SSIM 2025 - JJ Potter & J Wesseloo (eds)
© 2025 Australian Centre for Geomechanics, Perth, ISSN 3083-399X
doi:10.36487/ACG_repo/2535_55

Bringing the future of ground control to life: an integrated
systems approach

Alex Hossack ", George Hemingway ®, Damodara Chinnasane ?, Farid Malek ?, Ingrid Domergue-Schmidt ?
9Vale Base Metals, Canada

bstratalis, USA

Abstract

Despite executive-level attention and increased investments in technology, ground control-related incidents
continue to occur in both underground and surface mining environments. Incident investigations reveal that
technology investment is required, although this alone is insufficient to prevent incidents; implementation,
maintenance and support programs are also often neglected. To remedy this, the authors advocate a
multi-pronged approach where technology is one part of a broader prevention strategy that includes effective
deployment, sustained upkeep and non-technology-related endeavours.

Successful technology implementation is not just selecting the right technology: a key challenge and common
failure point is ensuring that sites are engaged throughout the process. Bringing sites along on the journey
means involving them in decision-making, identifying and mitigating risks early in the process, and fostering
adoption in daily operations. Drawing on work across multiple mining companies, including Vale Base Metals,
this paper presents an integrated approach to technology scanning, prioritisation and needs-based site
assessment, resulting in operating-level technology roadmaps that mitigate critical risks. This approach,
though new to the mining industry, is derived from learnings in other industries. We will share a model for
the future that will impact how mines are managed, including advancements in reducing worker exposure,
monitoring, modelling, ground support and characterisation, coupled with our approach to engaging entire
organisations through a program that sets a foundation for the future.
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1 Introduction

Vale Base Metals (VBM) currently operates seven underground mines and four surface mines in Canada,
Brazil and Indonesia. A critical risk that must be managed at these mines is the impact of rockbursts and falls
of ground on people, infrastructure and equipment. Unfortunately, as underground mining depths and
extraction ratios (proportion of ore removed compared to the total amount of ore available) have increased
over time, so too has the frequency of seismic events, thereby increasing the risk of rockbursts in these mines.
Additionally, as surface mines have expanded, the amount of exposed rock that must be managed by ground
control teams has increased, posing unique challenges. Consequently, in addition to sound engineering
principles, there has been a focus on utilising technology to assist in rock mass support, characterisation,
monitoring and modelling, as well as to reduce worker exposure. This focus led to multiple initiatives driven
by various teams throughout the organisation. Although these initiatives were progressing with the best of
intentions, several challenges emerged, including:
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e no single unifying vision

e lack of visibility at the leadership level regarding ongoing projects and their benefits

e unclear roles and responsibilities concerning technology project prioritisation and implementation
e insufficient budget and resources to implement all technology projects in a timely manner.

To address these challenges, VBM developed a technology framework designed to guide innovation and
implementation efforts across the organisation. This framework began by establishing a clear ambition,
articulated through well-defined problem statements, thematic focus areas and strategic goals. It enabled
the creation of a portfolio of technology options informed by systematic scans and detailed profiling.

The framework also encouraged innovative thinking by challenging conventional assumptions and exploring
feasibility through structured assessments. Collaboration was central to its success, with clearly defined roles
and responsibilities helping to align efforts and overcome organisational barriers. Ultimately, the framework
provided a unified direction for the company, culminating in the development of collaboratively built
technology roadmaps that support long-term strategic alignment.

Though this paper primarily focuses on the technology framework developed, this area is but one piece of a
larger management system. Recognising that technology alone is insufficient for a holistic approach to
managing geotechnical risks, a ground control management system (GCMS) was defined to link not only the
technology framework to a future vision, but also people, decision-making, project assurance and operation
assurance frameworks to create a unified system.

