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Abstract

Autonomous Haulage Systems (AHS) are becoming increasingly popular in recent years as mining
operations seek to improve productivity and remove workers from hazardous environments. The
integration of this technology in a systematic manner implies not only change management in op-
erations, but also deeper perspective into mine planning implications. Currently, existing literature
describes AHS and their implementation guidelines with focus on operational safety and autonomous
system architecture, without systematically addressing required planning-level adaptations. This
study aims to identify how mine planning frameworks must evolve to accommodate autonomy in
open-pit metal mining operations. A systematic review is conducted using the PRISMA methodology
with emphasis on identifying the principal aspects of AHS that must be considered in mine planning
strategies. Findings reveal major shifts in workforce dynamics, communication infrastructure, and
haul road geometry, alongside ongoing debates regarding optimal road width and load channelization.
The study highlights the need for (i) holistic approaches to haul road and mine design, that are aware
of technology, geotechnical, and mineral aspects with a data driven perspective (ii) human-systems
integration and new needs in human-autonomous collaboration, and (iii) empirical validation of
workforce transition strategies for more effective and safe deployment.

Keywords: autonomous haulage systems; mine planning; haul road design; human-machine interface

1. Introduction

The exponential growth of the global population has amplified the demand for minerals, driven
by the requirements of economic development, infrastructure expansion, and technological advance-
ment [1,2]. Consequently, the need to enhance mineral production through the expansion of mining
operations has become increasingly critical. However, such growth also introduces significant safety
risks for miners, for example, heavy machinery and equipment accidents, ground instability, blasting
hazards, amongst others [3,4]. This highlights the importance of minimizing human exposure to
hazardous environments. The push for safety and workforce shortages, particularly for remote mining
operations [5-8] are some of the leading drivers for Autonomous Haulage Systems (AHS) adoption.

According to [9], AHS refer to the use of automated trucks that operate without human drivers to
transport materials in surface mining operations. AHS remove humans from hazardous environments,
while also enhancing the predictability of key haulage performance metrics such as cycle times, vehicle
speed behavior, fuel consumption, and fleet interaction dynamics, thereby supporting improved
operational planning and productivity [8,10,11]. Recent developments in the United States illustrate
this growing momentum. Freeport-McMoRan, one of the world’s leading copper producers, is
retrofitting its haul truck fleet with autonomous capabilities [12], converting about 30 trucks at its
Bagdad mine in Arizona to fully autonomous operation. These emerging deployments mark the
expanding adoption of AHS across North America. Globally, the transition toward autonomous
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haulage is even more pronounced. A recent study by [13] highlights large-scale AHS implementation
at Codelco’s Radomiro Tomic Mine and Gabriela Mistral Mine operations in Chile, as well as at Rio
Tinto’s West Angelas Mine and Solomon Hub, and BHP’s Navajo Mine. Coupled together, these
deployments demonstrate that AHS are increasingly embedded within large-scale surface mining
operations worldwide.

Despite growing adoption of AHS, most guidelines focus on their implications on operational
safety, risk management and system architecture without systematically addressing how mine planning
methodologies must change. Moreover, current literature is widely fragmented across fleet manage-
ment, traffic control, equipment and safety engineering, with a few studies providing integrated mine
planning perspectives. Furthermore, mine planning itself is inherently influenced by several key deci-
sion variables, including haul road design, speed policies, equipment selection, production scheduling
and traffic interaction modeling [14]. Very few studies have explicitly translated the impacts of AHS
into those planning-level decision variables. The need for integration is just beginning to be addressed
in recent literature. Notably, [15] presented one of the first holistic discussions, examining changes
in mine design, planning and schesuling processes when haul trucks are automated. Similarly, [16]
explored adapting open-pit design fundamentals such as road width requirements to leverage AHS
advantages. These and other works offer similar perspectives, for instance, suggesting that pit layout,
phase sequencing, and infrastructure should be reconsidered from the ground up for autonomous
operation [17]. However, such work is still sparse. In light of that, even though the literature to date
confirms major planning factors (road geometry, speed, equipment mix, scheduling, traffic control)
— are all affected by autonomy, this knowledge remains fragmented. As such, there is a recognized
gap in systematically incorporating AHS impacts into mine planning methodologies, and addressing
this will be key to unlocking the full economic benefits of autonomous haulage. Even though there
are perceived benefits of integrating AHS into mine planning, the identified gap hinders the effective
implementation.

To fully leverage the benefits presented by AHS, new standards, trained talent and specific
regulation frameworks are necessary. To inform on new standards, regulations and methodologies,
there is need to understand what changes are needed in mine planning practices for successful
implementation of AHS. Bridging this gap between regulatory intent and operational implementation
requires systematic integration of AHS considerations into mine planning methodologies. In this
study, we conduct a PRISMA-based systematic review to synthesize existing evidence and identify the
specific planning-level adaptations necessary for effective AHS deployment in open-pit metal mining
operations.

2. Review Objectives

We present a comprehensive examination of the current mine planning practices, key success
factors for AHS implementation and gaps that exist in current mine planning. With a focus on open-pit
metal mining operations involving fully autonomous haul trucks, the primary objective of this review
is to provide an overview of the changes that need to take place in mine planning to fully leverage the
benefits presented by AHS. Figure 1 shows a schematic representation of the scope of this study.
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Figure 1. Schematic representation of study scope.

3. Methodology

This literature review focuses on key aspects, including methods and techniques for AHS im-
plementation, strategies for integrating autonomy into mine design, and details on the resulting
improvements to operational efficiency. The study adheres to the guidelines posed through the
PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) method to ensure the
research process is both thorough and transparent. The PRISMA methodology provides a systematic
framework for planning and reporting reviews, enhancing both transparency and reproducibility. Fig-
ure 2 presents the PRISMA flow diagram illustrating the identification, screening, eligibility assessment,
and inclusion process for the studies reviewed.

The main steps in the methodology adopted in this study are as follows:

¢ Define research questions based on the problem domain, focusing on AHS and mine planning,
and retrieve relevant studies from multiple databases.

¢  Extract and compile key data from the selected studies to offer evidence-based answers to the
defined research questions.

*  Analyze compiled data to identify relevant takeaways from the results, as they pertain to the
initial research questions.

3.1. Research Questions

This review is guided by a set of research questions that examine how mine planning practices
must evolve to accommodate AHS. These questions provide a structured framework for analyzing
current literature and identifying gaps in the planning, design, and operational strategies required
for successful AHS integration. Specifically, they address how autonomy influences mine design
parameters, infrastructure requirements, and human-machine interactions that underpin efficient and
safe mining operations.

e RQ1: What are the documented benefits of Autonomous Haulage Systems (AHS) that directly
influence mine planning decisions, particularly regarding productivity, safety, and environmental
performance?

* RQ2: What infrastructure, communication, and systems-engineering requirements must be
integrated at the planning stage to support reliable and secure autonomous operations?

¢  RQ3: How does the implementation of AHS reshape mine economics and operational efficiency,
including haulage optimization, energy consumption, and equipment utilization?

¢ RQ4: Which elements of mine planning require modification to enable effective deployment of
AHS?
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e RQ5: How should regulatory and standardization frameworks be interpreted within the mine
planning process to ensure compliance and interoperability of AHS?

*  RQ6: To what extent can haul road design be optimized to balance safety, operational efficiency,
and economic outcomes under autonomous conditions?

e RQ7: What environmental and climatic risks affect AHS performance, and how should these
risks be incorporated into planning design and workforce training?

