
Safety Digital Twins in Mining and Heavy
Industries

Introduction

High-risk heavy industries like mining, oil & gas, and chemical processing are increasingly turning to digital
twins to  bolster  safety.  A  digital  twin  is  essentially  a  real-time  virtual  replica  of  a  physical  system,
continuously  fed  by  sensor  data  and  simulations .  By  mirroring  the  state  of  equipment,
infrastructure, and processes, digital twins enable operators to visualize and analyze conditions that are
otherwise dangerous or inaccessible in the field. In mining, where workers face hazards from rock falls, gas
leaks, heavy machinery, and geotechnical failures, the ability to simulate and monitor the operation digitally
can be a game-changer for safety . Digital twins help shift the industry from reactive safety measures to
proactive hazard management. They provide an early-warning system and a risk-free sandbox for testing
scenarios, making mines safer and operations more resilient . The following sections explore how safety-
focused  digital  twins  are  being  applied  in  open-pit  and  underground  mining  (with  an  emphasis  on
Australian  examples)  and  draw  comparisons  to  other  heavy  industries,  highlighting  their  benefits,
integration with AI, and the challenges to overcome.

What is a Digital Twin and Why Mine Safety Needs It

Digital Twin Defined: At its core, a digital twin is a “virtual copy of an object or system that is updated with
real-time  data  and  uses  powerful  simulations  and  machine  learning  to  enhance  decision  making” .  The
concept was pioneered by NASA in the 1970s (e.g. Apollo 13’s simulators) and has evolved with modern IoT
sensors,  high-speed data networks,  and advanced analytics.  Today’s  digital  twins create live models  of
physical assets or processes, continuously syncing with sensor readings and operational data. In mining,
this could mean a dynamic 3D model of a mine’s geology, equipment, and environment that updates as
conditions  change .  By  combining  real-time  monitoring  with  predictive  modeling,  the  twin  allows
engineers to understand what is happening now and foresee what might happen next .

Why It’s Necessary for Mine Safety: Mining remains one of the world’s most hazardous industries, even
after  significant  improvements  in  the  last  decade .  Traditional  safety  management—relying  on
procedures,  periodic  inspections,  and  worker  training—has  limitations  in  these  complex,  dynamic
environments . Mines can undergo rapid changes (e.g. a developing crack in a pit wall or a buildup of
toxic gas) that humans might not detect in time. Digital twins address this gap by providing continuous,
holistic awareness of the mine’s state. They integrate data on factors that conventional safety protocols
might overlook, such as real-time ground movement, equipment stress, weather impacts, and geochemical
readings .  As  a  result,  a  safety  digital  twin  acts  as  a  sentinel,  monitoring  myriad  risk  factors
simultaneously and alerting to anomalies before they escalate into accidents.  Crucially,  digital  twins let
operators virtually experience and interact with the mine. This is pivotal for “zero entry” mining strategies
where humans are removed from the most dangerous areas . By visualizing the site remotely (often in
3D or VR), engineers and managers can be on top of conditions without physically being in harm’s way. In
summary, digital  twins are becoming a necessary tool in mine safety because they enhance situational
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awareness, provide predictive insight, and support decision-making in scenarios where the cost of error is
measured in human lives and catastrophic losses.

Operational Safety Improvements via Digital Twins

An open-pit mine’s digital twin can reveal instability in slopes before a collapse occurs. In this case, a 3D twin of
the Pueblo Viejo gold mine’s pit helped engineers identify a section (highlighted in red) with a low factor of safety.
Continuous data updates and modeling enabled early detection of a pending slope failure, allowing for timely
interventions .

Hazard Detection and Early Warnings

One of the most powerful safety benefits of digital twins is early hazard detection. By fusing sensor inputs
with physics-based models, a digital twin can spot patterns that signal an impending incident – often more
quickly or subtly than human observation alone. For example, at the Pueblo Viejo gold mine, engineers built
a  digital  twin  of  an  open-pit  slope  using  real-time  monitoring  data  (from  radar,  drones,  and
photogrammetry) combined with geotechnical simulations . This live model uncovered previously
unmapped weak fault lines and a potential failure surface in the pit wall that earlier analyses missed . As
a result, when the slope showed accelerating displacement, automated alerts from the twin prompted an
immediate evacuation of the pit per safety protocol . The slope did collapse (~10,000 m³ of rock fell), but
thanks to the digital twin’s advance warning and the proactive response it enabled, there were no injuries