2 Ground control management system

The VBM GCMS is applied to all company assets and is composed of five frameworks: people, decision-
making, technology, project assurance and operation assurance. These frameworks were built on a
foundation of standards, procedures and guidelines, underpinned by leadership commitment and a culture
driven by key behaviours, as illustrated in Figure 1. By integrating these frameworks, the GCMS aims to create
a cohesive and effective approach to managing geotechnical risks, ensuring that all aspects of the business
are aligned and working towards common goals.
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Figure1 The Vale Base Metals’ ground control management system
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3 Technology framework

Integral to the GCMS is the technology framework, which was developed primarily to assist with the
management of geotechnical-related risks. The objectives of the framework are not only to address
immediate safety concerns but also enhance overall operational efficiency and profitability, as shown in

Figures 2 and 3.
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Figure 2 Vale Base Metals' technology framework
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Figure 3 Vale Base Metals’ technology value equation for slope management

The technology framework at VBM ensures that technological innovation is systematically integrated into
mining operations in alignment with the overarching goals of the GCMS. This integration is achieved through
the development and implementation of technology roadmaps which align with corporate priorities, address
specific operational needs, foster collaboration and secure stakeholder commitment.

SSIM 2025, Vancouver, Canada



Bringing the future of ground control to life: an integrated systems approach A Hossack et al.

Before developing a technology roadmap, it is essential to define the criteria that make it effective. A strong
roadmap should be anchored in a clear vision and address well-defined challenges. Each technology initiative
must respond to prioritised needs that are validated through diagnostics, workshops and leadership
engagement.

A roadmap should outline the technologies selected to address a specific challenge and organise them across
multiple time horizons. For the VBM roadmaps, technologies were organised across time horizons. Horizon
1 included mature technologies with low uncertainty; Horizon 2 covered emerging technologies with a clear
development path; and Horizon 3 encompassed high-uncertainty technologies with unresolved questions
around readiness, supply or implementation. In addition to guiding implementation, roadmaps should serve
as a visual communication tool, clearly presenting key themes, initiatives and responsibilities, and enabling
factors over time.

To ensure a technology roadmap is grounded in operational reality, the scope and relevant activities must be
clearly defined. For VBM, this began with the development of a geotechnical life cycle, as shown in Figure 4,
which categorised the critical activities geotechnical teams undertake to manage rockbursts and falls of
ground. From this foundation, focus areas were identified. These included reducing personnel exposure to
slope and seismic hazards, enhancing protection through improved ground support and monitoring, and
enabling safer mine planning through better rock mass characterisation, modelling and predictive analysis.
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Figure 4 Vale Base Metals’ geotechnical life cycle

4 Exposure definitions

From the outset it was crucial to define exposure zones for both underground and surface operations.
These exposure zones were essential for qualifying the benefits associated with technologies aimed at
reducing worker exposure.

For underground mines at VBM, the exposure zone was defined as the area of the floor adjacent to an
unsupported or partially supported face that extends a distance equal to the height of the back at the face
(1:1 ratio). The following exposure levels were defined for workers in these zones:

4 SSIM 2025, Vancouver, Canada



Slope monitoring

e personnel outside of the exposure zone within a cab were considered to have low exposure
e personnel inside of the exposure zone within a cab were considered to have moderate exposure

e personnel on foot or on equipment without a cab and within the exposure zone were considered
to have high exposure.

For surface mines, the exposure zones were defined as follows:
e atthe toe of the slope, the zone was 1.5 times the height of the wall
e atthe crest of the slope, the zone was 0.5 times the height of the wall.

The following exposure levels were defined for operators working in these zones (refer to Figure 5):
e personnel working outside of these exposure zones were considered to have low exposure

e personnel working in a cab within these exposure zones were considered to have moderate
exposure

e personnel working on foot or on equipment without a cab and within these exposure zones were
considered to have high exposure.

Although the definitions above for both underground and surface mines at VBM could be considered
simplistic as they do not consider local ground conditions, they were deemed fit for purpose by a multi-
disciplinary team spanning multiple assets.

By clearly defining these exposure zones and levels, the impact of new technologies on worker safety could
be more accurately assessed, ensuring that the implemented solutions effectively reduce exposure and
enhance overall safety in both underground and surface mining environments.

