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Abstract

Autonomous haulage systems (AHSs) have become increasingly important as mining
operations seek to improve productivity and remove workers from hazardous environ-
ments. The systematic integration of this technology requires not only operational change
management but also a deeper understanding of mine planning implications. The existing
literature describes AHSs and implementation guidelines with a focus on operational
safety and autonomous system architecture, but it does not systematically address re-
quired planning-level adaptations. This study aims to identify how surface mine planning
frameworks must evolve to accommodate autonomy in open-pit metal mining operations.
A systematic review was conducted using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) methodology, with emphasis on identifying the
principal aspects of AHSs that must be considered in mine planning strategies. Findings
reveal major shifts in workforce dynamics, communication infrastructure, and haul-road
geometry, and show that road-width and load-channelization questions remain site-specific
research needs rather than settled design rules. This study highlights the need for (i) mine
planning frameworks that treat AHSs as a constraint on pit geometry, haul-road structural
and functional design, fleet selection, production scheduling, road-maintenance strategy,
and economic and social evaluation; (ii) human–systems integration and improved 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 miner-

als, driven by the requirements of economic development, infrastructure expansion, and
technological advancement [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, including heavy machinery
incidents, equipment accidents, ground instability, and blasting hazards [3,4]. This high-
lights the importance of minimizing human exposure to hazardous environments. Safety
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pressures and workforce shortages, particularly for remote mining operations [5–8], are
among the leading drivers for autonomous haulage system (AHS) adoption.

According to [9], AHSs refer to the use of automated trucks that operate without
human drivers to transport materials in surface mining operations. AHSs 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 pro-
ductivity [8,10,11]. In this review, mine planning is interpreted as a broad surface mining
value-optimization process that determines what material should be mined, when it should
be mined, and how mined material should be handled while satisfying physical, geotech-
nical, environmental, operational, community, workforce, supply-chain, and economic
constraints [12]. This definition clarifies the scope of this paper. AHS integration is not
limited to truck dispatch; it can change the constraints and assumptions used in pit design,
ramp geometry, phase access, fleet selection, haul-road design, production scheduling,
maintenance planning, and life-of-mine economic evaluation. 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 capabili-
ties [13], converting about 30 trucks at its Bagdad mine in Arizona to fully autonomous
operation. These emerging deployments mark the expanding adoption of AHSs across
North America. Globally, the transition toward autonomous haulage is even more pro-
nounced. A recent study by [14] 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. Together, these
deployments demonstrate that AHSs are increasingly embedded within large-scale surface
mining operations worldwide.

Despite growing adoption of AHSs, most guidelines focus on operational safety,
risk management, and system architecture without systematically addressing how mine
planning methodologies must change. The current literature is fragmented across fleet
management, traffic control, equipment engineering, and safety engineering, with only
a few studies providing integrated mine planning perspectives. Yet mine planning is
shaped by key decision variables, including haul-road design, speed policies, equipment
selection, production scheduling, and traffic-interaction modeling [15]. Very few studies
have explicitly translated AHS impacts into these planning-level decision variables. Re-
cent work has begun to close this gap: [16] presented one of the first planning-centered
discussions of mine design, planning, and scheduling when haul trucks are automated,
while [17] examined how open-pit design fundamentals such as road-width requirements
may be adapted to leverage AHS advantages. Related guidance similarly suggests that pit
layout, phase sequencing, and infrastructure should be reconsidered from the ground up
for autonomous operation [18]. However, systematic incorporation of AHS impacts into
mine planning methodologies remains limited, and this gap continues to hinder effective
implementation.

To realize the benefits of AHS, mine planning must be supported by appropriate stan-
dards, trained personnel, and specific regulatory frameworks. Bridging the gap between
regulatory intent and operational implementation requires systematic integration of AHS
considerations into mine planning methodologies. In this study, we conduct a Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (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.
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2. Review Objectives
We present a comprehensive examination of current mine planning practices, key

success factors for AHS implementation, and gaps 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 AHSs.

To connect the review questions to mine planning practice, this review interprets
AHS integration across three planning levels: strategic, tactical, and operational. Figure 1
summarizes how autonomy affects conventional planning variables and highlights where
evidence from the reviewed literature is translated into planning decisions. This framework
is used throughout the synthesis to distinguish long-range design choices, such as pit layout
and capital allocation, from medium-term implementation choices, such as phase access
and infrastructure staging, and short-interval control decisions, such as dispatching and
road-condition response. Economic terminology in this framework distinguishes capital
expenditure (CAPEX) from operating expenditure (OPEX).

AHS functional changes: deterministic truck behavior,
sensor-based perception, central traffic control, commu-

nication dependence, reduced in-cab human adaptability

Strategic planning
Ultimate pit and phase
strategy; autonomous
operating philosophy;
fleet-selection pathway;
CAPEX–OPEX investment
case; greenfield or brown-
field deployment strategy

Tactical planning
Ramp and phase access;
haul-road width and
geometry; communica-
tion coverage; mainte-
nance windows; mixed-
fleet segregation; change-
management staging

Operational planning
Dispatch and routing;
loader-truck queue control;
speed-zone management;
road-condition monitoring;
autonomous zone access;
human-system interface
protocols

Planning outputs: revised mine geometry, haulage network
rules, fleet and dispatch assumptions, production sched-
ule constraints, risk controls, and economic evaluation

Figure 1. Planning-level framework for translating AHS characteristics into strategic, tactical, and
operational mine planning decisions.

3. Methodology
This literature review focuses on key aspects, including methods and techniques for

AHS implementation, strategies for integrating autonomy into mine design, and details
on the resulting improvements to operational efficiency. The study follows the PRISMA
2020 statement to support transparent and reproducible review reporting [19]. Structured
systematic-review workflows have been used in mining-domain reviews to improve trace-
ability in risk assessment and mine planning synthesis [20,21]. The PRISMA methodology
provides a systematic framework for planning and reporting reviews, enhancing both
transparency and reproducibility. Figure 2 presents the PRISMA flow diagram, illustrat-
ing the database identification, screening, eligibility assessment, inclusion process, and
supplementary-source accounting used in the revised synthesis.
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Figure 2. PRISMA workflow for database-screened studies and supplementary sources used in the
revised synthesis.

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

• Define research questions based on the problem domain, focusing on AHSs 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 plan-
ning practices must evolve to accommodate AHSs. These questions provide a structured
framework for analyzing the current literature and identifying gaps in the planning, de-
sign, 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.

• RQ1: What are the documented benefits of AHSs 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 AHSs reshape mine economics and opera-
tional efficiency, including haulage optimization, energy consumption, and equipment
utilization?

• RQ4: Which elements of mine planning require modification to enable effective
deployment of AHSs?
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• 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?