* RQ8: What constitutes acceptable risk tolerance thresholds for identifying unsafe conditions
critical to autonomous haulage operations?

* RQ9Y: How do haul truck operators and mine managers communicate operational risks in real
time to reduce downtime and prevent cascading failures?
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Figure 2. Workflow of the PRISMA methodology.

3.2. Search Strategy

The core literature for this review was sourced from leading journals specializing in mine planning.
These journals were selected based on their impact factor, expertise in mine planning and design,
and broad coverage of significant titles in the field. The distribution and credibility of these sources,
reflected by their associated impact factors, are presented in Table 1. To ensure comprehensive
coverage, the search was iteratively expanded to include complementary academic databases such as
IEEE Xplore, SpringerLink, and ScienceDirect. Conference papers from IEEE Xplore were specifically
included, as this platform primarily indexes peer-reviewed proceedings, ensuring the studies meet the
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review’s quality standards. Furthermore, technical reports from leading industry stakeholders and
regulatory bodies were also reviewed to address gaps in the traditional peer-reviewed literature.

The chosen journals and databases collectively provide a comprehensive range of literature related
to mine planning, AHS, and broader applications of automation in mining. The initial search string was
designed using a mix of keywords aligned with the predefined research questions, focusing on mine
planning, autonomous systems, and operational efficiency. One example of a full Boolean query used
in Scopus was: (“mining” OR “mine planning” OR “open pit” OR “open-pit”) AND (“autonomous
haulage” OR “autonomous truck” OR “automated truck” OR “automated haulage” OR “robotic truck”
OR “intelligent management” OR “dispatch” OR “mine automation” OR “human-system” OR “human
factors” OR “digital twin” OR “vehicle routing” OR “route optimization”).

The initial keyword combinations yielded 3,046 articles (see Figure 3), demonstrating that AHS-
related research has attracted increased attention in the last decade. To refine this large dataset, filters
were applied to restrict the publication years (2005-2025), limit to mining-related subjects, include only
works published in English, and restrict the publication type to journal articles. This filtering process
narrowed the corpus to 256 articles suitable for further screening, review, and analysis. Subsequently,
an additional screening based on titles, abstracts, and keywords was conducted to ensure topical
relevance, resulting in a final selection of 45 peer-reviewed studies for detailed analysis and synthesis.
This indicates limited body of literature directly addressing layout, design, and planning adaptations
for AHS deployment. Many of the results focused on automation, safety, or fleet performance without
extending those findings to actionable design principles or planning frameworks. This scarcity suggests
that valuable insights into layout, design, and planning adaptations for AHS deployment may also
reside in credible non-peer-reviewed literature, including technical reports, industry Standards and
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Figure 3. AHS-related publications in the last two decades.
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Despite limitations in the operational adoption of autonomous technologies within its mining
sector, the United States is recognized as a significant contributor to the international body of literature
and research pertaining to autonomous mining systems and mine planning. Its high volume of
academic production is comparable to that of other key contributors, including China, Australia, Chile,
Brazil and Canada.

Following the initial database search, a multi-stage screening process was implemented. An
initial review of article titles and abstracts filtered articles by relevancy before conducting subsequent
full-text reviews to assess eligibility based on predefined inclusion and exclusion criteria. This staged
approach ensured that only studies directly relevant to the integration of AHS into surface metal mine
planning and design over the past 2 decades were included in the final synthesis.

For each study that passed the full-text screening, key characteristics were systematically ex-
tracted and coded. Extracted data included the type of mining operation, geographic region, type
of autonomous technology implemented, methodological approaches, and reported outcomes. This
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structured extraction process enabled the synthesis of findings across diverse studies and enhanced
the reproducibility of the review.
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Figure 4. Literature Source Categorization.

Table 1. Impact factors of journals referenced in this study.

Journal Impact Factor
IEEE Trans. on Intelligent Vehicles 14.07
International Journal of Mining Science and Technology 13.7
Automation in Construction 11.5
Resources Policy 10.1
Mechanical Systems and Signal Processing 8.9
IEEE Internet of Things Journal 8.2
Communications Engineering (Nature) 524
Sensors 3.5
Mineral Economics 3.5
Sustainability 3.3
Electronics 2.6
Applied Sciences 2.5
Progress in Artificial Intelligence 2.4
Mining, Metallurgy & Exploration 1.5
Journal of Control, Automation and Electrical Systems 1.3
Mining Technology 1.1
Process Safety Progress 1.0
Journal of Mining Science 0.8

3.3. Inclusion and Exclusion Criteria

To ensure the relevance and quality of the selected literature for this review on the integration
of AHS into mine planning, a structured set of inclusion and exclusion criteria was applied during
the screening process. These criteria were developed to align with the geographic, operational,
technological, and academic context of the research.

The inclusion criteria for this review focused on studies conducted in, or directly applicable to,
mining operations in the United States, South America, Australia, or Canada, given their leadership in
autonomous mining technologies and strong regulatory frameworks. Although South America was
underrepresented in the Scopus bibliometric output due to initial search limitations, its significant
AHS deployment, such as at Gabriela Mistral [10,18], justified its retention. Works published between
2005 and 2025 were included to ensure technological relevance.
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Source quality was maintained by selecting peer-reviewed journal articles, industry white papers,
and technical reports from reputable agencies such as Mine Safety and Health Administration (MSHA)
and internationally leading Original Equipment Manufacturers (OEMs), for instance, Komatsu, and
Caterpillar [19]. Despite lacking peer review, many sources written in Spanish, largely Master’s theses
and engineering technical papers, were still utilized through the research process for cross-referencing
and to derive further citations.

Studies focused on countries outside the United States, South America, Australia, and Canada
were excluded unless their findings showed clear applicability to U.S. operations. Papers on under-
ground mining, non-metal mining (e.g., coal, salt), or quarrying were also excluded due to differing
operational contexts. Research centered on manually operated, remote-controlled, or semi-autonomous
trucks was omitted unless full autonomy was demonstrated. Literature published before 2005 was
excluded from the main synthesis, except when used for historical context. To ensure technical rigor,
non-peer-reviewed sources such as blogs, news articles, and opinion pieces were excluded.

The included studies were then characterized based on several key factors to contextualize the
findings of the review. In terms of mining type, the majority of studies focused on surface mining
operations, particularly open-pit metal mines such as copper, iron, and gold. Geographically, a
significant portion of the reviewed literature originated from Australia, followed by contributions
from Chile, Canada, and the United States. Regarding technological maturity, the reviewed studies
primarily address fully autonomous systems, reflecting the increasing trend toward full autonomy
over semi-autonomous solutions in surface mining operations.

Collectively, these study characteristics were considered throughout the synthesis to ensure
that conclusions drawn are appropriately grounded in operational realities relevant to surface metal
mining.

3.4. Al Use Disclosure

The authors utilized generative artificial intelligence (Al) tools, including OpenAl’s ChatGPT, to
assist with minor grammatical refinement, stylistic editing, and figure visualization development. Al
tools were not used for data generation, data analysis, interpretation of results, or the formulation of
scientific conclusions. All technical content, methodological decisions, and analytical interpretations
were independently developed and verified by the authors.

