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ABSTRACT

Historically, adverse vehicle interactions have disproportionately contributed to fatalities in mining,
with underground operations being particularly affected. Underground mining presents unique
challenges for collision avoidance due to global navigation satellite system (GNSS) denial, limited
infrastructure, and confined tunnels and junctions. These constraints reduce the effectiveness of
traditional surface solutions, which often rely on line-of-sight (LOS) technologies. In response,
underground operations have implemented Collision Warning Systems (CWS) and collision
avoidance systems (CAS) for low-speed, short-range interactions. However, their performance in
high-speed, long-range, non-line-of-sight (NLOS) scenarios is limited and poses significant safety
concerns.

This paper evaluates the potential of vehicle-to-everything (V2X) and dedicated short-range
communication (DSRC) systems (adapted from the automotive industry) for improving underground
safety and productivity. A scenario-based model aligned with ISO 21815-3 (2023) and 1SO 19296
(2018) standards is used to calculate minimum safe stopping distances. At 20 km/h, a detection
range of at least 80 m is required to allow for hazard recognition, operator reaction, braking, and
safety margin. This far exceeds the 50 m range provided by many legacy systems currently in use
but is comfortably covered by V2X technology.

The model was validated using data from a mid-sized underground mine. Over 40 per cent of empty
haul trips exceeded the safe speed for 50 m NLOS detection, highlighting the operational risk.
Additionally, modern underground haul trucks such as the Caterpillar AD30 and Sandvik TH320 are
capable of reaching or exceeding 25 km/h, reinforcing the need for extended detection capabilities
that reflect real-world vehicle performance.

An illustrative productivity calculation shows that increasing empty travel speed by 2 km/h across
80 per cent of the travel segment can enable one additional trip per vehicle per shift (equating to a
~10 per cent productivity gain). In addition to improved safety outcomes, benefits may include
enhanced travel consistency, reduced congestion, and greater operator confidence.

This study demonstrates that standards-aligned, real-time NLOS detection technologies have the
potential to significantly enhance both the safety and operational efficiency of underground mobile
mechanised mining operations.

INTRODUCTION

Mining is foundational to modern civilisation, supplying the raw materials necessary for infrastructure,
technology, and industry. Yet, it remains one of the most hazardous occupations globally.
Underground mining, in particular, poses elevated risks due to confined spaces, limited visibility, and
reliance on mobile equipment. Trackless mobile machinery (TMM) is a key contributor to productivity
in such settings, but also represents a significant hazard. According to the Mine Health and Safety
Inspectorate (DMRE, 2023), TMM-related incidents remain among the leading causes of fatalities in
South African mines; this trend is consistent across multiple jurisdictions.

As surface resources become depleted, the global shift toward underground mining introduces
heightened safety concerns. The operational environment underground is notably complex,
characterised by GNSS denial, narrow and irregular tunnels, and minimal infrastructure for real-time
communication. Surface mining operations are comparatively less constrained, allowing for the
effective application of GNSS and LOS technologies. As a result, the uptake and success rate of
CWS/CAS has been significantly higher in surface mining.
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In response, many underground operations have adopted CWS and CAS better suited to low-speed,
short-range interactions. Generally, these systems have demonstrated limited performance in
higher-speed or long-range scenarios, particularly under NLOS conditions (Qian et al, 2022; NIOSH,
2024). Current industry initiatives, such as those led by the Earth Moving Equipment Safety Round
Table (EMESRT, 2023), have largely concentrated on improving low-speed, close-proximity collision
scenarios. While critically important, this focus has resulted in comparatively less attention being
paid to high-speed, long-range interaction hazards, particularly in underground mining environments.
Furthermore, the lack of unified standards and limited interoperability between vendor solutions
inhibits broader adoption.

Scientific and technological context

Existing literature underscores the challenges of collision avoidance in underground mining,
particularly under NLOS conditions (Qian etal, 2022; NIOSH, 2024). In contrast, wireless
technologies such as DSRC and V2X (originally developed for automotive applications) have
demonstrated reliable high performance in challenging urban environments. Recent studies and
guidelines have explored the application of DSRC for underground vehicle communication,
highlighting its robustness in confined underground tunnels and complex operational settings (Chehri
et al, 2020; Gaber et al, 2021; Wikipedia, 2025). These technologies operate using decentralised,
real-time communication protocols and may be well-suited for underground adaptation.

