Talele et al., 2023). These different types of LIB chemistries behave differently and have unique
properties in relation to capacity, energy density, but most importantly - safety.

As mines adjust their battery use towards better performance it is imperative to understand how these
chemistries differ (Lamb et al., 2021) and, in the case of an emergency, if different hazard controls need
to be implemented to suppress a LIB fire (Feng ef al., 2020). LIB fires differ from typical combustion
events (Ghiji et al., 2020) as they are self-sustaining (Mao, Chen and Chen, 2024; Huhn et al., 2025) once
thermal runaway occurs. This makes suppression more complex and emphasises the importance of
chemistry-specific risk assessments (Hsieh et al., 2021).

This paper presents the findings from tests conducted to assess the current large scale LIB selection
compared to existing LA systems, along with a detailed comparison of major lithium-ion chemistries,
their relative risks, and the implications for equipment selection, construction, emergency response, and
safety standard development in the mining industry.

Background

Thermal runaway is a phenomenon seen in various systems, not just batteries, and can result in severe
or even fatal outcomes (Wang et al., 2017; Shahid and Agelin-Chaab, 2022). Although the hazard of
thermal runaway is acknowledged, what remains less widely recognised is the range of LIB chemistries
and their respective differences in safety and suppression requirements (Lamb et al., 2021). Given the
importance of employee and emergency response team safety, especially underground, these specific
characteristics require thorough scrutiny (Ghiji ef al., 2020).

Lithium-ion chemistries

As mentioned, there are various LIB chemistries with various characteristics (Liu et al., 2019; Ghiji et al.,
2020; J. Li et al., 2022; Huhn et al., 2025). Each of these chemistries have a preferred application due to
the respective energy densities, capacities, and thermal behaviours (Xu et al., 2023).

Due to their high energy density NCM, NCA, LiPo and LCO batteries are fast emerging as a crowd
favourite - mainly due to their quick response and fast charge characteristics (Placke et al., 2017). The
former allows for quick acceleration and fast alterations in the load, whilst the latter allows for faster
charging of the cells and more efficient regenerative braking (as compared to the other chemistries)
(Pasupuleti, Tummuru and Misra, 2023).

However, this increase in energy density is accompanied by a decrease in safety, specifically related to
thermal runaway (Wang et al., 2021), which has become synonymous with LIBs (Feng et al., 2020). It is
important to note that all these batteries are LIBs, but not all LIBs are the same, especially when it comes
to their thermal characteristics.

Thermal runaway

Each chemistry is distinguished by the difference in the electrode composition, the crystal lattice
structure (CLS) and their intramolecular bonds. LCO, NMC and NCA have a layered CLSs; LMO and
LTO are spinel; LFP is olivine; and LiPo (an LIB with electrodes of either NCM or LCO and polymer
electrolyte) is generally also layered (S. Li et al., 2022).
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Additionally, LCO, LMO, NCM, NCA and LiPo all have a pure metal oxide cathode which oxidise
during charge. LFP has a metal phosphate cathode, which has a more solid intramolecular oxide bond
and therefore does not readily release oxygen, thus resisting thermal runaway. In LTO the anode is a
titanium oxide, and the cathode is generally NCM, LFP or LTO - making these chemistries very stable
but with low energy density (Manthiram, 2020;) (Wei et al., 2023).

During charge lithium-ions move from the cathode to anode, causing the cathode to oxidise, weakening
the intramolecular bonds and in certain cases (higher temperatures) causes the release of oxygen gas -
destabilising the cathode. This oxidisation can occur at any point when the battery is operated under
strain or high temperatures - leading to thermal runaway (Dose et al., 2022; Zhuang and Bazant, 2022;
Zhang et al., 2023; Peiris et al., 2024; Prempluem et al., 2024; Dai and Panahi, 2025).

These variations are what determine the volatility and tendency of the cell to enter a hazardous
condition of thermal runaway (Lamb et al., 2021; Nahidi et al., 2023).

Hazard control

Due to the volatility of metal oxide LIBs and the high temperature at which these batteries burn (>500°C,
(Liu et al., 2019; Ghiji et al., 2020; ]. Li et al., 2022; Huhn et al., 2025)) it is important to understand which
type of LIBs should be permitted, how they react under thermal incidents and how to control a possibly
very hazardous situation.