Figure 5 Exposure zone defined at the toe of slopes for Vale Base Metals’ surface mines

5 Activity definition, exposure time and exposure rating

Building on the defined exposure zones it was then essential to identify and evaluate activities that constitute
the development and production cycles for both underground and surface mines at VBM. This evaluation
aims to determine the total exposure time and rating for workers during each activity, ensuring that the
business focuses on technologies that offer the greatest benefits.

To achieve this, multi-disciplinary teams were formed, representing both underground and surface mining
operations. For underground mines, 45 activities were identified within the typical development and
production cycles that could potentially be improved through technology and process enhancements from
an exposure perspective. For surface mines at VBM, production and support activities were categorised into
68 hard rock activities and 43 soft rock activities (refer to Figure 6).
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Figure 6 Production and support activities mapped for surface mines at Vale Base Metals
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Once the exposure zones and activities were defined, the exposure time and rating for each activity was
determined using a first principles-based approach. This analysis was conducted for both underground and
surface mining activities. Figure 7 illustrates the mapped exposures for surface mining activities at VBM.

Annual exposure hours were estimated using design specifications, mine physical data and operations personnel knowledge
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Figure 7 Activity exposure map for surface mining at Vale Base Metals

By systematically defining and evaluating these activities, the key steps in the development and production
process were identified and prioritised for technological improvements, ensuring maximum business
benefits.

6 Technology scanning

Following the identification of activities, definition of exposure times and specification of exposure ratings, a
comprehensive technology scan was conducted to identify technologies that could address operational
needs. The industries explored for potential technology solutions included, but were not limited to,
aerospace, defence, mining, medical, oil and gas, and information technology.

To facilitate the technology scanning process a series of structured sessions was organised, including the
kick-off meeting, and needs, vision, options and planning workshops. The kick-off meeting was aimed to
develop a digital diagnostic tool to capture and prioritise needs across various sites. This tool was distributed
to site representatives to ensure a comprehensive understanding of the operational requirements. The needs
workshop served to reconfirm the needs identified through the digital diagnostic, uncover any additional
requirements and identify existing initiatives at the sites that could be leveraged. The vision workshop was
designed to establish the guiding principles, metrics and operating model that VBM aspired to achieve.
This workshop also informed the selection of technology options by aligning them with the company’s
strategic vision. During the options workshop, the identified needs and requirements were matched with
known technologies. These technologies were then prioritised based on their potential impact and feasibility,
ensuring that the most promising solutions were selected. Finally, the planning workshop was focused on
developing the final technology roadmap, which involved assigning roles and responsibilities, setting
timelines and outlining the steps required for successful implementation.

By conducting these workshops VBM could ensure a thorough and collaborative approach to technology
scanning, enabling the identification and prioritisation of technologies that would deliver the greatest
benefits to the organisation.
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6.1 Characterisation, modelling, monitoring, ground support and mitigation

Based on the results of the digital diagnostics, technology scans and workshops, thousands of technologies
were identified for application in both underground and surface mining operations. Figures 8 and 9 illustrate
the results of the technology scans for both underground and surface mines at VBM, respectively.
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Figure 9 Final results of the technology scan for surface mines at Vale Base Metals (Stratalis 2024)

The comprehensive technology scans conducted at VBM enabled a structured classification of technologies,
supporting a strategic approach to implementation across both surface and underground mining operations.

For surface mines, technologies were grouped based on their primary function. Monitoring technologies
were identified for their role in detecting geotechnical risks, including displacement sensors to track rock
mass movement, hydrogeological instruments to monitor groundwater behaviour, and stress sensors to
detect changes within the rock mass. Complementing these were mitigation technologies which included
slope reinforcement systems, physical barriers, water management infrastructure and controlled blasting
techniques, all aimed at enhancing slope stability and reducing operational hazards.
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Characterisation technologies played a critical role in understanding geological and geotechnical conditions.
These included methods for geological mapping, rock mass strength assessment, hydrogeological
characterisation and stress regime analysis. To support decision-making, modelling technologies were also
identified, offering capabilities for simulating rock mass behaviour, integrating and visualising complex
datasets, and forecasting potential geotechnical issues through advanced analytics.