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

• Scope clarification: Quantitative risk-tolerance thresholds and real-time risk commu-
nication were not retained as standalone research questions because the reviewed
literature did not provide enough comparable evidence to resolve them systematically.
Instead, these issues are treated as implementation constraints within the sections on
human–systems integration, communication infrastructure, road-condition monitor-
ing, and limitations.

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, Springer-
Link, and ScienceDirect. Conference papers from IEEE Xplore were specifically included,
as this platform primarily indexes peer-reviewed proceedings, ensuring that the studies
meet the 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.

Table 1. Impact factors of journals referenced in this study (2024 Journal Citation Reports).

Journal Impact Factor (2024)

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) 5.24
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

The chosen journals and databases collectively provide a comprehensive range of
literature related to mine planning, AHSs, and broader applications of automation in
mining. The initial search string was designed using a mix of keywords aligned with
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the predefined research questions, focusing on mine planning, autonomous systems, and
operational efficiency. One example of a full Boolean query used in Scopus is as follows:
(“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 3046 records. After filtering for pub-
lication year (2005–2025), mining relevance, English language, and publication type,
256 articles remained for screening. Title, abstract, and keyword screening then produced
45 peer-reviewed studies for detailed synthesis. Of the 74 reports assessed for eligibility,
29 were excluded after full-text review. The exclusion reasons were: wrong population or
mining setting, such as underground, quarry, or non-mining transport applications (n = 8);
wrong concept, where the source addressed general automation but not autonomous
haulage or planning integration (n = 7); wrong outcome, where no mine planning, de-
sign, scheduling, safety, environmental, or economic implication was extractable (n = 6);
wrong source type or insufficient methodological detail for evidence synthesis (n = 5); and
insufficient full-text information to support coding against the review questions (n = 3).
A completed PRISMA 2020 checklist is provided as Supplementary Material. Six supple-
mentary sources were identified through citation checking, expert recommendation, and
targeted handbook or engineering references to strengthen the mine planning and haul-
road design interpretation. These supplementary sources were not added to the original
database-search denominator; instead, they are reported separately in Figure 2, yielding
51 total sources informing the final synthesis. The screening confirmed that only a limited
subset of the AHS literature directly addresses layout, road design, production scheduling,
and other planning adaptations; therefore, credible standards, technical reports, and OEM
or industry documents were retained only where they clarified implementation constraints
or could be triangulated with peer-reviewed evidence.

The search results also showed that publication output and deployment maturity
do not always align: although operational AHS adoption in the United States remains
less mature than in some Australian and South American operations, the United States
contributes substantially to the international research base on autonomous mining systems
and mine planning, alongside China, Australia, Chile, Brazil and Canada.

Following the initial database search, a multi-stage screening process was imple-
mented. 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 AHSs into surface metal mine planning and design over the past two
decades were included in the final synthesis.

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

3.3. Screening, Extraction, and Quality Appraisal

The screening and extraction process was designed to distinguish evidence that directly
informs mine planning decisions from research that describes autonomy at a broader
technological or organizational level. Records were first screened for relevance to surface
mine planning, open-pit haulage, autonomous haul trucks, traffic management, road
design, safety, communication infrastructure, or workforce integration. During full-text
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review, each retained source was coded against the research questions and the planning
level shown in Figure 1. A structured extraction matrix was used to record operation type,
commodity context where available, country or region, AHS maturity, planning variable
addressed, type of evidence, reported performance or risk outcome, stated implementation
constraints, and the source type used for appraisal. Ambiguous coding decisions were
reconciled through author discussion, and the final synthesis grouped evidence by planning
variable rather than by technology category alone.

Because the reviewed literature combines empirical studies, simulation papers, stan-
dards, incident reports, technical guidelines, and industry white papers, a single clinical-
style risk-of-bias tool was not directly applicable. Instead, sources were appraised using
the author-defined criteria summarized in Table 2. The appraisal was used to determine
how each source could support the synthesis: peer-reviewed studies and standards were
weighted most heavily when deriving planning implications, while industry reports were
used primarily to support implementation context, operational examples, and technology-
specific constraints. Non-peer-reviewed sources were retained only when they came from
recognized regulators, standards bodies, OEMs, or mining organizations and when their
claims could be triangulated with peer-reviewed or regulatory evidence. Planning recom-
mendations were therefore based on converging evidence across source types rather than
on isolated case examples.

Table 2. Author-defined source appraisal criteria used to interpret evidence in the review.

Source Type Appraisal Criteria Use in Synthesis

Peer-reviewed empirical,
simulation, or modeling
studies

Method transparency, mine planning relevance, AHS
specificity, data source clarity, and stated limitations

Primary evidence for
planning adaptations,
trade-offs, and research
gaps

Peer-reviewed review
papers

Search transparency, topic scope, classification logic, and
connection to mine planning or mining risk

Contextual evidence and
comparison with adjacent
mining reviews

Standards, regulatory
documents, and industry
guidelines

Authority of issuing organization, currency, operational
specificity, and consistency with peer-reviewed evidence

Support for safety,
compliance, design, and
implementation
requirements

OEM reports, technical
reports, and case studies

Traceability of claims, site specificity, technical detail, and
triangulation with other sources

Supporting evidence for
deployment practice and
practical constraints

3.4. Eligibility Criteria, Source Appraisal, and Study Characteristics

Consistent with PRISMA reporting, the eligibility criteria, source appraisal logic, and
study characteristics are presented together because they determine which evidence enters
the synthesis.

To ensure the relevance and quality of the selected literature for this review on the
integration of AHSs 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 frame-
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works. This geographic focus was selected to reduce evidence uncertainty rather than to
imply that AHS planning issues are limited to these regions. These jurisdictions contain
many of the earliest and most mature large-scale AHS deployments, have comparatively
stronger public reporting through regulators, standards bodies, OEMs, and major mining
companies, and therefore provide more historical evidence on technology adoption, safety
performance, operational constraints, and implementation lessons. Although South Amer-
ica was underrepresented in the Scopus bibliometric output due to initial search limitations,
its significant AHS deployment, such as at Gabriela Mistral [10,14], justified its retention.
Works published between 2005 and 2025 were included to ensure technological relevance.

Source quality was maintained by selecting peer-reviewed journal articles, industry
white papers, and technical reports from reputable agencies such as the Mine Safety and
Health Administration (MSHA) and internationally leading OEMs, including Komatsu and
Caterpillar [22]. Although they lacked peer review, Spanish-language Master’s theses and
engineering technical papers were used during the research process for cross-referencing
and to identify additional citations. Supplementary sources outside the database-search
set were retained only when they directly supported mine planning definitions, haul-road
design criteria, or planning-model interpretation.