As explained, a clear distinction can be made between the safety of phosphate metal LIBs and metal
oxide LIBs. The metal oxide LIBs have a greater tendency to enter thermal runaway due to the oxidation
during charge and discharge, generating extreme heat and free radicals (Manthiram, 2020; Dose et al.,
2022; Zhuang and Bazant, 2022; Zhang et al., 2023; Peiris et al., 2024; Prempluem et al., 2024; Dai and
Panahi, 2025). This breakdown also causes a self-propagating exothermic reaction - leading to the
creation of a fire tetrahedron (Mao, Chen and Chen, 2024; Huhn et al., 2025) - herein lies the hazard of
thermal runaway in LIBs. Metal-oxide LIBs have all four of these components during thermal
breakdown leading to thermal runaway which is exceedingly difficult to suppress or extinguish.

LFPs, on the other hand, having a solid oxide bond, do not produce enough of any of these components
internally, thus tending to remain stable or self-extinguish in the case of a thermal event. They do
produce flammable gases, in the presence of sufficient external heat, which can be ignited externally in
the presence of sufficient oxygen (Manthiram, 2020). LFP fires are mainly external and are sustained if
the electrolyte breakdown generates enough flammable gases and the external oxygen concentration is
sufficient for the flame (Shi, 2023).

This last point is the key aspect in the construction design of larger systems - if they are of such that the
level of oxygen to the batteries is limited, then a flame will not be sustained (Ghiji et al., 2020; Huhn et
al., 2025).

Experimentation

Due to the uncertainty of these various batteries, it was considered necessary to assess the batteries
presently used in the underground environment (LA and LIB) at Sibanye Stillwater. Multiple variations
of LIBs are used in general day to day life, however, when kept to a capacity smaller than 150 Wh, the
hazard of these batteries, regardless of chemistry, is easily manageable. Due to its thermal stability LFP
was chosen for the large-scale systems (>150 Wh); however under strict limitations and requirements
with regards to the construction and safety measures installed. For this, the battery-electric
underground rail bound locomotives supplied by Trident S.A. (90 kWh system with 120 cells (3.25V,
230Ah) ) will be used.

Purpose

The purpose of these tests is to determine the hazard of the batteries at large scale >150 Wh. The
midscale LFP modules and full-scale LFP locomotive (all inclusive) were provided by Trident S.A; the
LA modules and locomotive obtained from an operational shaft.
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These systems will be tested on mid-scale (single module) to assess the initial hazard, thereafter they
will be tested at full-scale (multiple modules inside of locomotive enclosure) to assess the full hazard.
These tests will place the systems in a worst-case environment similar to one that has occurred
previously underground where a transformer burned in excess of 800°C. A mock-up emulating the
underground environment with ventilation (1.5m/s) at Kloppersbos Explosion Test Facility was used
to conduct these tests under the same harsh underground conditions in which these machines typically
operate.

Setup
A heat source was applied to the side of a locomotive, such as shown in Figure 1; this is based on the
typical operating environment underground in which these locomotives operate.

Figure 1. Underground locomotive supplied by Trident S.A.

Small scale (single cell) testing was omitted as these have been conducted extensively by the different
suppliers. Each test was conducted on both the LA and LFP systems. For the midscale tests the module
was placed in the same position as would be placed inside the locomotive battery enclosure with the
same orientation to the flame, as shown in Figure 2(a) and (b).

@) (b)
Figure 1. Single module (Trident S.A.) test orientation, with (a)burner and (b)thermocouple location.
For this test there are five thermocouples placed around the module - refer to
Figure 1(b) - two on the module (one inside, one outside) and the remainder placed at 1 m, 2 m and 5

m distances from the module in the direction of the flow of ventilation; the gases will also be monitored
for each test.

The midscale tests were performed in two segments - (1) half of the cells to enter thermal breakdown;
monitor the flame front and propagation of the flame; apply water as the suppressant; (2) same as test
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(1), but apply the F500 encapsulator agent (EA) instead of water, to assess the effectivity thereof. This
agent plus water were identified as viable solutions for the emergency response team to control the
hazard of all battery fires underground or on surface, hence the requirement for the tests.

For the full-scale test, the burners were placed directly above the locomotive lid to assimilate worst case
scenario of flame propagation over the top of the machine. The temperature sensors were placed in
similar locations as with the midscale tests - one inside the locomotive, one directly outside in direct
contact with the flame and the remainder positioned 2 m, 5 m and 10 m away from the machine. The
gases were also sampled for this test to determine the extent of the hazard.