. This case illustrates how digital twins serve as 24/7 digital sentries, continuously scanning for signs of
structural failures, rockbursts, or equipment malfunctions. In underground mining, similar twin models can
monitor ventilation systems, tracking airflow, gas levels, and temperature to warn of dangerous changes
(e.g. rising methane or low oxygen) well before they reach critical levels . Likewise, in processing plants
or oil & gas facilities, a process safety digital twin can track pressure, temperature, and vibration across
equipment  to  detect  unsafe  deviations  and  pinpoint  when  and  where  to  intervene .  In  short,  by
providing an early-warning system that “mirrors” the physical operation, digital twins significantly improve
hazard detection, enabling mine operators to fix small problems (a hairline crack, an overheating engine, a
minor ground shift) before they escalate into disasters.

Emergency Preparedness and Training

Digital  twins  also  shine  in  emergency  preparedness,  by  enabling  realistic  scenario  simulations  and
immersive training that were previously impractical or unsafe to conduct. Mining companies are creating
virtual mine environments – essentially high-fidelity digital twins of their operations – to drill employees on
how to respond to fires, explosions, ground collapses, or other crisis events . Because these scenarios
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play out in a virtual model, trainees can experience hazardous situations (like a mine tunnel collapse or a
chemical leak) in vivid detail without any real-world risk. For instance, Australian mining tech firms have
used digital twin-based virtual reality (VR) simulations to train workers on emergency evacuations and use
of safety equipment in underground mines . Such training has proven remarkably effective: VR training
can improve trainee performance by 70% and reduce workplace accident rates by nearly 45%, as compared
to traditional classroom training . In the oil & gas sector, energy companies like BP have leveraged a VR-
enabled  digital  twin  of  their  facilities  to  familiarize  staff  with  complex  platform  layouts  and  practice
emergency protocols in a lifelike virtual setting . In one case, a VR twin allowed BP workers to “walk
through” an offshore platform and rehearse an emergency shutdown procedure collaboratively, leading an
industry executive to remark that “an hour in [the virtual simulator] is like 8 hours in the field” . Additionally,
digital twins can be used to generate real-world incident scenarios for after-action review and continuous
improvement. Eni (the Italian energy company) reports using digital twins to replay actual field incidents
and conduct advanced safety drills . By analyzing these simulations, teams can refine their emergency
response plans and critical control checklists. In mining, this approach translates to improved readiness:
before a crisis ever occurs, everyone from frontline miners to control-room operators has  experienced it
virtually  and learned the  correct  response.  The result  is  faster,  more  coordinated,  and more confident
actions when every second counts.

Incident Response and Real-Time Situational Awareness

When an incident does occur despite prevention efforts, a digital twin becomes an indispensable tool for
situational awareness and response management. Because the twin continuously aggregates live data
(sensor  readings,  equipment  status,  personnel  tracking,  etc.),  it  can  serve  as  a  real-time  map  of  the
operation during an emergency. Emergency coordinators can consult the digital twin to see which areas are
affected, where workers or equipment are located, and how conditions are evolving moment by moment.
For example, if there is an underground fire or explosion, a mine’s digital twin could instantly display which
sections have elevated gas levels or blocked ventilation, guiding rescue teams on safe routes to approach
and evacuate personnel. In surface mining, if a slope failure or tailings dam breach happens, the twin –
integrated  with  radar,  drones,  and  piezometer  sensors  –  will  show  the  progression  of  the  failure  and
downstream impacts, informing decisions like which zones to cordon off and where to focus containment
efforts . The use of digital twins for incident response is gaining traction in other heavy industries as
well.  For  instance,  oil  &  gas  companies  deploy  digital  twins  of  offshore  platforms  to  monitor  critical
parameters during incidents (pressure spikes, structural integrity, etc.) and even to coordinate with external
agencies. A recent example saw BP’s Argos platform digital twin assisting with a novel safety measure: BP
worked with the U.S. Federal Aviation Administration to model and install exclusion-zone antennas on its
offshore rigs entirely via the twin, ensuring aircraft keep a safe distance – a preemptive step to avoid aerial
incidents . This kind of real-time visualization and data integration significantly improves decision speed
and accuracy during crises. Instead of scrambling with paper plans and incomplete information, responders
operate with a live, unified picture of the situation. As one BP executive put it, “the digital twin technology is
enabling our teams to design, operate and maintain our offshore facilities more simply and safely”  – even
under duress. For mines aspiring to high-reliability levels of safety performance, this capability to quickly
contain and mitigate incidents is crucial.