This paper builds on these developments, combining industry standards, operational data, and
performance modelling to assess the viability of long-range NLOS detection systems in underground
hard rock mining. The aim is to demonstrate how such systems may enhance both safety and
operational throughput through increased situational awareness and coordinated vehicle interaction.

METHODOLOGY — SCENARIO MODELLING AND STOPPING DISTANCE
CALCULATIONS

To evaluate safe interaction distances for underground mobile equipment, this study models a
scenario in which two haul trucks approach an intersection (each travelling at 20 km/h) under NLOS
conditions (see Figure 1). The analysis is based on ISO 21815-3:2023(E) (1SO, 2023), which outlines
discrete intervals for collision warning and avoidance, and ISO 19296:2018 (ISO, 2018), which
provides braking performance standards for underground machinery.

FIG 1 — Two vehicles approaching an intersection underground.

Scenario definition and assumptions
¢ Both vehicles are travelling underground at 20 km/h.

e The intersection is completely NLOS; drivers do not have visual or infrastructure assisted
awareness of each other.

e There is no centralised communication infrastructure; only direct vehicle-to-vehicle
communication is considered.
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¢ In this scenario Vehicle 1 gives way to Vehicle 2, that is it will stop before the intersection,
while Vehicle 2 continues through uninterrupted.

The goal is to determine the minimum required detection distance to ensure a safe stop for Vehicle 1
before reaching the intersection.

Stopping distance framework (based on ISO 21815-3)

Figure 2 provides a framework for measurement and understanding of a collision avoidance
interaction. It illustrates the standard naming conventions for critical points (A—F) and intervals (AB,
BC, CD, DE, EF) according to ISO 21815-3 (ISO, 2023).
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O—00—0Q— 00— —0
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Detection Interval pping y
Interval Interval Interval Interval
Tlm e tAB tBC tCD tD E tEF
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g interface.
o

FIG 2 — 1SO 21815 (2023) points and intervals of interest.

Variable definitions
o fac time to detect and alert (combined A to C)

e dac distance during detection and alert

o tcp operator reaction time (C to D)

e dcp distance during operator reaction

o twss  master brake system response time

e doe braking distance including master brake system delay
e deF  safety margin

o vV vehicle speed (20 km/h)

e a minimum deceleration (2.75 m/s?)
Distance calculations

Formulas used
o dac =(vxtac)/3.6
e doo =(vxtcn)/3.6
e doe =(v)/(2xax3.6?
e deF = fixed safety margin (4 m)

For Vehicle 2 (constant speed travel during braking):

APCOM 2025 | Perth, Australia | 10-13 August 2025 3



e doe (Vehicle 2) = (v x (tmss + torake)) / 3.6, where torake = (v/ 3.6)/ @

Substituted values
o ftac =15s

e tco =2.74s
e twss =0.35s
o deF =4m

Derived values
o thae =(20/3.6)/2.75=2.02s

e dic =(20x1.5)/3.6=8.33m

e doo =(20x2.74)/3.6=15.22m

o doe =(20%)/(2x2.75x 3.62) = 7.53m

e doe (Vehicle 2) = (20 x (0.35 + 2.02))/ 3.6 = 13.17m

Combined distance summary

Table 1 summarises the calculated distances for Vehicle 1 (stopping) and Vehicle 2 (continuing at
constant speed), including detection, operator reaction, braking, and safety margin components.

TABLE 1
Summary of calculated vehicle interaction intervals.
Component Vehic_:le 1- Ve!'licl.e 2-
stopping (m) continuing (m)
Detection and alert distance (dac) 8.33 8.33
Operator reaction distance (dco) 15.22 15.22
Braking distance (doe) 7.53 13.17
Safety margin (deF) 4.00 4.00
Total distance (daF) 35.08 40.72

* Distance covered by Vehicle 2 while Vehicle 1 is braking.

Total stopping distance for Vehicle 1
daF1 = dac + dcp + doe + deF

daF1=8.33 +156.22 + 7.53 + 4 = 35.08 m

Total distance for Vehicle 2
daF2 = dac + dcp + doe (Vehicle 2)+ deF

daF2=8.33 +15.22 + 1317 +4=40.72m

Combined minimum required detection distance
diot = daF1 + daF2

dit = 35.08 +40.72 =75.80m

Rounded up, a minimum detection distance of approximately 80 m is required under NLOS
conditions at 20 km/h.