4. Findings
4.1. Key Benefits of AHS

This subsection addresses Research Question RQ1 by synthesizing the documented safety, productivity,
and environmental benefits of AHS that directly influence mine-planning decisions. These benefits
are not merely operational outcomes; they reshape production scheduling assumptions, fleet sizing
strategies, haul road utilization, and long-term economic modeling. The discussion also informs
Research Question RQ3 by examining how improvements in equipment utilization, cost efficiency,
and fuel performance translate into measurable economic advantages.

The literature consistently identifies three dominant benefit domains that directly influence mine-
planning decisions: safety performance, productivity enhancement, and environmental efficiency.

Safety enhancement

e Itis well documented that AHS reduces required personnel per truck from 4.5 for manned
operations to less than 0.8 for AHS [11,15].

*  AHS significantly reduces safety risk while enhancing labor efficiency [9,20,21]. Based on a
comparison of near-miss rates, Figure 5 provides site-level evidence of the effectiveness of AHS
in incident reduction, despite the scope being confined to data from Rio Tinto operations. This is
further supported by simulation-based findings from [18], which show that AHS implementation
reduces collision probability to 0.22, compared with 0.98 for human-operated systems.
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Productivity

¢ Autonomous machines operate without interruptions, minimizing downtime and optimizing
resource usage, thus improving overall equipment effectiveness and predictability [22-24].
*  AHS deployments address the rampant shortage of skilled personnel [25].

Environmental benefits

*  Moreover, AHS has been reported to reduce fuel consumption by approximately 13%, translating
into lower greenhouse gas emissions and improved environmental performance [11,15].

Recent implementations have shown that companies have achieved up to a 30% boost in pro-
ductivity in surface mining operations [15,26]. Rio Tinto currently operates about 150 unmanned
mining trucks, primarily from Komatsu, at its Pilbara mines [27]. Over time, the fleet size has evolved
significantly; the company has eliminated expensive labor and increased automation, leading to a
productivity increase of 13% compared to conventional operations. In 2017, each autonomous truck
worked 700 hours longer than manned trucks, and operating costs decreased by 15% [10]. Another
favorable attribute of AHS is how it allows for smooth utilization of equipment which is essential for
predictability of production [15]. Evidently, by enhancing productivity and safety while minimizing
environmental impact, automation supports the mining industry’s transition towards more sustainable
practices, ultimately contributing to a lower ecological footprint.

Collectively, these findings demonstrate that AHS adoption alters core mine-planning variables,
including safety margins, equipment utilization assumptions, production predictability, and envi-
ronmental performance benchmarks. These documented benefits form the foundation upon which
subsequent planning adaptations must be evaluated.

PFI's (Near Misses) at Rio Tinto Surface Mine Sites (2014 - 2022)
Manual vs Autonomous Operations
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Figure 5. Comparison of near misses between Rio Tinto’s manual and autonomous haulage sites [20].

4.2. Key Components of AHS

This subsection addresses Research Question RQ2 by identifying the infrastructure, communication,
and systems-engineering requirements that must be embedded within mine planning frameworks
to enable reliable and secure AHS deployment. While AHS are often presented as equipment-level
innovations, the reviewed literature demonstrates that sensing, communication, decision-making, and
control architectures impose structural planning constraints that influence network design, layout
configuration, data governance, and operational redundancy:.
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A synthesis of the reviewed literature indicates that AHS comprise four interdependent system-
level components: (1) sensing and positioning systems, (2) communication infrastructure, (3) decision-
making and optimization algorithms, and (4) real-time control and supervisory integration.

4.2.1. Communication Infrastructure

Secure and low-latency communication networks enable continuous data exchange between
autonomous equipment and remote operation centers. However, the literature emphasizes that AHS
function as cyber-physical systems (CPS)—integrated physical and computational architectures that
are inherently vulnerable to cybersecurity threats and communication breakdowns [18,28-30]. Studies
highlight susceptibility to GPS spoofing, signal interference, and network attacks, which may induce
unsafe vehicle behavior if not properly mitigated [31]. Therefore, this necessitates secure and reliable
communication to ensure safety and productivity in mining environments [20]. From a mine planning
perspective, this implies that communication architecture must be treated as critical infrastructure.
Planning-stage requirements include deployment of private LTE/5G networks, redundancy mecha-
nisms, segmentation of safety-critical systems, secure fleet management software, and edge-computing
capabilities to reduce latency. Reliable communication is therefore not merely supportive but structural
to AHS safety, operational continuity, and production predictability [20,32].

4.2.2. Sensing and Positioning Systems

The literature consistently identifies multi-modal perception as foundational to AHS operation.
Autonomous haul trucks integrate LiDAR, radar, machine vision, and GNSS-based positioning to
enable obstacle detection, terrain mapping, and lane adherence in unstructured open-pit environments
[33-35]. Multi-constellation GNSS solutions (GPS, GLONASS, Galileo, BeiDou) enhance positional
accuracy and system robustness under challenging conditions such as dust and variable lighting [36].
These sensing architectures have been shown to reduce collision rates and improve operational stability
in production-scale deployments [37].

4.2.3. Decision-Making and Optimization Capabilities

Artificial intelligence and machine learning algorithms enable adaptive routing, traffic manage-
ment, and dynamic dispatching in response to changing operational conditions [8,38]. Reinforcement
learning approaches are increasingly explored for real-time optimization of haul cycles and equipment
coordination [11]. The literature further highlights the need for models capable of integrating opera-
tional micro-constraints, such as charging cycles and seasonal haul road degradation, which directly
influence performance and infrastructure loading [39,40].

4.2.4. Real-Time Control and Supervisory Systems

AHS are embedded within short-interval control frameworks that continuously adjust dispatching
and maintenance scheduling. Predictive maintenance systems using equipment telemetry for instance,
vibration and temperature have demonstrated measurable improvements in reliability. Case evidence
reports increases in mean time between failure and reductions in unplanned maintenance following
deployment of integrated monitoring systems [41].

Collectively, these system-level components demonstrate that AHS deployment is not solely a
fleet upgrade but an infrastructure transformation. Effective integration requires early-stage planning
for sensing coverage, communication redundancy, data governance, algorithmic transparency, and
supervisory control architecture. These requirements reshape mine layout design, capital allocation,
network topology, and operational risk modeling, directly responding to Research Question RQ2 by
identifying autonomy-ready infrastructure as a foundational planning prerequisite.

4.3. Current Challenges

This subsection primarily addresses Research Question RQ5 by examining how existing regulatory and
standardization frameworks fall short of fully supporting mine-planning integration of AHS. While
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several guidelines and safety standards provide foundational operational direction, they often do not
translate directly into actionable mine-planning methodologies. The resulting regulatory fragmentation
introduces uncertainty, increases development costs, and complicates scalable deployment of AHS
within surface mining operations.

Despite well documented benefits of AHS, findings in [21,42], highlight significant shortcomings
in existing research concerning a lack of a standardized reference for AHS integration. This presents
significant challenges, impacting the efficiency, safety, and cost-effectiveness of mining operations [43].
Standards and regulations play a crucial role in mine planning by ensuring that mining activities are
conducted in a sustainable, safe, and environmentally responsible manner [44]. These frameworks
guide the entire lifecycle of mining operations, from initial planning and development to closure
and reclamation. Specifically missing are standardized protocols for haul road infrastructure design,
human-autonomous safety procedures, and emergency management [45]. These gaps elevate de-
velopment costs and impede safe, scalable deployment of autonomous systems. For instance, even
though there are legislative provisions for autonomous systems in other countries, such as Canada and
Australia [46], lack of specific regulatory framework in the USA and other countries has been a barrier
(see Figure 6) for widespread adoption for AHS [20,47-49]. The development of standards is crucial to
streamline operations, enhance safety, and reduce costs associated with the deployment of AHS.
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Figure 6. Global adoption of AHS by country in 2023. Adapted from [50].