Continuous Risk Monitoring and Proactive Control

Beyond acute hazards and emergencies, safety digital twins contribute to the  ongoing, day-to-day risk
management that prevents incidents from occurring in the first place. Mines are now instrumented with
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Internet of Things (IoT) devices – from slope stability radar and seismic sensors to equipment telematics
and environmental monitors. A digital twin acts as the central nervous system that brings all these data
streams together  into one coherent  view.  Operators  gain  a  continuous risk  dashboard:  for  example,  a
tailings storage facility’s twin will integrate piezometer readings (pore water pressure), inclinometer data
(ground movement),  rainfall  and pond level  measurements,  and even satellite imagery analysis .
Through this  integration,  the  twin  can track  trigger  thresholds and automatically  compare conditions
against Trigger Action Response Plans (TARPs) – the predefined criteria that dictate when to escalate a
response . If any parameter drifts toward an unsafe range, the system flags it for intervention (e.g.
lowering a water level,  evacuating a zone)  before it  reaches a failure point.  This  is  essentially  real-time
critical control monitoring. For instance, the ArcGIS-powered tailings twin used by Newmont in Australia/
NZ monitors beach slopes and water content via drone and satellite data; if  freeboard or beach length
criteria are not met, it raises alarms for engineers to take action long before a dam overtopping or collapse
situation . Similarly, in everyday operations, digital twins enable predictive maintenance which is a
safety boon: by analyzing vibration and temperature trends from haul truck engines or conveyor motors,
the twin can predict equipment failures and schedule repairs prior to a catastrophic breakdown that might
endanger workers.  ADNOC (Abu Dhabi’s  national  oil  company) achieved this by using machine-learning
aided  twins  to  identify  impending  machinery  issues  and  shift  from reactive  to  proactive  maintenance,
thereby preventing accidents and unplanned shutdowns . In summary, continuous risk monitoring
via digital twins turns safety management from a periodic or manual exercise into a constant, automated
oversight.  The twin doesn’t  take breaks or  have blind spots –  it  tirelessly  checks that  all  safety-critical
conditions are within norms,  and if  not,  directs attention where it’s  needed.  This  level  of  vigilance is  a
cornerstone for high-reliability operations aiming for “zero harm.”

Digital twin visualizations used in mine safety management. Top-left: AI-driven erosion detection on a pit wall (red
highlights  indicate  material  loss).  Top-center:  comparing actual  vs.  planned excavation profiles  in  a  mine,  to
identify deviations that could affect slope stability. Top-right: Satellite-based water content detection on a tailings
dam (blue areas show excessive water where it shouldn’t be). Bottom: Cross-section monitoring of a tailings dam
wall,  with  sensors  feeding  real-time  deformation  data  (graph  shows  elevation  change  over  distance).  Such
integrated monitoring via a geospatial digital twin helps operators catch potential failure conditions early and
align with the industry’s zero-harm standards .
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Integrating Digital Twins with AI (and GenAI) for Safety Excellence

The fusion of digital  twins with artificial  intelligence is  unlocking even greater safety improvements,  by
enabling smarter data analysis, automation of insights, and more intuitive human interaction. AI-powered
analytics can  churn  through  the  immense  data  that  a  digital  twin  gathers  and  pick  out  patterns  or
anomalies  invisible  to  humans.  For  example,  machine learning algorithms can be trained on historical
equipment data to recognize the subtle precursor signals of a component failure or safety incident. BHP in
Australia has built AI models into its mine digital twins to sift through “tens of millions of data points” from
autonomous haul trucks and processing plants, identifying key drivers of performance variability and early
signs of problems so that staff can act “before a problem arises.” . This ability to forecast issues and
prescribe preventive actions is central to achieving high reliability. Indeed, BHP reports that using AI and
digital  twin  modeling  in  its  remote  operations  has  defined  new  ways  to  optimize  and  “act  early” on
maintenance and operational decisions, even delivering a 10% boost in productive truck time at one mine
by heading off bottlenecks and downtime . 

