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Use of the Discrete Element Method

• To simulate systems of particulate solids (granular materials) 

• Particle sizes are typically larger than 1 micron
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Example DEM simulations
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Origin of DEM

• Defining 1979 paper →
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How does it work?

• Deterministic solution of Newton’s second law of motion for each particle based on 
interaction forces and moments

• Explicit time integration scheme such as velocity-Verlet

• ‘Standard’ approach: one particle in the real system → one simulated particle

• To reduce the computational requirements, real particles are represented by idealised 
rigid bodies
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How does it work?

• Particles are allowed to overlap → analogous to the 
deformation that occurs at real particle contacts

• Wherever there is an overlap, contact springs are inserted 
into the model…

• … so that overlapping particles have a tendency to 
separate

• Can add conceptual dashpots to capture damping

• Coulombic friction is usually assumed: 𝐹𝑡 ≤ 𝜇|𝐹𝑛|
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Similarity to Molecular Dynamics

• MD and DEM are algorithmically similar → codes such as LAMMPS implement both

• Domain decomposition enabling parallelisation; similar contact detection methods

• Key differences

• MD: for simulating atoms, molecules, ions…

• DEM: for larger particles (~ those you can see without very expensive equipment)

• MD: particles interact through ‘potentials’, e.g., Lennard-Jones

• DEM: particles interact through ‘contact laws’, e.g., based on Hertzian mechanics
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DEM on HPC circa 2010

• Almost non-existent

• The norm: commercial codes, e.g., PFC or EDEM, running on workstations

• Serial DEM codes were still commonly used.

• LAMMPS had a ‘GRANULAR’ package though this was very limited in 2010.

• LIGGGHTS 1.0 (‘LAMMPS improved for general granular and granular heat transfer 

simulations’) was released in 2010.

• YADE, introduced in 2008, was lacking MPI support at this time.
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Development of geoLAMMPS

• I joined Imperial College London in 2011 as a PDRA

• Group of Prof. Catherine O’Sullivan

• The group decided to use LAMMPS as the basis for a DEM code capable of simulating 
various soil mechanics problems.

• Eventually geoLAMMPS (https://github.com/geoLAMMPS/geoLAMMPS) included:

• Stress/strain control of periodically-bounded samples

• Advanced particle–particle and particle–wall contact models

• Energy tracing

• Particle crushing
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https://github.com/geoLAMMPS/geoLAMMPS


geoLAMMPS on HPC

• The scaling of geoLAMMPS was explored on several HPC systems around this time.
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• Uniaxial compression of a face-centred cubic 
assembly of 125,000 monosized spheres on 
HECToR for 100,000 timesteps →



geoLAMMPS on HPC

• The scaling of geoLAMMPS was explored on several HPC systems around this time.

14

• Undrained triaxial compression for 100,000 
timesteps of a sample of 351,248 polydisperse 
spheres (particle diameters from 50 μm to 1 
mm) →

• Run on CURIE (thin nodes) in 2012, accessed 
via PRACE
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What is a triaxial test?

• The application of some combination of stresses and strains to a granular sample to 
determine its shear strength.

• For the example of a drained triaxial test:

16
Figure from: Nguyen, H.B.K., Rahman, M.M., & Fourie, A.B. (2018), Characteristic Behavior of Drained and Undrained Triaxial Compression Tests: DEM Study. J. Geotech. Geoenviron. Eng., 2018, 144(9): 04018060

(𝑞 = 𝜎1
′ − 𝜎3

′)



What is a triaxial test?

• In reality:

17
Image source: https://appmeas.co.uk/resources/triaxial-test/ 



What is a triaxial test?

• In our DEM simulations:
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Selected triaxial simulation results

• A quick whistle-stop tour follows through some of our research on triaxial testing.

• The focus is not the research findings per se.

• Instead, note how many simulations were run, enabled by access to HPC.

• Individual simulations were seldom huge

 … but they don’t need to be to warrant using HPC!
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Selected triaxial simulation results

• The benefit of periodic boundary conditions

20
Huang, X., Hanley, K.J., O’Sullivan, C. & Kwok, F. C.-Y. (2014), Effect of sample size on the response of DEM samples with a realistic grading. Particuology, 15: 107–115

Distributions of initial void ratio of rigid-wall 
samples. The shading illustrates void ratios 

normalised by the mean value for each sample

Same, but for periodic boundaries



Selected triaxial simulation results

• Parametric study on the interparticle friction 
coefficient, μ, with 100 LAMMPS simulations

𝐹𝑡 ≤ 𝜇|𝐹𝑛|

• Friction coefficients ≥ 0.5 cause the void ratio at 
critical state to initially increase with mean 
effective stress.

