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Chapter 1

Introduction

1.1 Getting started

Before you start moving around in Yade, you should have some prior knowledge.

* Basics of command line in your Linux system are necessary for running yade. Look on the web for
tutorials.

* Python language; we recommend the official Python tutorial. Reading further documents on the
topic, such as Dive into Python will certainly not hurt either.

You are advised to try all commands described yourself. Don’t be afraid to experiment.

© Hint

Sometimes reading this documentation in a .pdf format can be more comfortable. For example in
okular pdf viewer clicking links is faster than a page refresh in the web browser and to go back press
the shortcut A1t shift <. To try it have a look at the inheritance graph of PartialEngine then go
back.

1.1.1 Starting yade

Yade is being run primarily from terminal; the name of command is yade.! (In case you did not install
from package, you might need to give specific path to the command?):

! The executable name can carry a suffix, such as version number (yade-0.20), depending on compilation options. Packaged
versions on Debian systems always provide the plain yade alias, by default pointing to latest stable version (or latest snapshot, if no
stable version is installed). You can use update-alternatives to change this.

2In general, Unix shell (command line) has environment variable PATH defined, which determines directories searched for
executable files if you give name of the file without path. Typically, SPATH contains /usr/bin/, /usr/local/bin, /bin and
others; you can inspect your PATH by typing echo $PATH in the shell (directories are separated by :).

If Yade executable is not in directory contained in PATH, you have to specify it by hand, i.e. by typing the path in front of the
filename, such as in /home /user/bin/yade and similar. You can also navigate to the directory itself (cd ~/bin/yade, where
~ is replaced by your home directory automatically) and type . /yade then (the . is the current directory, so ./ specifies that the
file is to be found in the current directory).
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http://www.diveintopython.net/
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Pt on localhost:9001, auth cookie °sdksuy'
ler on localhost:21000
1, “U kills line. F12 controller, F1l 3d view, F10 both, F9 generator, F8 plot.

Yade [1]:

These initial lines give you some information about
« some information for Remote control, which you are unlikely to need now;
« basic help for the command-line that just appeared (vade [1]:).

Type quit (), exit () or simply press “D (* is a commonly used written shortcut for pressing the ctrl
key, so here ~D means Ctrl D) to quit Yade.

The command-line is ipython, python shell with enhanced interactive capabilities; it features persistent
history (remembers commands from your last sessions), searching and so on. See ipython’s documentation
for more details.

Typically, you will not type Yade commands by hand, but use scripts, python programs describing and
running your simulations. Let us take the most simple script that will just print “Hello world!”:

Saving such script as hello.py, it can be given as argument to Yade:

$ yade hello.py

Welcome
ICP pyth
ICP info

Pt on localhost:9001, auth cookie askcsu
vider on localhost:21000

t hello.py ## the script is being run
#H from the script
screen, U kills line. F12 controller, F1l 3d view, F10 F9 generator, F8 plot

Yade [1]:

Yade will run the script and then drop to the command-line again.® If you want Yade to quit immediately
after running the script, use the -x switch:

(& vace = scrimeopy )

There is more command-line options than just -x, run yade -h to see all of them.
Options:
-v, --version show program’s version number and exit
-h, --help show this help message and exit

-j THREADS, --threads=THREADS Number of OpenMP threads
to run; defaults to 1. Equivalent to setting OMP_-
NUM_THREADS environment variable.

To save typing, you can add the directory where Yade is installed to your PATH, typically by editing ~/.profile (in normal
cases automatically executed when shell starts up) file adding line like export PATH=/home/user/bin:$PATH. You can also
define an alias by saying alias yade="/home/users/bin/yade™ in that file.

Details depend on what shell you use (bash, zsh, tesh, ...) and you will find more information in introductory material on
Linux/Unix.

3 Plain Python interpreter exits once it finishes running the script. The reason why Yade does the contrary is that most of the
time script only sets up simulation and lets it run; since computation typically runs in background thread, the script is technically
finished, but the computation is running.

1.1. Getting started 3
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--cores=CORES Set number of OpenMP threads (as --threads)
and in addition set affinity of threads to the cores
given.

--update Update deprecated class names in given script(s)
using text search & replace. Changed files will be
backed up with ~ suffix. Exit when done without
running any simulation.

--nice=NICE Increase nice level (i.e. decrease priority) by
given number.

-X Exit when the script finishes

-f Set logging  verbosity,  default is -f3
(yade.log. WARN) for all classes

-n Run without graphical interface (equivalent to
unsetting the DISPLAY environment variable)

--test Run regression test suite and exit; the exists status
is O if all tests pass, 1 if a test fails and 2 for an
unspecified exception.

--check Run a series of wuser-defined check
tests as described in scripts/checks-and-
tests/checks/README and Regression tests

--performance Starts a test to measure the productivity.

--stdperformance  Starts a standardized test to measure the produc-
tivity, which will keep retrying to run the bench-
mark until standard deviation of the performance
is below 1%. A common type of simulation is
done: the spheres fall down in a box and are given
enough time to settle in there. Note: better to
use this with argument -j THREADS (explained
above).

--quickperformance Starts a quick test to measure the productivity.
Same as above, but only two short runs are per-
formed, without the attempts to find the com-
puter performance with small error.

--no-gdb Do not show backtrace when yade crashes (only
effective with --debug)*.

1.1.2 Quick inline help

All of functions callable from ipython shell have a quickly accessible help by appending ? to the function
name, or calling help (..) command on them:

4 On some linux systems stack trace will produce Operation not permitted error. See debugging section for solution.

4 Chapter 1. Introduction
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1 [, (int)nSteps=-1 [, (boo
ation. *nSteps* how many

t=False]]) -> None :

to run, then stop (if positive); *wait* will cause not returning to python until simulation will have.
< stopped.
Type:

In [1]: help(0.paus:

A quick way to discover available functions is by using the tab-completion mechanism, e.g. type 0. then
press tab.

1.1.3 Creating simulation

To create simulation, one can either use a specialized class of type FileGenerator to create full scene,
possibly receiving some parameters. Generators are written in C++ and their role is limited to well-
defined scenarios. For instance, to create triaxial test scene:

In [1]: TriaxialTest (number0OfGrains=200).load ()

In [1]: le
206

odies)

Generators are regular yade objects that support attribute access.

It is also possible to construct the scene by a python script; this gives much more flexibility and speed of
development and is the recommended way to create simulation. Yade provides modules for streamlined
body construction, import of geometries from files and reuse of common code. Since this topic is more
involved, it is explained in the User’s manual.

1.1.4 Running simulation

As explained below, the loop consists in running defined sequence of engines. Step number can be queried
by 0. iter and advancing by one step is done by 0. step () . Every step advances virtual time by current
timestep, O.dt that can be directly assigned or, which is usually better, automatically determined by a
GlobalStiffnessTimeStepper, if present:

In [1):

In [1]: O.dt=le-4

iDt=False felse it would be adjusted automaticaly during first iteration

Normal simulations, however, are run continuously. Starting/stopping the loop is done by 0. run () and
O.pause () ;note that 0. run () returns control to Python and the simulation runs in background; if you
want to wait for it to finish, use 0.wait (). Fixed number of steps can be run with 0. run (1000), O.
run (1000, True) will run and wait. To stop at absolute step number, 0. stopAtIter can be set and
O.run () called normally.

In [1]: O.run()

In [1]: O.pause ()

(continues on next page)
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(continued from previous page)

: o.iter

In [1]: 0.run(100000, True

In [1]: O.iter

20458
In [1]: O.stopAtIter=500000
In [1]: O.run()
In (1]: O.wait(

In [1]: O.iter
500000

1.1.5 Saving and loading

Simulation can be saved at any point to a binary file (optionaly compressed if the filename has extensions
such as “.gz” or “.bz2”). Saving to a XML file is also possible though resulting in larger files and slower
save/load, it is used when the filename contains “xml”. With some limitations, it is generally possible to
load the scene later and resume the simulation as if it were not interrupted. Note that since the saved scene
is a dump of Yade’s internal objects, it might not (probably will not) open with different Yade version.
This problem can be sometimes solved by migrating the saved file using “.xml” format.

In [1]: O.save('/tmp/a.yade.bz2"

In [2]: O.reload(

In [4]

>.save (*/tmp/ancther .yade.bz2")

In [3]: 0.load('/tmp/another.yade.bz2')

The principal use of saving the simulation to XML is to use it as temporary in-memory storage for check-
points in simulation, e.g. for reloading the initial state and running again with different parameters (think
tension/compression test, where each begins from the same virgin state). The functions 0.saveTmp ()
and 0. loadTmp () can be optionally given a slot name, under which they will be found in memory:

In (1]: O.saveTmp(

In [1]: 0.loadTmp(

0.saveTnp('init') ## named memory slot

adTmp ('init")

Simulation can be reset to empty state by 0. reset ().

It can be sometimes useful to run different simulation, while the original one is temporarily suspended,
e.g. when dynamically creating packing. O.switchWorld () toggles between the primary and secondary
simulation.

1.1.6 Graphical interface

Yade can be optionally compiled with QT based graphical interface (qt4 and qt5 are supported). It can
be started by pressing F12 in the command-line, and also is started automatically when running a script.

6 Chapter 1. Introduction
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Yade =|[=|=!

Simulation | Display Generate Python

Load Save Inspect

Primary view
real 00:02:20 3

virt 000s671m552u639n

iter #3243, 23.0/s

at O fixed EESIEpEE o simulation Inspection =E)
| 0.000207077594613

Engines | Bodies | Interactions  Cell

‘memory:
” #|56 e+ ~ s 256 % +
Body 0x466fd80 -
» [ bound Aabb 0x4684670
Iy color | 10 " 1.0 " 10

clumpid | -1
. flags 3

» C : BN roupmaskc |1 @
: id |56

material FrictMat “defaultMat”
density |1000.0
New 3D Reference Sl

id o ¥
label | defaultMat
671m552u639n young |10000000.0

shape Sphere 0x46845e0

color [656201236 882652506 [303750713
highlight

radius [0.0316463982726 [

Left mouse button - open documentation
Middle mouse button - copy to clipboard full
python name

The control window on the left (fig. imgQtGui) is called Controller (can be invoked by yade.qt.
Controller () from python or by pressing F12 key in terminal):

1. The Simulation tab is mostly self-explanatory, and permits basic simulation control.

2. The Display tab has various rendering-related options, which apply to all opened views (they can
be zero or more, new one is opened by the New 3D button).

3. The Python tab has only a simple text entry area; it can be useful to enter python commands while
the command-line is blocked by running script, for instance.

Inside the Inspect window (on the right in fig. imgQtGui) all simulation data can be examined and modified
in realtime.

1. Clicking left mouse button on any of the blue hyperlinks will open documentation.

2. Clicking middle mouse button will copy the fully qualified python name into clipboard, which can
be pasted into terminal by clicking middle mouse button in the terminal (or pressing Ctr1-V).

3d views can be controlled using mouse and keyboard shortcuts; help is displayed if you press the h key
while in the 3d view. Note that having the 3d view open can slow down running simulation significantly,
it is meant only for quickly checking whether the simulation runs smoothly. Advanced post-processing is
described in dedicated section Data mining.

1.1. Getting started 7
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1.2 Architecture overview

In the following, a high-level overview of Yade architecture will be given. As many of the features are
directly represented in simulation scripts, which are written in Python, being familiar with this language
will help you follow the examples. For the rest, this knowledge is not strictly necessary and you can ignore
code examples.

1.2.1 Data and functions

To assure flexibility of software design, yade makes clear distinction of 2 families of classes: data com-
ponents and functional components. The former only store data without providing functionality, while
the latter define functions operating on the data. In programming, this is known as visitor pattern (as
functional components “visit” the data, without being bound to them explicitly).

Entire simulation, i.e. both data and functions, are stored in a single Scene object. It is accessible through
the Omega class in python (a singleton), which is by default stored in the 0 global variable:

Yade [1]: O.hc

Yade [2]: len

Data components

Bodies

Yade simulation (class Scene, but hidden inside Omega in Python) is represented by Bodies, their Inter-
actions and resultant generalized forces (all stored internally in special containers).

Each Body comprises the following:

Shape
represents particle’s geometry (neutral with regards to its spatial orientation), such as Sphere, Facet
or inifinite Wall; it usually does not change during simulation.

Material
stores characteristics pertaining to mechanical behavior, such as Young’s modulus or density, which
are independent on particle’s shape and dimensions; usually constant, might be shared amongst
multiple bodies.

State
contains state variables, in particular spatial position and orientation, linear and angular velocity;
it is updated by the integrator at every step. The derived classes would contain other information
related to current state of this body, e.g. its temperature, averaged damage or broken links between
components.

Bound
is used for approximate (“pass 1”) contact detection; updated as necessary following body’s motion.
Currently, Aabb is used most often as Bound. Some bodies may have no Bound, in which case they
are exempt from contact detection.

(In addition to these 4 components, bodies have several more minor data associated, such as Body::id or
Body::mask.)

8 Chapter 1. Introduction
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State ChainedState
- position CpmState - rank in the chain
8 | - velocity - stress tensor - chain number
8 | - mass = damage tensor
| inertia - average damage
ElastMat FirctMat FrictViscoMat
d
‘D | - density - friction angle - viscous damping
2 | - Young's modulus ki K
© | - Poisson's ratio
>
Polyhedra PFacet GridConnection
o)
2,
©
<
n
Aabb
I R —
=} i : ! | | i
Q ] = ! =1 i
m - | ! !
IS . P
L\ ! T |
/pkg/common /pkg/specialized

Fig. 1.2.1: Examples of concrete classes that might be used to describe a Body: State, CpmState, Chained-
State, Material, ElastMat, FrictMat, FrictViscoMat, Shape, Polyhedra, PFacet, GridConnection, Bound,

Aabb.
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All these four properties can be of different types, derived from their respective base types. Yade fre-
quently makes decisions about computation based on those types: Sphere + Sphere collision has to be
treated differently than Facet + Sphere collision. Objects making those decisions are called Dispatchers
and are essential to understand Yade’s functioning; they are discussed below.

Explicitly assigning all 4 properties to each particle by hand would be not practical; there are utility func-
tions defined to create them with all necessary ingredients. For example, we can create sphere particle
using yade.utils.sphere:

In [3]: s=utils.sphere (center=(0,0,0],radius=1)

In [5]: s.shape, s.state, s.mat, s.bound

We see that a sphere with material of type FrictMat (default, unless you provide another Material) and
bounding volume of type Aabb (axis-aligned bounding box) was created. Its position is at the origin and
its radius is 1.0. Finally, this object can be inserted into the simulation; and we can insert yet one sphere
as well.

In (1]: O.bodies.append (s)
0

In [2]: O.bodies.append (utils.sphere([0,0,2],.5))

In each case, return value is Body.id of the body inserted.

Since till now the simulation was empty, its id is O for the first sphere and 1 for the second one. Saving the
id value is not necessary, unless you want to access this particular body later; it is remembered internally
in Body itself. You can address bodies by their id:

wo bodies

Adding the same body twice is, for reasons of the id uniqueness, not allowed:

[:n [1]: O.bodies.append(s) # error because this sphere was already added

Bodies can be iterated over using standard python iteration syntax:

In [1]

Interactions

Interactions are always between pair of bodies; usually, they are created by the collider based on spatial
proximity; they can, however, be created explicitly and exist independently of distance. Each interaction
has 2 components:

1Geom
holding geometrical configuration of the two particles in collision; it is updated automatically as
the particles in question move and can be queried for various geometrical characteristics, such as
penetration distance or shear strain.

10 Chapter 1. Introduction
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Based on combination of types of Shapes of the particles, there might be different storage require-
ments; for that reason, a number of derived classes exists, e.g. for representing geometry of con-
tact between Sphere+Sphere, Cylinder+Sphere etc. Note, however, that it is possible to represent
many type of contacts with the basic sphere-sphere geometry (for instance in Ig2_Wall_Sphere_-
ScGeom).

IPhys
representing non-geometrical features of the interaction; some are computed from Materials of the
particles in contact using some averaging algorithm (such as contact stiffness from Young’s moduli
of particles), others might be internal variables like damage.

GenericSpheresContact PolyhedraGeom CylScGeom
° g /rl \\\
EO \
NormPhys NormShearPhys FrictPhys
o
2 ¢ | - normal stiffness - shear stiffness - tangens of friction
§ i - normal force k3—| - shear force K}— angle
@ =
i
/pkg/common /pkg/specialized

Fig. 1.2.2: Examples of concrete classes that might be used to describe an Interaction: IGeom, Generic-
SpheresContact, PolyhedraGeom, CylScGeom, IPhys, NormPhys, NormShearPhys, FrictPhys.