Generative AI (GenAI) – the latest frontier of AI – is proving to be a powerful complement to digital twins.
GenAI  models  (like  advanced  neural  networks  capable  of  producing  text,  simulations,  or  designs)  can
enhance twins in multiple ways. McKinsey notes that  “Gen AI can structure inputs and synthesize outputs of
digital twins, and digital twins can provide a robust test-and-learn environment for GenAI” . In practice, this
means a generative AI  system could automatically  organize and summarize the deluge of  sensor data
feeding a mine’s twin, or even generate plausible “what-if” scenarios for the twin to simulate. Conversely,
any insight or recommendation that the GenAI comes up with can be validated in the safety of the digital
twin’s virtual world before applying it to the mine. This pairing reduces the risk of AI error and accelerates
learning. For instance, a GenAI might propose an altered haul route or new ground support plan to improve
safety; operators can run that scenario in the twin first to see its impact (e.g. does it reduce congestion and
collision risk?) without any real-world trial-and-error . BHP is already combining digital twins with
GenAI in strategic decision-making – analyzing historical incident reports and mine plans to predict future
outcomes. If the AI flags a “production risk” scenario (which often correlates with a safety risk), the team
swiftly  tests  mitigations  in  the  twin,  such as  adjusting  schedules  or  reinforcing  a  slope,  thus  avoiding
potential accidents or losses . Another emerging use is natural language interfaces: generative AI
chatbots connected to a digital twin can answer complex safety queries (e.g. “What areas of the mine have
the highest gas readings this week and why?”) by pulling data from the twin’s databases and presenting an
analysis  in  human-friendly  form.  This  democratizes  access  to  the  twin’s  insights,  allowing  even  non-
specialists to get safety information on demand. 

All  these  AI  integrations  support  a  mining  organization’s  journey  toward  being  a  High-Reliability
Organization (HRO).  HROs are characterized by a preoccupation with failure, situational sensitivity, and
resilience –  exactly  the traits  that  AI-fueled digital  twins reinforce.  The twin constantly  watches for  the
faintest signs of trouble (preoccupation with failure), AI algorithms avoid oversimplifying by considering
many variables and data sources (a nod to not simplifying interpretations), and together they give front-line
workers timely knowledge to adapt and respond (boosting resilience and agility in operations). For example,
an HRO principle is  “sensitivity to operations,” meaning knowing the real-time truths of the situation; a
digital twin augmented with AI is perhaps the ultimate tool to achieve that, since it provides instant visibility
and  alerts when  something  is  off-nominal .  Moreover,  as  organizations  use  twins  to  run  frequent
scenario drills and share data transparently,  they cultivate an HRO culture where employees trust data,
voice concerns early, and constantly learn from simulations of “what could go wrong.” The combination of
digital  twins  with  AI  even  encourages  a  healthy  “reluctance  to  simplify” safety  issues  –  instead  of
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assuming a single cause or relying on gut feeling, teams can probe complex contributing factors in the twin
(from human factors to environmental  conditions)  and have AI  analyze multiple layers of  causation.  In
short,  integrating generative AI  with digital  twins acts  as a  force multiplier:  it  not  only  automates and
improves  the  analytical  heavy  lifting,  but  also  helps  embed a  culture  of  continuous  improvement  and
foresight, accelerating mining and heavy industry toward the coveted high-reliability status.

Pros and Cons of Implementing Safety Digital Twins

Digital twins for safety offer clear advantages, but they also come with challenges that organizations must
navigate. Below is a structured look at the  pros and cons of implementing safety digital twins and their
supporting AI infrastructure:

Pros (Benefits):

Early Hazard Detection & Prevention: As discussed, digital twins excel at identifying risks early –
whether slope instabilities, equipment failures, or process deviations – allowing preventative action.
This reduces accidents and unplanned downtime . The early-warning systems provided by
twins can save lives and avoid catastrophic damage by catching issues that traditional monitoring
might miss .

Improved Operational Decision-Making: A twin provides a risk-free environment to test “what-if”
scenarios. Engineers can simulate a new mining method, emergency procedure, or design change in
the virtual model and see the outcome before implementing it for real . This leads to more data-
driven, confident decisions that balance productivity and safety (e.g. optimizing a haul road layout to
minimize collision risk). BHP found that testing scenarios in the twin “saves time and cost and is safer
as we require fewer on-site trials.”