Moreover, AHS introduce new risks and challenges [51] related to complex human-autonomous
interactions and new failure modes. This reshapes the landscape of mine planning. Guidelines like the
Mining Automation Real-time Control System Architecture Standard Reference Model (MASREM) [52],
Global Mining Guidelines Group (GMG) [53], Safe Mobile Autonomous Mining in Western Australia —
Code of Practice [54] and standards like ISO 17757:2019 [55], offer a foundational framework for this
transition. These existing guidelines, beyond safe operation and implementation provisions, often do
not fully address the nuanced shifts in mine planning practices that AHS implementation demands.
According to [46], MASREM focuses on high-level design concepts, the Safe Mobile Autonomous
Mining in Western Australia — Code of Practice adopts a conventional risk management strategy
despite additional risks brought by AHS. [46] further adds that the focus on failure modes by ISO
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17757:2019 overlooks the potential for unwanted outcomes. Noting that there is not yet one standard
and regulatory framework specifically for AHS, [43] further corroborates this.

Collectively, these limitations indicate that mine planning for AHS cannot rely solely on existing
operational safety standards; instead, planners must interpret and extend these frameworks to explicitly
incorporate layout design, human-systems integration, and infrastructure resilience at early project
stages.

4.4. Changes in Workforce Dynamics
4.4.1. Training and Transferable Skills

This subsection responds directly to Research Question RQ4 by identifying workforce readiness as
a core mine-planning parameter in AHS implementation. Changes in skills, staffing models, and
supervisory roles impose constraints on scheduling, fleet allocation, and infrastructure design. The
discussion further informs Research Questions RQ7 and RQ9 by addressing training requirements and
human-centered operational coordination in autonomous environments.

As mines adopt AHS, workforce dynamics undergo significant transformation, demanding recon-
sideration of traditional mine planning strategies. Recent works have examined how the integration of
autonomous systems in mining impacts the workforce dynamics. A study by [56] explored the shift of
mine-control tasks from drivers to remote operators. They found that integrating automation often
fails without addressing human factors. Specifically, poorly designed job roles and interfaces have led
to a shortage of skilled “mine controller” candidates. Their findings emphasize that companies face a
significantly growing gap in qualified personnel for operating autonomous fleets. This mismatch is
confirmed by [57], highlighting the urgent need for the mining workforce to transition from traditional
manual roles to technically intensive positions involving remote operation, data analysis, and systems
integration. Mining 5.0, derived from the principles of Industry 5.0, centers on the close collaboration
between humans and autonomous systems. Industry 5.0 marks an advancement of the conventional
industrial manufacturing model, highlighting the synergy between human intelligence and machine
automation [1].

From a mine planning perspective, these workforce transitions have direct implications for
scheduling, pit sequencing, and fleet allocation. The availability and skill level of remote operators
influence the achievable level of autonomy, which in turn constrains equipment utilization rates and
production planning. Planners must account for learning curves, human-system interaction delays,
and communication dependencies when modeling equipment performance and shift structures. Thus,
workforce readiness is not merely an operational issue but a planning parameter that determines
how effectively autonomous haulage can be integrated into mine layouts and production schedules.
Considering these interdependencies, training and education must be transformed to create a workforce
capable of supporting autonomy-ready mine plans and sustaining productivity in increasingly digital
mining environments [49,58]. This aligns with empirical findings from [59], which evaluated a
driverless truck operation and showed that drivers’ tasks shifted rather than disappeared. The study
revealed that new system-based roles, such as fleet supervisors, have emerged—corroborating broader
observations by [57]. Recent guidance and human-factors studies [17,60,61] further note that the
cognitive workload and coordination demands placed on control-room personnel in autonomous
operations create recruitment and retention pressures. These factors must be considered by mine
planners through continuous training programs, human-centered control-room design, and robust
operational support systems. Collectively, these findings indicate that human-systems integration
should be treated as a core element of autonomous mine design and planning. Strategic adjustments
recommended by prior studies include:

* Incorporating predictive staffing models into production planning [17];

*  Designing operator rotation schedules that are flexible and redundant [60];
¢ Allocating dedicated space for relief operators and system diagnostics [61];
*  Developing control rooms with ergonomic interfaces and rest areas [60,61].
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Therefore, in response to Research Question RQ4, the review finds that effective deployment
of AHS requires modification of workforce planning parameters such as staffing availability, com-
petency development timelines, shift structures, and control-room infrastructure. These elements
fundamentally constrain production scheduling and fleet allocation decisions.

4.4.2. Operator Fatigue and Attention

This subsection primarily addresses Research Question RQ9 by examining how cognitive workload,
fatigue, and supervisory attention constraints influence real-time risk detection and operational
continuity in autonomous mining environments. While AHS remove operators from physical hazards,
they introduce new human-centered risks within control-room supervision and loading coordination.
These factors must be incorporated into planning-level communication protocols, escalation structures,
and spatial design decisions to prevent safety degradation and production instability.

While the removal of operators from hazardous environments generally enhances physical safety,
it also introduces new cognitive and psychological burdens [59]. [25] conducted a comprehensive
systematic review to identify key human impacts imposed by the integration of autonomous systems.
They report that automation can increase operator workload and cognitive demands, which may
in turn influence operator trust and acceptance of autonomous system performance. Findings from
[20], corroborate that automation introduces new cognitive and workload risks for the workforce, for
instance, control room operators who are tasked with supervising large autonomous fleets. They face
the risk of increased mental stress, as they are expected to monitor, intervene, and troubleshoot in
real time, often across multiple systems. This concentration of oversight introduces risks of cognitive
overload, fatigue, and decision fatigue, which can compromise safety and operational responsiveness.
In some cases, extended shifts, often up to 12 hours, compounded by sedentary conditions and interface
multitasking, further elevate physical and psychological strain. [25], a comprehensive systematic
review, emphasizes that as mining becomes more automated, the role of human operators shifts from
manual control to supervisory monitoring, which increases cognitive load and creates risks related to
loss of situational awareness. A key operational implication is that fatigue and attention limitations in
control-room environments can delay anomaly detection and response, thereby increasing downtime
risk. In direct response to Research Question RQ9, the literature indicates that effective real-time risk
communication under AHS requires structured escalation pathways embedded within the mine’s
planning framework. These include automated alert systems, predefined intervention protocols,
operator-to-supervisor handoffs, and decision-support rules designed to reduce stoppage duration
and prevent cascading production delays.

Beyond communication protocols, autonomy also alters loading system dynamics. Although
AHS improve truck availability and reduce idle time, maintaining continuous, high-intensity haul
cycles places greater demands on excavator operators and loading areas. To prevent fatigue-induced
bottlenecks and throughput instability, mine planners must integrate optimized loading-area geometry,
appropriate dig-face spacing, and equipment redundancy into pit sequencing and spatial design [62].