Suppose now interactions have been already created. We can access them by the id pair:

@sup;
In [

0.engines=[InteractionLoop([Ig2_Sphere_Sphere_ScGeom()], [Ip2_FrictMat_FrictMat_FrictPhys ()], (1)

at 0x94038d0>

1.2. Architecture overview 11
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Generalized forces

Generalized forces include force, torque and forced displacement and rotation; they are stored only tem-
porariliy, during one computation step, and reset to zero afterwards. For reasons of parallel computation,
they work as accumulators, i.e. only can be added to, read and reset.

Yade [1]: 0.forces.f(0)

: from yade import Vector3,Quaternion

Yade [2]: O.forces.addF (0, Ve

Yade [3]: O.forces.f(0)

You will only rarely modify forces from Python; it is usually done in c++ code and relevant documentation
can be found in the Programmer’s manual.

Function components
In a typical DEM simulation, the following sequence is run repeatedly:
« reset forces on bodies from previous step
* approximate collision detection (pass 1)
* detect exact collisions of bodies, update interactions as necessary
* solve interactions, applying forces on bodies
« apply other external conditions (gravity, for instance).
* change position of bodies based on forces, by integrating motion equations.

Each of these actions is represented by an Engine, functional element of simulation. The sequence of
engines is called simulation loop.

Engines

Simulation loop, shown at fig. img-yade-iter-loop, can be described as follows in Python (details will be
explained later); each of the 0.engines items is instance of a type deriving from Engine:

0.engines=[
ForceResetter (),
InsertionsortCollider ([Bol_Sphere_Aabb(),Bol_Facet_Aabb()]),

InteractionLoop (

GravityEngine (gravity-(0,0,-9.81)),

NewtonIntegrator ()

There are 3 fundamental types of Engines:

GlobalEngines
operating on the whole simulation (e.g. ForceResetter which zeroes forces acting on bodies or
GravityEngine looping over all bodies and applying force based on their mass)

12 Chapter 1. Introduction
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bodies
Shape reset forces update
incremént ~ Material bounds collision
time by At~ State detection
Bound pass 1
miscellaneous engines . .
(recorders, ...) |nte ra Ct|0ns
position update geometry
collision detegtion pass 2
velocity update strain evaluation
physics
forces - acceleration properties of new interactions

constitttive law
other forces compute forces from strains
forces :
(gravity, BC, ...)
(generalized)

Fig. 1.2.3: Typical simulation loop; each step begins at body-centered bit at 11 o’clock, continues with
interaction bit, force application bit, miscellanea and ends with time update.

PartialEngine
operating only on some pre-selected bodies (e.g. ForceEngine applying constant force to some
selected bodies)

Dispatchers
do not perform any computation themselves; they merely call other functions, represented by func-
tion objects, Functors. Each functor is specialized, able to handle certain object types, and will be
dispatched if such obejct is treated by the dispatcher.

Dispatchers and functors

For approximate collision detection (pass 1), we want to compute bounds for all bodies in the simula-
tion; suppose we want bound of type axis-aligned bounding box. Since the exact algorithm is different
depending on particular shape, we need to provide functors for handling all specific cases. In the O.
engines=[..] declared above, the line:

[In'sext)cnS’):thllxdeLHEol Sphere_Aabb () ,Bol_Facet_Aabb()])

creates InsertionSortCollider (it internally uses BoundDispatcher, but that is a detail). It traverses all
bodies and will, based on shape type of each body, dispatch one of the functors to create/update bound
for that particular body. In the case shown, it has 2 functors, one handling spheres, another facets.

The name is composed from several parts: Bo (functor creating Bound), which accepts 1 type Sphere and
creates an Aabb (axis-aligned bounding box; it is derived from Bound). The Aabb objects are used by
InsertionSortCollider itself. All Bo1 functors derive from BoundFunctor.

The next part, reading

1.2. Architecture overview 13
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BoundFunctor

Bol Facet Aabb

T

Bol Cylinder Aabb

Bol Sphere Aabb

T Sl / -
i ~

Fig. 1.2.4: Example bound functors producing Aabb accepting various different types, such as Sphere,
Facet or Cylinder. In the case shown, the Bo1 functors produce Aabb instances from single specific Shape,
hence the number 1 in the functor name. Each of those functors uses specific geometry of the Shape i.e.
position of nodes in Facet or radius of sphere to calculate the Aabb.

InteractionLoop (

[Ig2_sphere_sp
(Ip2_FrictMat_E
(Law2_ScGeom_Frict

eom (), [g2_Facet_Sphere_ScGeom() ],
ictPhys()1,
ndallstrack ()],

hides 3 internal dispatchers within the InteractionLoop engine; they all operate on interactions and are,
for performance reasons, put together:

IGeomDispatcher which uses IGeomFunctor

uses the first set of functors (1g2), which are dispatched based on combination of 2 Shapes ob-
jects. Dispatched functor resolves exact collision configuration and creates an Interaction Geometry
IGeom (whence Ig in the name) associated with the interaction, if there is collision. The functor
might as well determine that there is no real collision even if they did overlap in the approximate
collision detection (e.g. the Aabb did overlap, but the shapes did not). In that case the attribute is
set to false and interaction is scheduled for removal.

1. The first functor, Ig2_Sphere_Sphere_ScGeom, is called on interaction of 2 Spheres and cre-
ates ScGeom instance, if appropriate.

2. The second functor, Ig2_Facet_Sphere_ScGeom, is called for interaction of Facet with
Sphere and might create (again) a ScGeom instance.

All 1g2 functors derive from IGeomFunctor (they are documented at the same place).

IPhysDispatcher which uses IPhysFunctor

dispatches to the second set of functors based on combination of 2 Materials; these functors return
return IPhys instance (the Ip prefix). In our case, there is only 1 functor used, Ip2_FrictMat_-
FrictMat_FrictPhys, which create FrictPhys from 2 FrictMat’s.

Ip2 functors are derived from IPhysFunctor.

LawDispatcher which uses LawFunctor

dispatches to the third set of functors, based on combinations of IGeom and IPhys (wherefore 2 in
their name again) of each particular interaction, created by preceding functors. The Law2 functors
represent constitutive law; they resolve the interaction by computing forces on the interacting bodies
(repulsion, attraction, shear forces, ...) or otherwise update interaction state variables.

Law2 functors all inherit from LawFunctor.

14
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Indexable Dispatcher IGeomFunctor »Functor

Shape

N Sphere PFacet
A /

- / Ig2_Sphere PFacet_

\‘ Sphere\\ IgzisphereisphereiscGeom‘ ‘ "'ScGridCoGeom

IGeomDispatcher %
is dispatching on 2 classes ﬁ Wall Ig2_Wall Sphere ScGeom| ‘ Ig2_Wall PFacet ScGeom
B B ™ Ig2 Sphere PFacet | |42 PFacet PFacet ScG
h PFacet J _ScGridCoGeom ‘ ‘ g2 Fracet thacel_scheom
/pkg/ /pkg/
pkg/common pkg/common
or /pkg/specialized /pkg/common or /pkg/specialized

Fig. 1.2.5: Example interaction geometry functors producing ScGeom or ScGridCoGeom accepting two
various different types (hence 2 in their name 1g2), such as Sphere, Wall or PFacet. Each of those functors
uses specific geometry of the Shape i.e. position of nodes in PFacet or radius of sphere to calculate the
interaction geometry.

Indexable Dispatcher IPhysFunctor +Functor

Material

FrictMat AT FrictMat
—A / RN . .
N / CpmMat ™
FrictMat « / P Ip2_ FrictMat CpmMat FrictPhys

IPhysDispatcher
is dispatching on 2 classes

FrictMat 4 S
B S I Ip2_FrictMat_FrictViscoMat_
| Frictisconar | 1P2-Frigti Priciscolat. |

$
FrictMat w Ip2_FrictMat_FrictMat_FrictPhys

Material

;\/—/
/pkg/common /pkg/common
or /pkg/specialized /pkg/common or /pkg/specialized

Fig. 1.2.6: Example interaction physics functors (Ip2_FrictMat_CpmMat_FrictPhys, Ip2_FrictMat_Frict-
Mat_FrictPhys and Ip2_FrictMat_FrictViscoMat_FrictViscoPhys) producing FrictPhys or FrictVisco-
Phys accepting two various different types of Material (hence Ip2), such as CpmMat, FrictMat or
FrictViscoMat.
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Indexable Dispatcher LawFunctor- Functor
IPhys
AT FrictPhys
~ A e N .
\ /! CylScGeom™, | Law2 CylScGeom FrictPhys CundallStrack
LawDispatcher g R
is dispatching on 2 classes 2| ScGeom l Law2_ScGeom_FrictPhys_CundallStrack ‘
R < @]
ScGridCoGeom =4 . =
B B ) Law2_ScGridCoGeom FrictPhys
Frictphys | SeGridCoGeom cGridCaGeom, |
;\/—/
/pkg/common /pkg/common
or /pkg/specialized /pkg/common or /pkg/specialized

Fig. 1.2.7: Example LawFunctors (Law2_CylScGeom_FrictPhys_CundallStrack, Law2_ScGeom_Frict-
Phys_CundallStrack and Law2_ScGridCoGeom_FrictPhys_CundallStrack) each of them performing cal-
cuation of forces according to selected constitutive law.

There is chain of types produced by earlier functors and accepted by later ones; the user is responsible to
satisfy type requirement (see img. img-dispatch-loop). An exception (with explanation) is raised in the
contrary case.

© Note

When Yade starts, O.engines is filled with a reasonable default list, so that it is not strictly necessary
to redefine it when trying simple things. The default scene will handle spheres, boxes, and facets
with frictional properties correctly, and adjusts the timestep dynamically. You can find an example in
examples/simple-scene/simple-scene-default-engines.py.
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Fig. 1.2.8: Chain of functors producing and accepting certain types. In the case shown, the 1g2 functors
produce ScGeom instances from all handled Shapes combinations; the 1g2 functor produces FrictMat.
The constitutive law functor Law2 accepts the combination of types produced. Note that the types are
stated in the functor’s class names.
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Chapter 2

Tutorial

This tutorial originated as handout for a course held at Technische Universitdt Dresden / Fakultidt Bauin-
genieurwesen / Institut fiir Geotechnik in Jaunary 2011. The focus was to give quick and rather practical
introduction to people without prior modeling experience, but with knowledge of mechanics. Some com-
puter literacy was assumed, though basics are reviewed in the Hands-on section.

The course did not in reality follow this document, but was based on interactive writing and commenting
simple Examples, which were mostly suggested by participants; many thanks to them for their ideas and
suggestions.

2.1 Introduction

The chapter Introduction is summarized in following presentation Yade: past, present and future with some
additional different examples. This presentation is from year 2011 and does not include latest additions.
As of year 2019 it is factually correct.

I’ Todo

Put link to the Yade: past, present and future, or adapt it to give more general intro to particle models.

I’ Todo

Think about what is the scope of the introduction.

2.2 Hands-on

2.2.1 Shell basics
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Directory tree

Directory tree is hierarchical way to organize files in operating systems. A typical (reduced) tree in linux
looks like this:

/ Root

—boot System startup

f—bin Low-level programs

—1ib Low-level libraries

f—dev Hardware access

f—sbin Administration programs

f—proc System information

f—var Files modified by system services

f—root. Root (administrator) home directory

f—ete Configuration files

f—media External drives

f—tmp Temporary files

f—usr Everything for normal operation (usr = UNIX system resources

| b—bin User programs

| |—sbin Administration programs

| |—include Header files for c/c++

| —1ip Libraries

| F—1local Locally installed software

| t—doc Documentation

L—nome Contains the user's home directories
f—user Home directory for us
L—user1 Home directory for userl

Note that there is a single root /; all other disks (such as USB sticks) attach to some point in the tree (e.g.
in /media).

Shell navigation

Shell is the UNIX command-line, interface for conversation with the machine. Don’t be afraid.
Moving around

The shell is always operated by some user, at some concrete machine; these two are constant. We can

move in the directory structure, and the current place where we are is current directory. By default, it is
the home directory which contains all files belonging to the respective user:

user@machine: ~$ operating at machine, in the directory ~ (= user's home directory

ctory

user@machi; contents of the curres

user@machil ontents of directory
ontents of /tmp

ge directory to foo
directory (= ls /h:
bar (= cd ~/foo/
e parent directory

, relative to the dcurrent directory ~ (= ls ~/foo = ls /home/user/foo
user@machine

user@machine

e/user)

/£00$ cd bar
foo/bar$ cd ../../fo02
user@machine:~/f002$ cd

= cd ~/foo2 = cd /home/user/foo2)

ce, then to foo2 (cd ~/foo/bar/../

he home directory ( = 1s /home/user)

user@machine:~§

Users typically have only permissions to write (i.e. modify files) only in their home directory (abbreviated
~, usually is /home /user) and /tmp, and permissions to read files in most other parts of the system:

the administrator has
denied

ser@machine:~$ s /root # see what
1s: cannot open directory /root: Permis

Keys

Useful keys on the command-line are:
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<tab> show possible completions of what is being typed (use abundantly!)
AC (=Ctrl+C)  delete current line

D exit the shell

T move up and down in the command history

~rC interrupt currently running program

&) kill currently running program

Shift-PgUp scroll the screen up (show past output)
Shift-PgDown  scroll the screen down (show future output; works only on quantum computers)

Running programs

When a program is being run (without giving its full path), several directories are searched for program
of that name; those directories are given by $PATH:

user@machine:~$ echo SPATH # show the value of SPATH
/usr/local/sbin:/usr/local/bin: /usr/sbin: /usr/bin:/sbin: /bin:/usr/games
user@machine:~§ which 1s # say what is the real path of 1s

The first part of the command-line is the program to be run (which), the remaining parts are arguments
(1s in this case). It is up to the program which arguments it understands. Many programs can take special
arguments called options starting with — (followed by a single letter) or —- (followed by words); one of
the common options is -h or —-help, which displays how to use the program (try 1s --help).

Full documentation for each program usually exists as manual page (or man page), which can be shown
using e.g. man 1s (g to exit)
Starting yade

If yade is installed on the machine, it can be (roughly speaking) run as any other program; without any
arguments, it runs in the “dialog mode”, where a command-line is presented:

usermachine:~$ yade
Welcome to Yade 2019.01a

TCP python prompt on localhost
XMLRPC info provider on http://localhost:21002

[[ "L clears screen, "U kills line. F12 controller, F11 3d view, F10 both, F9 generator, F8 plot. ]
Yade [1]: ##44 hit "D to exit

Do you really want to exit ([yl/n)?

Yade: normal exit.

02, auth cookie ‘adcusk'

The command-line is in fact pyt hon, enriched with some yade-specific features. (Pure python interpreter
can be run with python or ipython commands).

Instead of typing commands on-by-one on the command line, they can be be written in a file (with the .py
extension) and given as argument to Yade:

For a complete help, see man yade
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Exercises
1. Open the terminal, navigate to your home directory
. Create a new empty file and save itin ~/first.py
. Change directory to /tmp; delete the file ~/first.py
. Run program xeyes
. Look at the help of Yade.

. Look at the manual page of Yade

N O R W

. Run Yade, exit and run it again.

2.2.2 Python basics

We assume the reader is familar with Python tutorial and only briefly review some of the basic capabilities.
The following will run in pure-python interpreter (python or ipython), but also inside Yade, which is
a super-set of Python.

Numerical operations and modules:

Yade [2]: import math # gain access to "module" of functions

Yade [5): m.cos(m.pi)

Yade [6]: from math import * # import everything so that it can be used without module name
Yade [7]: cos (pi)

Variables:

Yade [1]: a=1; b,c=2,3 # multiple commands separated with ;, multiple assignment

Yade [2]: a+b+c

Sequences

Lists

Lists are variable-length sequences, which can be modified; they are written with braces [ . . . ], and their
elements are accessed with numerical indices:

Yade [31: a=[1,2,3] 4 list of numbers
Yade [4]: al0 # first element has index 0

Yade [5]: al-1 # negative counts from the end

Yade (7]: al3 4 error

Yade [5]: len(a) # number of elements

Yade [6): all:) # from second element to the end

Yade [7]: a+=[4,5] # extend the

Yade [8]: a+=[6]; a.append(7) # extend with single value, both have the same effect
Yade [91: 9 in a 4 test presence of an element
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Lists can be created in various ways:

Yade [9]: range(10)

Yade [1]: range(10) [-1

List of squares of even number smaller than 20, i.e. {a® Va € {0, -+, 19} | 2||a} (note the similarity):

[mda [1]: [a**2 for a in range(20) if a$2==0]

)

Tuples

Tuples are constant sequences:

Yade [2]: b[0]
Yade [3]: b[0]=4 W e
Dictionaries

Mapping from keys to values:

Yade [1]: ende={'one':"
Yade [1]: de={1:'ein' , 2:'zwei' , 3:'drei'}; en={l:'one' , 2:'two’' , 3:'three'}
Yade [1]: ende['one'] ## access values

Yade [2]: de[1], en[2]

Functions, conditionals

Yade [1]: 4==5
Yade ([2]: a=3.1

Yade [3]: if a<l0:
3 b=-2 # conditional statement

Yade [4]:

# trenary conditional expression
Yade [5]: b,c

Yade [1]: def square(x): return x**2 % define a new function

Yade [1]: square(2) # and call that function

Exercises

1. Read the following code and say what wil be the values of a and b:

a=range (5)
b=[(aa**2 if aat2==0 else -aa**2) for aa in a]

2.2.3 Yade basics

Yade objects are constructed in the following manner (this process is also called “instantiation”, since we
create concrete instances of abstract classes: one individual sphere is an instance of the abstract Sphere,

like Socrates is an instance of “man”):
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Yade [1]:

Yade [1 e (radius=3) # create Sphere, giving radius directl:

Yade [1): s.radius, ss.radius # also try typing s.<tab> to see defined attributes
Particles

Particles are the “data” component of simulation; they are the objects that will undergo some processes,
though do not define those processes yet.