Studies focused on countries outside the United States, South America, Australia,
and Canada were excluded unless their findings showed clear applicability to the selected
surface metal mining contexts. Papers on underground 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. Work 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 contextu-
alize 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 Aus-
tralia, 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.

4. Findings
The findings are organized in the following subsections by benefit domains, system

components, regulatory challenges, workforce dynamics, human–systems interaction, and
haul-road design. Table 3 links these topic-specific findings to conventional surface mine
planning variables. This structure clarifies how AHS adoption affects not only operational
technology deployment but also pit and phase design, haulage network design, fleet
selection, production scheduling, infrastructure staging, and implementation risk.

The consolidated planning-variable synthesis in Table 3 links AHS-related planning
effects to the modeling approaches needed for their evaluation. Ultimate-pit and phase-
design effects are linked to pit-limit and phase-design sensitivity studies, whereas pro-
duction scheduling, dispatch, and staged commissioning effects require time-indexed
scheduling or simulation tools. In this context, Lerchs–Grossmann (LG) pit-limit analysis is
useful for testing changes in economic block value and road-geometry assumptions, while
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Direct Block Scheduling (DBS) and short-term scheduling models are more suitable for rep-
resenting commissioning dates, autonomous-zone access, ramp availability, infrastructure
dependencies, and phase-specific traffic restrictions.

Table 3. Synthesis linking the review findings to conventional surface mine planning variables.

Mine Planning
Variable AHS-Related Finding from the Reviewed Literature Planning Interpretation

Ultimate pit and
phase design

AHS can change haulage cost, ramp requirements,
road-width assumptions, and the feasibility of segregated
autonomous zones [16–18].

Pit-limit and phase-design
studies should test
autonomous and conventional
haulage cases separately,
especially where road width
affects stripping ratio.

Haul-road and ramp
design

Autonomous trucks require more consistent road
geometry, controlled gradients, reliable drainage,
predictable speed zones, low rolling resistance, and higher
surface-condition reliability [15,23–26].

Haul-road design should be
optimized jointly for safety,
sensor reliability, structural
performance, maintenance
access, and economic value.

Fleet selection and
economic evaluation

AHS deployment can improve utilization and reduce labor
exposure and fuel use, but requires autonomy hardware,
communication infrastructure, control rooms, training, and
sustaining maintenance investment [9,11,16].

Fleet selection should compare
CAPEX–OPEX scenarios rather
than treating AHSs as a simple
truck replacement.

Production
scheduling and
dispatch

More repeatable autonomous travel behavior improves
schedule predictability, while loader interaction, dump
access, road maintenance, charging or fueling, and
recovery events can still create bottlenecks [14,27,28].

Production schedules should
incorporate autonomous-zone
commissioning, dispatch
constraints, queueing effects,
and sensitivity to operational
disruptions.

Infrastructure and
system integration

AHS deployment depends on sensing, positioning,
low-latency communications, cybersecurity, and
supervisory control architectures [29–32].

Communication coverage,
redundancy, network security,
and control-room capacity
should be treated as
planning-stage infrastructure
constraints.

Workforce,
regulation, and
change management

Autonomous haulage shifts work from in-cab operation to
supervisory, maintenance, control-room, and system
integration roles, while standards remain
fragmented [33–35].

Mine plans should include
staffing readiness, training
timelines, access protocols,
regulatory interpretation, and
staged implementation
schedules.

4.1. Key Benefits of AHS

The documented safety, productivity, and environmental benefits of AHSs directly in-
fluence 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. Improvements in equipment utilization, cost efficiency,
and fuel performance also 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.
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4.1.1. Safety Enhancement

It is well-documented that AHSs reduce required personnel per truck from 4.5 for
manned operations to less than 0.8 for AHSs [11,16]. AHSs reduce operator exposure to
haulage hazards and can lower collision risk when autonomous operations are appropri-
ately designed, monitored, and integrated into the mine plan [14,36]. In a simulation-based
comparative risk assessment, [14] found that fully autonomous haulage reduced collision
probability relative to non-autonomous and hybrid haulage scenarios, with the reported
probability decreasing to 0.22 compared with 0.98 for human-operated haulage. These
findings support treating AHS safety benefits as a planning variable that depends on traffic
design, intersection layout, monitoring, and operating controls rather than as an automatic
consequence of removing the driver.

4.1.2. Productivity

Autonomous machines operate without interruptions, minimizing downtime
and optimizing resource usage, thus improving overall equipment effectiveness and
predictability [37–39]. AHS deployments also address the persistent shortage of skilled
personnel [40].

Recent implementations have reported productivity gains of up to 30% in surface
mining operations [16,41]. Rio Tinto operates about 150 unmanned mining trucks, primarily
from Komatsu, at its Pilbara mines [42]; prior reporting indicates a 13% productivity
increase, 700 additional operating hours per autonomous truck in 2017, and a 15% reduction
in operating costs compared with manned trucks [10]. Because these values are drawn from
industry and company reporting rather than peer-reviewed comparative trials, they are
interpreted here as source-reported implementation evidence. A further benefit of AHSs is
smoother equipment utilization, which supports more predictable production [16].

4.1.3. Environmental Benefits

AHSs have also been reported to reduce fuel consumption by approximately 13%,
translating into lower greenhouse gas emissions and improved environmental perfor-
mance [11,16]. This value is treated as a source-reported performance estimate, and its
transferability should be evaluated against site-specific haulage profiles, operating controls,
and energy-use assumptions. From a planning perspective, these environmental benefits
are linked to smoother speed profiles, reduced idle time, improved dispatch predictability,
and the ability to model fuel or energy use as part of fleet selection, production schedul-
ing, and life-of-mine economic evaluation. By enhancing productivity and safety while
minimizing environmental impact, automation supports the mining industry’s transition
toward more sustainable practices.

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

4.2. Key Components of AHS

Infrastructure, communication, and systems-engineering requirements must be em-
bedded within mine planning frameworks to enable reliable and secure AHS deployment.
While AHSs 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 AHSs comprise four interde-
pendent system-level components: (1) communication infrastructure, (2) sensing and
positioning systems, (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 AHSs function as cyber–physical systems (CPSs)—integrated physical
and computational architectures that are inherently vulnerable to cybersecurity threats
and communication breakdowns [14,29,30]. Studies highlight susceptibility to Global
Positioning System (GPS) spoofing, signal interference, and network attacks, which may
induce unsafe vehicle behavior if not properly mitigated [31]. These risks make secure and
reliable communication necessary for safety and productivity in mining environments [31,
43]. 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 mechanisms, 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 [31,32,43].