4.4.3. Implications of AHS on Human-Machine Interface

This subsection directly addresses Research Question RQ4 by identifying human—machine interface
(HMI) considerations as critical mine-planning variables requiring modification for effective AHS
deployment. While AHS are often evaluated from an operational or technological standpoint, their
integration fundamentally reshapes planning-level decisions related to haul road layout, operating
zone design, communication architecture, and workforce configuration. In addition, the discussion
contributes to Research Questions RQ7, RQ8, and RQ9 by examining environmental and operational
risks, acceptable safety thresholds, and real-time risk communication mechanisms that influence both
system safety and production continuity.

AHS promise improved safety and productivity by removing drivers from hazardous environ-
ments. However, the literature consistently demonstrates that autonomy does not eliminate human
involvement; rather, it redistributes risk to the human-machine interface. While operators are removed
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from the cab, personnel continue to interact with autonomous systems during maintenance, inspection,
supervision, and infrastructure support activities, introducing new safety risks and failure modes
[14,20,59]. Studies further highlight that this transition reshapes mine planning requirements by creat-
ing complex interaction zones between human operators and autonomous equipment [63—65]. These
dynamic interfaces increase the potential for reduced situational awareness, ambiguous system-state
interpretation, and coordination breakdowns. Consequently, effective AHS deployment requires
that human-autonomous interaction be explicitly considered within mine layout design, operational
zoning, and safety protocol development.

A documented incident at BHP’s Jimblebar mine in Western Australia illustrates the complex-
ities of human-autonomous interactions in open-pit operations. During night-shift activities, an
autonomous haul truck collided with a manned water cart due to inadequate intersection design
and lack of visual cues for manually operated vehicles (see Figure 7). The event underscored how
shortcomings in haul road geometry, signage, and communication protocols can compromise the
situational awareness of both human operators and autonomous systems, emphasizing the need to
integrate these considerations within mine planning and safety design frameworks [66].

In similar context [20], reports a near-miss incident, revealing the safety risks posed by communi-
cation failures in AHS. During recovery operations at an open pit operation, two autonomous trucks
were believed to have lost network connectivity and were manually approached by operators (see
Figure 8). Upon deactivation of one truck, the system’s virtual safety perimeter was removed, prompt-
ing both autonomous trucks to revert to their last command and resume movement autonomously.
Operators narrowly avoided injury. One operator entered the cabin to take manual control, while the
other evaded an advancing truck on foot. This incident illustrates a critical failure in human-autonomy
coordination: ambiguous system state awareness, rigid fallback logic, and inadequate interface cues
created a hazardous situation. It highlights the need for robust communication protocols, transparent
state indicators, and guaranteed safe behaviors when personnel are in proximity.

According to a study by [59], another safety concern is the narrow focus of autonomous systems.
Unlike humans, who can communicate and coordinate informally, current autonomous systems lack the
cooperative strategies that improve team synergy. Artificial General Intelligence (AGI) can potentially
enable agents to infer goals of others and blend interaction policies, addressing the deficiency in
coordination among autonomous systems [67].Miners interviewed in [59] noted that autonomous
trucks perform reliably but lack cooperative behaviour, such as anticipating a shovel operator’s next
move. This rigidity can introduce collision risks or inefficiencies in mixed fleets, as autonomous
vehicles might rigidly follow programming even in dynamic situations where a human driver would
normally yield or communicate.

Furthermore, a widely recognized issue in AHS implementations is the loss of human situa-
tional awareness. Even though AHS trucks are equipped with sensors for perception, absence of a
human driver actively scanning the environment, the full situational awareness is limited, and those
monitoring remotely may experience the classic out-of-the-loop problem [20]. Supervisors rely on
camera feeds and sensor data, which might not convey the full context, especially under abnormal
conditions like dust, rain, or sensor faults. Work in [59] further highlights that monitoring automated
systems can induce complacency and opacity, where human overseers might miss critical cues because
the interface doesn’t highlight them or because they become too trusting of the automation (see Fig-
ure 9). In the study, trust level was operationalised as a self-reported rating out of 10, collected during
semi-structured interviews with mine personnel. Participants reported high trust levels (median ~ 9),
indicating strong perceived reliability of the AHS.However, this trust can lead to assumptions that the
system will handle everything, potentially degrading operators’ situational awareness.
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Figure 7. Collision of an autonomous truck with a manned water cart. Adapted from [66].
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Figure 8. Near-miss incident involving unexpected autonomous truck movement during recovery. Adapted from
[20].

To address the risks associated with the complex interactions between humans and autonomous
systems, the Global Mining Guidelines Group (GMG) advocates for the application of system safety
engineering [53]. This discipline adopts a holistic approach to identifying, mitigating, or managing
risks to both humans and the environment throughout a system’s entire lifecycle. A key component
of ensuring system safety is recognizing and integrating the various roles humans play within these
systems. In this context, human-systems integration is employed as a structured, interdisciplinary
process that embeds human considerations into all facets of system design and operation. Findings
in [9,57] further corroborate that the challenge of implementing autonomous haulage lies not in
installing and commissioning the technology but in ensuring employees develop and demonstrate the
necessary competence to interact with the equipment. As such, there is need for a human-centered
design approach.

When introducing autonomy in mining environments, GMG identifies six critical domains as
central to effective human-systems integration (see Figure 10). Human-systems integration involves
embedding human-centered analysis, design, and evaluation within the overarching systems en-
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gineering framework. This approach not only enhances operational safety and efficiency but also
presents a strategic opportunity to reshape mining education and training. By placing greater emphasis
on human-machine interaction, human factors, and system adaptability, engineering curricula can
better prepare future engineers and operators for increasingly automated and data-intensive work
environments. It is an ongoing process that should be initiated as early as the concept of operations
phase in any automation project. This integration must then be sustained throughout the stages of
system design, testing, and evaluation to ensure that safety objectives are continuously verified and

met through iterative refinement.
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Figure 10. Human-systems integration for autonomous systems implementation. Adapted from [53].

[14] further adds that the establishment of autonomous operating zones becomes vital, requir-
ing clear demarcation and controlled access points to prevent unauthorized entry into areas where
autonomous trucks are operating. This may involve implementing access control systems, such as
RFID tags for personnel and GPS-based monitoring for vehicles, to ensure the safety and efficient
functioning of the autonomous systems. Understanding the root causes of these incidents and other
instances of dangerous human-autonomous interaction is vital for understanding how to best design
for safety and improve workforce dynamics in the context of AHS implementation.

4.4.4. Assessing and Mitigating Social Impact

This subsection further addresses Research Question RQ4 by examining how social impact con-
siderations must be integrated into mine planning frameworks for responsible AHS deployment.
Beyond technical adaptation, the introduction of autonomy reshapes workforce distribution, commu-
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nity engagement, and social license to operate—factors that directly influence project continuity and
long-term economic stability. The discussion also informs Research Question RQ7 by highlighting
stakeholder awareness, workforce transition risks, and the need for structured change management
strategies.

Given the changes in workforce dynamics and human interaction with autonomous systems,
mindful implementation of AHS also requires consideration of the inevitable social impact of these
changes. It has been demonstrated that autonomous systems tend to reduce on-site jobs and can
affect local and indigenous communities where mines operate if mining companies do not manage
this transition responsibly [25]. For instance, AHS can shift work offshore or to remote centers,
undermining employment opportunities for the local communities. This is supported by [68], similarly
noting that job loss is a major concern in adopting AHS.