Singles
There is a number of pre-defined functions to create particles of certain type; in order to create a sphere,
one has to (see the source of sphere for instance):

1. Create Body

2. Set Body.shape to be an instance of Sphere with some given radius

3. Set Body.material (last-defined material is used, otherwise a default material is created)

4

. Set position and orientation in Body.state, compute mass and moment of inertia based on Material
and Shape

In order to avoid such tasks, shorthand functions are defined in the yade.utils module; to mention a few of
them, they are yade.utils.sphere, yade.utils.facet, yade.utils.wall. The utils module is imported at startup
in such a way that the utils. prefix is not necessary for accessing them.

@suppress

Yade [1]: from yade.utils import *

Yade [1]: s=s

ere((0,0,0),radius=1)  # create sphere particle centered at (0,0,0) with radius=1

Yade [1]: £ the particle
Yade [1 already know

Yade (1 # inertia is computed from density and geometry
ade (1 # position is the one we prescribed

Yade [1 sphere ((-2,0,0) , radius=1, fixed=True) # explanation belo

In the last example, the particle was fixed in space by the £ixed=True parameter to sphere; such a particle
will not move, creating a primitive boundary condition.

A particle object is not yet part of the simulation; in order to do so, a special function O.bodies.append
(also see Omega::bodies and Scene) is called:
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Packs

There are functions to generate a specific arrangement of particles in the yade.pack module; for instance,
cloud (random loose packing) of spheres can be generated with the yade._packSpheres.SpherePack class:

Yade [1]: from yade import pack

# create an empty cloud; SpherePack contains only geometrical information

Yade [1]: sp=pack.SpherePack ()

heres with defined radiu given by corners

akeCloud((1,1,1), (2,2,2),rMean=.2) # put

1z

nter and radius of al Pack is a sequence which can be iterated over)

Yade [1]: for c,r in sp: print(c,r)

Yade [1]: sp.toSimulation () # create particles and add them to the simulation

Boundaries

facet (triangle Facet), wall (infinite axes-aligned plane Wall) and box (finite axes-aligned cuboids Box)
geometries are typically used to define boundaries. For instance, a “floor” for the simulation can be
created like this:

There are other convenience functions (like aabbWall for creating closed or open rectangular box, or
family of yade.ymport functions)

Look inside

The simulation can be inspected in several ways. All data can be accessed from python directly:

Yade [1]: len(0.bodies)

Yade [1]: O.bodies[10].sh, adius  # radius of body #10 (will give error if not sphere, since only spheres have radius defined)

Yade [1]: O.bodies[12].st os # position of body #12

Besides that, Yade says this at startup (the line preceding the command-line):

(0 % cienra screen, 0 kidia Line. P12 controller, P11 34 view, PO both, 55 gensrator, £8 plac. 1] )

Controller
Pressing F12 brings up a window for controlling the simulation. Although typically no human
intervention is done in large simulations (which run “headless”, without any graphical interaction),
it can be handy in small examples. There are basic information on the simulation (will be used

later).

3d view
The 3d view can be opened with F11 (or by clicking on button in the Controller — see below). There

is a number of keyboard shortcuts to manipulate it (press h to get basic help), and it can be moved,
rotated and zoomed using mouse. Display-related settings can be set in the “Display” tab of the
controller (such as whether particles are drawn).

Inspector
Inspector is opened by clicking on the appropriate button in the Controller. It shows (and updates)

internal data of the current simulation. In particular, one can have a look at engines, particles (Bod-
ies) and interactions (Interactions). Clicking at each of the attribute names links to the appropriate
section in the documentation.
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Exercises

1. What is this code going to do?

append ([sphere ((2*1,0,0),1) for i in range(1,20)]) ]

(vase 1135 0o

2. Create a simple simulation with cloud of spheres enclosed in the box (0,0, 0) and (1,1, 1) with
mean radius .1. (hint: yade._packSpheres.SpherePack.makeCloud)

3. Enclose the cloud created above in box with corners (0, 0,0) and (1,1, 1); keep the top of the
box open. (hint: aabbWall; type aabbWall? or aabbWall?? to get help on the command line)

4. Open the 3D view, try zooming in/out; position axes so that z is upwards, y goes to the right and x
towards you.

Engines

Engines define processes undertaken by particles. As we know from the theoretical introduction, the
sequence of engines is called simulation loop. Let us define a simple interaction loop:

Yade [1]: es and indentations are not important until the brace is closed

NewtonIntegrator (damping=.2, label='newtonCustonLabel ) # define a label newtonCustomlLabel under which we can access this engine easily

Yade [1]: O.engines

Yade [1]: es (1] ==newtonCustomLabe # is it the same object?

Yade [1]: newtonCustomLabel.damping

Instead of typing everything into the command-line, one can describe simulation in a file (scripr) and
then run yade with that file as an argument. We will therefore no longer show the command-line unless
necessary; instead, only the script part will be shown. Like this:

0.engines
ForceResetter (),
onSortCollider ([Bol_Sphere_Aabb(),Bol_Box_Aabb()]),
£ionLoop {
[Ig2_sphere_sphere_scGeom (), Ig2_Box_Sphere_ScGeom() ],
[Ip2_FrictMat_] Mat_FrictPhys ()],
[Law2_ScGeom_FrictPhys_CundallStrack ()]

Engine (gravity=(0,0,-9.81)),
onlIntegrator (damping=.2, label=" mLabel')

Besides engines being run, it is likewise important to define how often they will run. Some engines can
run only sometimes (we will see this later), while most of them will run always; the time between two
successive runs of engines is fimestep ( At). There is a mathematical limit on the timestep value, called
critical timestep, which is computed from properties of particles. Since there is a function for that, we can
just set timestep using yade.PWaveTimeStep:

Each time when the simulation loop finishes, time 0. t ime is advanced by the timestep 0.dt:
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Yade [1]:

Yade [1]: O

Yade [1]: O.step()

Yade [1]: O.time

For experimenting with a single simulations, it is handy to save it to memory; this can be achieved, once
everything is defined, with:

Exercises

1. Define engines as in the above example, run the Inspector and click through the engines to see their
sequence.

2. Write a simple script which will

1. define particles as in the previous exercise (cloud of spheres inside a box open from the top)
but with a smaller radius (*rMean*=.04)

2. define a simple simulation loop, as the one given above
3. set At equal to the critical P-Wave At
4. save the initial simulation state to memory

3. Run the previously-defined simulation multiple times, while changing the value of timestep (use the
[ button to reload the initial configuration).

1. Try changing the gravity parameter, before running the simulation.
2. See what happens as you increase At above the P-Wave value.
3. Try changing damping

4. Reload the simulation, open the 3d view, open the Inspector, select a particle in the 3d view (shift-
click). Then run the simulation and watch how forces on that particle change; pause the simulation
somewhere in the middle, look at interactions of this particle.

5. At which point can we say that the deposition is done, so that the simulation can be stopped?

> See also

The Bouncing sphere example shows a basic simulation.

2.3 Data mining

2.3.1 Read

Local data

All data of the simulation are accessible from python; when you open the Inspector, blue labels of various
data can be clicked — left button for getting to the documentation, middle click to copy the name of the
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object (use ctr1-V or middle-click to paste elsewhere). The interesting objects are among others (see
Omega for a full list):

1. O.engines

Engines are accessed by their index (position) in the simulation loop:
[o engines J
By

© Note

The index can change if O.engines is modified. Labeling introduced in the section below is a
better solution for reliable access to a particular engine.

2. O.bodies

Bodies are identified by their id, which is guaranteed to not change during the whole simulation:

dius for b in 0.bodies if isin
e.mass for b in 0.bodies])
ge ([b.state.vel[0] for b in O.bodie!

b.shape, Sphere) ]

© Note

Uniqueness of Body.id is not guaranteed, since newly created bodies might recycle ids of deleted
ones.

3. O.forces

Generalized forces (forces, torques) acting on each particle. They are (usually) reset at the beginning
of each step with ForceResetter, subsequently forces from individual interactions are accumulated
in InteractionLoop. To access the data, use:

0. forces.£(0) = #
0.forces.t (1) #

2

4. O.interactions

Interactions are identified by ids of the respective interacting particles (they are created and deleted
automatically during the simulation):

0.bodies [ s0) o
for i in O.bodies(12].intrs(): print (i.isReal,i.idl,i.id2)
((i.isReal,i.id1,i.id2) for i in O.bodies(12].intrs()]

Labels

Engines and functors can be labeled, which means that python variable of that name is automatically
created.
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from yade import *

0.engines=I

NewtonIntegrator (damping=.2, label="newtonCustomLabel")

Yade [1]: newtonCustomLabel.damping=.4

Yade [1]: O.engines[0].damping

Yade [1]: newtonCustomLabel==0.engines[0] # O.engines

Exercises

1. Find meaning of this expression:

2. Run the Gravity deposition script, pause after a few seconds of simulation. Write expressions that
compute

1. kinetic energy Y- 2m;|v;|?

2. average mass (hint: use numpy.average)
3. maximum z -coordinate of all particles
4.

number of interactions of body #1

Global data
Useful measures of what happens in the simulation globally:

unbalanced force
ratio of maximum contact force and maximum per-body force; measure of staticity, computed with
unbalancedForce.

porosity
ratio of void volume and total volume; computed with porosity.

coordination number
average number of interactions per particle, avgNumInteractions

stress tensor (periodic boundary conditions)
averaged force in interactions, computed with normalShearStressTensors

fabric tensor
distribution of contacts in space (not yet implemented); can be visualized with plotDirections

Energies

Evaluating energy data for all components in the simulation (such as gravity work, kinetic energy, plastic
dissipation, damping dissipation) can be enabled with

[ )

Subsequently, energy values are accessible in the O.energy; it is a dictionary where its entries can be
retrived with keys () and their values with 0.energy [key].
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2.3.2 Save
PyRunner

To save data that we just learned to access, we need to call Python from within the simulation loop.
PyRunner is created just for that; it inherits periodicy control from PeriodicEngine and takes the code to
run as text (must be quoted, i.e. inside ' ... ") attribute called command. For instance, adding this to
O.engines will print the current step number every one second wall clock time:

Writing complicated code inside command is awkward; in such case, we define a function that will be
called:

> ( " 5.
0.pause ()

Now this function can be added to O.engines:

Lo engines-— (PyRunner (command-' (" iterreriod-100)) J

or, in general, like that:

0.engines

PyRunner (command-=" ()',iterPeriod=100) #

A Warning

If a function was declared inside a live yade session (ipython) and PyRunner attribute updateGlobals
is set to False then an error NameError: name 'myFunction' is not defined will occur
unless python globals() are updated with command

Exercises
1. Run the Gravity deposition simulation, but change it such that:
1. yade._utils.unbalancedForce is printed every 2 seconds.
2. check every 1000 steps the value of unbalanced force
« if smaller than 0.2, set damping to 0.8 (hint: use labels)

« if smaller than 0.1, pause the simulation
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Keeping history

Yade provides the yade.plot module used for storing and plotting variables (plotting itself will be discussed
later). Let us start by importing this module and declare variable names that will be plotted:

£rom yade import plot
plot.plots={'t': ('coordNum’, "' '/None, 'Ek') } # d a 3 2 : i

Periodic storing of data is done with PyRunner and the yade.plot.addData function. Also let’s enable
energy tracking:

def addPlotData():

0.trackEnergy-True ’

plot.addData (t=0.time, Ek-kineticEnergy (), coordNum-avgNumInteract (), unForce=unbal orce ())

Now this function can be added to O.engines:

[o engines+=[PyRunner (command="add ta() ', iterPeriod=20)] ]

or, in general, like that:

O.engines=[ # ...,
PyRunner (command="add| ', iterPeriod=20) r
1

History is stored in yade.plot.data, and can be accessed using the variable name, e.g. plot.data['Ek'],
and saved to text file (for post-processing outside yade) with yade.plot.saveDataTxt.

2.3.3 Plot

yade.plot provides facilities for plotting history saved with yade.plot.addData as 2d plots. Data to be
plotted are specified using dictionary yade.plot.plots

(rot-proecir s Ccooanr, [ )

History of all values is given as the name used for yade.plot.addData; keys of the dictionary are x -axis
values, and values are sequence of data on the y axis; the None separates data on the left and right axes
(they are scaled independently). The plot itself is created with

[platmlot«) d g 2 ]

While the plot is open, it will be updated periodically, so that simulation evolution can be seen in real-time.

Energy plots

Plotting all energy contributions would be difficult, since names of all energies might not be known in
advance. Fortunately, there is a way to handle that in Yade. It consists in two parts:

1. yade.plot.addData is given all the energies that are currently defined:

(ot saioata 10 stex,toter-o. cnesay torat ), +-0.encray) )

The O.energy.total functions, which sums all energies together. The **0. energy is special python
syntax for converting dictionary (remember that O.energy is a dictionary) to named functions ar-
guments, so that the following two commands are identical:
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function (a=3,b=34) #
function (**{'a':3, 'b':34}) # n

2. Data to plot are specified using a function that gives names of data to plot, rather than providing
the data names directly:

(prot-maorecciritcoat 1o cneray.keys ) )

where total is the name we gave to O.energy.total () above, while 0.energy.keys () will
always return list of currently defined energies.

Energy plot example

Plotting energies inside a live yade session, for example by launching examples/test/triax-basic-without-
plots.py would look following:

from yade import plot
0.trackEnergy-True

0.step() F
plot.plots={'t':0.energy.keys () +['tc

def addPlotData():

plot.addbata( t=0.time , total-O.energy.total() , **O.energy )

0.engines+=[PyRunner (command=" o () ', iterPeriod=20)]
globals () .update (locals ()

Press F8 to show plot window and F11 to show 3D view, then press P> to start simulation.

Using multiple plots

It is also possible to make several separate plots, for example like this:

[F‘lot plots={ 't':('total','kinetic') , 't ':['elastPo al', ‘graviork'] , 't ':(’ mp') ) ]

Y\ Warning

There cannot be duplicate names declared in separate plots. This is why spaces were used above to
indicate the same variable t.

With the caveat above, a following example inside a l/ive yade session launched on examples/test/triax-
basic-without-plots.py would look following:

from yade import plot
0.trackEnergy-True

plot.plots 8 al', 'kin '), 't 'i[’elastPof al', ‘graviork'] , 't ':(' mp') )
def addPlo 0
Flot -addbata( t=0.cine ; totaleo.enaray.toral() , +:0.energy )
0.engines+=[PyRunner (command="addp1c () ', iterPeriod=20)]
globals () .update (locals ()

plot..plot (subklots-False)

plot .plot (subPlots-True)

Press F8 to show the plot window and F11 to show the 3D view, then press P> to start the simulation. See
the linked video:
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YouTube video: AALIiZ7G7yNM

Exercises
1. Calculate average momentum in y direction.
2. Run the Gravity deposition script, plotting unbalanced force and kinetic energy.

3. While the script is running, try changing the NewtonIntegrator.damping parameter (do it from both
Inspector and from the command-line). What influence does it have on the evolution of unbalanced
force and kinetic energy?

4. Think about and write down all energy sources (input); write down also all energy sinks (dissipa-
tion).

5. Simulate Gravity deposition and plot all energies as they evolve during the simulation.

> See also

Most Examples with tutorial use plotting facilities of Yade, some of them also track energy of the
simulation.

2.4 Setting up a simulation

> See also

Examples Gravity deposition, Oedometric test, Periodic simple shear, Periodic triaxial test deal with
topics discussed here.