This analysis demonstrates that long-range detection systems capable of reliably identifying other
vehicles at distances of at least 80 m are necessary to enable effective and consistent collision
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avoidance at moderate speeds underground. Systems falling short of this range may not provide
sufficient time for operator recognition, reaction, brake system response, and safe stopping,
particularly where intersections or blind corners are encountered. These findings highlight the critical
need for underground communication and sensing technologies to prioritise not only short-range
proximity alerts but also extended non-line-of-sight hazard detection capabilities.

DATA ANALYSIS - SPEED THRESHOLDS, RISK EVALUATION AND
PRODUCTIVITY

Safe operational speeds versus detection distance
Using the methodology above, and consistent with thresholds outlined in ISO 21815-3:2023 (ISO,
2023), safe operational speeds can be related to required NLOS detection distances.

Table 2 shows that at 20 km/h a minimum of 76 m NLOS detection is required; a 50 m range is only
sufficient for speeds up to 13.5 km/h.

TABLE 2
Safe operational speed versus detection distance.
Safe operational Total Vehicle 1 Vehicle 2
speed (km/h) distance (m) distance (m) distance (m)

30 122 55 67
25 98 45 53
20 76 35 41

13.5 50 24 26
10 38 18 20
5 22 11 11

* 50 m NLOS is often raised in operational conversations as a safety requirement.

Typical maximum speeds of underground haul trucks

Modern underground haul trucks are designed for both reliability and high productivity in confined
mining environments. While operational speeds are often limited by tunnel geometry, safety
protocols, and traffic management, many vehicles are technically capable of exceeding 20 km/h.

For example:

e The Caterpillar AD30, a 30 tonne underground truck, has a top speed of 36.7 km/h in its
highest gear (Caterpillar, 2022).

e The Sandvik TH320, designed for small to medium hard rock mines, is optimised for long ramp
haulage and can exceed 25 km/h under appropriate conditions (Sandvik, 2022).

e The UK XTUT20, a 20 tonne haul truck, is geared to reach up to 25 km/h (Siton, 2023).

These specifications show that 20 km/h is a realistic and conservative benchmark for safety
evaluation. For example, at 25 km/h, (well within the capability of the Sandvik TH320 and UK
XTUT20) a minimum of 98 m of detection is required to safely manage a NLOS interaction. This far
exceeds the capabilities of many currently deployed short-range systems.

Moreover, Table 2 demonstrates that a 50 m detection range, which is common in legacy proximity
systems, is only sufficient at speeds below approximately 13.5 km/h.

Evaluating the role of speed

Truck speed plays a critical role in balancing both safety and productivity in underground hard rock
mines. As highlighted by Przhedetsky (2010), productivity is influenced by a broad set of variables,
including vehicle payload, road surface condition, tyre type and wear, and operator technique. While
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manufacturers provide Rimpull (speed-on-grade tables or performance curves), actual performance
often varies based on site-specific operational and environmental conditions. Przhedetsky also notes
that simply increasing truck size is no longer a straightforward strategy to improving productivity due
to the need for corresponding changes in mine design and infrastructure, as well as the associated
cost implications. Additionally, factors such as equipment availability, utilisation, workforce wages,
and other overheads further contribute to operational efficiency, highlighting the multi-dimensional
nature of productivity challenges.

Simulation based studies of truckloader haulage systems reinforce this complexity. For instance,
Salama and Greberg (2012) demonstrate how the number of trucks, haul distances, and loading
rates affect not only overall productivity, but also equipment utilisation and traffic congestion.
Although this study does not directly examine truck speed, it illustrates how increasing the number
of trucks may reduce truck utilisation and lead to congestion, ultimately causing productivity to
plateau as travel distances increase. These findings emphasise the interdependent factors that must
be considered when evaluating haulage system performance.

Speed related risk — Maptek data study

To better understand potential operational risk posed by speed within a typical underground hard
rock mine, an analysis was conducted on haul truck data spanning two years of production from a
mid-sized Australian hard rock mine (Maptek, 2025). The data set includes timestamped travel
speeds across full and empty legs over multiple haulage levels.