• Not physically reasonable so provides an 
upper bound on suitable friction coefficients 
to use in simulations of soil

21
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Selected triaxial simulation results

• Drained (also constant p’ and undrained) triaxial 
simulations carried out on a numerical representation of 
Toyoura sand.

• Quantified duration and transitivity of contacts during the 
simulations

• For the drained simulations:

• The percentage of contacts present for a given duration 
decreases almost linearly with duration.

• More than 70% of contacts are created multiple times.

22
Hanley, K.J., Huang, X., O’Sullivan, C. & Kwok, F. C.-Y. (2014), Temporal variation of contact networks in granular materials. Granular Matter, 16(1): 41–54



Selected triaxial simulation results

• Study of the effect of the intermediate stress ratio  𝑏 =
𝜎2
′−𝜎3

′

𝜎1
′−𝜎3

′  in triaxial shearing

• The position of the critical state line depends on 𝑏.

23Huang, X., Hanley, K.J., O’Sullivan, C., Kwok, C.-Y. & Wadee, M.A. (2014), DEM analysis of the influence of the intermediate stress ratio on the critical-state behaviour of granular materials. 

Granular Matter, 16(5): 641–655



Selected triaxial simulation results

• A particle crushing model was implemented in geoLAMMPS.

• Critical state lines in e–log(p’) space diverge at high stresses.

• Particle crushing continues post-critical state: a balance between particle breakage, 
tending to cause sample contraction, and dilation induced by particle rearrangement.

24
Hanley, K.J., O’Sullivan, C. & Huang, X. (2015), Particle-scale mechanics of sand crushing in compression and shearing using DEM. Soils and Foundations, 55(5): 1100–1112



Selected triaxial simulation results

• Based on energy tracing added to geoLAMMPS

• Investigated the nature of energy dissipation during monotonic triaxial compression

• There is a preferential orientation for frictional dissipation at around 45° to the major 
principal stress direction.

25
Hanley, K.J., Huang, X. & O’Sullivan, C. (2018), Energy dissipation in soil samples during drained triaxial shearing. Géotechnique, 68(5): 421–433

Orientation of the major principal stress
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Selected triaxial simulation results

• Undrained cyclic triaxial DEM simulations:

• Following a shear reversal, there is a period of negligible frictional dissipation (~0.04% 
axial strain in these simulations).

• This explains, from an energy perspective, why many load cycles are needed to 
induce liquefaction if their amplitude is very small.

26
Keishing, J., Huang, X. & Hanley, K.J. (2020), Energy dissipation in soil samples during cyclic triaxial simulations. Computers and Geotechnics, 121: 103481



Polydisperse sphere packings

• Extensive studies on cohesionless soils with bimodal or gap-graded PSDs

• Exploring internal instability (fine particles being washed out of soil under seepage)

• Practical relevance for embankment dams and flood embankments

• Even on HPC, simulations with large particle size differences create challenges.

27Shire, T., O’Sullivan, C., Hanley, K.J. & Fannin, R.J. (2014), Fabric and effective stress distribution in internally unstable soils. Journal of Geotechnical and Geoenvironmental Engineering, 140(12): 04014072

Shire, T., O’Sullivan, C. & Hanley, K.J. (2016), The influence of fines content and size-ratio on the micro-scale properties of dense bimodal materials. Granular Matter, 18(3): 52

Schematic showing underfilled (leftmost and rightmost), filled (second from left) and overfilled soil fabric



Code development for efficiency

• For simulating highly polydisperse systems where 𝜆 =
𝑑𝑚𝑎𝑥

𝑑𝑚𝑖𝑛
≫ 1

28
Shire, T., Hanley, K.J. & Stratford, K. (2021), DEM simulations of polydisperse media: efficient contact detection applied to investigate the quasi-static limit. Computational Particle Mechanics, 8: 653–663

← Standard contact detection 
approach: Verlet neighbour list 
and link-cell methods. Cell size 
depends on the largest 
particle’s diameter.



Code development for efficiency

• Introduced a hierarchy of cell grids: one per particle 
size class. Assuming a bidisperse system…

• A particle is binned to a ‘large’ or ‘small’ grid 
based on its size.

• Identify large–large neighbours as normal.

• Likewise small–small neighbours.

• Small particles search the large bins for large 
neighbours: a one-way search

• Commensurate changes of inter-processor 
communication

• Available in LAMMPS as the multi neighbor style.