2.4.1 Parametric studies

Input parameters of the simulation (such as size distribution, damping, various contact parameters, ...)
influence the results, but frequently an analytical relationship is not known. To study such influence,
similar simulations differing only in a few parameters can be run and results compared. Yade can be run
in batch mode, where one simulation script is used in conjunction with parameter table, which specifies
parameter values for each run of the script. Batch simulation are run non-interactively, i.e. without user
intervention; the user must therefore start and stop the simulation explicitly.

Suppose we want to study the influence of damping on the evolution of kinetic energy. The script has to
be adapted at several places:

1. We have to make sure the script reads relevant parameters from the parameter table. This is done
using yade.utils.readParamsFromTable; the parameters which are read are created as variables in
the yade .params.table module:

readParamsFromTable (damping-.2) # £ g
from yade.params import table ving E E

Note that yade.utils.readParamsFromTable takes default values of its parameters, which are used
if the script is not run in non-batch mode.
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2. Parameters from the table are used at appropriate places:

[Nemﬂmq»amydm,m, table.danping), ]

3. The simulation is run non-interactively; we must therefore specify at which point it should stop:

0.engines+=[PyRunner (iterPeriod=1000, command=" 0"

def checkUn cedForce () :
if unbalancedForce<0.05

plot . saveDataTxt (0.tags[' )30 o bz2 !

import sys

sys.exit(

4. Finally, we must start the simulation at the very end of the script:

0.zun() # . oped by c edForce ()
waitIfBatch () # > ser ends; y o

The parameter table is a simple text-file (e.g. params.txt ), where each line specifies a simulation to
run:

damping

Finally, the simulation is run using the special batch command:

2 Todo

Parametric studies need to be described better. Perhaps the behavior should be changed so that in
batch mode, O.run and yade.utils.waitIfBatch are run from the main yade script by default. That
would however make it only possible to exit the batch via sys.exit (0), or by a new function like
exitBatch () (which would call sys.exit (0) for now anyway)

Exercises
1. Run the Gravity deposition script in batch mode, varying damping to take values of .2, .4, .6.

2. See the http://localhost:9080 overview page while the batch is running (fig. imgBatchExample).
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2.4.2 Boundary

Particles moving in infinite space usually need some constraints to make the simulation meaningful.

Supports

So far, supports (unmovable particles) were providing necessary boundary: in the Gravity deposition script
the yade.geom.facetBox is internally composed of facets (triangulation elements), which are fixed in
space; facets are also used for arbitrary triangulated surfaces (see relevant sections of the User’s manual).
Another frequently used boundary is yade.utils.wall (infinite axis-aligned plane).
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Periodic

Periodic boundary is a “boundary” created by using periodic (rather than infinite) space. Such boundary
is activated by O.periodic=True , and the space configuration is decribed by O.cell . It is well suited for
studying bulk material behavior, as boundary effects are avoided, leading to smaller number of particles.
On the other hand, it might not be suitable for studying localization, as any cell-level effects (such as shear
bands) have to satisfy periodicity as well.

The periodic cell is described by its reference size of box aligned with global axes, and current transfor-
mation, which can capture stretch, shear and rotation. Deformation is prescribed via velocity gradient,
which updates the transformation before the next step. Homothetic deformation can smear velocity gra-
dient accross the cell, making the boundary dissolve in the whole cell.

Stress and strains can be controlled with PeriTriaxController; it is possible to prescribe mixed strain/stress
goal state using PeriTriaxController.stressMask.

The following creates periodic cloud of spheres and compresses to achieve o, =-10 kPa, o, =-10kPa and
€, =-0.1. Since stress is specified for y and z, stressMask is binary 00011 (x—=1, y—2, z—4, in decimal
1+2=3).

and O.cell.refSize to the p;

When the simulation runs, PeriTriaxController takes over the control and calls doneHook when goal is
reached. A full simulation with PeriTriaxController might look like the following:

from yade import pack, plot

sp = pack.SpherePack ()
rMean 5
), (1, 1, 1), rMean-rMean, periodic=True)

0.engines

ForceResetter (),
InsertionSortCollider ([Bol_Sphere_Aabb()], verletDist=.05 * rMean),

InteractionLoop ([1g2_Sphe: eom ()1, [Ip2_FrictMat_FrictMat_FrictPhys()], [Law2_ScGeom FrictPhys_CundallStrack()1),
Ne ntegrator (damping-.
PeriTriaxController (

goal=(-1e6, -1e6, -.1), stress; , maxUnbalanced-.2, doneHook=' 1() ', label-' ', maxStrainRate=(.1, .1, .1),

—+dynCell-True
)y
PyRunner (iterPeriod=100, command=' %)

1
0.dt = .5 * utils.PWaveTimeStep()
0.trackEnergy = True

def goalReached () :
print (' b ', triax.strain, ' ', triax.stress)
0.pause ()

sx-triax.stress[0],
sy-triax.stress[1],
sz-triax.stress[2],
ex-triax.strain[0],
ey-triax.strain[1],
ez=triax.strain[2],
i-o.iter,
unbalanced-utils.unbalancedForce (),
totalEnergy=0.energy.total (),
0.energy

plot.plots

(continues on next page)
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(continued from previous page)

2.5 Advanced & more

2.5.1 Particle size distribution

See Periodic triaxial test and examples/test/psd.py

2.5.2 Clumps

Clump; see Periodic triaxial test

2.5.3 Testing laws

LawTester, scripts/checks-and-tests/law-test.py

2.5.4 Visualization

See the example 3d-postprocessing and video recording

VTKRecorder & Paraview

makeVideo

SnapshotEngine

doc/sphinx/tutorial/05-3d-postprocessing.py

examples/test/force-network-video.py

doc/sphinx/tutorial/make-simulation-video.py

2.5.5 Convert python 2 scripts to python 3

Below is a non-exhaustive list of common things to do to convert your scripts to python 3.

Mandatory:

e print ... becomesprint(...),

myDict.iterkeys (), myDict.itervalues (), myDict.iteritems () becomes myDict.
keys (), myDict.values (), myDict.items (),

import cPickle becomes import pickle,

*and <> operators are no longer recognized,

inconsistent use of tabs and spaces in indentation is prohibited, for this reason all scripts in yade
use tabs for indentation.
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Should be checked, but not always mandatory:

(euclidian) division of two integers: 11/12 becomes i1//12,

myDict.keys (), myDict.values (), myDict.items () becomessometimes 1ist (myDict.
keys()), list (myDict.values()), list (myDict.items ()) (depending on your usage),

map (), filter(), =zip() becomes sometimes list (map()), list(filter()),
list (zip()) (depending on your usage),

string encoding is now UTF8 everywhere, it may cause problems on user inputs/outputs (keyboard,
file...) with special chars.

Optional:

2.6

# encoding: utf-8 no longer needed

Examples with tutorial

The online version of this tutorial contains embedded videos.

2.6.1 Bouncing sphere

Following example is in file doc/sphinx/tutorial/01-bouncing-sphere.py.

YouTube video: CMfL8PGq-xQ

0.bodies.append (

0.engines
ForceResetter (),
InsertionSortCollider ([Bol_Sphere_Aabb()1),
InteractionLoop(

sphere (center=(0, 0, 0), radius=.5, fixed=True),

sphere ((0, 0, 2), .5)

[1g2_Sphere_Sphere_ScGeom() 1,
[Ip2_FrictMat_FrictMat i Phys ()1,
[Law2_ScGeom FrictPhys_CundallStrack ()]

NewtonIntegrator (gravity=(0, 0, -9.81), damping=0.1)

* PWaveTimeStep ()

0.saveTmp ()
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2.6.2 Gravity deposition
Following example is in file doc/sphinx/tutorial/02-gravity-deposition.py.
YouTube video: YUIUSIOYADM

0.bodies.append (geom. facetBox ( ( -5), (.5, .5, .5), wallMask=31))

sp.toSimulation ()

O.engines = [
ForceResetter (),
InsertionSortCollider ([Bol_Sphere Aabb(), Bol Facet Aabb()1),
InteractionLoop (
[1g2_Sphere_Sphere_ScGeom(), Ig2_Facet_Sphere_ScGeom()],
[Ip2_FrictMat_FrictMat_FrictPhys ()],
[Law2_ScGeom_FrictPhys_CundallStrack ()]

+sphere col

)

NewtonIntegrator (gravity=(0, 0, -9.81), damping=0.4),
g — ) ev

realPeriod=2),

(defin

PyRunner (command.
PyRunner (command-" ', iterPeriod-100)
1

0.dt = .5 * PWaveTimeStep()

0.trackEnergy = True

def checkUnbalanced () :
if unbalancedForce() <
0.pause ()

plot.plot ()

0.saveTmp ()

2.6.3 Oedometric test
Following example is in file doc/sphinx/tutorial/03-oedometric-test.py.

YouTube video: RjH1v-Fth34

(continues on next page)
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(continued from previous page)

03-oedomet

values are us from batch
readparamsFromTable (rMean=

rMean, rR

from yade.params.table import *

05, rRelFuzz=.3, maxLoad=1e6, minLoad=led)

le directly as variables later

2z, ma

# create box wi

free top, and

from yade import pack, plot

0.bodies.append (geom. facetBox ((.5, .5, .5), (.5, .5, .5), wallMask=31))
sp - pack.SpherePack ()

sp.makeCloud ((0, 0, 0), (I, 1, 1), rMean-rMean, rRelFuzz-rRelFuzz)
sp.tosimulation ()

O.engines = [
ForceResetter (),
here, facet, wa
InsertionSortCollider([Bol_Sphere_Aabb(), Bol_Facet_ Aabb(), Bol_Wall Aabb()]),
InteractionLoop (
# the loading plate to
[Ig2_sphere_sphere_ScGeom(), Ig2_Facet_Sphere_ScGeom ()
[Ip2_FrictMat_FrictMat_FrictPhys()],
[Law2_ScGeom_FrictPhys_CundallStrack ()]

we

et, sphere+w

sphere+sphere, sphere+

Ig2_Wall_Sphere_ScGeom() ],

Vo
NewtonIntegrator (gravity=(0,

9.81),

this engine

# we use it bel functions called

PyRunner (comman

checker'),

0.dt = .5 * PWaveTimeStep ()

# check whether the

¢ the packing
def checkUnbalanced() :

ced force can be

# the rest unbalanced is

return
# add t the position on the top
# the maximum finds the z-coordinate of he topmos t
0.bodies.append (wall (max ([b.state.pos[2] + b.shape.radius for b in 0.bodies if isinstance(b.shape, Sphere)]), axis-2, sens
global plate # without this line, the plate variable would only exist inside this function
plate = O.bodies[-1] # the last particles is

Wall objects are "fixed" by default, i.e. not

(downwards)

plate.state.vel = (0, 0,
tting the da

O.engines = O.engines + [PyRunner (command='addPlotData()', iterPeriod:

# next time, do no but the next one (i

checker.command = 'unloadPlate () '

def unloadPlate(

he force on plate exceeds maximum load,

if abs (0. forces.f(plate.id) [2]) > maxLoad:
plate.state.vel *= -1

unloading

ding () '

the next one (stopUnlo

def stopUnloading():
if abs(0.forces.f(plate.id) [2]) < minLoad

# 0.tags can be used to retri

in batch

plot . saveDataTxt (0.tags[
0.pause ()

def addplotbata ()
if not isinstance(0.bodies[-1].shape, Wall):
plot .addbata ()
return
Fz - 0.forces.f (plate.id) [2]
plot.addData (Fz—Fz, w-plate.state.pos[2] - plate.state.refPos(2], unbalanced-unbalancedForce(), i-0.iter)

(continues on next page)
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plot.plots = {'i': ('unbalanced',), 'w':
plot.plot ()
o.run()

waitIfBatch ()

(continued from previous page)

Batch table

To run the same script doc/sphinx/tutorial/03-oedometric-test.py in batch mode to test different param-
eters, execute command yade-batch 03-oedometric-test.table 03-ocedometric-test.py,

also visit page http://localhost:9080 to see the batch simulation progress.

rMean rRelFuzz maxLoad
1

1e6

2.6.4 Periodic simple shear
Following example is in file doc/sphinx/tutorial/04-periodic-simple-shear.py.

YouTube video: ZKHrILQCyZs

O.periodic = True
O.cell.hSize = Matrix3(2, 0, 0, 0, 2, 0,

from yade import pack, plot

if ¢
sp = pack.SpherePack ()
sp.makeCloud ((0 2, 2), rMean-.1, rRelFuzz=.6, periodic-True)
sp.toSimulation 1)

else:
0.bodies. append (p

O.materials[0].frictionAngle = 0

0.engines = [

ForceResetter (),
InsertionSortCollider ([Bol_Sphere_Aabb()]),
InteractionLoop (

re_ScGeom()],
at_FrictPhys ()],
ys_Cundallstrack ()]

PyRunner (command-= bel='checker'),

PyRunner (command="addData () '

(continues on next page)
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(continued from previous page)

be isotropic normal def

0.cell.velGrad = Matrix3(-.1,

# when to stop the isot

limitMeanStress = -5e5

y second b;

def

ss = getStress().trace() /
('mean stress', stress)

£ mean stress is below in absolute value) limitMeanStress, start ot
if stress < limitMeanStress:
O.cell.velGrad = Matrix3(0, 0, .1, 0, 0, 0,

# change the function called by the checker engine

checker.command = 'c
oy mEAE G £
default

# X,Y,Z rotati
b.state.blockedDOFs =

# stop

O.materials[0].frictionAngle

# for existing

for i in O.interactions:
i.phys.tangensOfFrictionangle - tan(.5)

# called from the

def checkDistorsion() :

the shear phase

exit; otherwise do nothing

if abs(0.cell.trsf[0,

plot .saveDataTxt (0.tags['id'] + '.txt')

£(0) #

# called periodic
def addData () :
# get
stress = sum(normalShearStressTensors(), Matrix3.Zero)

e them

plot.addData (exz=0.cell.trsf[0, 2], szz-stress[2, 2], sxz-stress[0, 2], tanPhi-(stress[0, 2] / stress[2, 2]) if stress[2,

1 != 0 else 0, i=0.

—riter)

for b in O.bodies:
# rot () and

b.shape.color = scalaronColorScale (b.state.rot ().norm(), 0, pi / 2.)

rrent pos

ion vector betwe:

## szz(exz), sxz(exz)

# note the space in it does not overwrit

plot.plots = {'i

'i ': ("tanPhi',)}

Ty T,

# better show rotation

Gl1_Sphere.stripes = True

# o

plot.plot ()

0.saveTmp ()
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2.6.5 3d postprocessing

Following example is in file doc/sphinx/tutorial/05-3d-postprocessing.py. This example will run for 20000
iterations, saving * . png snapshots, then it will make a video 3d.mpeg out of those snapshots.

YouTube video: XpCWWPptQN4

from yade import pack, gt

sp - pack.SpherePack ()
sp.makeCloud((0, 0, 0), (2, 2, 2), rMean=.1, rRelFuzz-.6, periodic-True)

sp.toSimulation ()

0.engines - [
ForceResetter (),
InsertionSortCollider ([Bol_Sphere_Aabb()1),
InteractionLoop (

[192_Sphere_Sphere_ScGeom() ],

[Ip2_FrictMat_FrictMat_FrictPhys()],

[Law2_ScGeom_FrictPhys_CundallStrack ()]
).
NewtonIntegrator (damping=.4),

VIKRecorder (fileName='3d-vtk-', recorders=['all'l, iterPeriod=1
qt . SnapshotEngine (fileBase='3d-', iterPeriod=200, label='snar
PyRunner (command='finish() ', iterPeriod=20000)

1

0.dt - .5 * PWaveTimeStep()

0.cell.velGrad = Matrix3(-.1, 0, 0, 0, -.1, 0, 0, 0, —.1)

qt.view()

def finish():

makeVideo (snapshot . snapshots, ' Jeq', £ps=10, bps=
0.pause ()

rr = yade.gt.Renderer ()
rr.shape - False
rr.intrPhys = True

2.6.6 Periodic triaxial test

Following example is in file doc/sphinx/tutorial/06-periodic-triaxial-test.py. A variant of this exemple
includes capillary forces, see doc/sphinx/tutorial/06-periodic-triaxial-test-capillarity.py

YouTube video: utTDLZz0y_w

(continues on next page)
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(continued from previous page)

# generate loose packing

from yade import pack, qt, plot

0.periodic = True
sp - pack.SpherePack ()
if 0:

), rMean-.1, rRelFuzz-

periodic-True
else:

pack.SpherePack ([ ((

sp.makeClumpCloud ( (0, 2, 2), [el], periodic=True, num=500

sp.toSimulation ()

0.engines
ForceResetter (),
InsertionSortCollider ([Bol_Sphere Aabb()1),
InteractionLoop([Ig2_Sphere Sphere ScGeom()], [Ip2 FrictMat FrictMat FrictPhys()], [Law2_ScGeom FrictPhys CundallStrack ()])
PeriTriaxController(
‘triax',

sigmaIso),

goal-(sigmaTso, sigmalso,
stressMask=7,

dynCell-True,
maxStrainRate=(10, 10, 10),

# wait until thi anced force goes below this value

maxUnbalanced=.1,
relStressTol=le-3

doneHook="compactionFinished ()

)
NewtonIntegrator (dampin
PyRunner (command-"a

g2

lotData() ', iterPeriod=100)

0.dt = .5 * PWaveTimeStep(

def addplotbata ()
plot.addbata (

unbalanced-unbalancedForce (),
i-0.iter,
sux=triax.stress[0],
syy=triax.stress[i],
szz-triax.stress(2],
exx=triax.strain[0],
eyy=triax.strain(1],
ezz=triax.strain(2],

Etot=0.energy.total(),
**0.energy

0.trackEnergy = True

# de
plot

}

plot.plot ()

inished()

Matrix3.Identity

triax.goal - (sigmalso, sigmalso, -.2)

(continues on next page)
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(continued from previous page)

triax.maxStrainRate = (1

triax.doneHook

triax.maxUnbalanced

def triaxFinished():
print ('Finish
0.pause ()

2.6.7 Fluid injection

Following example is in file doc/sphinx/tutorial/07-fluid-injection.py. The linked video results from post-
processing with ParaView.