Figure 3 outlines the typical underground load and haul environment, in which trucks travel from
production stopes to the surface via ramps with intersecting levels. This environment is GNSS
denied, constrained by narrow tunnels, and often shared with other mobile equipment, complicating
real-time tracking and traffic coordination.

Dedicated Out

Surface
Stockpile

Dedicated In

FIG 3 — Load and haul to surface.

Data cleaning was conducted to remove outliers by determining the median and excluding data
points beyond two standard deviations. The primary objective of this process was to create a safe,
representative data set for analysis.

The data provides insights into the average speed during full travel and the average speed during
empty travel for each haul cycle. Although no additional data on instantaneous speed is available,
the existing information is sufficient to perform an initial risk evaluation when combined with the safe
operational speeds outlined in Table 2.
Key statistics

e Median full-travel speed: 8.6 km/h

e Median empty-travel speed: 13.0 km/h
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¢ 40.6 per cent of empty-travel cycles exceed 13.5 km/h.

The individual haul cycles have been plotted in Figure 4. The x-axis is segmented into intervals of
0.5 km/h, rounded down. Note the graph is shaded with a red background at the 50 m NLOS cut-off
of 13.5 km/h as indicated in Table 2.
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FIG 4 — Empty travel speed distribution.

This analysis highlights a material collision risk under existing short-range NLOS capabilities. Given
that many vehicles are capable of operating at or above 20 km/h, there is clear risk if detection range
is not matched to vehicle performance.

Potential productivity gains

Field trials, such as those conducted with Sandvik’s prototype underground truck, demonstrate that
vehicles can achieve maximum haul speeds exceeding 40 km/h under optimal conditions (Sandvik,
2013). However, average operational speeds tend to be lower due to gradient, turning radius, and
safety restrictions.

DSRC systems have been shown to achieve consistent detection beyond 100 m even under
challenging NLOS conditions in underground tunnels, thereby validating their suitability for enabling
earlier hazard recognition and improved traffic flow (Maptek, 2024; Chehri et al, 2020; Qureshi et al,
2016).

Improved long-range NLOS detection can yield productivity benefits by:

1. Reduced congestion: There is significant research linking traffic congestion in underground
mining to productivity losses, particularly around ramp and haulage scheduling. For example,
recent studies have examined how improved scheduling algorithms and dispatch systems can
alleviate congestion and increase efficiency (Zhang, Xu, and Yu, 2024; Fourie and Minnitt,
2014). Early awareness allows better traffic coordination, minimising idle time at intersections.
As highlighted in the previous section, where vehicles are restricted by narrow tunnels or one-
way traffic loops, disruption to production vehicles can result in considerable losses. One of
the most effective ways to mitigate this is through enhanced real-time coordination, allowing
operators to proactively manage priority routes and avoid unnecessary stops. This can reduce
the total nonproductive time, allowing vehicles to spend more time in motion and reduce
delays.

2. Increased speed confidence: When operators trust that the environment is well managed and
risks are mitigated (such as through consistent NLOS hazard detection) they are more likely
to maintain efficient, higher speeds within safety limits. While specific peer-reviewed research
on this topic in mining is limited, broader studies in occupational safety suggest that improved
environmental safety enhances operator confidence and performance. Further research is
needed to quantify this relationship in underground mining settings.
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lllustrative calculation — impact of increased speed on productivity

Building on the previous section, which identified improved traffic coordination and reduced
congestion as key contributors to productivity, this section isolates the potential gains from increased
average haulage speed alone. Due to the absence of controlled trials with measured speed changes,
the historic data set is revisited to model possible outcomes. Specifically, this analysis calculates the
required increase in empty travel speed to enable one additional trip per truck per shift. The scenario
assumes that all operational parameters remain constant except for speed over 80 per cent of the
empty travel segment, which is considered adjustable.

Upon reviewing the operational data, the median speed for full travel is found to be 8.6 km/h, while
the median speed for empty travel is 13.0 km/h. This indicates that vehicles are operating under
heavy load, as the full speed is 4.4 km/h slower, reflecting typical uphill full haulage. Only time, state,
and distance were available in the data set, so the analysis focuses on median speed.