The temperature of the burner administered a consistent 900°C for the duration of all the tests. For the
full-scale tests the flame was applied until the accumulative flame front started to decrease, was allowed
to self-extinguish, whereafter the suppressant was applied.

Results

For the various tests shown in Figure 3, Figure 5, Figure 7, Figure 9 and Figure 11 - Ch1 refers to the
thermocouple in direct contact with the propane burner flame, Ch2 is above the venting port of the
cell/module, Ch3, Ch4 and Ch5 are the thermocouples placed at various distances from the test, as
explained above.

Midscale test 1: LEP thermal breakdown with water as suppressant.
The sequence of events for the midscale test of the LFP battery is shown in Figure 3.
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Figure 3. Temperature results of LFP midscale test 1.

The significant events are described using Figure 4(a)-(b) as visual aids.
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(b)

Figure 4. Visual representation of sequence of events of LFP midscale test.

After ~42 minutes (125°C) the first venting event occurred (Figure 4(a)). After this the module was left
to burn until the fire was ignited and sustained. At ~82 minutes the propane was shut off (Figure 4(b))
and a further venting event was seen at ~83 minutes (Figure 4(d)). At ~91 minutes the flame self-
extinguished and the system cooled. The temperature visibly dropped without the flame (260°C to
240°C) and the battery was flooded at 95 minutes with water to observe the cooling effects.

The water is seen as a sufficient suppressant to reduce the temperature of the batteries (from 240°C to
80°C) in the four minutes of application, without visible adverse effects. The application of water was
removed, and the system left to cool.

Midscale test 2: LEP thermal breakdown with F500 EA as suppressant.
Figure 5 presents the sequence of events for the midscale test of the LFP system.
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Figure 5. Temperature results of LFP midscale test 2.

Figure 6(a)-(f) is used as a visual representation of the significant events for this midscale test.
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Figure 6. Visual representation of sequence of events of LFP midscale test 2.

After ~44 minutes the first venting event occurred (Figure 6(a)), heard as an audible popping of the
aluminium vent and the gas ignited (Figure 6(b)). The oxygen concentration in the nearby vicinity was
not sufficient for the flame to be sustained, causing a self-extinguishment shown in Figure 6(c), where
the gas was released but not ignited. The maximum flame front is seen in Figure 6(d), sustained for 2-3
seconds, at which point the propane supply was switched off and the F500 EA was applied (Figure 6(e))
to assess the performance under these circumstances. The flame was extinguished within 6s, shown in
Figure 6(f).

Midscale test 3: LA thermal breakdown with F500 EA as suppressant.
Figure 7 shows the sequence of events for the midscale test of the LA system??

69



1000
900
800
700
600
500
400

Temperature (°C)

300
200
100

MWW AW AN L AN
',\/Jj'\w R
A=
0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 80,0 90,0 100,0 110,0 120,0
Time (min)
4[4 |51 4 2| 0
45 50 53 63 88 98 19
e Ch1 (Om external)  ====Ch2 (Ominternal) e====Ch3(2m)  e====Ch4 (5m)  ====Ch5 (10m)

Figure 7. Temperature results of LA midscale test 3.

Figure 8(a)-(d) will be used to visually present the significant events.
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After ~four minutes the cells start to burn and leak sulfuric acid (Figure 8(a)). No audible popping is
heard, or explosion observed. The propane flame was administered until the flame front started to
decrease (Figure 8(b)). At the height of the flame, the temperature was 1:1 with the propane burner. At
this point, the burner was shut off. The flame was reduced but did not extinguish after which the F500
EA was applied. The results of this test are seen in Figure 8(c) and (d) - showing the extent of the damage
to the cell and leakage of the acid.

Full-scale test 1: LFP thermal breakdown with F500 EA as suppressant.
Figure 9 presents the sequence of events of the LFP system’s full-scale test.
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Figure 9. Temperature results of LFP full-scale test 1.

Figure 10(a) -(d) will be used to visualise the significant events of this test.
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Figure 10. Visual representation of sequence of events of LFP full-scale test.

The flame was administered to the top of the locomotive for four hours (Figure 10(a) and (b)). Using
handheld thermal cameras, the temperature on the lid was actively monitored. No significant event was
seen. The inner suppressant canisters were set to release suppressant at 105°C - this was not reached.
The temperature increased by 15°C during the first hour, by 5°C in the second, by 3.9°C in the third and
the fourth hour saw a 2.4°C increase. The BMS PCBs per module indicated an elevated temperature,
however they did not reach a temperature that required a shut-down of the system.