YouTube video: gH585XaQEcY

from yade import pack, export
import yade.timing

from math import *

from pylab import rand

import os.path

import numpy as np

import matplotlib.pyplot as plt

O.periodic = True

width - 0.8 #
height

depth = 0
aperture -

numSpheres

compFricbegree = 10
# por y of ¢

porosity =

newSample - False #

filename = "init" + key + str(numSpheres)
volume - width * height * depth

meanRad - pow(volume * (1 - porosity) / (pi * (4 / 3.) * numSpheres), 1 / 3.)
if (meanRad * 6 > depth)

EASE NUM_SPHE!

if not os.path.isfile(filename + ".y
0.cell.hSize = Matrix3(width,
0.materials.append (FrictMat (young

e") or newsample:
0, 0, 3. * height, 0, 0, 0, depth)
0, poisson=0.5, frictionAngle-compFricDegree / 18

* pi, demsity=1600, label='spheres'))

0.materials.append (FrictMat (young 0, poisson=0.5, frictionAngle-radians(15), density=1000, label='walls')
lowBox = box (center=(width / 2.0, height, width / 2.0), extents=(width * 1000.0, 0, width * 1000.0), fixed-True, wire-False
0.bodies. append (LowBox|

topBox = box(center=(width / 2.0, 2 * height + 4 * meanRad, width / 2.0), extents=(width * 0, width * ), fixed-True, wire-False;

0.bodies . append (topBox)

sp - pack.SpherePack ()
sp.makeCloud((0, height + 2 * meanRad, 0), (width, 2 * height + 2 * meanRad, depth), -1,
< seed-2)
0.bodies.append ([sphere (5[0
else: #... else we r he
0.1oad(filename

, numSpheres, periodic-True, porosity-porosity,.

* rand(), 0.5 + 0.15 * rand(), 0.15 + 0.15 * rand()), material

1, s[1], color=(0.6 + res') for s in sp])

(continues on next page)
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(continued from previous page)

Gl1_Sphere.stripes = True

ST A

flow = PeriodicFlowEngine(
dead-1
meshUpdateInterval
defTolerance=-1,
permeabilityFactor=1.0,
useSolver=3,
duplicateThreshold=depth,
walllds=(-1, -1, 0, 1, -1,
bndCondIsPressure=[0, 0, 0,
viscosity=mu,

label="flow"

0, 0],

newton = NewtonIntegrator (damping=damp, gravity=(0, -9.81, 0))

0.engines
ForceResetter (),
InsertionSortCollider ([Bol_Sphere_Aabb(), Bol_Box_Aabb()], allowBiggerThanPeriod-1)
InteractionLoop ([Ig2_Sphere_Sphere_ScGeom(), Ig2_Box_Sphere_ScGeom()], [Ip2_FrictMat FrictMat_FrictPhys ()]
—>Cundallstrack()1),

GlobalstiffnessTimeStepper (active-1, timeStepUpdateInterval-1000

[Law2_ScGeom_FrictPhys_

defaultDt-utils.PWaveTimeStep (), label-

timestepSafetyCoefficient=0.

iterPeriod=25, dead=1, label="vt

B,
Jcity", "stress'], iterPeriod-2 e

PyRunner (command="£1c
dead=1, fileName-key + label="vtkR

VTKRecorder (recorders

ie") or newSample:

if not os.path.isfile(filename + ".

0.run (100

while unbalancedForce () >
0.run(100, 1)

ec and the solver on

VtkE.dead = vtkR.dead = flow.dead

lotData() '), iterPeriod=50, label="rei

O.engines = O.engines + [PyRunner (command=('myAdd
"y

0.save (filename

0.saveTmp ()

from yade import plot
import pylab

maxy - 0
for s in O.bodies:
if isinstance(s.shape, Sphere):
Pos = s.state.pos
if pos[1] > maxy:
maxy = pos[1]

def myAddPlotDatal():
index = flow.getCell(0.5 * width, height, 0.5 * depth)
if index > 0

simpleH
for s in O.bodies:
if isinstance(s.shape, Sphere):
pos - s.state.pos
if pos[1] > simpleH:
simpleH = pos[1]

cavityh = height
for s in O.bodies:
v = s.state.vel
magvel = pow ((v[0] * v[0] + v[1] * v[1] + v
if magvel > 0.14
pos = s.state.pos
if pos(1] > cavityh:
cavityh = pos[1]

2] * vi2]), 0.5)

plot.addbata (
t=0.time,
i=0.iter,
p=flow.getPorePressure ((0.5 * width, height, 0.5 * depth)),
q--injectedFlux,
Ho=max¥ - 1,
he-cavityh
He-simpleH

H = simpleH - 1
hf = cavityh - 1

(continues on next page)
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def imposeFlux (valf):

found
1istF1 = []
for k in range(flow.nCells()):
if 0 in flow.getVertices(k) and flow.getCellCenter (k) [0] > ((width - aperture) / 2.) and flow.getCellCenter (k) [0] < ((width +_
<—saperture) / 2.):

1istF1.append (k)
flow.clearImposedFlux ()
if len(listF1) 8
flow.imposeFlux ((0.5 * width, height, 0.5 * depth), valF)

else:
for k in 1listFl:
£low. imposeFlux (flow.getCellBarycenter (k), valF / float(len(listF1)))
injectedFlux = -1
flow.blockHook = "impos ( JF Lux) "

2.7 More examples

The same list with embedded videos is available online, but not recommended for viewing on slow internet
connection.

A full list of examples is in file examples/list_of _examples.txt. Videos of some of those examples are
listed below.

2.7.1 FluidCouplingLBM

* refFastBuoyancy, source file, video.

2.7.2 FluidCouplingPFV

¢ refFastOedometer, source file, video.

2.7.3 HydroForceEngine
* refFastBuoyantParticles, source file, video.
* refFastFluidizedBed, source file, video.
* refFastSedimentTransportExample, source file, video.
* refFastLaminarShearFlow, source file, video.

* refFastPostProcessValidMaurin2015, source file, video.
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https://yade-dem.org/doc/tutorial-more-examples.html
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/list_of_examples.txt
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/FluidCouplingLBM/buoyancy.py
https://youtu.be/bohwFU328NA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/FluidCouplingPFV/oedometer.py
https://youtu.be/Oq4KyNDkMYA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/oneWayCoupling/buoyantParticles.py
https://youtu.be/AjFtdbaorE4
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/oneWayCoupling/fluidizedBed.py
https://youtu.be/_sFdHmc2kf8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/oneWayCoupling/sedimentTransportExample.py
https://youtu.be/W6h-k7gGwTo
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/twoWayCoupling/laminarShearFlow.py
https://youtu.be/E2IOd9k47KM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/validations/DEMCoupling/Maurinetal2015/postProcessValidMaurin2015.py
https://youtu.be/H_6CcrA3dSE
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* refFastValidMaurin2015, source file, video.

2.7.4 PeriodicBoundaries
« refFastCellFlipping, source file, video.
* refFastPeri3dController-examplel , source file, video.
« refFastPeri3dController-shear, source file, video.

« refFastPeri3dController-triaxial Compression, source file, video.

refFastPeriodic-compress, source file, video.

refFastPeriodic-shear, source file, video.

ref FastPeriodic-simple-shear, source file, video.

refFastPeriodic-simple, source file, video.

.

ref FastPeriodic-triax-settingHsize, source file, video.

refFastPeriodic-triax, source file, video.

* refFastPeriodicSandPile, source file, video.

2.7.5 PotentialBlocks
* refFastWedgeYADE, source file, video.

* refFastCubePBscaled, source file, video.

2.7.6 PotentialParticles

* refFastCubePPscaled, source file, video.

2.7.7 WireMatPM
* refFastWirecontacttest, source file, video.
* refFastWirepackings, source file, video.

« refFastWiretensiltest, source file, video.

2.7.8 Adaptiveintegrator
« refFastSimple-scene-plot-NewtonIntegrator, source file, video.

« refFastSimple-scene-plot-RungeKuttaCashKarp54, source file, video.

2.7.9 Agglomerate
« refFastCompress, source file, video.

* refFastSimulation, source file, video.

2.7. More examples
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/HydroForceEngine/validations/DEMCoupling/Maurinetal2015/validMaurin2015.py
https://youtu.be/__8jcD7It0w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/cellFlipping.py
https://youtu.be/MOwatO13pgI
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/peri3dController_example1.py
https://youtu.be/PWbri2_SR4w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/peri3dController_shear.py
https://youtu.be/jMqqEF5LWTY
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/peri3dController_triaxialCompression.py
https://youtu.be/Jlq0V2jaQx0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-compress.py
https://youtu.be/1_6Umjgia2k
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-shear.py
https://youtu.be/XY_CwJcrsTE
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-simple-shear.py
https://youtu.be/JXK9FwuU0WM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-simple.py
https://youtu.be/q1yYLxZZU-Y
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-triax-settingHsize.py
https://youtu.be/8b_lJm4GhYs
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodic-triax.py
https://youtu.be/Hp1W8WhmQZU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PeriodicBoundaries/periodicSandPile.py
https://youtu.be/_SeA5KDzxpg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PotentialBlocks/WedgeYADE.py
https://youtu.be/GYrFkhFV-0E
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PotentialBlocks/cubePBscaled.py
https://youtu.be/Slnj-KeG-0w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/PotentialParticles/cubePPscaled.py
https://youtu.be/gOgjwMavjuk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/WireMatPM/wirecontacttest.py
https://youtu.be/Kc0R6ZaSIa0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/WireMatPM/wirepackings.py
https://youtu.be/VaW6gDdyiIc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/WireMatPM/wiretensiltest.py
https://youtu.be/mC2Rj-MK2TE
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/adaptiveintegrator/simple-scene-plot-NewtonIntegrator.py
https://youtu.be/gRkKQKhwl5w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/adaptiveintegrator/simple-scene-plot-RungeKuttaCashKarp54.py
https://youtu.be/57LmSgbSFZI
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/agglomerate/compress.py
https://youtu.be/u_Wua_JnYE4
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/agglomerate/simulation.py
https://youtu.be/QOhpCAJ5ypw
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2.7.10 Baraban

* refFastBicyclePedalEngine, source file, video.
e refFastBaraban, source file, video.

* refFastRotating-cylinder, source file, video.

2.7.11 Bulldozer

e refFastBulldozer, source file, video.

2.7.12 Capillary

* refFastCapillar, source file, video.

2.7.13 CapillaryLaplaceYoung
* refFastCapillaryPhys-example, source file, video.
* refFastCapillaryBridge, source file, video.

2.7.14 Chained-cylinders

e refFastCohesiveCylinderSphere, source file, video.
e refFastChained-cylinder-roots, source file, video.

* refFastChained-cylinder-spring, source file, video.

2.7.15 Clumps
* refFastAddToClump-example, source file, video.

ref FastApply-buoyancy-clumps, source file, video.

ref FastClump-hopper-test, source file, video.

refFastClump-hopper-viscoelastic, source file, video.

ref FastClump-inbox-viscoelastic, source file, video.

ref FastClump-viscoelastic, source file, video.

refFastReleaseFromClump-example, source file, video.

refFastReplaceByClumps-example, source file, video.

e refFastTriax-basic-with-clumps, source file, video.

2.7.16 Clumps-breakage

* refFastClumps-breakage-first-example, source file, video.

* refFastAbrasive, source file, video.

e refFastOedometric, source file, video.
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/baraban/BicyclePedalEngine.py
https://youtu.be/tF9Qe9ayklo
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/baraban/baraban.py
https://youtu.be/OCcjDf1rluw
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/baraban/rotating-cylinder.py
https://youtu.be/Hh6nGzIU1vU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/bulldozer/bulldozer.py
https://youtu.be/6cTyE-KfgcQ
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/capillary/capillar.py
https://youtu.be/gtpNKGJZpyc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/capillaryLaplaceYoung/CapillaryPhys-example.py
https://youtu.be/H0bPKX-jwu8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/capillaryLaplaceYoung/capillaryBridge.py
https://youtu.be/ds6zXTxaIY0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/chained-cylinders/CohesiveCylinderSphere.py
https://youtu.be/F2eStgTSgp0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/chained-cylinders/chained-cylinder-roots.py
https://youtu.be/wwkUIpVBL8k
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/chained-cylinders/chained-cylinder-spring.py
https://youtu.be/wYp0XA_Q3ds
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/addToClump-example.py
https://youtu.be/uP19j2yZltg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/apply-buoyancy-clumps.py
https://youtu.be/fwsx_c1ibkM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/clump-hopper-test.py
https://youtu.be/ESzQ3t7RHeM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/clump-hopper-viscoelastic.py
https://youtu.be/cX7Ewoz9wy8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/clump-inbox-viscoelastic.py
https://youtu.be/rpOYcwoDihE
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/clump-viscoelastic.py
https://youtu.be/VSovZDU8Kb8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/releaseFromClump-example.py
https://youtu.be/inER1NuyM-0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/replaceByClumps-example.py
https://youtu.be/zjeN-OUj18A
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps/triax-basic-with-clumps.py
https://youtu.be/kqisX2LfwIg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps-breakage/first_example.py
https://youtu.be/WMFo_8tI1KM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps-breakage/abrasive.py
https://youtu.be/v__ORwA-IPc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps-breakage/oedometric.py
https://youtu.be/EJYV-T7H0Ks

Yade Documentation, Release 3rd ed.

e refFastUniaxial-clump, source file, video.

« refFastUniaxial-sphere, source file, video.

2.7.17 Concrete
* refFastBrazilian, source file, video.
« refFastInteraction-histogram, source file, video.
« refFastPeriodic, source file, video.
* refFastTriax, source file, video.
* refFastUniax-post, source file, video.

* refFastUniax, source file, video.

2.7.18 Conveyor

« refFastConveyor, source file, video.

2.7.19 Cylinders
* refFastBendingbeams, source file, video.
« refFastCylinder-cylinder, source file, video.
* refFastCylinderconnection-roots, source file, video.

* refFastMikado, source file, video.

2.7.20 Deformableelem
* refFastMinimalTensileTest, source file, video.
« refFastTestDeformableBodies, source file, video.

« refFastTestDeformableBodies-pressure, source file, video.

2.7.21 Grids

« refFastCohesiveGridConnectionSphere, source file, video.
* refFastGridConnection-Spring, source file, video.
* refFastSimple-GridConnection-Falling, source file, video.

« refFastSimple-Grid-Falling, source file, video.

2.7.22 Gts-horse
* refFastGts-horse, source file, video.
« refFastGts-operators, source file, video.

* refFastGts-random-pack-obb, source file, video.