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 Global
Navigation Satellite System (GNSS)-based positioning to enable obstacle detection, terrain
mapping, and lane adherence in unstructured open-pit environments [27,44,45]. Multi-
constellation GNSS solutions (GPS, GLONASS, Galileo, BeiDou) enhance positional ac-
curacy and system robustness under challenging conditions such as dust and variable
lighting [46]. These sensing architectures have been shown to reduce collision rates and
improve operational stability in production-scale deployments [47].

4.2.3. Decision-Making and Optimization Capabilities

Artificial intelligence (AI) and machine learning (ML) algorithms enable adaptive
routing, traffic management, and dynamic dispatching in response to changing operational
conditions [8,48]. 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 operational micro-constraints, such as
charging cycles and seasonal haul-road degradation, which directly influence performance
and infrastructure loading [28,49].

4.2.4. Real-Time Control and Supervisory Systems

AHSs are embedded within short-interval control frameworks that continuously ad-
just dispatching and maintenance scheduling. Predictive maintenance systems that use
equipment telemetry, such as vibration and temperature data, have demonstrated measur-
able improvements in reliability. Case evidence reports increases in mean time between
failure and reductions in unplanned maintenance following deployment of integrated
monitoring systems [50].

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
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mine layout design, capital allocation, network topology, and operational risk modeling,
making autonomy-ready infrastructure a foundational planning prerequisite.

4.3. Current Challenges

Existing regulatory and standardization frameworks remain only partially aligned
with the mine planning integration needs of AHSs. While 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 AHSs within surface mining operations.

Despite the well-documented benefits of AHSs, [36,51] identify significant gaps in
existing research and guidance concerning standardized references for AHS integration.
These gaps create challenges for the efficiency, safety, and cost-effectiveness of mining
operations [52]. 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 [53]. These frameworks guide the entire lifecycle of mining operations, from
initial planning and development to closure and reclamation. Missing elements include
standardized protocols for haul-road infrastructure design, human-autonomous safety
procedures, and emergency management [54]. These gaps increase development costs and
impede safe, scalable deployment of autonomous systems. Although legislative provisions
for autonomous systems exist in countries such as Canada and Australia [35], the lack
of a specific regulatory framework in the United States and other jurisdictions has been
a barrier to widespread AHS adoption [10,55,56]. Figure 3 illustrates the uneven global
distribution of AHS adoption by country. The development of standards is crucial to
streamline operations, enhance safety, and reduce costs associated with the deployment
of AHSs.

Figure 3. Reported global AHS truck distribution by country in 2023, based on an industry analysis by
PwC (PricewaterhouseCoopers) reporting 1234 AHS trucks globally. Percentages follow the precision
reported in that source and should be interpreted as source-reported shares rather than independently
audited deployment statistics. Data summarized from [57].

https://doi.org/10.3390/mining6030048

https://doi.org/10.3390/mining6030048


Mining 2026, 6, 48 13 of 29

AHSs also introduce new risks and challenges [58] related to complex human-
autonomous interactions and new failure modes, which reshape the landscape of mine
planning. Frameworks such as the Mining Automation Real-time Control System Ar-
chitecture Standard Reference Model (MASREM) [59], Global Mining Guidelines Group
(GMG) guidance [43], the Safe Mobile Autonomous Mining in Western Australia–Code of
Practice [60], and ISO 17757:2019 [61] offer a foundation for this transition. However, exist-
ing guidance often does not fully address the planning-level changes demanded by AHS
implementation. Human–systems integration guidance indicates that MASREM focuses
on high-level design concepts, while the Western Australian code of practice adopts a con-
ventional risk-management strategy despite the additional risks introduced by AHSs [35].
The same guidance further notes that ISO 17757:2019 focuses on failure modes but may
overlook broader unwanted outcomes. A unified standard and regulatory framework
specific to AHSs has similarly not yet emerged [52].

Collectively, these limitations indicate that mine planning for AHSs 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

Workforce readiness emerges as a core mine planning parameter in AHS implemen-
tation. Changes in skills, staffing models, and supervisory roles impose constraints on
scheduling, fleet allocation, and infrastructure design. Training requirements and human-
centered operational coordination also connect workforce readiness to operating and
environmental constraints.

As mines adopt AHSs, workforce dynamics undergo significant transformation, de-
manding reconsideration of traditional mine planning strategies. Recent work on mine-
control tasks shows that automation shifts work from drivers to remote operators and that
automation integration often fails when human factors are not addressed [33]. Poorly de-
signed job roles and interfaces have led to shortages of skilled “mine controller” candidates,
emphasizing a growing gap in personnel qualified to operate autonomous fleets. This
mismatch is also reflected in workforce transition studies that highlight the urgent need for
mining personnel to move from traditional manual roles to technically intensive positions
involving remote operation, data analysis, and system integration [34]. Mining 5.0, derived
from the principles of Industry 5.0, centers on close collaboration between humans and
autonomous systems. Industry 5.0 marks an advancement of the conventional industrial
manufacturing model by emphasizing synergy between human intelligence and machine
automation [1].

From a mine planning perspective, these workforce transitions have direct implica-
tions 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–systems interaction delays, and communication dependencies when mod-
eling 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 increas-
ingly digital mining environments [56,62]. This aligns with a driverless-truck operation
study [26], which showed that drivers’ tasks shifted rather than disappeared. The study
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revealed that new system-based roles, such as fleet supervisors, have emerged, corroborat-
ing broader observations by [34]. Recent guidance and human-factors studies [18,63,64]
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 [18];
• Designing operator rotation schedules that are flexible and supported by backup

staffing capacity [63];
• Allocating dedicated space for relief operators and system diagnostics [64];
• Developing control rooms with ergonomic interfaces and rest areas [63,64].

Effective deployment of AHSs therefore requires modification of workforce planning
parameters such as staffing availability, competency 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

Cognitive workload, fatigue, and supervisory attention constraints influence real-time
risk detection and operational continuity in autonomous mining environments. While
AHSs remove operators from physical hazards, they introduce new human-centered risks
within control-room supervision and loading coordination. These factors must be incor-
porated into planning-level communication protocols, escalation structures, and spatial
design decisions to prevent safety degradation and production instability.

While removing operators from hazardous environments improves physical safety, it
shifts part of the risk into control-room supervision and cognitive workload [26]. Systematic-
review evidence indicates that automation can increase workload, trust-management de-
mands, fatigue, decision fatigue, and loss of situational awareness for operators supervising
multiple autonomous systems [33,40]. For mine planning, this means that real-time risk
communication should be designed around clear alert logic, escalation pathways, operator-
to-supervisor handoffs, and decision-support rules that reduce stoppage duration and
prevent cascading production delays.