Figure 10(c) and (d) show the burn pattern of the burner’s application to the lid of the locomotive - thus
presenting the extreme heat of the lid.

Full-scale test 2: LA thermal breakdown with F500 EA as suppressant.
Figure 11 is used to describe the sequence of events of the LA full scale test.
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Figure 11. Temperature results of LA full-scale test 2.

Figure 12(a)-(d) will be used to visualise the explanation of the significant events for this test.

Figure 12. Visual representation of sequence of events of LA full-scale test 2.

The plastic lid of the battery started to melt within 20 minutes after commencement of the test. Within
40 minutes the LA cells were on fire (Figure 12(a)). Audible popping was heard from some cells as they
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entered thermal runaway. Propagation occurred between the cells as the fire front increased when more
cells started to burn. The gases released by the burning cells increased significantly to a point where the
gas pushed back against the ventilation (Figure 12(b) and (c)) leading to the evacuation of the observers
from the building to fresh air. When the propane was removed the cells continued to burn, vent, pop;
the flames increased when the F500 EA was applied to the flame and doused it within minutes - it can
also be seen (Figure 12(d)) that the gases released are significantly reduced.

Discussion of results
The learnings from each of the midscale and full-scale LFP and LA tests are discussed and respective

results compared in Table L

Table I. Comparison of midscale tests.

Lead acid battery LFP battery
Size 5 kWh, 836 Ah 22.4 kWh, 690Ah
Time to first 4 minutes 41 minutes
reaction
Description of first Rupture of the cell, leakage of Popping sound of aluminium vent opening.
reaction electrolyte, continuous burn of casing Venting and ignition of gases
and electrolyte
Summarised Continued burning until there is no Additional venting increases flame front momentarily.
sequence of events substance to burn. Self-extinguishes due to low concentration of the
flammable gases.
Gases released CO> - 0.07 vol%, peak - 0.16 Low concentrations of burning electrolyte (LiPFs in
(possible) CHs - 0 %SEL, peak- N/A EC/DMC/EMC/DEC) leads to release of aldehydes,
NO -1.1 ppm, peak - 1.1 HEF, CO, CO, Ha.
NO:2 - 0 ppm, peak - 0.0
CO -8 ppm, peak - 12
The lower molecular mass gas results returned values in the ng range, safe operating limits are in
the pg-mg range. Gas-analyst at the CSIR agreed that these values are within safe regions.
Flame front Max 0.5 m Max between 0.5- 1 m
Continuous 0.2-0.3 m flame front Continuous ~0.1 m
Flame does not self-extinguish Flame self-extinguishes
Max temperature 800°C within 4.5 minutes 240°C within 88 minutes
of cell (at
externally applied
800°C)
Reaction with Continuous burning; Continues to burn for max 10 minutes;
removal of burner Flame front decrease to roughly 0.2 m; Self-extinguishes

The results from the large-scale tests are compared in the Table II.
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Table II. Comparison of full-scale tests.

Lead acid battery LFP battery
Size 100 kWh, 836 Ah 89.7 kWh, 690 Ah
First reaction Batteries started to burn within 40 minutes of None
time 900°C flame application
Summary of Rupture of the cell, leakage of electrolyte, No venting occurred, lid temperature increases
sequence of continuous burn of casing and electrolyte. causing deformation of the plate, internal
events Audible pop of LA heard temperature gradient decreases during test.

Gas volume noticeably increases, temperature
increases consistently.

Gasses CO - 14 ppm None
measured 02 -20.8 %vol
H:S - 1ppm

Same as mid-scale test

Volume of gas The flame front is significantly larger and None
per kWh continuous at 2 m - due to the concentration of
battery gases as well as the accumulation that can
capacity occur as all the cells will be exposed at higher
(litres) temperatures due to melting of the lid.
Flame front Close to 2 m continuously None
from top of
box
Max 700°C within 56 minutes 90°C
temperature
Reaction with Continuous burning; No venting or burning occurred
removal of Flame front decrease;
source Burning continuously.

CONCLUSION

The learnings from these tests will be shared with the mining industry to inform their emergency
response teams, and generate the protocols and procurement standards for LFP batteries capable of self-
extinguishing. Venting ports on cells are imperative to eliminate pressure build up. The design of
battery systems and enclosures are of the utmost importance to allow passive air circulation; no air-
tight conditions should be allowed (this can lead to oven-like situations).