According to [69], jobs such as haul truck drivers and operational jobs in drilling and blasting
will be the most impacted due to the repetitive nature of the work itself. This trend fuels concerns
among workers and sparks opposition from labor unions in the mining sector. They emphasize
that even if safety and productivity rise, miners worry about their livelihoods. As such, failure to
integrate workforce transition planning into AHS implementation can delay deployment, increase
resistance, risk social license to operate and hence jeopardize operational continuity [70]. Therefore,
change management must be treated as a strategic mine planning component. In that light, structured
re-training programs [71] enable the reallocation of displaced personnel into autonomy-support roles
such as remote operations, maintenance diagnostics, and data-driven supervision. Embedding these
workforce transition pathways into early-stage mine planning reduces implementation friction while
preserving operational knowledge and production stability [48,72].

4.5. Implications of AHS on Haul Road Design

This subsection primarily addresses Research Question RQ6 by examining how haul road design
can be re-optimized under autonomous operating conditions to balance safety, operational efficiency,
and economic performance. In doing so, it also contributes to Research Question RQ4 by identifying
the specific mine-planning parameters, such as road width, gradient, curvature, and maintenance
modeling—that require modification to enable effective AHS deployment.

As the physical foundation for all mine haulage systems, manned or unmanned, haul road design
and its adjacent considerations are of utmost importance to the successful integration of autonomous
haulage onto a mine site. Given the high importance of haul roads to the success of autonomous
operations, it is unsurprising to note that in a study analyzing safety incidents across Western Australia
from 2014 to 2018, haul road conditions were the most common reason for incident occurrence with
autonomous haul trucks [59]. It should be noted that these incidents include both the failed perception
of objects present and the false perception of obstacles not actually present. Understanding how to
minimize these occurrences through proper haul road design is essential for the successful integration
of AHS. Despite the significant number of haul road accidents reported due to various factors in
the last few decades, there is currently no platform to assess and address the deterioration of design
parameters in the field. These shortcomings have led to the formation of ruts, cracks, and potholes,
posing safety risks and hazards to operators [73-75]. With quickly deteriorating haul roads, it is
prudent to consider and incorporate the following issues:

¢ What is the design service life of the haul road with increasing vehicular operations and mine life?

e  How are flood conditions, precipitation events, freeze-thaw periods, and other risks considered?

¢  What effective measures are currently practiced in mitigating failures and how are they being
performed?

Hence, to effectively manage the existing haul road conditions and transition to automation of
haul trucks, there is a critical need to systematically design for resiliency of haul roads, assess the risks,
monitor and maintain haul roads to enhance both safety and overall mine operations.
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Over the years, adjustments were made to the design and construction based on the truckload,
deflection criterion, and material availability. Different monitoring techniques and management
systems, including surveys, early warning pressure or displacement sensors, and use of artificial
intelligence techniques based on smartphone images and photogrammetry techniques [76,77] are
being adopted. While these techniques showed great promise, the results do not indicate the haul
road design parameters that were used for the design and construction of haul roads. This results
in discrepancies in the safety and risk assessments. Mitigation of haul road failures relies on an
integrated combination of robust engineering design and proactive operational practices, which
has become increasingly critical with the adoption of AHS. Key design measures include enhanced
drainage systems, conservative road geometry, and the use of high-quality, well-graded aggregates
or stabilized layers to prevent moisture-induced weakening, rutting, and erosion under heavy traffic
loads [78,79]. Structural reinforcement using geosynthetics (polymer-based materials used to reinforce
and stabilize soil and road structures [80]) and chemical or industrial by-product stabilizers has been
shown to significantly improve load-bearing capacity and reduce permanent deformation, particularly
under ultra-class haul trucks [81,82]. In parallel, operational measures such as frequent grading, dust
suppression, and rapid repair of surface defects remain essential, but are increasingly supplemented by
automated condition-monitoring technologies, including UAV surveys and onboard vibration-based
sensing using autonomous trucks themselves [83]. These data-driven approaches enable predictive
maintenance and targeted interventions, reducing unplanned failures and AHS stoppages. Field
studies indicate that mines adopting these combined strategies achieve substantial reductions in
road-related downtime, maintenance costs, and energy consumption, while maintaining the consistent
road quality required for safe and efficient autonomous haulage operations.

The design of haul road widths traditionally follows the guideline that each traffic lane should
have an additional half vehicle width on either side to enhance operational safety [84,85]. Furthermore,
total road width is influenced by regulatory requirements such as those from the Electronic Code
of Federal Regulations, which mandate the installation of berms or guardrails wherever there is a
significant drop-off [86]. These berms must reach at least the mid-axle height of the largest mobile
equipment regularly using the road. Beyond these safety considerations, drainage ditches and bench
accesses are typically incorporated into haul ramps, further expanding the overall road width. [87]
highlights that the introduction of AHS necessitates significant changes in mine planning. Traditional
haulage road designs, initially developed for manually operated trucks, need to be reevaluated
to accommodate the specific needs of autonomous haul trucks. These changes include ensuring
appropriate road material, optimal road geometries such as proper vertical and horizontal alignments,
as well as sufficient sight distances for sensor visibility and stopping distances, which are critical
for safe navigation. AHS also demand improved road conditions, which leads to increased labor for
maintenance and upkeep. Road widths must also be adjusted to ensure that the largest trucks can
operate without interference. In that light, [15,85] advocates for accommodation of wider road widths,
arguing that this enhances accuracy of object detection systems, essential for safe AHS operation.
Accordingly, [15] haul road widths for AHS implementation are recommended to be 15% wider
than conventional roads (see Figure 11). On the contrary, [85] suggests that road widths in open-pit
mines, typically designed to accommodate two-lane traffic, can be reduced for autonomous haulage
operations. There are economic benefits to narrowing road widths as that results in decreased stripping
ratio and lower costs associated with high wall flattening. Findings from this study suggest that with
AHS, it may be possible to operate safely on narrower roads, enabling changes to the highwall design
and reducing the strip ratio.
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Figure 11. Two lane traffic-road width recommendation is 3 and a half times the size of the largest truck width.
Adapted from [15].

While other works have advocated for wider roads to enhance safety,Another focus in designing
to maximize the efficiency and safety of an autonomous haulage system is increasing the predictability
of the trucks. By pulling drivers out of haul trucks, it increases the safety of the system but introduces
an element of unpredictability based on how the trucks object detection systems and central governing
system will interact with obstacles. Emphasis must be placed on mine planning focused on making
haul truck patterns and actions more predictable by separating light vehicle roads from haulage routes
or implementing dedicated turn lanes, but more research must be done to determine the best method
or methods which fulfill the goals without sacrificing the value of the operations [9].

Findings in [87] stress that AHS introduce minimal vehicle path wander, resulting in highly
channelized wheel loading concentrated over a narrow path. This contrasts significantly with conven-
tional haulage, where driver variability leads to wider wheel-path distribution. The concentration of
load over a smaller area leads to increased stress on specific zones of the haul road, raising important
concerns regarding structural integrity, material selection, and maintenance frequency.

From a mine planning perspective, this channelization offers a double-edged sword: while it
necessitates higher precision in road structural design and performance predictability, it also opens up
opportunities to reduce road construction and operating widths. Narrower roads can lead to reduced
stripping ratios, particularly in deep pits or constrained geometries, which may positively influence
overall mine economics [85]. However, to maximize these benefits, mine planning must integrate
predictive models for road deterioration, accounting for material properties and maintenance strategies
under autonomous operations.