In underground mining environments a similar classification framework was applied. Monitoring
technologies focused on real-time sensing of seismic activity, stress variations and rock displacement, along
with tools for inspecting ground support systems. Ground support technologies included advanced
reinforcement materials and sensor-equipped elements designed to monitor performance and structural
integrity.

Characterisation efforts in underground settings emphasised detailed geological and structural analysis,
stress measurement and mechanical property evaluation. These insights were further enhanced by modelling
technologies capable of simulating underground conditions, analysing seismic events and integrating
geotechnical data for predictive insights.

This structured categorisation allowed VBM to align technology solutions with operational needs, ensuring
that implementation efforts were both targeted and effective in enhancing safety, performance and
long-term resilience.

6.2 Exposure reduction

In addition to technologies associated with protecting workers, characterising, modelling, monitoring and
supporting the rock mass, a wide array of technologies were identified as having the potential to reduce
worker exposure to geotechnical hazards. These technologies were aimed at enhancing safety in both
underground and surface mining operations.

At the time of the scan many of the technologies were market-ready, indicating their immediate applicability
and potential for rapid deployment. However, it was also noted that several promising solutions required
further development to achieve full operational success. This development phase was seen as crucial for
refining these technologies to meet the specific needs and challenges of the mining environment.

Figure 10 shows the technologies that could reduce worker exposure to slope hazards, while Figure 11 shows
a non-exhaustive list of identified technologies that could reduce worker exposure to seismic and fall of
ground hazards in underground mines.
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Figure 10 Technology scan results that may reduce worker exposure to slope hazards
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Figure 11 Technology scan results that may reduce underground hazard exposure (Stratalis 2023)

The categories shown in Figures 10 and 11 were based on activities mapped as part of the activity definition,
exposure time and exposure rating assessment.

Explosive loading technologies were common elements to both underground and surface mining
environments, while surveying, water management, geology and geotechnical activities were associated with
reducing worker exposure to slope hazards. Drilling, bolting and open stoping were focused on reducing
worker exposure in underground mining environments.

7 Needs-based approach to technology prioritisation

Upon completion of the technology scan it became imperative to prioritise the identified technologies.
This was achieved via a thorough assessment of the mines which encompassed an evaluation of reports
generated from biennial geotechnical audits as well as reviews carried out by the company’s Geotechnical
Review Board. Additionally, interviews with key stakeholders and the facilitation of workshops were integral
to this process. For a detailed overview of the needs-based approach employed to prioritise technology
projects across the business refer to Figure 12
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Figure 12 Needs-based approach employed at Vale Base Metals to prioritise the implementation of

technologies
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7.1 Benefits

During the technology scan the potential benefits of each solution were qualitatively assessed to inform
prioritisation decisions. This evaluation considered a range of value drivers relevant to both operational
performance and strategic outcomes.

Health and safety was a key focus, with technologies evaluated for their ability to enhance the wellbeing of
employees, contractors and surrounding communities. The potential to reduce business interruptions was
also considered, particularly in terms of minimising operational downtime or mitigating the impact of
unforeseen events. Technologies that could strengthen the company’s reputation, by improving stakeholder
relations, regulatory standing or investor confidence, were also prioritised.

Financial implications were assessed based on both immediate and long-term cost impacts. In parallel, the
potential to prevent or mitigate catastrophic events, particularly those that could lead to material unwanted
events, was carefully reviewed. finally, environmental performance was evaluated, with emphasis on
technologies that could reduce ecological harm or support sustainability objectives.

