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Perspective
“We must look at the lens through we see 
the world, as well as the world we see, and 
that the lens itself shapes how we interpret 
the world.”

Stephen R. Covey

https://collection.sciencemuseumgroup.org.uk/

objects/

My perspective: Soil mechanics / 
geotechnical engineering

Keller
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Geotechnical Eng. research: Topic modelling

Data from 65,922 
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from 1998-2022

Title, abstract, keywords

20 prevalent topics found 
using a Latent Dirichlet 
Allocation (LDA) topic 
model: MATLAB function 
fitlda

Topics named by 
considering 20 word 
clouds generatedTopic share %Patino-Ramirez &  O'Sullivan

Géotechnique Letters (2024)
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Patino-Ramirez &  O'Sullivan
Géotechnique Letters (2024)

Geotechnical Eng. research: Topic modelling
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1955 1965 1975 1985

Cundall and 
Strack (1979)

Ergun (1952)

Cundall  
(1974)

Satake 
(1978)

Anderson 
and Jackson 

(1967)

Verlet(1967) 

Alder and 
Wainwright 

(1959) 

Walton(1980)

Morreau - 
Contact 

Dynamics

Rothenburg 
and Bathurst 

(1985)

DEM Timeline  1950-1990 Each dot is a milestone – can 

you guess what it represents?

What is missing?
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1995 2005 2015 2025

Ng and Dobry 
(1994)

Thornton (2000)

Mitchell and 
Kuhn (1992)

Anandarajah 
(1994)

First 
release of 

PFC by 
Itasca 
(1994) LAMMPS - Plimpton 

(1995)

First commit to YADE 
source code (2005)

Cheng et al. (2003)

EU funds the COST 
Action OnDEM

Level set DEM

Cundall 
(2001)

Chareyre et al. 
(2012)

Potyondy and 
Cundall (2004)

08/06/20256

DEM Timeline  1990-2025 Each dot is a milestone – can 

you guess what it represents?

What is missing?
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Pre-DEM – physical modelling

Schneebeli, G.: Une analogie mécanique pour les 
terres sans cohésion. C.R. Acad. Sci. 243, 125–126 
(1956)

Schneebeli Rods

Sibille and Froiio (2007) Granular Matter

Orientation of 

interparticle contact 

on shear plane

Prior to shear

At peak

Matsuoka (1974) Soils and Foundations 14(1)
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Pre-DEM – photoelasticity

Frequency distributions of N i

Oda and Konishi (1974) Soils and Foundations 14(4)
Dantu (1968) Geotechnique (18)
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Rowe (1962) Proc. 
Royal Soc.

Rods Uniform spheres

Horne (1965) 

Proc. Royal Soc.
Expressions for 𝜙 in terms of 

𝜇𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝜙 – angle of shearing resistance for soil

𝜇𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  - interparticle friction coefficient

Rowe’s stress-dilatancy theory

Pre-DEM – analytical models: UK in the 1960s
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Pre-DEM – quantifying fabric
Satake, K. (1978): Constitution of mechanics of 

granular materials through graph representation, 
Theoretical and Applied Mechanics, Vol. 26, 257-
266

Kanatani, K. (1981) A theory of contact force distribution in granular 
materials Powder Technology 28
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Pre-DEM – Molecular Dynamics

The Art of Molecular Dynamics, 2nd Edition Rapaport (2004)

• “the nature of matter is to be found in the structure and motion of its constituent 

building blocks, and the dynamics is contained in the solution to the N-body problem.”

• “the N-body problem originated in the dynamics of the solar system…”

• “ a great deal of the behaviour of matter in its various states can still be understood in 
classical (meaning non-quantum) terms and so it is that the classical N-body problem is 
central to understanding matter at the microscopic level”

• The emergence of MD can be linked to the development of computers (Rapaport 
(2004); Ciccotti et al. (2022))

Ciccotti et al.

Eur. Phys. J. B (2022) 95:3



Imperial College London

Pre-DEM – Molecular Dynamics

Ciccotti et al.