Thermal runaway for the LFP battery means that the battery releases gas due to the breakdown of the
electrolyte (diethyl carbonate OC(OCH,CHs),) - this gas needs an external source to ignite, and ignition
increases overall temperature, but up to a point. This temperature decreases as the electrolyte fuel
reduces. Rupture of the cells leads to leakage of the electrolyte (non-toxic) - this burns if ignited but
does not sustain a fire - design will allow the electrolyte to escape, removing the gaseous fuel created
when the electrolyte breaks down, thus preventing further reaction from the specific cell.

If the electrolyte does not leak out it can sustain the fire for longer as it will continue to release diethyl
carbonate. The heat from each cell did not propagate to the neighbouring cells, instead the heat from
the source combined with the heat from the burning electrolyte caused the thermal event to propagate
through the module. This is seen where the flame reaches a maximum flame front during the application
of the burner but decreases and reduces continuously leading to self-extinguishment, only reigniting
once the concentration of the flammable substance in the gas can sustain a fire.
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Segregation of the cells reduces the flammable concentration of the gas thus reducing the possibility of
a fire and duration of such fire.

The enclosures of the battery system increase the thermal properties of the system requiring a significant
temperature (>1000°C, continuously) for an extended period of time (>20 hours) for a possible venting
event. This temperature will need to be sustained for the venting to continue. The LA battery has a
visibly worse reaction to the application of the flame, generating hazardous fumes and significant heat
that create a hazardous environment for all in the vicinity.

Overall, the selection of the correct chemistry of the battery will ensure that the cells have the desirable
venting and self-extinguishing qualities. The design of the enclosure of the batteries will further ensure
that they behave desirably and with controllable hazard under extreme heat or thermal runaway
conditions.

We cannot ban the use of specific LIB chemistries within mining operations as these are very common
in everyday devices, such as laptops, cell phones, portable handheld tools, gas detection instruments
and cap lamps (these all make use of metal oxide LIBs); we can however restrict the size of these systems
and implement safety measures such that the hazard would still be controllable.
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Bridging gaps in mining safety understanding: Leveraging
visual animations to overcome language and literacy barriers

A K.B. Chigwada

ABE Risk Solutions, Australia

The mining industry continues to experience persistent safety and communication
challenges, particularly across multilingual and low-literacy workforces where
conventional, text-based safety communication often fails to achieve understanding and
behavioural compliance. Workers frequently misinterpret safety procedures not because
of negligence, but due to barriers in language, literacy, and cultural relevance. This gap in
comprehension has contributed to recurring incidents, inconsistent hazard awareness, and
limited engagement with formal safety systems.

This paper explores how visual animation-based safety communication can bridge these
understanding gaps by translating complex technical information into intuitive, accessible,
and cultural resonant visual formats. Drawing comparative insights from Southern African
mines and leading global operations such as BHP (Australia) and Vale (Brazil), the paper
introduces the Visual Safety Systems Framework (VSSF). This framework integrates human-
factors theory, indigenous philosophy, and technological innovation to enable inclusive,
high-impact safety learning.

Empirical evidence from case studies across Zimbabwe, South Africa, Botswana, and
Australia demonstrates measurable improvements in hazard recognition, compliance, and
safety culture following the adoption of visual training tools. The findings confirm that
visual communication not only enhances learning outcomes but also fosters a shared safety
culture grounded in inclusivity and psychological safety. The paper concludes with
strategic recommendations for institutionalising visual safety systems within corporate
training policies, regulatory frameworks, and international mining standards.

INTRODUCTION

Communication failure remains a key contributor to industrial accidents in mining, where workforces
are often multilingual, transient, and exposed to high-risk environments. Studies by the International
Labour Organization (2022) and the Minerals Council South Africa (2023) reveal that
misunderstandings of procedures, rather than deliberate non-compliance, drive most incidents. Despite
English being the official training medium, only about 60% of mine employees in Southern Africa
possess functional workplace literacy (UNESCO, 2023). Traditional, text-heavy training materials are
often ineffective for workers with limited literacy or language proficiency.

Globally, mining leaders such as BHP and Rio Tinto have adopted animation-based safety learning,
achieving shorter induction times and reduced incident rates. However, Southern African operations
lag behind in scaling such innovations. This paper investigates how visual communication and
animation can bridge the safety comprehension gap and improve outcomes in culturally-diverse mining
environments.