The following criteria were used to assess the aforementioned elements:
e Extreme: an extreme and certain impact

e Very high: a very high likelihood of significant impact on key performance indicators (KPIs), the
company or the impact area

e High: a significant direct impact or avoidance of an impact on KPIs that, by itself, merits
consideration

e Significant: a moderate or noticeable impact contributing to the overall benefit
e Low: a low impact on KPIs, either directly or through avoidance.

The results of the benefit assessment for the VBM Seismicity Management Technology Roadmap are
illustrated in Figure 13. In this case, it is evident that the majority of benefits were associated with reducing
costs and the likelihood of catastrophic events. This structured assessment enabled a balanced view of each
technology’s value, supporting informed and strategic implementation decisions.
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Figure 13 Estimated benefits of each project on the Vale Base Metals’ Seismicity Management Technology
Roadmap
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7.2 Company readiness and uncertainty

As part of the technology prioritisation process it was essential to evaluate the uncertainties associated with
each proposed solution. This evaluation considered several dimensions that influence the feasibility and
success of implementation. The stability, maturity and availability of the supply ecosystem were examined
to understand potential sourcing risks. Internally and externally driven factors that could support or hinder
implementation were also assessed to gauge operational readiness. The technological maturity of each
solution was reviewed, including its feasibility and integration within existing systems.

Financial and strategic viability was analysed through the lens of funding availability, business case strength
and alignment with corporate objectives. Broader macro-level risks such as political, regulatory, economic,
social, legal and environmental factors were also considered to understand external pressures that could
impact deployment. Finally, potential showstoppers, both internal and external, were identified to anticipate
and mitigate critical barriers before they materialise.

8 Project plan one-pagers

Upon completion of the technology scan and the confirmation of site needs, as well as the understanding of
technology benefits and uncertainties to determine priorities, potential projects were defined around a
technology or technologies. Worksheets or one-page summaries were developed for each project to serve
as the foundation for the future management of each technology. They provided a concise description of the
project, identified the project owner, specified the business needs, presented technology options along with
enabling technologies and teams, outlined a high-level timeline for implementation, and detailed the
required budget and support. Additionally, they highlighted the anticipated benefits of the project. For an
example of a technology project one-pager, please refer to Figure 14.

— Project 1: LIDAR & ph ry for face mapping & stress ‘ VALE

aaaaaa ) Neads & Requirements E— R

We will identify support required &

enabling technologies for every project, We will confirm the project
wherever possible and add/remove owner for each project
from the list accordingly, adding to the Techaciem Spsees ® Eiiop Fechsicpie & Sreves
empty fields
We will confirm the potential
Project Timeline [E}—— sudgetNotes timeline for each project
T N )
v . stratalis ()
For each project, We will fill in the Benefit for each KPI to the following scale:
Low For Example:
Sign r Business Catastrophic
Health & Safety Interruption Reputational Lifecycle Cost Event Environmental
Benefit Significant Low gh Very High Extreme Low

Figure 14 Example of a Technology Project Plan one-pager

9 Technology roadmap

To organise projects in a multi-time-horizon roadmap, key themes and programs of projects were delineated.
A program is defined as a larger effort that necessitates a coordinating leader and comprises multiple
interconnected projects, each with a designated project owner. Conversely, a theme consists of numerous
individual projects, each with an owner, connected by a thematic element used solely for roadmap purposes.
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For the VBM Seismicity Management Technology Roadmap approximately 50 projects were defined, then
categorised into three programs and 10 themes. The programs and themes established for the roadmap are
illustrated in Figure 15, while individual projects are depicted in Figure 16.