Eur. Phys. J. B (2022) 95:3

• Molecular dynamics:  B. J. Alder and T. E. Wainright, J. Chem. Phys. 27, 1207 (1957)

• Simulated 32 hard spheres

Traces of 32 hard sphere particles in the periodic
boundary conditions in the solid phase for about 3000 collisions

Alder and Wainright, J. Chem. Phys. 27, 1207 (1957)

Key criterion 

– are centres 

approaching 

or receding
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Pre-DEM – Molecular Dynamics

The Art of Molecular Dynamics, 2nd Edition Rapaport (2004)

Basics of MD:

Spherical particles that interact with each other

Repulsion at close range – attraction over a range of separations

𝐸𝐿𝐽 = 4𝜖
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𝒓𝑖𝑗 vector joining sphere centroids
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Repulsion Attraction

Lennard Jones Potential:
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Pre-DEM – Molecular Dynamics

The Art of Molecular Dynamics, 2nd Edition Rapaport (2004)

Accuracy O(h4) for coordinates and O(h2) for velocities
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Pre-DEM – Verlet(1967) – Argon simulation

Ciccotti et al. Eur. Phys. J. B (2022) 95:3

Equilibrium equation

In this kind of calculation, most of the time is spent in computing the force. If no special devices are 

introduced, we must, at each step, compute
1

2
N(N − 1) terms, most of which turn out to be zero.

We introduce the following bookkeeping device which cuts the computing time by a factor of the 

order of 10: Every nth step, we compute all the 
1

2
N(N − 1) distances, and, given a particle i, we make a 

table of all the particles which are within a distance 𝑟𝑚 of that particle. Then, for the next n—1 steps 
in time, we take into account only the particles in the tables.

Requires 𝑟𝑚 << 𝑟𝑣 – 𝑟𝑣 is the cutoff for a potential

• Verlet, Phys. Rev. B 159, 6189 (1967)

Uses “reduced units”

Numerical integration

Velocity 
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Pre-DEM – coupling

1967

Ergun, S. (1952) Fluid Flow through Packed Columns. Chemical Engineering Progress, 48, 
89-94.
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Pre-DEM – implicit methods

Walton, O. PhD Thesis UC Davis (1980)

• Matrix solution to Lagrange’s equation of motion in generalized coordinates.

• Time is advanced in small steps until a constraint change ( contact change) is noted and 

then the matrix must be resolved.

• Explicit time integration → large time steps unless there are a large number of colllisions

• If a given block has more than one sliding contact with friction no unique solution exists

• Walton concludes that explicit methods might be less efficient but more “surely soluble”
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Cundall’s path to Trubal

Walton, O. PhD Thesis UC Davis (1980)
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Cundall’s path to Trubal

Walton, O. PhD Thesis UC Davis (1980)

• Used a small NOVA mini-computer (16 bit)

• Wrote in assembly language

• Considered motion of a system of polygonal blocks

• The force between two contacting polygons was chosen to be proportional to 
the depth of penetration of the corner of one polygon into the side of another.

• Linked data structures were used for efficient use of memory.

• Small calculation cells were used to narrow the limits of searches for corners 
near  a given polygon side.  
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Cundall and Strack  1978- 1979

The distinct element method as a tool for research in granular 

media

Part I

Report to the National Science Foundation Concerning NSR 

Grant ENG76-20711

ODL Strack

PA Cundall
November 1978

Department of Civil and Mineral Engineering

Institute of Technology 

University of Minnesota
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Cundall and Strack  1978- 1979

The distinct element method as a tool for research in granular 

media

Part II

Report to the National Science Foundation Concerning NSR 

Grant ENG76-20711

PA Cundall

ODL Strack

October 1979

Department of Civil and Mineral Engineering

Institute of Technology 
University of Minnesota



Imperial College London

Cundall & Strack NSF Report 1979 – page 165

08/06/202522

Rowe (1962) Proc. Royal Soc.
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Cundall & Strack NSF Report 1979 – page 173

08/06/202523
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Cundall and Strack  1978- 1979
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Cundall and Strack  1978- 1979
9th May 2025 - 13,413 citations
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Initial DEM codes – Ng and Dobry 1994

“Researchers have 
• either used the codes made available by Cundall [BALL 

(Cundall and Strack 1979) and TRUBAL (Strack and Cundall 
1984)], 

• have modified these programs to fit their needs [Thornton 
(1988), CONBAL (Ng 1989), and DISC (Ting et al.1989)], 

• or have developed their own codes [DIBS (Walton 1982; Kuhn 
1989), and GLUE (Bathurst and Rothenburg 1989)].”
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Linking DEM and MD – Walton(1980) thesis

Walton, O. PhD Thesis UC Davis (1980)

Explicit reference to key MD 

contributions including  Wainwright and 
Alder 1958

Explicit reference to the potential of 
using quaternions to look at asymmetric 
particles.