Beyond communication protocols, autonomy also alters loading system dynamics.
Although AHSs 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 [65].

4.4.3. Implications of AHS on Human–Machine Interface

Human–machine interface (HMI) considerations emerge as critical mine planning
variables requiring modification for effective AHS deployment. While AHSs are often
evaluated from an operational or technological standpoint, their integration fundamentally
reshapes planning-level decisions related to haul-road layout, operating zone design, com-
munication architecture, and workforce configuration. Environmental risks, operational
risk controls, and real-time communication mechanisms also influence both system safety
and production continuity, linking HMI planning to broader operating constraints.
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AHSs promise improved safety and productivity by removing drivers from hazardous
environments, but the literature consistently shows that autonomy redistributes rather than
eliminates human involvement. Personnel still interact with autonomous systems during
maintenance, inspection, supervision, recovery, and infrastructure support, creating new
failure modes at the human–machine interface [15,26,66]. These interfaces reshape mine
planning requirements because they require controlled interaction zones, clear operating
states, and safety protocols for mixed human-autonomous work [67–69].

A documented BHP Jimblebar collision between an autonomous haul truck and a
manned water cart illustrates how intersection design, signage, communication protocols,
and visual cues must be integrated into mine planning and safety design (see Figure 4) [66].
A separate recovery near-miss case shows the same planning issue from a communica-
tion perspective: ambiguous system state awareness and rigid fallback logic can expose
personnel to moving autonomous equipment [70]. Current systems may also lack the
informal cooperative behavior that human drivers use in mixed fleets; future AI-enabled
coordination may reduce this limitation, but empirical validation remains limited [26,71].
Finally, remote supervision creates out-of-the-loop risks because camera feeds and sensor
data may not convey full site context under dust, rain, sensor faults, or excessive operator
trust [26,40].

Figure 4. Schematic of an autonomous-truck and water-cart path-conflict scenario. Solid paths
indicate completed movements and dashed paths indicate assigned or planned movements; scenario
interpreted from [66].

To address complex human-autonomy risks, GMG advocates system safety engineer-
ing and human–systems integration throughout the system lifecycle [43]. This approach
embeds human roles, competence requirements, interface design, and operational evalu-
ation into AHS design rather than treating people as external to the automation system.
Prior work similarly shows that successful deployment depends not only on installing
and commissioning the technology, but also on ensuring that employees can competently
interact with autonomous equipment [9,34].

Human–systems integration should therefore begin at the concept-of-operations stage
and continue through design, testing, training, and evaluation so that safety objectives
are verified iteratively and engineering education reflects the human–machine interaction
demands of automated mining.

Building on this lifecycle approach, autonomous operating zones also require clear
demarcation and controlled access points to prevent unauthorized entry into areas where
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autonomous trucks are operating [15]. Access-control systems, such as radio-frequency
identification (RFID) tags for personnel and GPS-based monitoring for vehicles, can sup-
port safe and efficient operation while linking incident root causes to safer design and
workforce planning.

4.4.4. Assessing and Mitigating Social Impact

Social impact considerations are also part of the mine planning changes associated with
AHS deployment. Beyond technical adaptation, the introduction of autonomy reshapes
workforce distribution, community engagement, and social license to operate—factors
that directly influence project continuity and long-term economic stability. Stakeholder
awareness, workforce transition risks, and structured change-management strategies are
therefore relevant to training and implementation constraints.

Responsible AHS implementation must also account for social impacts because au-
tomation can reduce on-site roles, shift work to remote operation centers, and affect local or
Indigenous communities if the transition is poorly managed [40,41]. Repetitive operational
roles such as haul truck driving, drilling, and blasting are especially exposed, creating
labor concerns that can delay deployment and threaten social license to operate [72,73].
Change management should therefore be treated as a strategic planning component, with
retraining pathways into remote operations, maintenance diagnostics, and data-driven
supervision embedded early enough to preserve operational knowledge and production
stability [10,33,74].

4.5. Implications of AHSs on Haul-Road Design

Haul-road design must be re-optimized under autonomous operating conditions to
balance safety, operational efficiency, and economic performance. This design problem also
affects broader mine planning parameters because road width, gradient, curvature, and
maintenance modeling require modification for effective AHS deployment.

Haul roads are not passive infrastructure in an AHS mine plan; they are part of the
control environment in which autonomous trucks localize, perceive obstacles, brake, turn,
queue, and interact with maintenance equipment. A haul-road framework that separates
road provision into structural design, functional design, and maintenance management
is useful for AHS planning because structural capacity controls pavement response to
repeated and channelized wheel loads, functional design controls width, grade, curvature,
sight distance, and traffic interaction, and maintenance management controls the surface
condition that autonomous perception and braking systems rely on [24]. Incident evidence
from autonomous haulage operations shows that wet or poor road conditions, obstacles,
and road-maintenance interactions are frequent contributors to AHS events [26,70].

Accordingly, the design question is not only whether an autonomous route is wide
enough for a truck to pass, but whether the route can maintain predictable geometry,
drainage, rolling resistance, traction, and obstacle visibility over the life of the mine. Earlier
road-safety and haul-road studies link deteriorated surfaces, ruts, drainage defects, and pot-
holes to safety risk, tire damage, and maintenance demand [75–77]. Recent road-condition
studies show that rolling resistance and road deterioration can be estimated from dispatch
data, sensor-connected devices, on-board vibration response, UAV photogrammetry, and
discrete-event simulation, linking road quality directly to productivity, fuel use, tire wear,
and maintenance scheduling [25,78–81]. For AHSs, these methods should be treated as
planning inputs because road deterioration can trigger speed restrictions, false obstacle
detections, downtime, recovery work, and changes in achievable cycle time.

Conventional haul-road-width guidance is commonly built from truck width, traffic
direction, berms, drainage, and operational clearance requirements [82,83]. AHS does
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not replace those requirements with a single wider-or-narrower rule. Instead, autonomy
changes the trade-off that planners must test. Wider roads may improve perception
margins, recovery space, mixed-traffic separation, and maintenance access [16]. Conversely,
narrower or differentiated autonomous lanes may be feasible on segregated, digitally
controlled routes and can reduce ramp excavation, highwall flattening, and stripping
requirements [17,84]. These economic gains are constrained by the structural effects of
channelized wheel loading and the need for higher drainage, pavement, and maintenance
reliability [23,24]. Therefore, road width should be evaluated as a mine planning variable
linking pit geometry, stripping ratio, road service life, rolling resistance, maintenance access,
and autonomous safety performance rather than as a fixed geometric multiplier. Figure 5
shows the conventional two-lane road-width rule used as a baseline for this trade-off.