29
Figure from: Monti, J.M., Clemmer, J.T., Srivastava, I., Silbert, L.E., Grest, G.S. & Lechman, J.B. (2022), Large-scale frictionless jamming with power-law particle size distributions. Physical Review E, 106: 034901

Time saving with multi (blue) compared to the 
standard approach (green) and a previous less 

effective approach to adjust bin size (red)

Shire, T., Hanley, K.J. & Stratford, K. (2021), DEM simulations of polydisperse media: efficient contact detection applied to investigate the quasi-static limit. Computational Particle Mechanics, 8: 653–663
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What do we mean by abrasion?

* Figures from: Novák-Szabó, T. et al. (2018), Universal characteristics of particle shape evolution by bed-load chipping. Science Advances, 4: 4946

a) Particle rounding from abrasion in bed-load transport* 

b) Beach pebbles in various states of wear
Phase space for attrition: Effect of relative size, normalised 

collision energy, and normalised grain size on attrition 
mode in bed-load transport*

a) b)

31



The abrasion model

Abrasion of a flat surface under scratching, normal and 
oblique impacts. Surface atoms are colour-coded by their 

total displacements.

Deformation of a flat surface through indentation and scratching

𝑷𝒙 > 𝝁𝒂𝑯 →  scratch 𝑷𝒛 > 𝑯 →   indentation 

Normal Impact Lateral Impact

32
Capozza, R. & Hanley, K.J. (2022), A comprehensive model of plastic wear based on the discrete element method. Powder Technology, 410: 117864



Particle representation

33
Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994
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Particle representation
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Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994
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• Isotropic bombardment of individual abradable particles 

Abraded volume

Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994

Isotropic bombardment
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Isotropic bombardment
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Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994
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On HPC

37
Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994

Strong scaling simulation setup: 4,631 bodies 
comprising 1,125,333 spheres abrading in a periodic 

cell under a Langevin thermostat

Weak scaling simulation setups ranging from 665 bodies 
(161,595 spheres) to 21,280 bodies (5,171,040 spheres)

https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
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On HPC

38
Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994

• Scaling data from CIRRUS (SGI ICE XA System) using 36 MPI tasks per node

• The y-axes represent millions of particle-timesteps (MPS) per second per node, with 
ideal scaling represented by the horizontal.

Left: strong scaling → ← Right: weak scaling

https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
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A larger, dynamic system

39
Rogan, H. et al. (Dec. 2025), Abradable DEM: A novel framework to capture the mechanistic evolution of particle shape: https://ssrn.com/abstract=5915994

• 1,276 icosahedra comprising 310,068 spheres abrading in a rotating drum

https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
https://ssrn.com/abstract=5915994
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Current drivers for adoption of HPC

1. Real granular systems contain enormous numbers of particles.

• More than 1 billion (109) sand grains per cubic metre!

• We often reduce the simulated system size
• e.g., by simulating a slice from a larger system

• and/or increase the particle size for tractability
• “meso-scale” particles.

• However, these strategies cannot always be applied and can be detrimental to the 
quality of the simulation output.

41



Current drivers for adoption of HPC

2. Individual particles are being increasingly simulated at higher fidelity, e.g., LS-DEM, 
SH-DEM, or high-resolution polyhedra/multi-sphere clumps.

42

N = 0 N = 10 N = 25N = 5

An arbitrarily shaped particle represented at different degrees of expansion (N = 0, 5, 
10, 25) of the spherical harmonic representation

Imaran, M., Young, J., Capozza, R., Stratford, K. & Hanley, K.J. (2024). Spherical harmonic–based DEM in LAMMPS: Implementation, verification and performance assessment. Computer Physics 

Communications, 304: 109290
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The move towards GPUs

44
Figure from: https://blogs.nvidia.com/blog/accelerated-scientific-systems/



The move towards GPUs

45
Taken from: https://top500.org/lists/green500/2025/11/
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https://www.cosec.ac.uk/communities/what-are-ccps/ 

What is CCC-ParaSolS?

• A two-year project that started in January 2025, funded by the STFC 

• To create a Collaborative Computational Community in particulate 
solids simulations

Intended to be:
• Cross-disciplinary
• Diverse
• Inclusive of everyone with an interest in 

this category of simulation methods

Hopefully a precursor to a long-term 
Collaborative Computational Project
(A CCP is a specialised, researcher-led network 
funded by UKRI to develop, distribute and maintain 
scientific software)

https://www.cosec.ac.uk/communities/what-are-ccps/
https://www.cosec.ac.uk/communities/what-are-ccps/
https://www.cosec.ac.uk/communities/what-are-ccps/
https://www.cosec.ac.uk/communities/what-are-ccps/
https://www.cosec.ac.uk/communities/what-are-ccps/
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Why is a CCC needed in this area?