Lidar & Photogrammetry

Surface scanning technologies (stationary, platform-mounted/handheld) for improved
characterization, estimation of in-situ stress, and/or monitoring of displacement/
deformation of rock mass or ground support equipment

Advanced Sensing

Advanced sensing equipment or sensors for wider and more

frequent monitoring of seismic and stress changes in the rock

mass, and/or deformation in ground support

EE

(@)

Core Based Characterization

Core-based technologies and methods for accelerated and

enhanced stiuctural logging and estimation of in-situ stress
Non-core Based Characterization

Non-core-based techniques (e.g., downhole) for
improved characterization of in-situ stress, and
geotechnical and geological properties of rock mass

a®

Integrated Data Management

An architecture and working system for data storage &
management allowing the collection of data from multiple
sources and creation of performance monitoring dashboards

Enabling Operational Geotech

Enabling more widespread modelling at sites by leveraging
existing solution adoption across Vale

Al/ML & Forecasting

The use of Al and ML to im prove decision making through data parsing,
model interpretation, and by augmenting modelling databases

Figure 15
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Accelerating Implementation

Improving technology im plementation shortcomings by ensuring availability and
training of operators, reviewing and updating mechanized bolting quality &
performance metrics, and analyzing the root cause of poor bolting performance

Faster Bolts
& Using new bolts to improve cycle time and reducing multiple
passes through connectable bolts

Mesh Performance & Speed

&

Mechanized Bolting

Im proving mechanized bolting by ensuring compatibility of bolts with the
bolters; altematives to pumpable resin, and the use of pumpable resin
injection and self-drilling bolts

New solutions to enable the mechanization of meshing, improve
the performance of retention systems, and reduce corrosion

T

Shotcrete Performance

S

Improved shotcrete performance through wet-mix and UG plants and
altematives such as Ultra-High-Performance Concrete and Thin Spray
Mortar & Liners

Mitigation & Design

Novel approaches to reduce the likelihood of Seismic events through design,
technology and method, including caving and pre-conditioning and im proved
mitigating methods, like Ground Support design

Data Acquisition Data & Modeling ] Decision Making

Programs and themes that form the Seismicity Management Technology Roadmap for Vale Base

HORIZON 1 HORIZON 2 HORIZON 3
EIEEETIaTT.T.
Lidar & Photogrammetry @ @
z orones LR asensors
F &GS montorng “hancteration & monitoring  for face mapping & stess for dsplacement
= Advanced Sensing ((((E))))
) Fiber optes for Hybndsemors Bl Tl Swess GrowndBased AR Rock Bolt Tester for Passe Adw
g Sesmic ond Soess forSevamic el forStess ot Dsphcement renforcements 3stems Tomography forStress
= Core Based Characterizaton B
K P
s andithologicalloggng  ATV/OTVtooks  Iferance of st sess
Non-core Based Characterization @) @
Diret measurement Downhle geological Core Crusting for Measure-while-driling Core
of in-stu stress andlithologicallogging Geotechmical Dty for Geatechnical Dta
! == )
g Integrated Data Management £ &) $e)
5 Archtecture Framing BoreholeManagement ystem and Mastes Integration of
3 and Blueprnt Per Lower-level Integrators aabs
Q . . =
g Enabling Operational Geotech & ® ©
z Humerial Modeing  Vale Inspecton
3 inOparstions Form (Damagehappen
hd s 3 r %
g AUML & Forecasting 3¢ (N = ® C )
o AVMLDa AMUE Clean AUMU on Existing Datasets for Alto Inerpret Advanced seismic Forecasting
1 Parsing Sesmi Datasets Inproved Block Modding et i Global P1
Accelerating Implementation
form Lorenger
—Foal Point n Operations
Mechanized Bolting ?
seit-anting Pumpableresin Retofting oved
© anchors folloutto al stes Madlean boker 9
=
H Faster Balts 1 [ 6 O 06 0 (D)
= Combined Medhanical & e Bot Trial
z Fricton Dynamic Bolts Exal Replace Cable Baks for General Application Cable Bots
o
@ Shotcrete Performance
I Thun Spray On Lines UHP Concrete Evakiation 35 WetMix vestigation (UG Mobike
a Face Support Tial Shatcrete Substitibon Producton & Surface Logistics)