Enhanced  Training  and  Preparedness: Safety  digital  twins  create  realistic  training  simulations
(often  using  VR/AR)  that  significantly  boost  preparedness  for  emergencies .  Workers  can
practice responding to fires, explosions, or evacuations in a virtual mine, leading to better retention
of knowledge and faster reactions. These immersive trainings have demonstrably reduced incident
rates and improved compliance in both mining and other sectors .

Real-Time Situational Awareness: In daily operations, a digital twin acts like a live dashboard of the
mine or  plant.  Managers  and control  center  staff have  a  unified,  up-to-date  view of  everything
important to safety – from ground conditions to equipment status to people’s locations. This  big-
picture visibility helps in coordinating safe operations and quickly responding to any anomalies. For
example, Equinor’s digital twin of its North Sea oil field allows operators to view real-time conditions
on a tablet, improving on-site safety decisions .

Predictive Maintenance and Reliability: By integrating AI analytics, digital twins predict failures
before  they  happen  and  prescribe  maintenance,  shifting  the  approach  from  reactive  fixes  to
proactive upkeep . This improves operational reliability and reduces the likelihood of accidents
caused by sudden breakdowns. Mines leveraging twins with ML have been able to move towards
condition-based maintenance schedules, thereby preventing incidents like brake failures or conveyor
belt snaps that could endanger workers.

• 

8 28

4

• 

39

37

• 
14 15

40

• 

41

• 

27

6

https://www.rocscience.com/learning/how-a-digital-twin-of-the-pueblo-viejo-gold-mine-helped-manage-slope-failure#:~:text=The%20digital%20twin%20mapping%20requirements,potential%20failure%20surface%20was%20identified
https://innovateenergynow.com/resources/double-or-nothing-digital-twins#:~:text=Data%20and%20insights%20from%20digital,SQDC%29%20performance
https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/tech-forward/digital-twins-and-generative-ai-a-powerful-pairing#:~:text=Digital%20twins%E2%80%94reusable%20virtual%20representations%20of,optimizing%20scheduling%2C%20sequencing%2C%20and%20maintenance
https://www.bhp.com/news/bhp-insights/2025/02/the-role-of-digital-twins-and-ai-in-enhancing-decision-making-in-the-mining-industry#:~:text=A%20digital%20twin%20of%20a,reducing%20risks%20and%20improving%20efficiency
https://www.bhp.com/news/bhp-insights/2025/02/the-role-of-digital-twins-and-ai-in-enhancing-decision-making-in-the-mining-industry#:~:text=outcomes,site%20trials
https://unisonmining.com/services/data-analytics/digital-twins/#:~:text=This%20ability%20for%20digital%20twins,including%20mine%20collapses%20or%20fires
https://anvil.so/post/worker-safety-data-in-digital-twins-key-benefits#:~:text=Virtual%20reality%20,to%20refine%20safety%20protocols
https://anvil.so/post/worker-safety-data-in-digital-twins-key-benefits#:~:text=Virtual%20reality%20,to%20refine%20safety%20protocols
https://innovateenergynow.com/resources/double-or-nothing-digital-twins#:~:text=activity%2C%20and%20advanced%20safety%20drills,training
https://innovateenergynow.com/resources/double-or-nothing-digital-twins#:~:text=Digital%20Twins%20in%20Action


Collaboration  and  Remote  Operations: Digital  twins  break  down  silos  –  data  from  geology,
operations, and maintenance all converge in one platform that everyone sees. This promotes better
communication and collective situational awareness across departments. Also, twins enable remote
supervision of hazardous operations (a major plus in Australia’s remote mines). Teams in safe office
locations can oversee what’s happening on site via the twin, aligning with the “zero entry” vision to
keep people out of harm’s way . The elimination of distance as a barrier means expertise can be
applied instantly from anywhere, improving response to safety issues. 

Progress Toward High Reliability: Overall, implementing safety digital twins drives an organization
toward  high-reliability  operations.  The  constant  monitoring,  analysis  of  near-misses,  and iterative
learning from simulations reinforce a culture of safety and continuous improvement.  Companies
using digital twins in oil & gas have reported improvements “all around in operational safety, quality,
delivery, and cost” (SQDC) indicators , showing that safety and efficiency go hand-in-hand with
these technologies.