Imperial College London

Stress – force - fabric

Isotropic Peak stress 

a anisotropy in contact orientations

an anisotropy in normal  contact 

forces 

at anisotropy in tangential  contact 

forces 
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Liquefaction

3D specimen
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Coupling – Coarse Grained Powder Technology 1993

Chem. Eng. Science 1997
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Clay

Particles

Repulsive 

Force
e=1.868

e=0.800
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21st Century

• Recognize that modelling has been carried out for 2 decades

• Classify models as hard sphere (Event Driven) or soft sphere (MD) 
(describe both algorithms)

• Also refer to stochastic approaches and lattice models
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21st Century
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Cundall’s list of phenomena captured
(a) Continuously non-linear stress-strain response, with ultimate failure, followed by softening or 
hardening.
(b) Behaviour that changes in character, according to stress state-for example, the crack patterns in 
rock are quite different in the tensile, unconfined and confined regimes.
(c) Memory of previous stress or strain excursions, commonly expressed in terms of yield surfaces-
the memory may be modified or erased (e.g. kinematic or isotropic hardening).
(d) Spontaneous localisation-for example, shear bands and crack patterns.
(e) Dilatancy that depends on history, mean stress and initial state.
( f ) Hysteresis at all levels of cyclic loading/unloading; cyclic energy dissipation is strongly 
dependent on cyclic load amplitude.
(g) Transition from brittle behaviour at low mean stress to ductile behaviour at high mean stress.
(h) A non-linear envelope of strength as a function of mean stress and of relative magnitude of 
principal stresses.
(i) Non-linear dependence of `elastic' stiffness on confining stress and its history.
(j) Induced anisotropy of stiffness and strength, strongly influenced by stress or strain path.
(k) Spontaneous emission of acoustic energy.
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21st Century
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Thornton (2000)

Dense

Dense
Loose

Loose

D
e

vi
a

to
r 

st
re

ss
 (

k
P

a)

Deviator strain Deviator strain

100

0
0.00 0.30 0.00 0.30

0.00 0.30

0
4.0

7.0

Dense

Loose

Deviator strain

V
o

id
 r

a
ti

o

0.62

0
0.00 0.30

D
e

vi
a

to
r 

F
a

b
ri

c



Imperial College London

Thornton (2000)

Horne (1969)

Loose

si
n

 𝜙

Coefficient of interparticle 
friction
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Radial deviatoric loading + Lade’s failure states
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Particle crushing
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Hight De Mello Lecture - 2024 

uses insights from Discrete Element Modelling and Microcomputed Tomography to speculate on 
reasons for the difference in behaviour observed between moist tamped and sedimented sands at the 
same global void ratio and stress state. 

Post 2020: DEM becomes mainstream?
Jardine (2020) 56th Rankine lecture

Effective stresses predicted by DEM 
modelling with crushable grain model for 
sand mass of calibration chamber during 
mini-ICP installation, normalised by qc values 
and plotted against radius r/R: (a) radial 
stresses

Simulations by Matteo Ciantia
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Perspectives 

Rapaport (2004): “Understanding is achieved once a plausible model is 
able to reproduce and predict experimental observation”…..”there is no 
inherent value to an excessively complex model if there is no way of 
establishing that all its features are essential for the desired results”  “the 
practical consequence of this is that features should be added gradually”

 From The Art of Molecular Dynamics
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Muir Wood (1990) 
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• Scientific understanding proceeds by way of constructing and analysing models of the 
segments or aspects of reality under study (quote from Baran and Sweezy, 1968)

Key points in introduction (Muir Wood, 1990)

• It is rarely possible to perform an analysis in which full knowledge of the object being 
analysed permits a complete and accurate description of the object to be incorporated 
in the analysis (DMW)

• Understanding of the behaviour of real objects is improved if intelligent simplifications 
of reality are made and analyses are performed using simplified models of the real 
objects (DMW)

• ..conceptual models..focus attention on the important features of a problem and leave 
aside features which are irrelevant.  The choice of model depends on the application 
(DMW)
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Perspectives  Practical reality? 

• As engineers – is understanding sufficient?  

• Is predictive simulation to inform engineering design 

a form of understanding?
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