Figure 5. Haul-road operating-envelope schematic illustrating the two-lane traffic road-width recom-
mendation of 3.5 times the width of the largest truck. Design criterion from [16].

This makes predictability the common objective behind apparently competing road-
width recommendations. Segregated haulage routes, dedicated light-vehicle access, con-
trolled turn lanes, and digitally enforced speed zones can reduce interaction uncertainty [9].
However, the same repeatability that improves autonomous path control also concen-
trates loading into narrower wheel paths, increasing the importance of structural design,
material selection, rolling-resistance monitoring, and planned grading frequency [23–25].
Further empirical work is needed to determine where differentiated road networks can
capture stripping-ratio benefits without increasing pavement deterioration, maintenance
interference, or autonomous stoppages.

Autonomous haul trucks require precise and consistent road geometry [8], especially
when navigating curves. Road sections transitioning into super-elevation must follow a
controlled gradient to ensure safe turning dynamics, as illustrated in Figure 6 [15]. For
example, at a speed of 56 km/h, a 5% transverse slope is recommended, with a total
curve length of 60 m. 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.

The apparent disagreement between wider and narrower road recommendations
should therefore be interpreted as a context-dependent design trade-off rather than a con-
tradiction [16,17,23,24,26,84]. Wider roads are more defensible where AHSs operate in
mixed-traffic environments, where perception systems require additional clearance, where

https://doi.org/10.3390/mining6030048

https://doi.org/10.3390/mining6030048


Mining 2026, 6, 48 18 of 29

road-maintenance equipment must work alongside active haulage, or where communica-
tion and localization uncertainty remains high. Narrower roads are more defensible where
autonomous routes are segregated, traffic rules are digitally enforced, operating speeds are
controlled, pavement quality is high, and road-condition monitoring is continuous. A prac-
tical planning decision should therefore compare road-width scenarios using the combined
effect on stripping ratio, payload productivity, pavement deterioration, rolling resistance,
safety buffers, and maintenance downtime rather than selecting a single universal width.
Table 4 summarizes the authors’ synthesis of this cited evidence-weighting logic.

Table 4. Evidence-weighting framework for AHS haul-road-width decisions synthesized from the
reviewed literature.

Design Option Planning Benefit Planning Risk or Constraint

Wider autonomous
haul roads

Improves clearance, recovery space,
perception margin, and compatibility with
mixed traffic or road-maintenance
interactions

Increases ramp excavation, may increase
stripping ratio, and can reduce economic
value in deep or geometry-constrained pits

Narrower
autonomous haul
roads

Can reduce waste movement, shorten ramp
development, and improve pit economics
where autonomous routes are segregated and
predictable

Requires stronger pavement design, stricter
drainage and maintenance, high-precision
localization, and reliable exclusion of
unexpected obstacles

Differentiated
network design

Allows wider roads at intersections, loading
areas, dumps, recovery zones, and
mixed-traffic segments while narrowing
controlled one-way or segregated segments

Requires more detailed traffic rules, digital
zone management, and regular validation
that operating assumptions remain valid

Road maintenance also becomes a production-planning issue. Poor road surfaces in-
crease dust, rolling resistance, fuel use, tire wear, and equipment stress, while autonomous
trucks have less human adaptability when loose material, potholes, standing water, or
temporary maintenance equipment appears on route [25,70,85]. Discrete-event simula-
tion evidence shows that ignoring temporary road deterioration can materially overes-
timate productivity and underestimate fuel consumption [81]. For AHS planning, road-
maintenance windows, grader access, and road-condition monitoring should therefore be
represented in the schedule and dispatch assumptions rather than treated as background
operating practice.

Road-maintenance planning also remains a safety issue beyond productivity. Broader
dump-truck safety guidance links road condition and traffic-control failures to fatal
incidents [86], while structural reinforcement measures such as geosynthetics can im-
prove support and reduce deformation where road foundations are weak or heavily
loaded [87–89]. These measures are especially relevant for AHSs because autonomous
trucks require repeatable surface quality and predictable stopping behavior.

Similarly, AHS route planning must account for wet road conditions, since wet and
slippery surfaces have been identified as primary hazards for autonomous trucks [49,90].
Therefore, wet-season rainfall patterns should be embedded into AHS dispatch and route
planning. Seasonal drainage redesign, ditching, crossfalls, and crown heights should also
be incorporated into haul-road planning. Proper road drainage and frequent atmospheric
monitoring provide controls that reduce the likelihood of loss-of-traction incidents. Sensor-
based detection of standing water during wet seasons can also be integrated into AHS
perception systems to enable rapid remediation and reduce vehicle downtime.
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Abrupt speed-limit changes across a mine site can create loss-of-traction hazards for
autonomous trucks [26]. Unlike human drivers, autonomous trucks may not anticipate
upcoming speed-limit changes and adjust in advance, which introduces the risk of rapid
braking. Gradual speed-transition zones throughout the AHS network can reduce this risk.

In light of these requirements, haulage planning for AHSs must also account for
the system’s ability to perceive and respond to surface-condition variability. A YOLOv4-
based detection framework has been developed to identify negative obstacles on mining
roads with high accuracy and real-time performance [91]. 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.

Haul-road vertical curves and grades must also account for the unique braking dy-
namics of electric or hybrid autonomous trucks [15]. Traditional vertical alignment aims
to ensure visibility and stopping distance, but in autonomous systems, this must be recal-
ibrated to include machine perception, data processing latency, and automated braking
actuation. ISO 3450 provides standardized test procedures for braking systems in earth-
moving machinery, and braking distance for autonomous vehicles includes both physical
braking and electronic reaction time [92]. Figure 7 summarizes how electronic reaction time
contributes to overall stopping distance, underscoring the need to recalibrate vertical align-
ment 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 [93], and additional control or processing latency around 100 ms
can measurably increase stopping distance [94]. 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 the following:

• 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 mod-
els to ensure compliance with safety standards.

In addition to geometric and structural optimization, haul-road design must respond
to environmental and climatic risks. Recent studies show that AHS adoption and extended
mine lives intensify the need to incorporate environmental and climatic risks explicitly
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 [88,95]. 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 [89]. 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 [88]. 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 [89,95].
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Figure 6. Schematic of longitudinal grade and transverse slope or super-elevation controls for
autonomous haulage road design. Design concepts informed by [15].

Figure 7. Timing-chain schematic for autonomous haul truck response and stopping distance.
Conceptual components informed by [92].