Cons (Challenges & Risks):

High Implementation Costs  and Complexity: Developing a  comprehensive  digital  twin  can be
expensive.  It  requires  investments  in  sensors/IoT  infrastructure,  data  integration  platforms,  3D
modeling, and computing power. For large operations, creating “massive digital twins for real-time
monitoring of all assets” can be prohibitively costly and technically complex . Small or mid-tier
firms may struggle to justify the ROI, especially if the benefits are long-term. Complex systems also
need  ongoing  maintenance  and  updates,  adding  to  lifecycle  cost.  Without  careful  scope
management, projects can become unwieldy.

Data Availability and Quality Issues: A digital twin is only as good as the data feeding it. In some
mining contexts, the necessary data (e.g. continuous geotechnical readings or equipment telemetry
on older machinery) may not be readily available or reliable. Implementing a twin often reveals data
gaps that must be filled. Even with data,  data quality is a concern – noisy, inaccurate sensors or
uncertain geological models can lead to a twin that gives misleading outputs . For example, a
Scientific Reports study noted that uncertainty in key parameters (like a mine ventilation resistance
coefficient)  makes  it  challenging  to  accurately  construct  a  ventilation  digital  twin  until  those
uncertainties are resolved . Ensuring data accuracy and calibrating the twin to reflect reality is an
ongoing challenge.

Skill Gaps and Change Management: Deploying and using digital twins requires a blend of skills
that traditional mining teams may not possess initially – from data science and software engineering
to systems thinking. There can be a steep learning curve for staff to trust and effectively use the
twin’s insights. Mining companies in Australia and globally report difficulty in finding or developing
the right talent to drive these digital initiatives (e.g. data analysts, AI specialists who also understand
mining).  Moreover,  integrating  the  twin  into  daily  workflows  means  significant  change
management: processes must be re-written, and personnel must adapt to new ways of operating
(e.g. operators taking cues from an algorithm). Resistance to change is a real hurdle; without strong
leadership and training, a fancy digital twin might go underutilized.

Integration  with  Legacy  Systems: Mines  often  have  a  patchwork  of  legacy  IT  systems  and
proprietary platforms (for fleet management, SCADA, geological modeling, etc.).  Making a digital
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twin that interfaces smoothly with all these systems can be technically challenging. Incompatibilities
can lead to silos of data or require additional middleware development. If integration is incomplete,
the twin might not give a full picture, undermining its usefulness. Achieving a truly enterprise-wide
twin (integrating pit to port, as some companies attempt) is a major undertaking and can fail if not
carefully planned.

Over-Reliance and False Sense of Security: There is a potential cultural risk where decision-makers
might become over-reliant on the digital twin and AI recommendations, at the expense of critical
thinking or ground truth. If not properly validated, the twin could give a false sense of security – for
instance,  if  a  sensor malfunctions and fails  to  warn of  a  hazard,  humans might  be less  vigilant
assuming “the system will catch it.” Blind trust in automation is dangerous. The technology should
augment, not replace, human judgment. High-reliability principles remind us to remain preoccupied
with failure – even with advanced tools, one must assume things can go wrong. Thus, organizations
must guard against complacency by regularly cross-checking the twin’s output with field reality and
encouraging workers to report anomalies even if the twin hasn’t flagged anything.

Cybersecurity and Data Privacy: As mines become more connected and reliant on digital systems,
they  also  become  targets  for  cyber  threats.  A  digital  twin  could  be  compromised  by  hackers,
potentially feeding incorrect data or disrupting communications, which in a safety-critical system
could  cause  chaos.  Protecting  the  twin’s  data  flows  and  ensuring  system  resilience  against
cyberattacks  is  an  important  consideration  (especially  for  remote  operations  centers  controlling
equipment). Additionally, concerns about data privacy and ownership can arise when sharing data
with cloud platforms or third-party AI providers. Companies must navigate these issues to maintain
trust and compliance.

Measuring ROI  and Justifying Investment: Finally,  one pragmatic  challenge is  quantifying the
return on investment  for  safety-focused digital  twins.  While  one can argue that  “one prevented
fatality or disaster justifies any cost,”  in practice companies still  need to balance budgets. Safety
improvements might be somewhat intangible or realized as avoided incidents, which are harder to
count than, say, a production increase. This can make it difficult for safety teams to get buy-in for
large digital twin projects purely on a safety justification. Organizations often end up pursuing digital
twins that promise both productivity and safety gains (which is fine, but may dilute initial safety-
specific goals). Clear metrics and case studies are still emerging in this field, so early adopters must
often take a leap of faith or rely on qualitative benefits to justify the expense.