2.7. More examples
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps-breakage/uniaxial_clump.py
https://youtu.be/GAcW_zTKTLU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/clumps-breakage/uniaxial_sphere_batch.py
https://youtu.be/5OSsnooCDv0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/brazilian.py
https://youtu.be/KCq336lbw7w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/interaction-histogram.py
https://youtu.be/59f8gSLu6DA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/periodic.py
https://youtu.be/DOptBIIp73U
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/triax.py
https://youtu.be/BEB88z1EztA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/uniax-post.py
https://youtu.be/iXYD9kMB9kA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/concrete/uniax.py
https://youtu.be/Z1VQ14m0riM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/conveyor/conveyor.py
https://youtu.be/bLULZ2a_thk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/cylinders/bendingbeams.py
https://youtu.be/DO_ab64sUJc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/cylinders/cylinder-cylinder.py
https://youtu.be/IEzbwudIwGA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/cylinders/cylinderconnection-roots.py
https://youtu.be/h-6z79VXWA8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/cylinders/mikado.py
https://youtu.be/j2aNyUSaWps
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/deformableelem/MinimalTensileTest.py
https://youtu.be/sa0yVUKytN0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/deformableelem/testDeformableBodies.py
https://youtu.be/L0q-1QMmw8Q
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/deformableelem/testDeformableBodies_pressure.py
https://youtu.be/QPAtlnptjvk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/grids/CohesiveGridConnectionSphere.py
https://youtu.be/H8VCdsW6wVA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/grids/GridConnection_Spring.py
https://youtu.be/NQL5y7bz9XU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/grids/Simple_GridConnection_Falling.py
https://youtu.be/ede8_SQkkeM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/grids/Simple_Grid_Falling.py
https://youtu.be/g8HVsbJB4fU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/gts-horse/gts-horse.py
https://youtu.be/xteVeQlMrYM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/gts-horse/gts-operators.py
https://youtu.be/eZ9jBEiKUnk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/gts-horse/gts-random-pack-obb.py
https://youtu.be/L04jwnz5Ujg
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* refFastGts-random-pack, source file, video.

2.7.23 Hourglass

* refFastHourglass, source file, video.

2.7.24 Packs

* refFastPacks, source file, video.

2.7.25 Pfacet

* refFastGts-pfacet, source file, video.

* refFastMesh-pfacet, source file, video.

* refFastPFacets-grids-spheres-interacting, source file, video.

* refFastPfacetcreators, source file, video.

2.7.26 Polyhedra

* refFastBall, source file, video.

refFastHorse, source file, video.

refFastlrregular, source file, video.

ref FastSphere-interaction, source file, video.

refFastSplitter, source file, video.

ref FastInteractinDetectionFactor, source file, video.

refFastScGeom, source file, video.

* refFastTextExport, source file, video.

2.7.27 PolyhedraBreak

* refFastUniaxial-compression, source file, video.

2.7.28 Ring2d

* refFastRingCundallDamping, source file, video.

* refFastRingSimple Viscoelastic, source file, video.

2.7.29 Rod-penetration

e refFastModel, source file, video.
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/gts-horse/gts-random-pack.py
https://youtu.be/1dMVlf2u0zM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/hourglass/hourglass.py
https://youtu.be/wS_x4UPROOE
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/packs/packs.py
https://youtu.be/luGIch9gSdg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/pfacet/gts-pfacet.py
https://youtu.be/AA2rCfdBX1w
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/pfacet/mesh-pfacet.py
https://youtu.be/HZ3aAOaebbo
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/pfacet/pFacets_grids_spheres_interacting.py
https://youtu.be/3e09Zi_LPU0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/pfacet/pfacetcreators.py
https://youtu.be/5PMYeadRRvA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/ball.py
https://youtu.be/pH6kbVcTRg4
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/horse.py
https://youtu.be/I9bpX85B8f8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/irregular.py
https://youtu.be/9XbkYXukdjI
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/sphere-interaction.py
https://youtu.be/2ZlWJBQ4ELY
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/splitter.py
https://youtu.be/IjXvPLU92xQ
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/tests/interactinDetectionFactor.py
https://youtu.be/mPj7YfFObdg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/tests/scGeom.py
https://youtu.be/xdpFnwy_mB8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedra/textExport.py
https://youtu.be/Js52jLduYYM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/polyhedraBreak/uniaxial_compression.py
https://youtu.be/r77l-A8O8ug
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/ring2d/ringCundallDamping.py
https://youtu.be/jm_snDXShaE
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/ring2d/ringSimpleViscoelastic.py
https://youtu.be/1-StKzb7XV4
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/rod-penetration/model.py
https://youtu.be/b_yLp0onOzg
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2.7.30 Simple-scene

refFast2SpheresNorm Visc, source file, video.
refFastSave-then-reload, source file, video.
refFastSimple-scene-default-engines, source file, video.
refFastSimple-scene-energy-tracking, source file, video.
refFastSimple-scene-plot, source file, video.

refFastSimple-scene, source file, video.

2.7.31 Stl-gts

refFastGts-stl, source file, video.

2.7.32 Tesselationwrapper

refFastTesselation Wrapper, source file, video.

2.7.33 Test

refFastNet-2part-displ-unloading, source file, video.
ref FastNet-2part-displ, source file, video.

ref FastBeam-16geom, source file, video.

ref FastClump-facet, source file, video.
refFastClumpPack, source file, video.
refFastCollider-stride-triax, source file, video.

ref FastCollider-stride, source file, video.
refFastCombined-kinematic-engine, source file, video.
refFastEnergy, source file, video.

refFastFacet-box, source file, video.

ref FastFacet-sphere- ViscEIBasic-peri, source file, video.
ref FastFacet-sphere- ViscElBasic, source file, video.
refFastFacet-sphere, source file, video.

ref FastHelix, source file, video.

ref FastInterpolating-force, source file, video.

ref FastKinematic, source file, video.

refFastMindlin, source file, video.

refFastMulti, source file, video.

2.7.

More examples
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/2SpheresNormVisc.py
https://youtu.be/kiWMTyNGMv4
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/save-then-reload.py
https://youtu.be/-_xUAgGMz2E
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/simple-scene-default-engines.py
https://youtu.be/i8Vl3tx1-JM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/simple-scene-energy-tracking.py
https://youtu.be/D3XrbW3lvsU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/simple-scene-plot.py
https://youtu.be/3bUCL4VmvGM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/simple-scene/simple-scene.py
https://youtu.be/a6j6v6zByFk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/stl-gts/gts-stl.py
https://youtu.be/MvxHr7mCR0A
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/tesselationwrapper/tesselationWrapper.py
https://youtu.be/2o3Y4znBmh8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/WireMatPM/net-2part-displ-unloading.py
https://youtu.be/588FJ80bf4I
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/WireMatPM/net-2part-displ.py
https://youtu.be/dcU3xQghpEc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/beam-l6geom.py
https://youtu.be/CFWi3YGXSKQ
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/clump-facet.py
https://youtu.be/kGRgeom2isI
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/clumpPack.py
https://youtu.be/qq17u0gXAfU
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/collider-stride-triax.py
https://youtu.be/jHXXuu7WeBk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/collider-stride.py
https://youtu.be/0UIC-HhGDBY
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/combined-kinematic-engine.py
https://youtu.be/6lN9N1YAmvM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/energy.py
https://youtu.be/8v6ln8by5fo
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/facet-box.py
https://youtu.be/9h-5MLa5s0o
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/facet-sphere-ViscElBasic-peri.py
https://youtu.be/NKzzupEVO8A
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/facet-sphere-ViscElBasic.py
https://youtu.be/cggR3UG7a6o
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/facet-sphere.py
https://youtu.be/7aJ2jHK2zv8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/helix.py
https://youtu.be/EvpwMBdyG4s
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/interpolating-force.py
https://youtu.be/3RNc1J9YCds
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/kinematic.py
https://youtu.be/J10jxnWuhFc
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/mindlin.py
https://youtu.be/kqr39aXEMCk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/multi/multi.py
https://youtu.be/-DQrAVyXEzw
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e refFastPack-cloud, source file, video.

refFastPack-inConvexPolyhedron, source file, video.

ref FastPv-section, source file, video.

refFastPeriodic-geom-compare, source file, video.

refFastPsd, source file, video.

refFastSphere-sphere-ViscElBasic-peri, source file, video.

ref FastSubdomain-balancer, source file, video.

refFastTest-sphere-facet-corner, source file, video.

refFastTest-sphere-facet, source file, video.

refFastTriax-basic, source file, video.

ref FastTriax-basic-without-plots, source file, video.

refFastUnvRead, source file, video.

2.7.34 Tetra

e refFastOneTetra, source file, video.
* refFastOneTetraPoly, source file, video.
* refFastTwoTetras, source file, video.

e refFastTwoTetrasPoly, source file, video.

2.7.35 ViscoelasticBoundaryCondition
* refFastViscoelasticSingleElement, source file, video.

e refFastViscoelasticDiscreteFoundation, source file, video.
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https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/pack-cloud.py
https://youtu.be/bcPS894Qp_g
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/pack-inConvexPolyhedron.py
https://youtu.be/fBJT5iFQ4ak
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/paraview-spheres-solid-section/pv_section.py
https://youtu.be/bFiUfoEXFMQ
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/periodic-geom-compare.py
https://youtu.be/SiobftG7Lqw
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/psd.py
https://youtu.be/HVs7qGg4AE0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/sphere-sphere-ViscElBasic-peri.py
https://youtu.be/ar4JDS6vjs0
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/subdomain-balancer.py
https://youtu.be/i4_LOzGk3m8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/test-sphere-facet-corner.py
https://youtu.be/NaELYGF9tKg
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/test-sphere-facet.py
https://youtu.be/J7i86WHK3QA
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/triax-basic.py
https://youtu.be/B2DIXJJvpwM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/triax-basic-without-plots.py
https://youtu.be/AALiZ7G7yNM
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/test/unv-read/unvRead.py
https://youtu.be/IkDE36LAwr8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/tetra/oneTetra.py
https://youtu.be/bv8PxbiG500
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/tetra/oneTetraPoly.py
https://youtu.be/vzOJte9HzgI
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/tetra/twoTetras.py
https://youtu.be/U9edvfJWspk
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/tetra/twoTetrasPoly.py
https://youtu.be/nAIBxWQ32-o
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/viscoelastic-supports/single-element.py
https://youtu.be/02gh9dzzjX8
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/viscoelastic-supports/discrete-foundation.py
https://youtu.be/G52NUijtFOA

Chapter 3

DEM formulation

In this chapter, we mathematically describe general features of explicit DEM simulations, with some
reference to Yade implementation of these algorithms. They are given roughly in the order as they appear
in simulation; first, two particles might establish a new interaction, which consists in

1. detecting collision between particles;

2. creating new interaction and determining its properties (such as stiffness); they are either precom-
puted or derived from properties of both particles;

Then, for already existing interactions, the following is performed:
1. strain evaluation;
2. stress computation based on strains;
3. force application to particles in interaction.

This simplified description serves only to give meaning to the ordering of sections within this chapter. A
more detailed description of this simulation loop is given later.

In this chapter we refer to kinematic variables of the contacts as “strains™, although at this scale it is also
common to speak of “displacements™. Which semantic is more appropriate depends on the conceptual
model one is starting from, and therefore it cannot be decided independently of specific problems. The
reader familiar with displacements can mentaly replace normal strain and shear strain by normal displace-
ment and shear displacement, respectively, without altering the meaning of what follows.

3.1 Collision detection

3.1.1 Generalities

Exact computation of collision configuration between two particles can be relatively expensive (for instance
between Sphere and Facet). Taking a general pair of bodies ¢ and j and their “exact™ (In the sense of
precision admissible by numerical implementation.) spatial predicates (called Shape in Yade) represented
by point sets P;, P; the detection generally proceeds in 2 passes:
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1. fast collision detection using approximate predicate P, and 1—:’]-; they are pre-constructed in such a
way as to abstract away individual features of P; and P; and satisfy the condition

VxeER :zeP,=zebh 3.1,1)

(likewise for P;). The approximate predicate is called ““bounding volume” (Bound in Yade) since it
bounds any particle’s volume from outside (by virtue of the implication). It follows that (P; N P;) #
0 = (P; N P;) # 0 and, by applying modus tollens,

(PNP)=0= (PNP) =0 (3.1,2)

which is a candidate exclusion rule in the proper sense.

2. By filtering away impossible collisions in (3.1,2), a more expensive, exact collision detection algo-
rithms can be run on possible interactions, filtering out remaining spurious couples (P; N Pj) #*
DA (Pi n Pj) = (. These algorithms operate on P; and P; and have to be able to handle all possible
combinations of shape types.

It is only the first step we are concerned with here.

3.1.2 Algorithms

Collision evaluation algorithms have been the subject of extensive research in fields such as robotics,
computer graphics and simulations. They can be roughly divided in two groups:

Hierarchical algorithms
which recursively subdivide space and restrict the number of approximate checks in the first pass,
knowing that lower-level bounding volumes can intersect only if they are part of the same higher-
level bounding volume. Hierarchy elements are bounding volumes of different kinds: octrees
[Jung1997], bounding spheres [Hubbard1996], k-DOP’s [Klosowskil998].

Flat algorithms
work directly with bounding volumes without grouping them in hierarchies first; let us only mention
two kinds commonly used in particle simulations:

Sweep and prune
algorithm operates on axis-aligned bounding boxes, which overlap if and only if
they overlap along all axes. These algorithms have roughly O(n logn) complexity,
where n is number of particles as long as they exploit temporal coherence of the
simulation.

Grid algorithms
represent continuous 123 space by a finite set of regularly spaced points, leading
to very fast neighbor search; they can reach the O(n) complexity [Munjizal998]
and recent research suggests ways to overcome one of the major drawbacks of this
method, which is the necessity to adjust grid cell size to the largest particle in the
simulation ([Munjiza2006], the “multistep” extension).

Temporal coherence
expresses the fact that motion of particles in simulation is not arbitrary but governed by physical
laws. This knowledge can be exploited to optimize performance.
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Numerical stability of integrating motion equations dictates an upper limit on At (sect. Stability consid-
erations) and, by consequence, on displacement of particles during one step. This consideration is taken
into account in [Munjiza2006], implying that any particle may not move further than to a neighboring
grid cell during one step allowing the O(n) complexity; it is also explored in the periodic variant of the
sweep and prune algorithm described below.

On a finer level, it is common to enlarge B predicates in such a way that they satisfy the (3.1,1) condition
during several timesteps; the first collision detection pass might then be run with stride, speeding up
the simulation considerably. The original publication of this optimization by Verlet [Verlet1967] used
enlarged list of neighbors, giving this technique the name Verlet list. In general cases, however, where
neighbor lists are not necessarily used, the term Verlet distance is employed.

3.1.3 Sweep and prune

Let us describe in detail the sweep and prune algorithm used for collision detection in Yade (class Inser-
tionSortCollider). Axis-aligned bounding boxes (Aabb) are used as P;; each Aabb is given by lower and
upper corner € R? (in the following, ]51-””0, lsl‘ ! are minimum/maximum coordinates of P; along the z
-axis and so on). Construction of Aabb from various particle Shape’s (such as Sphere, Facet, Wall) is
straightforward, handled by appropriate classes deriving form BoundFunctor (Bol_Sphere_Aabb, Bol_-
Facet_Aabb, ...).

Presence of overlap of two Aabb’s can be determined from conjunction of separate overlaps of intervals
along each axis (fig-sweep-and-prune):

(Bnp)#0e N [((Peoper)n (B prr)) #0] (3.13)

we{z,y,z}
where (a, b) denotes interval in R.

The collider keeps 3 separate lists (arrays) L,, for each axis w € {z,y, z}

Lo=J {P;w", 15,;“} (B.14)

i

where 4 traverses all particles. L,, arrays (sorted sets) contain respective coordinates of minimum and
maximum corners for each Aabb (we call these coordinates bound in the following); besides bound, each
of list elements further carries id referring to particle it belongs to, and a flag whether it is lower or upper
bound.

In the initial step, all lists are sorted (using quicksort, average O(nlogn)) and one axis is used to create
initial interactions: the range between lower and upper bound for each body is traversed, while bounds
in-between indicate potential Aabb overlaps which must be checked on the remaining axes as well.

At each successive step, lists are already pre-sorted. Inversions occur where a particle’s coordinate has just
crossed another particle’s coordinate; this number is limited by numerical stability of simulation and its
physical meaning (giving spatio-temporal coherence to the algorithm). The insertion sort algorithm swaps
neighboring elements if they are inverted, and has complexity between O(n) and O(n?), for pre-sorted
and unsorted lists respectively. For our purposes, we need only to handle inversions, which by nature of
the sort algorithm are detected inside the sort loop. An inversion might signify:

« overlap along the current axis, if an upper bound inverts (swaps) with a lower bound (i.e. that the
upper bound with a higher coordinate was out of order in coming before the lower bound with a
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py!
py!
pyo
]Sgo +x

Fig. 3.1.1: Sweep and prune algorithm (shown in 2D), where Aabb of each sphere is represented by
minimum and maximum value along each axis. Spatial overlap of Aabb’s is present if they overlap along
all axes. In this case, P N P, # () (but note that P, N P, = () and P, N P3 # 0.}

lower coordinate). Overlap along the other 2 axes is checked and if there is overlap along all axes,
a new potential interaction is created.