Autonomous haul trucks require precise and consistent road geometry [8], especially when
navigating curves. As shown in a study by [14], road sections transitioning into super-elevation
must follow a controlled gradient to ensure safe turning dynamics (see Figure 12). For example, at a
speed of 56 km/h, a 5% transverse slope is recommended, with a total curve length of 60 meters. Of
this, roughly one-third (20 m) is used for slope adjustment at the curve’s entrance and exit, and the
remaining two-thirds (40 m) for the actual curve. This level of detail is critical because autonomous
trucks lack the adaptive steering intuition of human drivers. Their reliance on pre-programmed paths
and sensor-based navigation demands consistently constructed and maintained geometric features,
such as banking (super-elevation) and curvature, to avoid stability issues, particularly at higher speeds.

Poorly maintained haul roads contribute to increased dust emissions, including respirable silica
dust, and can result in environmental and financial impacts, as well as increased safety risks, including
over 800 fatalities related to dump truck accidents, between 2011 and 2020 [88]. Effective road
maintenance is critical in mining operations to enhance safety, reduce equipment maintenance costs,
and support higher travel speeds. In the context of autonomous haulage, maintaining consistently high-
quality road conditions becomes even more important [85,89]. Unlike manned trucks, autonomous
vehicles are less capable of adapting to uneven surfaces or loose debris, which can lead to higher
fuel usage and accelerated tire degradation [90]. The study by [89] reveals that road conditions were
linked to the majority of autonomous truck incidents on a mine site in Western Australia (see Table 2).
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Given the significance of road maintenance, the minimum road width must accommodate haul truck
movement without interference from concurrent operations such as grading. On the topic of effective
road maintenance, it is also important to recognize the decrease in overall awareness that results from
removing drivers from the cab, since this requires compensation by improving haul road quality [59].

In a similar vein, AHS must be supported in adapting to wet road conditions, since this has been
identified as a primary hazard for autonomous trucks, which lack the ability to identify wet or slippery
conditions [40,91]. As such, for efficient haul road operations, wet-season rainfall patterns should be
embedded into AHS dispatch route planning. Seasonal drainage redesign, ditches, cross-falls, and
crown heights should be recommended. Proper road drainage and frequent atmospheric monitoring
are therefore necessary to provide controls that reduce the chance of loss-of-traction incidents. The
sensor-based detection of standing water during wet seasons can be integrated into AHS perception
systems that would enable quick remediation and reduce the downtime of vehicles.

[59] also indicates that abrupt delineation of speed limit zones around the site pose loss-of-traction
hazards to autonomous trucks, since unlike haul truck drivers, these trucks lack the capability to
automatically predict changes to speed limits and adjust in advance, which introduces the risk for
rapid breaking. Adjusting to these limitations by introducing zones for gradual speed changes through
the AHS network can be important for reducing risk in this manner.

In light of these requirements, haulage planning for AHS must also account for the system’s
ability to perceive and respond to surface-condition variability. [92] developed a YOLOv4-based
detection framework capable of identifying negative obstacles on mining roads with high accuracy
and real-time performance. Such perception capabilities enable more reliable estimation of route
accessibility and risk, which can be integrated into dispatch algorithms and mine-planning models to
minimize unexpected stoppages or re-routing delays.

Figure 12. Scheme of the road elevation and transverse slope.

[14] further adds that the design of vertical curves and grades in haul roads must now account for
the unique braking dynamics of electric or hybrid autonomous trucks. Traditional vertical alignment
aims to ensure visibility and stopping distance, but in autonomous systems, this must be recalibrated to
include machine perception, data processing latency, and automated braking actuation. According to
ISO 3450, which provides standardized test procedures for braking systems in earth-moving machinery,
braking distance for autonomous vehicles includes both physical braking and electronic reaction time
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[93]. Figure 13 demonstrates how electronic reaction time contributes to overall stopping distance,

underscoring the need to recalibrate vertical alignment and gradient tolerances under autonomous

operating conditions. For heavy vehicles, pneumatic brake-pressure propagation and actuation delays

can reach up to 300 ms in articulated configurations [94], and additional control/processing latency

around 100 ms can measurably increase stopping distance [95]. This added complexity demands

stricter road design tolerances, especially on slopes where gravitational forces further challenge safe

stopping. From a mine planning standpoint, this implies:

¢  Maximum allowable gradients may need to be reduced in autonomous zones to comply with
braking limitations.

®  Vertical curve design must ensure that stopping distances are achievable even with electronic
delay considered.

¢  Haul road designs may require iterative simulation with OEM-specified vehicle models to ensure
compliance with safety standards.

Braking distance Reaction time=Perception time

& data processing

|
------—----*
|
|

o)) |

=

Figure 13. Reaction time for autonomous haul trucks.

In addition to geometric and structural optimization considerations, haul road design must also
respond to environmental and climatic risks, thereby contributing to Research Question RQ7. Recent
studies have also shown that the adoption of AHS, and extended mine lives has intensified the need
to explicitly incorporate environmental and climatic risks into surface mine haul road design. Peer-
reviewed studies and widely cited engineering guidelines emphasize that increased precipitation and
flood events accelerate pavement deterioration through subgrade saturation, loss of bearing capacity,
rutting, and erosion, necessitating improved drainage design, including adequate crossfall, ditching,
culverts, and stormwater controls [78,81]. Freeze-thaw cycles have been shown to significantly reduce
the strength and durability of haul road materials, particularly unbound granular layers, prompting
the use of frost-resistant aggregates, stabilization techniques, and thicker structural layers in cold-
region surface mines [82]. Experimental and field studies further demonstrate that moisture-induced
weakening and cyclic freeze-thaw damage increase maintenance demands and operational risk, which
is especially critical for AHS operations that require consistent road geometry and surface conditions to
ensure vehicle stability and sensor reliability [81]. Consequently, modern haul road design increasingly
adopts empirical approaches, climate-resilient materials, and conservative drainage criteria to ensure
safe, predictable, and long-term performance under extreme weather conditions and autonomous
operation requirements [78,82].
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Table 2. Incident categories linked to autonomous haul trucks, with road conditions, clean-up machine interaction,
and obstacles as the most frequent. Adapted from [89].

Hazard Type Description (%)

Road condition Wet and slippery road conditions 26.62%
Clean-up machine interaction =~ Clean-up machine moving around in loading area 15.28%
Road obstacle Truck detects windrow or rock 10.88%
Communications loss Truck loses communications 8.65%
Haul road interaction Truck interacting with haulage class equipment onroad  6.71%
Load unit interaction Truck being loaded heavily or struck by excavator 6.25%
Road maintenance interaction =~ Truck interacts with equipment for road work 5.09%
Operator awareness Manual equipment unaware of truck presence 4.63%
Non-surveyed material Material not surveyed into mine model 1.62%
Speed zones Zones triggering significant truckspeed decrease 1.39%
Zone locking Virtual zones not in place or applied properly 1.39%
Non-site aware equipment ggtlhipment loses escort and does not have a predicted 1.39%
Light vehicle interaction Truck interacting with small vehicles 1.16%
Technology breakdown Technology hardware breakdowns 1.16%
Full dump spot Dump location already has material 0.93%
Stationary truck Truck stationary on haul road 0.93%
Icon spin Icon in virtual system flips to cause truck reaction 0.69%
Truck assignments Truck loses assignment or lifts tray in loading bay 0.69%
Tire separation Tire separated from rim 0.46%
Single lane access Virtual system moves trucks into oncoming lane 0.46%
Machine bubble Virtual safety mechanism causing trucks to brake 0.46%

instantly

5. Discussion

This review has explored the multifaceted implications of integrating autonomous haulage sys-
tems into surface mine planning in metal mines. While they offer clear benefits in terms of safety,
productivity, and environmental performance, successful implementation requires reimagining tradi-
tional planning principles. Critical adjustments are necessary in haul road geometry, communication
infrastructure, control room design, and operator workload balancing. Moreover, human-system
integration must be considered from the earliest phases of system deployment to mitigate the risks
introduced by the human-autonomous interface complexity.