Despite these challenges, the trajectory in both mining and other heavy industries is toward overcoming
the hurdles because the safety upside is so significant. As one reliability expert quipped,  “No matter how
well-crafted your ... digital twins or predictive analytics programs are, you’re fighting a losing battle if your culture
doesn’t prioritize reliability.”  In other words, the technology must be paired with the right organizational
mindset.
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Recommendations to Mitigate Challenges

To  ensure  a  successful  implementation  of  safety  digital  twins  and  address  the  cons  outlined  above,
organizations should consider the following actionable recommendations:

Start Small with High-Impact Use Cases: Mitigate cost and complexity by piloting the digital twin
on a contained scope first. Identify a critical safety pain point (e.g. haul truck collision avoidance, or
tailings dam monitoring) and develop a twin solution for that aspect on a smaller scale. This allows
testing the concept, demonstrating quick wins, and generating buy-in. For example, a mine might
first deploy a haul road digital twin for a single pit to reduce vehicle interactions, show a drop in
near-misses, and then scale up to the whole operation. Early success stories can help justify further
investment.

Leverage  Existing  Platforms and Partnerships: Rather  than  building  everything  in-house,  use
proven technologies and outside expertise to accelerate deployment. Many vendors (GE, Siemens,
Dassault, etc., as well as niche mining tech firms) offer digital twin frameworks that can be adapted
to mining assets. Partner with technology providers or research institutions (like CSIRO in Australia)
who have experience in mining digital twins . They can provide not only tools but also guidance
on best practices, which reduces risk and development time. Utilizing cloud-based IoT platforms can
also  lower  upfront  costs  and  provide  scalability,  though  companies  should  weigh  this  against
cybersecurity posture.

Invest in Data Infrastructure and Governance: To combat data issues, mines need robust data
management.  This  means installing reliable  sensors  (with  redundancy where critical),  upgrading
communication  networks  for  real-time  data  flow,  and  implementing  data  validation  routines.  A
governance  framework  should  be  in  place  to  ensure  data  quality  –  e.g.  regular  calibration  of
instruments, procedures for handling missing data, and cross-verification (comparing sensor data
with manual  inspections periodically).  In  the earlier  ventilation twin example,  one mitigation for
uncertainty is to continuously refine the model with actual measurements and use algorithms (like
the genetic algorithms tested) to estimate uncertain parameters more accurately .  Essentially,
treat the digital twin as a living system that needs good “nutrition” (quality data) and regular “check-
ups” (validation against reality).

Build Digital Skills and Safety Culture Together: Address the skill gap by upskilling your workforce
and hiring strategically,  but  do so hand-in-hand with reinforcing a  safety  culture that  embraces
technology. Provide targeted training for engineers and operators on how to interpret twin data and
integrate it into decision-making. Create cross-functional teams pairing seasoned mining personnel
with data scientists – this cross-pollination helps both groups learn. It’s also important to reassure
the workforce that the twin and AI are there to support, not replace, their roles. Encourage a culture
where insights from the twin are used in toolbox talks, daily planning, and incident investigations.
Front-line workers should be empowered to question or verify the digital twin’s outputs, which keeps
everyone engaged and avoids blind faith in the system. Leadership must champion the twin as a
safety priority, showing that using it is an expectation, not an experiment.

Phased  Integration  and  Interoperability: Tackle  integration  challenges  by  phasing  the  twin’s
rollout and using open standards. Start by integrating a few key systems (for example, link the fleet
management system and geological model into a single view) before adding more. Ensure any new

• 

• 

44

• 

45

• 

• 

9

https://www.csiro.au/en/news/All/Articles/2020/April/Digital-twins#:~:text=CSIRO%27s%20Integrated%20Mining%20team%20is,stronger%20sense%20of%20%27being%20there
https://www.nature.com/articles/s41598-024-77978-3#:~:text=used%20to%20explore%20the%20effect,respectively


sensors or software follow common data standards or APIs so they can “talk” to the twin platform.
Over time, replace or interface legacy systems with modern solutions that are twin-compatible. In
complex  operations,  employing  a  middleware  or  IIoT  (Industrial  IoT)  integration  layer  can  help
aggregate data from disparate sources into the twin. Planning for interoperability from the outset
prevents the twin from becoming yet another silo.