• DEM and other particle-scale simulation 
methods are becoming ever more popular.

• Developments of simulation methods 
happen in discipline silos.

• How to overcome this? 
→ CCC-ParaSolS, as an overarching UK 
community that embeds diversity and 
inclusiveness in all activities

https://www.ccc-parasols.ed.ac.uk/about/  

https://www.ccc-parasols.ed.ac.uk/about/
https://www.ccc-parasols.ed.ac.uk/about/
https://www.ccc-parasols.ed.ac.uk/about/
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For more details of the project

• https://www.ccc-parasols.ed.ac.uk/ 

https://www.ccc-parasols.ed.ac.uk/
https://www.ccc-parasols.ed.ac.uk/
https://www.ccc-parasols.ed.ac.uk/
https://www.ccc-parasols.ed.ac.uk/
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Management Committee

https://www.ccc-parasols.ed.ac.uk/people/ 

https://www.ccc-parasols.ed.ac.uk/people/
https://www.ccc-parasols.ed.ac.uk/people/
https://www.ccc-parasols.ed.ac.uk/people/
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Advisory Committee

• Comprised of academic and  
industrial representatives

• Both the full Management 
Committee and the Advisory 
Committee meet quarterly.

https://www.ccc-parasols.ed.ac.uk/people/ 

https://www.ccc-parasols.ed.ac.uk/people/
https://www.ccc-parasols.ed.ac.uk/people/
https://www.ccc-parasols.ed.ac.uk/people/
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Current membership
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14
1

<5 years since my undergraduate degree

5-10 years since my undergraduate degree

10-20 years since my undergraduate degree

>20 years since my undergraduate degree
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Network events (NEs)

NE1: Edinburgh, May 2025

NE3: Manchester, January 2026

NE4: Belfast, March 2026

NE2: Abingdon, October 2025
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Training provision at NEs

• NE1: Using open-source DEM codes: LAMMPS, 
MercuryDPM & YADE

• NE2: Using HPC (ARCHER2) & running LAMMPS 
simulations on HPC

• NE3: Getting started with AI/ML for DEM users

• NE4: Data analysis & visualisation, running 
LAMMPS on GPU and advanced AI/ML
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Code benchmarking & development

• We are developing code benchmarking cases for all three codes and 
best-practice guidelines.

• In 2026, CCC-ParaSolS began a two-stage code development project:
1. Adding particle capabilities to the Oxford Parallel library for 

Structured mesh solvers (OPS)
2. Adding GPU capabilities to MercuryDPM through the OPS-Particle 

DSL
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Discourse discussion forum

https://parasols.discourse.group/ 

https://parasols.discourse.group/
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How to become a member too?

https://www.ccc-parasols.ed.ac.uk/about/join.html

A blue rectangle with white text

AI-generated content may be incorrect.

https://www.ccc-parasols.ed.ac.uk/about/join.html
https://www.ccc-parasols.ed.ac.uk/about/join.html
https://www.ccc-parasols.ed.ac.uk/about/join.html
https://www.ccc-parasols.ed.ac.uk/about/register.html
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How to become a member too?

• You will then be e-mailed a 
link to a registration 
questionnaire.

• This must be completed to 
become a full community 
member.
• Should take < 15 minutes to 

complete
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Get in touch

parasols@ed.ac.uk 

https://www.ccc-parasols.ed.ac.uk/
https://parasols.discourse.group/

https://www.linkedin.com/company/ccc-parasols/

mailto:parasols@ed.ac.uk
https://www.ccc-parasols.ed.ac.uk/
https://www.ccc-parasols.ed.ac.uk/
https://www.ccc-parasols.ed.ac.uk/
https://parasols.discourse.group/
https://www.linkedin.com/company/ccc-parasols/
https://www.linkedin.com/company/ccc-parasols/
https://www.linkedin.com/company/ccc-parasols/


Conclusions

• HPC has been essential for my research and that of my collaborators.

• The DEM community should be making greater use of HPC.

• Often many variations of a baseline DEM simulation are run — even small 
simulations could be bundled together to make effective use of HPC.

• CCC-ParaSolS is helping to lower the barriers to using open-source codes and to 
accessing HPC. 

• The changes of computing architectures within the UK’s Digital Research Infrastructure 
(DRI) necessitate code developments.
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