


Extracting Resources
The mining industry has an image problem – Sustainability – A global skills crisis  –
Decarbonisation, Electric Vehicles and Green Steel – Digital Twins
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The World Needs Resources
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Cobalt

Aluminium

Copper

Iron Ore

Gold

Silver

Zinc

Rare Earth

Lithium
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Nickel



Extreme Environments
4000m Altitude – or 1200m below the surface – Scale
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Extreme Environments   – 4000m Altitude
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The World’s highest altitude Abaqus Training?
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1200m Deep … and Beyond 
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Block CavesOpen Pit



Extreme Environments   – Scale
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Acknowledgement: 

http://www.powersof10.com

Forecasting Seismicity, Stability and Stress in Underground Mining 
Stephan Arndt, 2013 SIMULIA Community Conference, Vienna



Simulation
Modelling Rock Mass in High Stress: IUCM – Rock Anisotropy in Constitutive Models
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Modelling Rock Mass in High Stress: IUCM
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Elastic Mohr-Coulomb IUCM

Stress – Strain

1) Elastic

2) Fracturing
(onset of in-elastic behaviour)

3) Peak strength 

4) Softening 

5) Broken
(residual strength)

Mine-by-experiment

Cai et at. (2004)

Hajiabdolmajid et al. (2002)

Read, Martin (1996)
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Rock Anisotropy in Constitutive Models

https://www.linkedin.com/pulse/how-rock-anisotropy-works-numerical-models-stephan-arndt/
https://www.linkedin.com/pulse/principal-stress-transformations-stephan-arndt-e7jbc/

© S. Arndt 2016 

Karijini banded iron formation
Exploding Kittens
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Hoek & Brown (1980)

https://www.linkedin.com/pulse/how-rock-anisotropy-works-numerical-models-stephan-arndt/
https://www.linkedin.com/pulse/principal-stress-transformations-stephan-arndt-e7jbc/


Improved Unified Constitutive Model – IUCM
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(Vakili 2016)

Abaqus User 
Subroutine

Computers and 
Geotechnics

“What you see is what you get”

IUCM Features (Vakili 2016)

• Non-linear Hoek-Brown

• Brittle to ductile transition 

• Confinement-dependent strain-softening

• Non-linear evolution of dilation

• Elastic stiffness softening

• Strength anisotropy (weak plane)

• Available as a constitutive model library
(VUMAT) for Abaqus / Simulation Manager



Zero Prototypes
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Zero Prototypes
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Courtesy BMW/SIMULIA



Real World ‘Prototypes’
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Risk = (Probability of Failure) x (Consequences of Failure) ?

“Guidelines for Open Pit Slope Design”, Read (Ed.) 2009. CSIRO Publishing

Where it doesn’t work: rare events (‘unlikely’, ‘improbable’, …) & catastrophic failures

SIMULIA Abaqus – Eulerian analysis (5M regular grid 8-node brick elements, EC3D8R)



Workflows
Slope Stability – Solution Pathway – Pore Pressure – Underground Workflows –
StopeX and SlopeX
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Slope Stability
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Stability analysis is a central element
of the slope design process*

• Safety (zero harm & 

protecting the environment)

• Project economics &

reducing financial risk

• Sustainability

(energy consumption, waste)

Accurate 3D Numerical Modelling can 

contribute significantly to these objectives.

* “Guidelines for Open Pit Slope Design”, Read 

(Ed.) 2009. CSIRO  Publishing.



Tectonic Stress and Model Equilibrium
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Initial State

S22

S23

There are many cases where no analytical solution for the initial 
condition of the stress field exists, requiring an equilibrium step:

1) The model contains surface topography

2) The principal stress orientations are 
not horizontal and vertical 

3) Locked in stress (faults, geology)

Equilibrium

S22

S23

Abaqus 2024                    Date 07-Feb-2024   Time 13:54:42

P R O B L E M   S I Z E

NUMBER OF ELEMENTS IS                               3038020
NUMBER OF NODES IS                                  3601025
TOTAL NUMBER OF VARIABLES IN THE MODEL             10803075

S T E P       1     S T A T I C   A N A L Y S I S

LINEAR EQUATION SOLVER TYPE         ITERATIVE
LARGE DISPLACEMENT THEORY WILL BE USED
THE ANALYSIS HAS BEEN COMPLETED

JOB TIME SUMMARY
USER TIME (SEC)      =     1.96E+02
SYSTEM TIME (SEC)    =      7.0    
TOTAL CPU TIME (SEC) =     2.03E+02
WALLCLOCK TIME (SEC) =          285

4
CPUs

285
seconds

10M
DoF



Solution Pathway: Equilibrium to Instability
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Pore Pressure(s)

Initial Stress & Equilibrium Pit Excavation Sequence Shear Strength Reduction



Pore Pressure

17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 21

Dry Medium

Stress acting on the matrix

Saturated Medium

Stress acting on matrix and fluid



Reliability-Based Design Access Criteria

Reliability-Based Design Access Criteria (RBDAC)

• Failure volume and location are required inputs for the 

economic risk assessment of inter-ramp & overall pit 

slope designs (Creighton et al. 2022)

• Risk-consequence approach to open pit slope design: 

“Risk criteria are therefore set on the basis of 

consequences of potential failures” (Terbrugge et al. 2006)

• Consider design acceptance criteria using confidence 

classification and consequence categories (Macciotta et al. 

2020) 
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Dashboards

Cavroc RocboX
Visualisation & Results Processing (Python)

• Mine Geometry

• Geology & Faults

• Extraction Sequence

• In-situ Stress

• Rock Mass Parameters

Underground Workflow
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(not a real picture)

Simulation ManagerAbaqus FEA Other Solvers

Cavroc StopeX



StopeX & SlopeX

17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 24

• Web-based user interface

• Rapid model construction (~hours)

• Automated octree meshing

• Guided, best-practice, workflows

• Cavroc forum: support & discussions

• IUCM constitutive model for rock mass

• Supporting multiple solvers

• RocboX stope performance intelligence



3DEXPERIENCE platform 
Simulation Manager – Physics Results Explorer – Scalability – Virtual Reality

17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 25



17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 26



17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 27



Travelling at the speed of light
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ABAQUS IUCM performance
vs. built-in *Elastic material

   IUCM    Elastic 0

4.000

8.000

12.000

16.000

20.000

24.000

0 48 96 144 192
In

cr
e

m
e

n
ts

/h

CPU Cores

ABAQUS parallel performance (IUCM, 2.7M El.)

Intel Xeon Gold/Platinum 36/48 core Intel i9-13900KF



Virtual Reality
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https://www.linkedin.com/pulse/virtual-reality-where-business-value-stephan-arndt/

https://youtu.be/u7cfXFDGnac?si=hDpdORjCSLPHBU5q

Technology Firm Gartner famously booted
Virtual Reality (VR) off its “Emerging Technologies”
Hype Cycle graph in 2018

VR 2017

Noteworthy: the dominance of AI in 2023

VR 2024?

Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 29

https://www.linkedin.com/pulse/virtual-reality-where-business-value-stephan-arndt/
https://youtu.be/u7cfXFDGnac?si=hDpdORjCSLPHBU5q


Thank You

17 Oct 2024 Dr. Stephan Arndt - Extreme Environments: How HPC Simulation helps to extract valuable resources 30