Maintain Human Oversight – the Human-in-the-Loop Principle: To avoid over-reliance pitfalls,
design the digital twin usage with human oversight in mind. Alarms or recommendations from the
twin should be reviewed by competent personnel, especially in the beginning. Establish protocols for
cross-checking critical  alerts – for instance,  if  the twin warns of a potential  slope failure,  have a
geotechnical engineer verify with a site inspection or an alternative method like a drone survey. Use
the twin as a decision support system, not an autopilot. Regular drills can be done where the twin
is taken “offline” to ensure the team can still function if needed (this also prepares for any system
outages or cyber incidents).  Essentially,  keep cultivating that HRO mindset of  vigilance:  the twin
greatly aids humans, but doesn’t eliminate the need for human intuition and scrutiny. By treating the
twin as a partner rather than an infallible authority, companies can benefit from its power while
guarding against complacency.

Cybersecurity  Measures: Work  closely  with  IT/OT  security  teams  to  harden  the  digital  twin
environment. This includes network security for sensor connections, access controls for the twin’s
software (so only authorized personnel can make changes or access sensitive data),  and regular
security  audits.  If  using  cloud  services,  ensure  data  encryption  and  compliance  with  local  data
sovereignty  laws  (especially  relevant  in  countries  like  Australia  with  strict  data  regulations  for
mining). Having incident response plans for cyber events (like how to revert to manual control if the
twin data is compromised) is part of being a high-reliability organization in the digital age. Many
mining  companies  are  now  investing  in  cybersecurity  as  an  integral  part  of  their  digital
transformation for this reason.

Continuous Improvement and Value Demonstration: Finally, continuously monitor and report the
impact of the safety digital twin. Track key performance indicators such as number of near-misses
detected, reduction in emergency incidents, maintenance issues predicted vs. unpredicted, training
hours in simulator, etc. Over time, these metrics build the business case that the twin is reducing risk
and adding value. Share success stories internally and externally – for instance, if the twin helped
avoid a serious incident by early detection, make sure employees know this win. This not only boosts
morale  but  also reinforces the importance of  using the system diligently.  Moreover,  be open to
feedback: operators might notice ways to improve the twin’s interface or analytics. Incorporate such
feedback in agile updates. The goal is to ensure the digital twin doesn’t remain static; it evolves with
the operation. In doing so, it will continue to justify itself. Remember that becoming a high-reliability,
safe operation is a journey of constant learning – the digital twin and AI are new members of the
team facilitating that learning, and their implementation should be treated as an iterative process,
not a one-off project.

Conclusion

Safety digital twins represent a significant leap forward in managing the risks of high-hazard industries. In
Australian mining and globally, they are transforming how companies detect and respond to dangers –
from forecasting pit wall collapses and automating emergency drills to monitoring thousands of sensor

• 

• 

• 

10



feeds  for  anomalies  in  real  time.  By  integrating  these  virtual  replicas  with  AI  (including  cutting-edge
generative AI), organizations are not only preventing accidents but also moving toward the ideals of high-
reliability organizations, where even minor warning signs are caught and addressed promptly, and learning
never stops. The practical examples from mines, oil platforms, and processing plants show that digital twins
can  save  lives,  protect  the  environment,  and  improve  operational  continuity.  At  the  same  time,
implementing this technology comes with challenges of cost, data, and change management. The key to
success lies in addressing those challenges through careful planning, strong culture, and strategic use of
resources – in essence,  bridging the virtual and physical worlds thoughtfully and securely. For companies
willing to invest the effort, the reward is a step-change in safety performance: a future where catastrophic
failures become exceedingly rare and every worker can trust that a smart digital guardian is helping to keep
them out of harm’s way. 

Sources: The insights and examples in this report were drawn from a range of up-to-date sources, including
industry case studies, academic research, and expert commentary. Notable references include a Rocscience
case study on a digital twin used for slope failure management at Pueblo Viejo mine , the CSIRO and
Minerals Council of Australia on digital twin applications in mining , BHP’s 2025 report on combining
digital  twins  with  generative  AI  for  decision-making ,  and  various  industry  examples  from  BP,
ADNOC, Eni, and others illustrating real-world implementations . These and other sources are cited
throughout the text to provide evidence and further reading on this rapidly evolving topic. The convergence
of digital twin technology with safety practices is well underway, and the references reflect a consensus that
while challenges exist, the potential to save lives and improve reliability is driving widespread adoption. 
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