Mesh Performance & Speed

Mesh Camp Tral (Performed
‘alongside MOX Bolt Tra

Mitigation & Design

Cave
M

Roll-On Mesh & Handler Cycle

ime Trial (Geotrugg,

¥ G - - D

Hovel Rugged Mesh
Tral

TeeremotelRC Headcover
for bottom-up mining

@) ) ©

Hydrauic
Preconditioning

65503

Figure 16 All projects that make up the Seismicity Management Technology Roadmap for Vale Base Metals

To facilitate the communication of Technology Roadmaps across the business, visualisations were created
for both the Seismicity and Slope Management Technology Roadmaps. Refer to Figure 17 for these visual

representations.
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Figure 17 Technology roadmap illustrations for: (a) surface mines and (b) underground mines at Vale Base
Metals

10 Technology implementation

After developing Technology Roadmaps, the next crucial step is implementing the technologies specified.
This implementation process presents several challenges that must be effectively addressed to ensure
success.

At VBM, a phased implementation approach has been adopted across the business for each technology to
manage risks and facilitate the smooth integration of new technologies into operations. This strategy involves
breaking down the implementation process into manageable stages.

The initial stage involves conducting small-scale trials at select sites to test the effectiveness of the new
technology in a controlled environment and are instrumental in identifying potential issues and gathering
performance data.

Following the success of a small-scale trial, the implementation of a new technology would be gradually
expanded to additional mining operations. This phased approach allows for necessary adjustments and
refinements to be made at each site, with the ultimate objective of full-scale deployment at all assets.

Throughout each phase the performance of a new technology is continuously monitored to ensure it meets
the desired objectives. This supports making informed decisions and addressing any challenges promptly.

In addition to the aforementioned steps, several critical elements were deemed essential for the successful
implementation of new technologies at VBM, including but not limited to:

e Communication: ensure clear and consistent communication with all stakeholders to facilitate
collaboration and address concerns.

e Scope of work: define a clear scope of work to establish expectations and responsibilities.
e Performance criteria: set specific performance criteria to measure the success of the technology.

e Management of change: implement a structured approach to manage changes and mitigate
associated risks.

e Project monitoring and data collection: systematically collect data to monitor progress and inform
decision-making.

e Close-out: carry out a thorough close-out process to ensure all objectives have been met and to
document lessons learned.
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10.1 Communication

Stakeholder engagement is critical for the successful introduction of any new technology. At VBM, engaging
stakeholders effectively ensured alignment with expectations, reduced resistance and supported smooth
implementation. This engagement was driven by clear communication, collaboration and continuous
feedback.

Objectives, benefits and potential impacts of each technology were communicated transparently to all
relevant stakeholders. Senior leaders received quarterly updates to maintain visibility and alignment
throughout the implementation process. Meetings were held as needed to gather input, address concerns
and collaboratively resolve challenges, ensuring that implementation plans were both comprehensive and
inclusive.

Stakeholders were also actively involved in decision-making, fostering ownership and commitment at the site
level. Feedback was regularly solicited and discussed, providing valuable insights that informed adjustments
to the implementation strategy. Importantly, this feedback was acted upon promptly, reinforcing trust and
demonstrating that stakeholder input was both valued and impactful.

10.2 Scope of work

For each technology implemented as part of a Technology Roadmap at VBM, a scope of work (SoW) was
created. This document provided a comprehensive overview of the technology, including its purpose,
objectives and deliverables. The objectives for each technology were designed to be specific, measurable,
achievable, relevant and time bound.

Each SoW outlined a detailed timeline for the implementation of the technology, encompassing key
milestones and deadlines that covered all phases from trial to evaluation and full implementation.
Additionally, the SoW specified the budget, detailing costs for equipment, materials, labour, training and any
other associated expenses.

Furthermore, the roles and responsibilities of key stakeholders were clearly delineated within the SoW,
ensuring accountability and clarity throughout the implementation process.

10.3 Performance criteria

Establishing clear performance criteria within the SoW was crucial for evaluating the effectiveness and
efficiency of a new technology. The key performance criteria that should be established when writing a SowW
depend on the type of technology being implemented, however, when implementing new technologies at
VBM it was discovered that all performance criteria could be grouped into safety, cost and productivity
categories.