The following assumptions are used. Median full travel time (0.40 hr) and median loading time
(0.09 hr) are maintained from the data set. It is assumed that operations run with 12 hr shifts and
that vehicles are subject to 80 per cent availability and 80 per cent utilisation. Empty travel time
(0.31 hr) is used as the baseline for performance gains. The median empty and full distances from
the data set are 4.05 km and 3.44 km, respectively.

The effective hours per shift are calculated as 12 hrs x 80 per cent availability x 80 per cent
utilisation, resulting in 7.68 productive hours per shift.

Using the median cycle time of 0.82 hrs per trip, the number of completed trips per shift can be
calculated as the floor of the effective hours divided by the median cycle time: [7.68 / 0.82] = 9 trips.

Let the variables be defined as follows:

o In is the new cycle time

o IF is the median full travel time

o I is the median loading time

o [ is the median empty travel time

o de is the median empty travel distance

e ps is the fixed (unchanged) portion of the empty travel segment (assumed to be 0.2)
* pc is the adjustable portion of the empty travel segment (assumed to be 0.8)

e a is the required proportional reduction in travel time for the adjustable segment

To increase to ten trips per truck per shift:
tn=7.68/10=0.768 h
Using these definitions:
tn =1tF + tL + te(ps + pc x Q)
Therefore:
a=(n—tF—t. —tepS)/ (te x pc)a=(0.768 — 0.40 — 0.09 - 0.31%0.2) / (0.31%0.8) = 87 per cent
The new average speed required:
v = (de X pc)/ (a x te) = (4.05 x 0.8) / (0.87 x 0.31) = 15.01 km/h

The median empty travel speed was 13.04 km/h. This analysis shows that increasing the speed by
as little as 2 km/h across 80 per cent of the empty travel segment could enable one additional trip
per vehicle per shift. This modest increase appears achievable with improved non-line-of-sight
(NLOS) detection, which would enhance operator awareness, reduce traffic congestion, and
increase confidence in both personal safety and the safety of others.

This example is illustrative, demonstrating potential performance gains based on the available data
set and defined operational assumptions.

8 APCOM 2025 | Perth, Australia | 10-13 August 2025



CONCLUSION

This paper investigated the relationship between NLOS hazard detection, operating speed, and
productivity in underground hard rock mining. Using a standards aligned model based on I1SO
21815-3 and ISO 19296, a scenario was developed to calculate the minimum detection distances
required to enable safe vehicle interaction at moderate speeds. The analysis showed that at 20 km/h,
a total NLOS detection distance of at least 80 m is necessary to accommodate detection, reaction,
braking, and safety margins. Systems with shorter detection ranges (such as legacy 50 m solutions)
are only suitable to ensure safety for speeds below 13.5 km/h.

These calculations were tested against operational data from a mid-sized underground mine. The
data set showed that over 40 per cent of empty travel cycles exceeded the 13.5 km/h threshold,
placing them at risk of insufficient stopping distance using short-range CWS and CAS technologies.
Additionally, modern underground haul trucks such as the Caterpillar AD30 and Sandvik TH320 are
technically capable of reaching or exceeding 25-35km/h, meaning the potential risk at higher
speeds is significant. This reinforces the need for longer-range NLOS detection systems to match
the real-world performance capabilities of underground equipment.

Technologies such as DSRC and V2X offer promising solutions. Originally developed for the
automotive industry, DSRC has demonstrated the ability to achieve reliable NLOS detection beyond
100 m even in challenging underground conditions. Field trials, supported by published studies,
highlight the potential for early hazard recognition and proactive traffic coordination.

This study also examined the potential for improved NLOS awareness to yield operational gains. An
illustrative calculation showed that increasing empty haul speeds by just 2 km/h over 80 per cent of
the travel segment could enable one additional trip per vehicle per shift representing a ~10 per cent
productivity gain. This modest speed increase appears achievable when operators are equipped
with better situational awareness and confidence in the surrounding environment.

Beyond immediate safety gains, enhanced consistency in vehicle speeds may also lead to reduced
mechanical stress, lower fuel consumption, and more predictable maintenance intervals. These
downstream benefits contribute to both safety and productivity.

In conclusion, this study demonstrates that real-time, long-range NLOS detection systems aligned
with ISO standards have the potential to significantly improve the safety and efficiency of
underground mobile mechanised mining. Continued research and implementation efforts should
prioritise interoperability, broader deployment, and operational validation across diverse
underground environments.
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