5. Discussion
This review has explored the multifaceted implications of integrating autonomous

haulage systems into surface mine planning for metal mines. While AHSs offer clear
benefits in safety, productivity, and environmental performance, successful implementation
requires reimagining traditional planning principles. Across the reviewed evidence, a
central finding is that AHS integration requires new, dynamic planning methods rather
than simple adjustment of conventional haulage assumptions. Key research needs include
planning models that represent autonomous haulage as coupled constraints on pit geome-
try, haul-road design, scheduling, infrastructure readiness, and economic evaluation. These
findings point to critical adjustments in haul-road geometry, communication infrastructure,
control-room design, and operator workload balancing. Moreover, human–systems inte-
gration must be considered from the earliest phases of system deployment to mitigate risks
introduced by the human-autonomy interface.
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This planning interpretation is reinforced by incident-category evidence: road-
condition events were the most frequently reported AHS hazard category (26.62%), fol-
lowed by clean-up machine interaction (15.28%), road obstacles (10.88%), communications
loss (8.65%), haul-road interaction (6.71%), and load-unit interaction (6.25%) [70]. These
patterns show why road maintenance, traffic interaction, communication reliability, and
access control must be planned together rather than treated as isolated operational issues.

5.1. Planning Variables and Optimization Implications

The findings indicate that AHSs should be treated as a mine planning variable rather
than as a downstream equipment substitution. In conventional planning, haulage assump-
tions often enter the model through average cycle time, equipment availability, operating
cost, and ramp geometry. With AHSs, these assumptions become more deterministic in
some respects and more constrained in others. Driver-related variability in travel speed
and path following is reduced, but new constraints arise from communication coverage, au-
tonomous operating zones, sensor line-of-sight, loader interaction rules, road-maintenance
windows, and safe access protocols for mixed manual–autonomous work. Consequently,
mine planners should update not only the haulage cost model but also the optimization
and scheduling logic used to translate design assumptions into production plans.

The consolidated findings in Table 3 indicate that AHS affects major planning variables
through changes in pit geometry, haulage cost, fleet timing, and infrastructure dependen-
cies. At the strategic level, AHS adoption influences ultimate pit limits, phase design,
fleet strategy, and investment timing through changed haulage costs, road geometry, and
capital requirements. In Lerchs–Grossmann (LG)-style pit-limit analysis, AHS effects enter
primarily through modified block economic values, including haulage cost, road-width
implications, and equipment productivity assumptions [96]. In contrast, Direct Block
Scheduling (DBS) and other time-indexed production scheduling methods can represent
AHSs more explicitly by incorporating autonomous-zone commissioning dates, ramp
availability, fleet ramp-up constraints, communication infrastructure dependencies, and
phase-specific traffic restrictions [97]. Therefore, AHS adoption has an indirect effect on
ultimate-pit-limit optimization but a more direct effect on scheduling, phase sequencing,
and short-interval operational control.

The operations-management implication is that AHS adoption does not eliminate
bottlenecks; it changes where bottlenecks occur and how they should be modeled. More
repeatable autonomous cycle times can improve dispatch predictability, but queues may still
form at loaders, dumps, narrow intersections, charging or fueling locations, maintenance
interfaces, and recovery zones. Recent scheduling studies for autonomous mining trucks
demonstrate the relevance of real-time scheduling, flow allocation, and metaheuristic
optimization for this problem class [27,28]. For planning purposes, these tools should
be paired with discrete-event simulation and sensitivity analysis so that deterministic
truck motion is not mistaken for deterministic system performance [81,98]. A practical
planning workflow should therefore compare candidate designs under variations in loader
service time, road-condition restrictions, communication outages, maintenance activity,
and mixed-fleet interactions.

The economic trade-off is similarly site-specific. AHSs can reduce exposure to safety
risk, labor requirements, and cycle-time variability, while improving utilization and fuel
or energy efficiency [9,16]. However, these operating benefits must be evaluated against
the additional capital cost of autonomous trucks or retrofit kits, network infrastructure,
high-precision mapping, control rooms, cybersecurity, training, validation, and higher road-
maintenance standards. The relevant economic question is therefore not simply whether
AHS adoption lowers unit haulage cost, but whether the net present value (NPV) of reduced
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OPEX, productivity gains, and risk reduction exceeds the upfront and sustaining CAPEX
required for autonomy. This reinforces the need for scenario-based CAPEX–OPEX analysis,
especially when comparing greenfield designs, where autonomous haulage can be embed-
ded from the initial pit and infrastructure layout, with brownfield deployments, where
the value case depends strongly on retrofit cost, transition downtime, and mixed-traffic
risk. In AHS deployment planning, Critical Path Method (CPM) and Program Evalua-
tion and Review Technique (PERT) terminology describes project-scheduling methods
that map task dependencies, identify critical activities, and estimate deployment timing
under uncertainty.

5.2. Economic Evaluation and Deployment Pathways

The reviewed literature reports several economic drivers for AHS adoption, includ-
ing higher utilization, longer operating hours, reduced labor exposure, improved fuel
performance, and more predictable production [10,11,16]. These benefits, however, are
not sufficient by themselves to justify implementation because AHS also shifts cost into
capital-intensive enabling systems. Mine planning evaluations should therefore com-
pare conventional and autonomous cases using a full life-of-mine economic framework
rather than isolated unit-cost indicators. At a minimum, the AHS case should include
initial CAPEX, sustaining CAPEX, transition cost, OPEX savings, productivity effects,
risk-reduction value, and road-maintenance impacts.

Table 5 summarizes an author-defined economic evaluation structure for AHS deploy-
ment. The framework separates costs that occur before autonomous production begins
from recurring costs and benefits that affect life-of-mine value. This distinction is important
because early AHS investment may reduce future operating cost but can also delay produc-
tion, require temporary mixed-fleet operation, or force earlier infrastructure upgrades.

For greenfield projects, the economic case can be embedded from the first planning
iteration by designing haul routes, communication coverage, autonomous zones, and
maintenance access as part of the base mine design. This allows pit optimization and
production scheduling to test autonomous and conventional alternatives before major
infrastructure is fixed. Brownfield projects require a different evaluation because the main
economic risks are retrofit cost, production disruption, mixed-traffic exposure, workforce
transition, and staged commissioning. In these cases, CPM- or PERT-style implementation
schedules should be linked to production schedules so that the cost of delayed autonomous
readiness is visible in the economic model.

Beyond the investment case, the same integration requirement appears in haul-road
design. Taken together, the haul-road literature indicates that AHS road design should
be treated as an integrated structural, functional, and maintenance-management problem
rather than as a road-width question alone [24]. Wider roads can improve perception
and recovery margins, while narrower or differentiated lanes can improve pit economics
where autonomous routes are segregated and well controlled [16,17,84]. The limiting
conditions are pavement response to channelized loading, rolling resistance, drainage,
seasonal friction, autonomous braking distance, and real-time road-condition information
from dispatch data, sensors, UAVs, or perception models [23,25,81,91].