As current mine planning standards do not fully capture the disruptive nature of AHS, their
integration into mine planning requires a reimagination of mine design, both technically and strate-
gically. Within this context, haul road design has attracted particular research interest, with several
studies advocating for wider haul road designsn [15] to enhance sensor detection reliability and
operational safety. In contrast, Owens [85] and Thompson [87] suggest that AHS precision could
allow narrower roads, potentially improving economics by reducing stripping ratios. However, the
benefits of narrower roads are constrained by the increased channelization of wheel loads [87], which
accelerates localized road deterioration and demands higher pavement resilience and maintenance
intensity. Additionally, the loss of human adaptability necessitates meticulous geometric design. This
is particularly vital in curve transitions, grades, and stopping distances to accommodate autonomous
navigation and electronic braking delays [14,59,93].
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Although there is broad agreement on the criticality of road surface quality and drainage manage-
ment to mitigate traction risks [59], the literature reveals no consensus on the optimal balance between
operational cost savings and the long-term structural demands of autonomous operations. This high-
lights the need for predictive road performance modeling and dynamic maintenance strategies in
future mine designs supporting AHS. The requirement for more adaptive planning frameworks is
reinforced by recent work on perception in AHS. Findings in [92] has revealed that negative obstacles
on unstructured roads can be detected with high precision using advanced deep-learning architectures.
This line of research indicates that road-condition intelligence will increasingly be available in real
time, meaning that mine-planning systems must evolve to ingest and utilise such data, allowing haul
routes, cycle-time estimates, and safety buffers to be dynamically updated as conditions change.

Moreover, it is critical to reimagine haul road design as the loss of human adaptability necessitates
a fundamental shift toward incorporating aspects of seasonal friction coefficients into autonomous
brake modeling [40,91]. While traditional designs often use static parameters, actual stopping distances
are drastically altered by surface conditions like ice, snow, wet clay, and dry dust. Furthermore,
autonomous braking distance is not merely a physical calculation but must include electronic reaction
time, which accounts for machine perception and data processing latency [14]. When seasonal low-
friction scoring is integrated with this electronic delay, traditional stopping distance models become
insufficient. To mitigate these risks, mine planning should evolve from fixed parameters to dynamic
systems where trucks require the automatic adaptation of speed limits based on seasonal surface
hazards rather than a static, year-round framework.

Beyond influencing pit geometry, the transition to AHS is reshaping mining workforce dynam-
ics, shifting roles from manual operation toward high-cognitive-load supervisory tasks [25,56,57].
While AHS enhances physical safety, it introduces new psychological and ergonomic risks, including
cognitive overload, trust complacency, and situational awareness decline [20,59].

A consistent concern across studies is the emerging skills gap, as mines face shortages of personnel
trained in remote operations, data analytics, and system integration [56,57]. This necessitates the
development of a new workforce, equipped with multidisciplinary expertise in mining engineering,
automation technologies, and human-machine interaction, to meet the evolving demands of AHS-
enabled mining operations. Furthermore, while automation offers efficiency gains, it also raises
significant risks of job displacement, particularly for local communities, fueling resistance and requiring
strategic workforce redeployment [5,59]. Despite general agreement on these risks, the literature
highlights a lack of longitudinal studies validating the effectiveness of proposed interventions such as
ergonomic control centers, predictive staffing models, and human-systems integration frameworks
[14,20,53]. This underscores the need for future research to empirically evaluate workforce transition
strategies in AHS environments.

Furthermore, the findings reveal that AHS introduces new complexities at the human-autonomy
interface, exposing critical safety and operational risks. While AHS reduce human exposure to high-risk
environments, studies [59,63,64] reveal that human-system interactions remain a significant challenge
during maintenance, inspection, and emergency operations. Incidents involving poor communication,
ambiguous system states, and rigid fallback behaviors highlight the vulnerability of current human-
autonomy coordination frameworks [20,66]. Trust dynamics further complicate the interface: while
excessive trust can lead to complacency and situational awareness loss [20,59], insufficient trust
impairs effective supervision. Cybersecurity vulnerabilities, including GPS spoofing and network
disruptions, add another layer of risk to autonomous operations [31]. Although human-systems
integration frameworks and autonomous zone management protocols have been proposed [14,53],
the literature indicates a pressing need for empirical validation of these interventions under real-world
mining conditions. Addressing these gaps is critical for ensuring both the operational resilience and
safety of future AHS deployments.
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6. Future Work

The transition from conventional to autonomous haulage systems introduces operational, safety,
and infrastructure characteristics that are not fully addressed by existing mine planning standards and
road design guidelines. Most current practices are based on assumptions related to human-operated
equipment, including driver reaction time, sight distance, and manual decision-making under variable
conditions. AHS operations, however, rely on sensor-based perception, algorithmic control, and
centralized traffic management, which can alter vehicle spacing, braking behavior, speed consistency,
and interaction with other equipment. As a result, conventional design parameters for haul road
width, curvature, intersection control, stopping distance, and traffic flow may no longer be directly
applicable or may require adjustment. Planning standards should therefore incorporate AHS-specific
considerations, including sensor line-of-sight requirements, communication coverage, redundancy
in traffic control systems, and protocols for mixed manual-autonomous operations. In addition,
performance-based approaches may be needed to account for evolving autonomous technologies and
site-specific operational constraints.

A priority area for future research is the evaluation of trade-offs between wider and narrower
haul roads under AHS conditions, considering implications for safety, operational efficiency, and
mine economics. While some researchers have advocated for wider roads to improve sensor detection
reliability and autonomous truck performance, others propose that the precision and predictability of
AHS could support narrower designs and improve stripping ratios. Future investigations should aim
to establish clear guidance on optimal haul road width for autonomous operations across varying mine
conditions and operational contexts. Additionally, future work should incorporate considerations such
as load channelization and geometric alignment to ensure that haul road design outcomes contribute
to both infrastructure resilience and safe autonomous navigation.

Moreover, guidelines should also address human-system interaction risks through the design of
safe work zones, access control, and standard procedures for maintenance or emergency interventions.
In that light, it is pivotal to evaluate workforce transition strategies and validate human-systems
integration frameworks to address issues related to trust, situational awareness, and cybersecurity in
autonomous mining environments.

Finally, while current AHS utilizes Al for specific tasks, for instance, path planning, collision
avoidance, future work should explore the integration of General Artificial Intelligence principles into
the core mine planning and execution framework. This could enable truly cognitive autonomy, capable
of reasoning across diverse, unstructured data streams, such as, economic forecasts, environmental
compliance, and real-time operational metrics to achieve global, self-optimizing production goals.

Overall, updated standards and planning guidelines are necessary to ensure that infrastruc-
ture design, operational policies, and safety management practices are aligned with the functional
requirements and risk profiles of autonomous haulage systems.
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