MineSafe 2025
Hybrid Conference, 19 - 20 November 2025
The Southern African Institute of Mining and Metallurgy
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LITERATURE REVIEW

Global Context

Research in cognitive psychology affirms that visual learning enhances comprehension and long-term
retention (Sweller, 1998). Studies by Hallowell and Gambatese (2009) and Wu et al., (2019) show that
workers trained through animated simulations recall up to 60% more procedural content. BHP and Rio
Tinto’s implementation of standardised animation modules have correlated with measurable declines
in incident frequency rates.

Southern African Studies

In Southern Africa, van Wyk and de Jager (2021) demonstrated that visual content improved hazard-
identification accuracy by 35%. Case studies from Zimplats (2020) and Anglo American (2023) reveal
that multilingual animations increase engagement in toolbox sessions and strengthen supervisor-
worker communication.

Theoretical Foundation
The research draws from three theoretical streams:
1. Human Factors and Ergonomics (HFE) - reducing cognitive load through intuitive
communication.
2. Social Constructivism - learning as a shared process reinforced by visual reference points.
3. Ubuntu Philosophy - collective responsibility and inclusion as foundations for team-based
safety culture.

Conceptual Framework and Methodology
This study synthesises insights from five Southern African mines (Zimbabwe, South Africa, Botswana,
Namibia, Zambia) and three international comparators (Australia, Brazil, Canada). The proposed Visual
Safety Systems Framework (VSSF) incorporates four integrated elements:
1. Visual Content Design - translating procedures into universally interpretable animated
content.
2. Cultural Encoding - embedding local idioms and symbols to reinforce relevance and meaning.
3. Technology Integration - delivering content via tablets, learning management systems, and
digital screens.
4. Feedback Loops - continuous evaluation through comprehension checks and observed
behavioural outcomes.

VISUAL
CONTENT
DESIGN

FEEDBACK VISUAL
LOOPS SAFETY [ ENC
SYSTEMS { -
FRAMEWORK
(VSSF) SR

TECHNOLOGY
INTEGRATION

O

Figure 1: Visual Safety Systems Framework (VSSF)
(Diagram Description: A circular model showing the four interconnected pillars - Visual Content
Design, Cultural Encoding, Technology Integration, and Feedback Loops - surrounding a central core
labelled "Inclusive Safety Learning".)
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FINDINGS AND CASE STUDIES

Zimplats (Zimbabwe) - Animated haul-truck increased comprehension test scores from 62% to 89%,
with near-miss reporting improving by 40%.

Anglo American Platinum (South Africa) - A trilingual visual induction (isiZulu, Setswana, English)
improved clarity by 70% and reduced repeated safety violations.

Debswana (Botswana) - Animated critical-control narratives enhanced hazard-spotting performance
and cross-shift communication.

BHP Olympic Dam (Australia) - Behavioural-animation modules reduced onboarding time by 30%,
achieving consistent induction standards across contractors.

DISCUSSION

Visual safety systems transcend literacy barriers and promote inclusivity in safety communication.
Animated content provides a dynamic, culturally grounded method for embedding procedural
understanding and behavioural reinforcement. Challenges to adoption include limited digital
infrastructure, budget constraints, and managerial perceptions that animation trivialises safety.
However, when aligned with ISO 45001 principles and co-designed with employees, animation-based
modules can serve as auditable training evidence and promote psychological safety by normalising
uncertainty and learning dialogue.

CONCLUSION AND RECOMMENDATIONS

Visual animation training is a scalable, evidence-based intervention for closing the safety
comprehension gap. To institutionalise adoption:
1. Regulators should recognise digital visual modules as approved safety-training media.
2. Mining companies should co-create scalable animation libraries with employees and local
artists.
3. Unions and training institutes should integrate visual literacy within skills frameworks.
4. Researchers should link visual learning metrics to safety indicators such as LTIFR and near-
miss frequency.

FUTURE RESEARCH AND POLICY IMPLICATIONS

Future research should explore long-term behavioural retention and integration with emerging
technologies such as virtual reality (VR) and augmented reality (AR). Policymakers and academic
institutions could collaborate through an African Visual Safety Consortium to develop shared,
multilingual training resources, aligning with SDG 8 (Decent Work) and SDG 9 (Innovation and
Infrastructure).
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