Beyond pit geometry, AHS reshapes workforce and human-interface planning by
shifting work from manual driving toward remote supervision, data analysis, mainte-
nance diagnostics, and system integration [33,34,40]. These changes improve physical
safety but introduce cognitive overload, trust complacency, situational-awareness loss,
job-displacement concerns, and new training requirements [5,26,40]. The literature there-
fore calls for empirical validation of ergonomic control centers, predictive staffing models,
human–systems integration, and workforce transition strategies [15,35,43].
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The human-autonomy interface also remains a planning risk during maintenance,
inspection, recovery, and emergency work [26,67,68]. Incidents involving poor commu-
nication, ambiguous system states, rigid fallback behavior, and inadequate intersection
design show that autonomous-zone rules, road geometry, communication protocols, and
cybersecurity controls must be planned together rather than treated as separate operating
procedures [15,31,43,66,70].

Table 5. Author-defined CAPEX–OPEX framework for economic evaluation of AHS deployment.

Economic Category Typical AHS-Related Items Planning Implication

Initial CAPEX

Autonomous-ready trucks or retrofit kits;
communication network; control room;
positioning infrastructure; high-precision
mapping; system integration and
cybersecurity

Must be included in investment timing,
phase sequencing, and NPV sensitivity
analysis

Sustaining CAPEX
Network upgrades; software and hardware
refreshes; sensor replacement; road
reconstruction; control-system redundancy

Should be modeled across the life of
mine rather than treated as a one-time
automation premium

Transition and
commissioning cost

Validation trials; temporary production
losses; mixed-fleet controls; training; change
management; emergency-response drills

Particularly important in brownfield
mines where retrofit work can
interrupt existing production

OPEX reductions

Lower in-cab labor exposure; higher truck
utilization; reduced cycle-time variability;
potential fuel or energy savings; improved
safety performance

Should be tested against site-specific
labor, fuel, maintenance, and
production assumptions

OPEX increases or offsets

Software support; specialist technicians; road
maintenance; communication-system
maintenance; cybersecurity monitoring;
control-room staffing

Can offset expected savings if road and
system maintenance is underestimated

Economic upside

Improved production predictability; reduced
safety exposure; possible road-width or
stripping-ratio benefits; improved dispatch
consistency

Should be evaluated through scenario
analysis rather than assumed as a fixed
percentage benefit

5.3. Limitations

Several methodological limitations should be acknowledged. First, the review protocol
was not prospectively registered, as this engineering review does not fall within the health-
intervention scope typically associated with PROSPERO registration. Second, although
screening decisions were reconciled through author discussion, no formal inter-rater re-
liability statistic was calculated. Third, a quantitative meta-analysis was not conducted
because the included studies do not report a common effect size or consistent outcome
measures; instead, they combine design guidance, simulation outcomes, case-based evi-
dence, incident classifications, and implementation reports. For the same reason, clinical
intervention tools such as RoB 2, ROBINS-I, and GRADE were not used as formal scoring
instruments. These limitations are addressed by making the search logic, screening criteria,
extraction fields, source categories, and synthesis boundaries explicit.

The geographic scope of the review also limits transferability. The synthesis delib-
erately emphasized jurisdictions and regions with substantial published AHS evidence,
including Australia, Canada, South America, and the United States. This emphasis reflects
evidence availability and adoption maturity: these regions have longer operational his-
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tories with autonomous haulage, more documented regulatory and industry guidance,
and more accessible historical data from which planning implications can be inferred.
As a result, the findings are most directly transferable to large surface metal mines with
mature regulatory systems, established digital infrastructure, and high-capacity equipment
fleets. The selected regions should therefore be interpreted as evidence-rich cases rather
than universal templates. Application to smaller operations, underground mines, coal
and quarry settings, or jurisdictions with different labor markets, regulatory maturity,
communications infrastructure, and climate constraints should therefore be treated as a
site-specific adaptation rather than a direct transfer of the planning recommendations.

Quantitative risk-tolerance thresholds and real-time risk-communication practices
remain unresolved evidence gaps because the reviewed literature did not provide sufficient
comparable evidence. In this review, these topics are treated as implementation constraints
affecting human–systems integration, communication infrastructure, road-condition moni-
toring, and future empirical validation.

6. Future Work
Future work should formalize AHS-specific mine planning standards for road width,

curvature, intersections, stopping distance, communication coverage, mixed-traffic control,
road-condition monitoring, and maintenance access. The highest-priority research need is
empirical comparison of alternative haul-road scenarios, including wider roads, narrower
segregated lanes, and differentiated networks, with explicit measurement of stripping ratio,
rolling resistance, pavement deterioration, safety events, and production performance.
Additional studies should validate human–systems integration, workforce transition strate-
gies, cybersecurity controls, and AI-supported dispatch or road-condition models under
real mine conditions.

7. Conclusions
This review shows that autonomous haulage systems should be incorporated into

surface mine planning as a planning condition across strategic, tactical, and operational hori-
zons, rather than treated only as a downstream fleet replacement. The evidence reviewed
indicates that AHS adoption affects haul-road geometry and maintenance, communication
and positioning infrastructure, control-room and workforce requirements, traffic rules,
production scheduling, dispatch logic, and economic evaluation. These effects mean that
autonomy changes both the physical mine design and the assumptions used to translate
that design into production and financial outcomes.

The central planning implication is that AHS adoption creates site-specific trade-offs
rather than universal design rules. For example, wider haul roads may improve percep-
tion reliability, mixed-traffic management, and safety margins, whereas narrower roads
may reduce stripping requirements and improve pit economics if pavement performance,
drainage, stopping distance, and maintenance demands are adequately controlled. Sim-
ilarly, more repeatable autonomous-truck motion can improve cycle-time predictability,
but system performance remains sensitive to loader service time, road restrictions, com-
munication outages, maintenance windows, and mixed-fleet interactions. Therefore, AHS
evaluations should combine pit and phase design, DBS or short-term scheduling, dispatch
simulation, queuing analysis, and scenario-based CAPEX–OPEX assessment.

The review also confirms that the current evidence base remains uneven. Published
work is concentrated in a limited number of mining regions and combines peer-reviewed
studies, standards, guidelines, case reports, and vendor or industry evidence. As a result,
the planning recommendations should be applied through site-specific validation rather
than transferred mechanically across commodities, climates, regulatory systems, and mine
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scales. Future empirical studies should quantify AHS effects on road design, production
scheduling, infrastructure readiness, workforce transition, and life-of-mine value so that
autonomous haulage can be represented more rigorously in mine planning models.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/mining6030048/s1. PRISMA 2020 checklist (Supplementary File S1).
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