These categories provided a framework for evaluating a technology’s effectiveness, ensuring it met safety,
financial and operational requirements. By specifying clear performance criteria, the implementation process
could be managed more effectively, leading to improved outcomes and greater overall success.

10.4 Management of change

Implementing new technologies at VBM often necessitated significant changes to existing processes and
workflows. Consequently, it was essential to adhere to the established management of change (MoC) process
to address potential resistance and ensure a smooth transition.

The MoC process was employed not only to manage the risks associated with the introduction of new
technologies at an operation but also as an effective communication tool with the broader workforce. This
process enabled key stakeholders to actively participate in the implementation process, fostering important
discussions, trust and collaboration.
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Additionally, the MoC process encompassed various aspects such as technical training, safety procedures and
support systems. These elements were crucial in ensuring that all personnel were adequately prepared and
supported throughout the transition.

10.5 Project monitoring and data collection

During the trial phase of a new technology at VBM, data was systematically collected and analysed to assess
performance and determine its suitability for broader deployment. While the specific data points vary
depending on the technology, they generally fall into key categories: technical performance (including
accuracy, availability and system integration), operational efficiency (such as productivity and workflow
alignment), safety and compliance (covering exposure, ergonomics and regulatory adherence), financial
outcomes (including cost savings and return on investment), environmental impact (such as sustainability
metrics and compliance), stakeholder feedback (from employees, communities and other stakeholders), data
management (focusing on quality, integration and reporting), and training and support (evaluating program
effectiveness and knowledge transfer). This structured approach enabled informed decision-making
regarding the scalability and long-term value of the technology.

10.6 Close-out

At the completion of every geotechnical technology project at VBM the project manager would complete a
Technology Completion Form. This form was vital for capturing performance information on the technology
and whether a project was endorsed for broader rollout across the business. The VBM Technology Project
Completion Form is shown in Figure 18.

TECHNOLOGY PROJECT FORM
Vale Base Metals Geotechnical Office

This form shall be comgleted for all ground contrd related technalogy projects by the Project Manager

PROJECT SUMMARY
TITLE
OWNER
SITE
Name Company
PARTNERS
Plarned Actual
START DATE
Plarned Actual
FINISH DATE
Plarned Actual
cosT
OVERVIEW
BUSINES S BENEFIT
SUCCESSCRITERIA | Achieved = Not Achieved
Achieved = Not Achieved
Achieved =0 Not Achieved
Achieved = Not Achieved
< Achieved =0 Not Achieved
LESSONS LEARNED
Key findngs
.
Follow-up actions
Rolout Roliowt 10 Roliout with adanonal acsions ) Do not relicut
$ign-oft by Project Manager
Name I Toe I Date
Phone l E-Moad

Figure 18 The Technology Project Completion Form used at Vale Base Metals (Hossack 2023)
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11 Conclusion

The development of multi-time-horizon technology roadmaps, supported by sites and guided by a holistic
Ground Control Management System (GCMS), has demonstrated significant benefits in addressing
geotechnical challenges.

The unified effort of the GCMS integrates people, decision-making, technology, project assurance and
operation assurance frameworks, creating a system to address ground control challenges. This unified
approach not only enhances an organisation’s ability to characterise, monitor, model and mitigate ground
control-related hazards, but also ensures that efforts align with business needs and aspirations. The result is
an innovative business with empowered sites that take ownership of their technology roadmaps, which
ultimately deliver measurable business benefits.

Developing a Technology Roadmap and implementing identified technologies is a strategic approach to
improving business performance. By following a structured process, establishing a clear ambition, defining
problem statements and leveraging collaborative processes, mining operations can achieve significant
improvements in safety, productivity and cost. The approach to Technology Roadmap development and
implementation outlined in this paper significantly increases the likelihood that new, effective technologies
can be identified for a mining operation, and that these technologies can be efficiently integrated into
workflows, leading to enhanced business performance and long-term success.
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