* End of overlap along the current axis, if lower bound inverts (swaps) with an upper bound. If there
is only potential interaction between the two particles in question, it is deleted.

* Nothing if both bounds are upper or both lower.

Aperiodic insertion sort

Let us show the sort algorithm on a sample sequence of numbers:

| 3 7 2 4 ||

Elements are traversed from left to right; each of them keeps inverting (swapping) with neighbors to the
left, moving left itself, until any of the following conditions is satisfied:

(<) the sorting order with the left neighbor is correct, or
(]])  the element is at the beginning of the sequence.

We start at the leftmost element (the current element is marked )
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3 / 2 4

It obviously immediately satisfies ( ||), and we move to the next element:

| 3 7 2 4

p
<

Condition ( <) holds, therefore we move to the right. The is not in order (violating ( <)) and two
inversions take place; after that, ( ||) holds:

3 7 2 4,

~—

3 2 / 4 1,

p.
|l 12 3 7 4

The last element first violates ( <), but satisfies it after one inversion

2 3 / 41 1l

~—

£
| 2 3 4 7

‘R____(
<

All elements having been traversed, the sequence is now sorted.

It is obvious that if the initial sequence were sorted, elements only would have to be traversed without any
inversion to handle (that happens in O(n) time).

For each inversion during the sort in simulation, the function that investigates change in Aabb overlap is
invoked, creating or deleting interactions.

The periodic variant of the sort algorithm is described in Periodic insertion sort algorithm, along with other
periodic-boundary related topics.
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Optimization with Verlet distances

As noted above, [Verlet1967] explored the possibility of running the collision detection only sparsely by
enlarging predicates F;.

In Yade, this is achieved by enlarging Aabb of particles by fixed relative length (or Verlet’s distance) in all
dimensions A L (InsertionSortCollider.sweepLength). Suppose the collider run last time at step m and the
current step is n. NewtonIntegrator tracks the cummulated distance traversed by each particle between
m and n by comparing the current position with the reference position from time n (Bound::refPos),

Lim = ‘Xn _Xml (31,5)
triggering the collider re-run as soon as one particle gives:
Lmn > AL. (3.1,6)

AL is defined primarily by the parameter InsertionSortCollider.verletDist. It can be set directly by as-
signing a positive value, or indirectly by assigning negative value (which defines AL in proportion of the
smallest particle radius). In addition, InsertionSortCollider.targetInterv can be used to adjust AL inde-
pendently for each particle. Larger AL will be assigned to the fastest ones, so that all particles would
ideally reach the edge of their bounds after this “target” number of iterations. Results of using Ver-
let distance depend highly on the nature of simulation and choice of InsertionSortCollider.targetInterv.
Adjusting the sizes independently for each particle is especially efficient if some parts of a problem have
high-speed particles will others are not moving. If it is not the case, no significant gain should be expected
as compared to targetInterv=0 (assigning the same AL to all particles).

The number of particles and the number of available threads is also to be considered for choosing an
appropriate Verlet’s distance. A larger distance will result in less time spent in the collider (which runs
single-threaded) and more time in computing interactions (multi-threaded). Typically, large AL will be
used for large simulations with more than 10° particles on multi-core computers. On the other hand
simulations with less than 10 particles on single processor will probably benefit from smaller A L. Users
benchmarks may be found on Yade’s wiki (see e.g. https://yade-dem.org/wiki/Colliders_performace).

3.2 Creating interaction between particles

Collision detection described above is only approximate. Exact collision detection depends on the ge-
ometry of individual particles and is handled separately. In Yade terminology, the Collider creates only
potential interactions; potential interactions are evaluated exactly using specialized algorithms for collision
of two spheres or other combinations. Exact collision detection must be run at every timestep since it is at
every step that particles can change their mutual position (the collider is only run sometimes if the Verlet
distance optimization is in use). Some exact collision detection algorithms are described in Kinematic
variables; in Yade, they are implemented in classes deriving from IGeomFunctor (prefixed with 1g2).

Besides detection of geometrical overlap (which corresponds to IGeom in Yade), there are also non-
geometrical properties of the interaction to be determined (IPhys). In Yade, they are computed for every
new interaction by calling a functor deriving from IPhysFunctor (prefixed with Ip2) which accepts the
given combination of Material types of both particles.
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3.2.1 Stiffnesses

Basic DEM interaction defines two stiffnesses: normal stiffness K and shear (tangent) stiffness K.
It is desirable that Ky be related to fictitious Young’s modulus of the particles’ material, while Kr is
typically determined as a given fraction of computed K. The K7 /Ky ratio determines macroscopic
Poisson’s ratio of the arrangement, which can be shown by dimensional analysis: elastic continuum has
two parameters ( £ and v) and basic DEM model also has 2 parameters with the same dimensions K n
and K1 /K x; macroscopic Poisson’s ratio is therefore determined solely by K/ K and macroscopic
Young’s modulus is then proportional to K and affected by K7 /K.

Naturally, such analysis is highly simplifying and does not account for particle radius distribution, packing
configuration and other possible parameters such as the interaction radius introduced later.
Normal stiffness

The algorithm commonly used in Yade computes normal interaction stiffness as stiffness of two springs
in serial configuration with lengths equal to the sphere radii (fig-spheres-contact-stiffness).

Fig. 3.2.1: Series of 2 springs representing normal stiffness of contact between 2 spheres.

Let us define distance [ = I1 + 2, where [; are distances between contact point and sphere centers, which
are initially (roughly speaking) equal to sphere radii. Change of distance between the sphere centers Al
is distributed onto deformations of both spheres Al = Al; + Als proportionally to their compliances.
Displacement change Al; generates force F; = K;Al;, where K; assures proportionality and has physical
meaning and dimension of stiffness; K; is related to the sphere material modulus F; and some length I~1
proportional to r;.

Al = Aly + Als
KNyAl=F=F,=F
Ky (Al + Aly) = F

Ky (i i):F

K K,
Kl—l +K2—1 — K;,l
K1K2
Ky=-—122
YUK+ K,
Erl1 Esly

N=—— "=
Bl + Eslo
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The most used class computing interaction properties Ip2_FrictMat_FrictMat_FrictPhys uses I = 2r;.

Some formulations deﬁne an equivalent cross-section A.q, which in that case appears in the I; term as

K; = El; = E; "q. Such is the case for the concrete model (Ip2_CpmMat_CpmMat_CpmPhys),
where Aeq = mm(m7 r2).

For reasons given above, no pretense about equality of particle-level £; and macroscopic modulus £
should be made. Some formulations, such as [Hentz2003], introduce parameters to match them numeri-
cally. This is not appropriate, in our opinion, since it binds those values to particular features of the sphere
arrangement that was used for calibration.

3.2.2 Other parameters

Non-elastic parameters differ for various material models. Usually, though, they are averaged from
the particles’ material properties, if it makes sense. For instance, Ip2_CpmMat_CpmMat_CpmPhys
averages most quantities, while Ip2_FrictMat_FrictMat_FrictPhys computes internal friction angle as
» = min(p1, p2) to avoid friction with bodies that are frictionless.

3.3 Kinematic variables
In the general case, mutual configuration of two particles has 6 degrees of freedom (DoFs) just like a

beam in 3D space: both particles have 6 DoFs each, but the interaction itself is free to move and rotate
in space (with both spheres) having 6 DoFs itself; then 12 — 6 = 6. They are shown at fig-spheres-dofs.

SSl0CISH

initial configuration normal straining (1DoF) shearing (2 DoFs)
twisting (1DoF) bending (2 DoFs)

Fig. 3.3.1: Degrees of freedom of configuration of two spheres. Normal motion appears if there is a
difference of linear velocity along the interaction axis ( n); shearing originates from the difference of
linear velocities perpendicular to n and from the part of w; + w3 perpendicular to n; twisting is caused
by the part of w; — wy parallel with n; bending comes from the part of w; — w4 perpendicular to n.

We will only describe normal and shear components of the relative movement in the following, leaving
torsion and bending aside. The reason is that most constitutive laws for contacts do not use the latter two.
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3.3.1 Normal deformation

Constants

Let us consider two spheres with initial centers C'1, C and radii 71, 75 that enter into contact. The order
of spheres within the contact is arbitrary and has no influence on the behavior. Then we define lengths

dy = |C'2 *61\
do — 11— 12

dy =do — dy.
B ) 2 0 1

dy =11+
These quantities are constant throughout the life of the interaction and are computed only once when
the interaction is established. The distance dy is the reference distance and is used for the conversion of
absolute displacements to dimensionless strain, for instance. It is also the distance where (for usual contact
laws) there is neither repulsive nor attractive force between the spheres, whence the name equilibrium
distance.

)
7/

‘d]‘

Fig. 3.3.2: Geometry of the initial contact of 2 spheres; this case pictures spheres which already overlap
when the contact is created (which can be the case at the beginning of a simulation) for the sake of
generality. The initial contact point C' is in the middle of the overlap zone.

Distances d; and dz define reduced (or expanded) radii of spheres; geometrical radii 7; and 79 are used
only for collision detection and may not be the same as dy and ds, as shown in fig. fig-sphere-sphere.
This difference is exploited in cases where the average number of contacts between spheres should be
increased, e.g. to influence the response in compression or to stabilize the packing. In such case, interac-
tions will be created also for spheres that do not geometrically overlap based on the interaction radius Ry,
a dimensionless parameter determining ,,non-locality* of contact detection. For R; = 1, only spheres
that touch are considered in contact; the general condition reads

do < Ry(ry +12). (33,1
The value of R; directly influences the average number of interactions per sphere (percolation), which

for some models is necessary in order to achieve realistic results. In such cases, Aabb (or B predicates in
general) must be enlarged accordingly (Bol_Sphere_Aabb.aabbEnlargeFactor).
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Contact cross-section

Some constitutive laws are formulated with strains and stresses (Law2_ScGeom_CpmPhys_Cpm, the
concrete model described later, for instance); in that case, equivalent cross-section of the contact must
be introduced for the sake of dimensionality. The exact definition is rather arbitrary; the CPM model
(Ip2_CpmMat_CpmMat_CpmPhys) uses the relation

Aeq = mmin(ry, r9)? (3.3,2)

which will be used to convert stresses to forces, if the constitutive law used is formulated in terms of
stresses and strains. Note that other values than 7 can be used; it will merely scale macroscopic packing
stiffness; it is only for the intuitive notion of a truss-like element between the particle centers that we
choose A.q representing the circle area. Besides that, another function than min(r1,r2) can be used,
although the result should depend linearly on 71 and 75 so that the equation gives consistent results if the
particle dimensions are scaled.

Variables

The following state variables are updated as spheres undergo motion during the simulation (as Cj and C5
change):

C:'; _C;'i’ e
°e=_—2 "1 —0Cco_C?° 3.3,3
" Tles -l 2o 333)
and
c°=Ce+ (dl _d =G =Gl ‘C; — Cl‘) n. (334

The contact point C° is always in the middle of the spheres’ overlap zone (even if the overlap is negative,
when it is in the middle of the empty space between the spheres). The contact plane is always perpendicular
to the contact plane normal n° and passes through C°.

Normal displacement and strain can be defined as

un =|C5 — C7| - dy,
uy _ |G- Ci| _

1.
do do

EN =

Since uy is always aligned with n, it can be stored as a scalar value multiplied by n if necessary.

For massively compressive simulations, it might be beneficial to use the logarithmic strain, such that the
strain tends to —oo (rather than —1) as centers of both spheres approach. Otherwise, repulsive force
would remain finite and the spheres could penetrate through each other. Therefore, we can adjust the
definition of normal strain as follows:

0
cicsl (335

) otherwise.
0

{log (1e58) ifjes - 3l < do

EN =

Such definition, however, has the disadvantage of effectively increasing rigidity (up to infinity) of contacts,
requiring At to be adjusted, lest the simulation becomes unstable. Such dynamic adjustment is possible
using a stiffness-based time-stepper (GlobalStiffnessTimeStepper in Yade).
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3.3.2 Shear deformation

The shear deformation (or displacement) between two particles must be computed incrementally to facil-
itate plasticity such as sliding in the Mohr-Coulomb friction model. Moreover, if two particles in contact
are subject to a pure rigid-body motion, thereby maintaining the same relative orientation (e.g. overlap
distance and shear), then wy must still either track the spheres’ spatial motion or must rely exclusively on
sphere-local data.

Geometrical meaning of shear strain is shown in fig-shear-2d.

Fig. 3.3.3: Evolution of shear displacement w7 due to mutual motion of spheres, both linear and rota-
tional. Left configuration is the initial contact, right configuration is after displacement and rotation of
one particle.

The classical incremental algorithm is widely used in DEM codes and is described frequently
([Luding2008], [Alonso2004]). Yade implements this algorithm in the ScGeom class. At each step,
the shear displacement w is updated; the update increment can be decomposed in 2 parts: motion of the
interaction (i.e. C and m) in global space and mutual motion of spheres.

1. Correcting for rigid-body motion. The orientation of the contact changes dues to changes in the
spheres’ positions C'; and C», thereby updating the current C° and n° as per (3.3,3) and (3.3,4),
as well as their orientations. The vector u, is parallel to the contact plane at the previous step 1™
and must be updated so that u; + (Aup) = w3 L n° to correct for the tilt of the contact plane.
Additionally, there can be a spin around the contact normal, which also needs to be accounted for.
The update is done by projecting wr onto the new contact plane first and then adding the rotation of
the interaction around the new normal. Both of these are approximations, particularly the projection
as it might decrease |ur|.

(Aur); = —up x (n~ xn°)
— At o (S} (S} o
(Aur)s = —up x 5 (WP +w3) | n

2. Accounting for the relative movement between the spheres, using only its part perpendicular to 12°;
v12 denotes relative velocity of spheres at the contact point:
vip = (v] + wF x (—dan®)) — (v] + W X (din°))
vf‘2 =v12 — (n° - vi2)n°

(A’U,T)g = —At’l)f&
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Finally, we compute

’u% = u; + (AuT)1 + (AUT)Q + (A'LLT)g. (33,6)

3.4 Contact model (example)

The kinematic variables of an interaction are used to determine the forces acting on both spheres via a
constitutive law. In DEM generally, some constitutive laws are expressed using strains and stresses while
others prefer displacement/force formulation. The law described here falls in the latter category.

The constitutive law presented here is the most common in DEM, originally proposed by Cundall. While
the kinematic variables are described in the previous section regardless of the contact model, the force
evaluation depends on the nature of the material being modeled. The constitutive law presented here is
the simplest non-cohesive elastic-frictional contact model, which Yade implements in Law2_ScGeom_-
FrictPhys_CundallStrack (all constitutive laws derive from base class LawFunctor).

When new contact is established (discussed in Engines) it has its properties (IPhys) computed from Ma-
terials associated with both particles. In the simple case of frictional material FrictMat, Ip2_FrictMat_-
FrictMat_FrictPhys creates a new FrictPhys instance, which defines normal stiffness K, shear stiffness
K7 and friction angle .

At each step, given normal and shear displacements u, wr, normal and shear forces are computed (if
un > 0, the contact is deleted without generating any forces):
F N = K NUNT,
F = KT’U.T
where F  is normal force and F'%. is trial shear force. A simple non-associated stress return algorithm is
applied to compute final shear force
FLIEEe it |FY| > |Fylang,
Fr=4q T .
Fr otherwise.
Summary force F' = F' v + F'r is then applied to both particles — each particle accumulates forces and
torques acting on it in the course of each step. Because the force computed acts at contact point C, which
is difference from spheres’ centers, torque generated by F' must also be considered.
F,+=F Fy+=—-F
T1+:d1(—n)><F To+ =don x F.

Here, d; and d; are given by (3.3.1). Forces and torques must be applied to the same (contact) point for
both particles. Otherwise, an artificial torque will appear and break conservation of angular momentum.

3.5 Motion integration

Each particle accumulates generalized forces (forces and torques) from the contacts in which it partici-
pates. These generalized forces are then used to integrate motion equations for each particle separately;
therefore, we omit ¢ indices denoting the ¢ -th particle in this section.
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The customary leapfrog scheme (also known as the Verlet scheme) is used, with some adjustments for
rotation of non-spherical particles, as explained below. The “leapfrog” name comes from the fact that
even derivatives of position/orientation are known at on-step points, whereas odd derivatives are known
at mid-step points. Let us recall that we use a~, a°, @—a for on-step values of a at t — At, t and t + At
respectively; and a®, a® for mid-step values of a att — At/2, t + At/2.

Described integration algorithms are implemented in the NewtonIntegrator class in Yade.

3.5.1 Position

Integrating motion consists in using current acceleration ° on a particle to update its position from the
current value u° to its value at the next timestep @ —u. Computation of acceleration, knowing current
forces F' acting on the particle in question and its mass m, is simply

w°® = F/m. 3.5,1)
Using the 2nd order finite difference with step At, we obtain

u” —2u’+ @—u
50 o 3.5.2
i - (352)

from which we express

@—u=2u’ —u” + u°A? =

u® —u~
=u’+At| ———— + u°At ). .
u® + t( AL +u t) (3.5,3)

—_—mm——
()

Typically, u™ is already not known (only u° is); we notice, however, that

R 354
U A ( )

i.e. the mean velocity during the previous step, which is known. Plugging this approximate into the (1)
term, we also notice that mean velocity during the current step can be approximated as

u® ~ 4 + 4°At, (3.5,5)
which is (}); we arrive finally at
@—u =u’+ At (u° + i°At). (3.5,6)

The algorithm can then be written down by first computing current mean velocity % which we need to
store for the next step (just as we use its old value ©4° now), then computing the position for the next time
step @ —u:
4% =4® + At
@—u = u° + uPAt.

Positions are known at times 1At (if At is constant) while velocities are known at 1At + %. The fact that
they interleave (jump over each other) in such way gave rise to the colloquial name “leapfrog” scheme.
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3.5.2 Orientation

YADE has three different algorithms for integrating the rotational motion of non-spherical particles and
one for spherical particles.

Orientation (spherical)

Updating particle orientation ¢° proceeds in an analogous way to position update. First, we compute
current angular acceleration w® from known current torque 1. For spherical particles where the inertia
tensor is diagonal in any orientation (therefore also in current global orientation), satisfying I1; = I9s =
133, we can write

w; =T;/In, (3.5,7)

We use the same approximation scheme, obtaining an equation analogous to (3.5.1)
w¥ = w® 4+ Atw°. (3.5.8)

The quaternion Agq representing rotation vector w® At is constructed, i.e. such that

(Aq)y = |wP AL,

(AQ)y = wPAL = W&
Finally, we compute the next orientation @ —g by rotation composition

@—q = Aqq°. (3.59

Orientation (aspherical)

Integrating the rotation of aspherical particles is considerably more complicated than their position, as
their local reference frame is not inertial. Rotation of rigid body in the local frame, where inertia matrix
I is diagonal, is described in the continuous form by Euler’s equations (¢ € {1,2,3} and i, j, k are
subsequent indices):

T, =1;w;+ (Ikk — Ijj)ijk. (3.5,10)

Due to the presence of both w and w, the equation cannot be solved using the standard leapfrog algorithm
(that was the case for translational motion and also for the spherical bodies’ rotation where this equation
reduced to T' = Iw). The different integration algorithms for non-spherical particles can be selected
using the NewtonIntegrator.rotAlgorithm argument of the NewtonIntegrator.

The default algorithm and the most accurate one was proposed by [delValle2023]. The algorithm uses a
leapfrog formulation that conserves the norm of the quaternion. [Omelyan1998], a more general version
of [Omelyan1999] algorithm, is also implemented. Previously, YADE used the algorithm described by
[Allen1989] (pg. 84-89) and designed by [Fincham1992] for molecular dynamics problems; it consists
of extending the leapfrog algorithm by mid-step/on-step estimators of quantities known at on-step/mid-
step points in the basic formulation. Although it has received criticism and more precise algorithms were
known (such as the previous [Omelyan1999] or also [Neto2006], [Johnson2008]), this algorithm had been
implemented in Yade for its relative simplicity.
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Each body has its local coordinate system based on the principal axes of inertia for that body. We use ®
to denote vectors in local coordinates. The orientation of the local system is given by the current parti-
cle’s orientation ¢° as a quaternion; this quaternion can be expressed as the (current) rotation matrix A.
Therefore, every vector a is transformed as @ = gaq* = Aa. Since A is a rotation (orthogonal) matrix,
the inverse rotation A~! = AT

For a given particle, we know

~o0
I (constant) inertia matrix; diagonal, since in local, principal coordinates,

T° external torque,

q° current orientation (and its equivalent rotation matrix A),

w® mid-step angular velocity,

L® mid-step angular momentum; this is an auxiliary variable needed in Fincham’s algorithm. It
will be zero in the initial step.

SPIRAL Algorithm ([delValle2023])

Our goal is to compute new values of the latter three, that is, L% @ —q, w®. We first estimate the current
angular velocity:

K, = dteo(@°,T°),
Ky = dtw(@° + K1, T),
Ky = (@ + (K, + K2),T°),

P
&% :we+€(Kl+K2+4K3),

where @ is given by Euler’s equation of motion, and we treat it as a function of angular velocity and torque.
This way of integrating the angular velocity is similar to the Strong Stability Preserving Runge-Kutta-3
(SSPRK3) scheme but keeps the torque constant during the time step to avoid costly force recalculations.
Then, we compute @—g, using ¢° and %
% |
@—q = ¢°(cos ¥ + w sin}),

dt
9 =15,
2
where the quantity inside the parenthesis is a quaternion represented by its scalar part and its imaginary
(vectorial) part. The algorithm offers a third-order approximation for both the quaternion and angular
velocity calculations. As this formulation conserves the norm of the quaternion, it does not need to be

normalized every time step. It is normalized every NewtonIntegrator.normalizeEvery steps. To finish, we
compute the angular velocity and momentum in the global reference frame:

w® = A715%.

L® = AT %%).
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Omelyan Algorithm

[Omelyan1999] algorithm is also a leapfrog formulation. However, note that in a leapfrog formulation,
we require the mid-step velocity and the current derivative of the velocity. But, in the case of Euler’s
equation, the current angular acceleration depends on the current angular velocity, which is unknown.
Then, Omelyan proposes to interpolate the current angular velocity product as &;&32 ~ %(&3]6&,? +

&3?&?). This leads to a non-linear system of equations that can efficiently be solved by iteration:

dt (~o0 1
~0 ~© ~050 | 5® =@
Wint1 = Wi + T <T'i - i(Ikk - Ijj)(wj Wi + wj,nwk,n)) .
1
Then, we can compute the orientation of the particle with
dt? |~ .
PR ks 1 il dtq°
1+ 421592 1+ 4215%)2

The norm-conserving derivative of a quaternion can be calculated as

Q° = %q(’ﬁ@-,

where @? is a quaternion with a real part equal to zero and an imaginary part equal to the angular velocity.
This can also be written as

qu T —9% —q; —4 0
@l _1le «w -¢ g4 ||
S 20l @@ @ - |
g3 @ -4 @ /) \@.

In the same way as the last algorithm, it is a third-order approximation, and the formulation is orthonormal,
meaning that the norm of the quaternion is conserved. However, this formulation is numerically not as
stable as the previous one.

Fincham Algorithm

Unlike the other two algorithms, [Fincham1992] does not conserve the norm of the quaternion, which
is thus automatically re-normalized at every time step, regardless of NewtonIntegrator.normalizeEvery.
This algorithm is second-order and, unlike the two other, makes a direct use of angular momentum to
deduce angular velocity in a second step. Because of this, its usage requires to assign angular momentum
instead of angular velocity if an initial rotational movement is to be defined for a dynamic body (see also
Initial (angular) velocity). It namely goes as follows: first, we estimate the current angular momentum and
compute the current local angular velocity:

At ~o
L°:L6+T°7, L =AL°,
L9 = L° £ T°AL, ¥ = are,
& =T"'L,

~o0

@ =T 1L°.
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Then, we evaluate ¢® from ¢® and &% in the same way as in (3.5.2) but shifted by At/2 ahead. Then
we can finally compute the desired values

@—q=q°+§®At,

w® =A%,

3.5.3 Clumps (rigid aggregates)

DEM simulations frequently make use of rigid aggregates of particles to model complex shapes
[Price2007] called clumps, typically composed of many spheres. Dynamic properties of clumps are com-
puted from the properties of its members:

 For non-overlapping clump members the clump’s mass m,. is summed over members, the inertia
tensor I.. is computed using the parallel axes theorem: I. = >, (m; * d? + I;), where m; is the
mass of clump member i, d; is the distance from center of clump member ¢ to clump’s centroid
and I; is the inertia tensor of the clump member i.

For overlapping clump members the clump’s mass m,. is summed over cells using a regular grid
spacing inside axis-aligned bounding box (Aabb) of the clump, the inertia tensor is computed using
the parallel axes theorem: I, = Z]. (my * d? +1;), where m; is the mass of cell j, d; is the distance
from cell center to clump’s centroid and I; is the inertia tensor of the cell j.

Local axes are oriented such that they are principal and inertia tensor is diagonal and clump’s orientation
is changed to compensate rotation of the local system, as to not change the clump members’ positions in
global space. Initial positions and orientations of all clump members in local coordinate system are stored.

In Yade (class Clump), clump members behave as stand-alone particles during simulation for purposes
of collision detection and contact resolution, except that they have no contacts created among themselves
within one clump. It is at the stage of motion integration that they are treated specially. Instead of inte-
grating each of them separately, forces/torques on those particles F';, T'; are converted to forces/torques
on the clump itself. Let us denote r; relative position of each particle with regards to clump’s centroid, in
global orientation. Then summary force and torque on the clump are

F.=) F,

T.=) rixF+T;

Motion of the clump is then integrated, using aspherical rotation integration. Afterwards, clump members
are displaced in global space, to keep their initial positions and orientations in the clump’s local coordinate
system. In such a way, relative positions of clump members are always the same, resulting in the behavior
of a rigid aggregate.

3.5.4 Numerical damping

In simulations of quasi-static phenomena, it it desirable to dissipate kinetic energy of particles. Since most
constitutive laws (including Law_ScGeom_FrictPhys_Basic shown above, Contact model (example)) do
not include velocity-based damping (such as one in [Addetta2001]), it is possible to use artificial numerical
damping. The formulation is described in [Pfc3dManual30], although our version is slightly adapted. The
basic idea is to decrease forces which increase the particle velocities and vice versa by (AF') 4, comparing
the current acceleration sense and particle velocity sense. This is done by component, which makes the
damping scheme clearly non-physical, as it is not invariant with respect to coordinate system rotation; on
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the other hand, it is very easy to compute. Cundall proposed the form (we omit particle indices ¢ since it
applies to all of them separately):

AF) g .
(AF)aw F)d = Mgsen(F,al), we{z,y, 2} (3.5,11)

where )\ is the damping coefficient. This formulation has several advantages [Hentz2003]:
* it acts on forces (accelerations), not constraining uniform motion;
* it is independent of eigenfrequencies of particles, they will be all damped equally;
« it needs only the dimensionless parameter \; which does not have to be scaled.

In Yade, we use the adapted form

AF) g o At
Q = -Xgsgn F,, (ug + u%)’

F, (3.5,12)

—_———

~30
=0,

where we replaced the previous mid-step velocity % by its on-step estimate in parentheses. This is to
avoid locked-in forces that appear if the velocity changes its sign due to force application at each step, i.e.
when the particle in question oscillates around the position of equilibrium with 2At¢ period.

In Yade, damping (3.5,12) is implemented in the NewtonIntegrator engine; the damping coefficient \g is
NewtonIntegrator.damping.

3.5.5 Stability considerations
Critical timestep

In order to ensure stability for the explicit integration sceheme, an upper limit is imposed on At:

2
Aty = (3.5,13)
Wmax
where wmay is the highest eigenfrequency within the system.
Single mass-spring system
Single 1D mass-spring system with mass m and stiffness K is governed by the equation
mi=—Kzx (3.5,14)

where z is displacement from the mean (equilibrium) position. The solution of harmonic oscillation is
2(t) = Acos(wt + o) where phase ¢ and amplitude A are determined by initial conditions. The angular

frequency
ORI LS (3.5,15)
m

does not depend on initial conditions. Since there is one single mass, w,(nld)x = w®. Plugging (3.5,15) into

(3.5,13), we obtain
AtD =2/l = 2/m/K (3.5,16)

for a single oscillator.
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General mass-spring system

In a general mass-spring system, the highest frequency occurs if two connected masses m;, m; are in
opposite motion; let us suppose they have equal velocities (which is conservative) and they are connected
by a spring with stiffness K;: displacement Az; of m; will be accompained by Az; = —Ax; of m,
giving AF; = —K;(Az; — (—Ax;)) = —2K;Ax;. That results in apparent stiffness K,L.(Q) = 2K;,
giving maximum eigenfrequency of the whole system

[
Wnax = Max Kl( ) . (3.5,17)

The overall critical timestep is then

2 m; m; m;
Alg=—"—=min2 [~ =min2,/-—" =minv2,/—".
T KD V2K, min V2, /7 3-5.18)

This equation can be used for all 6 degrees of freedom (DOF) in translation and rotation, by considering

generalized mass and stiffness matrices M and K, and replacing fractions 7 by eigen values of M.K ™~ L
The critical timestep is then associated to the eigen mode with highest frequency :

Al = min Atey,, k€ {1,...,6}. (3.5,19)

DEM simulations

In DEM simulations, per-particle stiffness K;; is determined from the stiffnesses of contacts in which
it participates. Suppose each contact has normal stiffness Ky, shear stiffness Krp = Ky and is
oriented by normal 1. A translational stiffness matrix K;; can be defined as the sum of contributions
of all contacts in which it participates (indices k), as [Chareyre2005].

K= (Knk— Knp)ning + Kri, = > Kng (1 - §niny +€) (3.5,20)
B 3

with 7 and j € {z,y,z}. Equations (3.5,19) and (3.5,20) determine At in a simulation. A similar
approach generalized to all 6 DOFs is implemented by the GlobalStiffnessTimeStepper engine in Yade.
The derivation of generalized stiffness including rotational terms is very similar and can be found in
[Aboul2017].

Note that for computation efficiency reasons, eigenvalues of the stiffness matrices are not computed. They
are only approximated assuming than DOF’s are uncoupled, and using the diagonal terms of K.M 1.
They give good approximates in typical mechanical systems.

There is one important condition that wp,, > 0: if there are no contacts between particles and wp,x = 0,
we would obtain value At., = co. While formally correct, this value is numerically erroneous: we were
silently supposing that stiffness remains constant during each timestep, which is not true if contacts are
created as particles collide. In case of no contact, therefore, stiffness must be pre-estimated based on
future interactions, as shown in the next section.

Estimation of At by wave propagation speed

Estimating timestep in absence of interactions is based on the connection between interaction stiffnesses
and the particle’s properties. Note that in this section, symbols E and p refer exceptionally to Young’s
modulus and density of particles, not of macroscopic arrangement.
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In Yade, particles have associated Material which defines density p (Material.density), and also may de-
fine (in ElastMat and derived classes) particle’s “Young’s modulus” F (ElastMat.young). p is used when
particle’s mass m is initially computed from its p, while F is taken in account when creating new inter-
action between particles, affecting stiffness K . Knowing m and K, we can estimate (3.5,20) for each
particle; we obviously neglect

* number of interactions per particle N;; for a “reasonable” radius distribution, however, there is a
geometrically imposed upper limit (12 for a packing of spheres with equal radii, for instance);

* the exact relationship the between particles’ rigidities F;, E;, supposing only that K is somehow
proportional to them.

By defining £ and p, particles have continuum-like quantities. Explicit integration schemes for continuum
equations impose a critical timestep based on sonic speed /E/p; the elastic wave must not propagate
farther than the minimum distance of integration points /i, during one step. Since E, p are parameters
of the elastic continuum and [,,;, is fixed beforehand, we obtain

AL = liny /% (3.5.21)

For our purposes, we define £ and p for each particle separately; /i, can be replaced by the sphere’s
radius R;; technically, lnin = 2R; could be used, but because of possible interactions of spheres and
facets (which have zero thickness), we consider [,,;, = R; instead. Then

At?) = min R; /%. (3.5,22)

This algorithm is implemented in the yade.utils.PWaveTimeStep function.

Let us compare this result to (3.5,18); this necessitates making several simplifying hypotheses:

all particles are spherical and have the same radius R;

the sphere’s material has the same F and p;

the average number of contacts per sphere is V;

the contacts have sufficiently uniform spatial distribution around each particle;

the { = K /K ratio is constant for all interactions;

contact stiffness K is computed from £ using a formula of the form
Ky =Er'R, (3.5,23)

where 7’ is some constant depending on the algorithm in usefootnote{For example, 7/ = /2
in the concrete particle model (Ip2_CpmMat_CpmMat_CpmPhys), while 7/ = 2 in the classical
DEM model (Ip2_FrictMat_FrictMat_FrictPhys) as implemented in Yade.} and R’ is half-distance
between spheres in contact, equal to R for the case of interaction radius Ry = 1. If R; = 1 (and
R’ = R by consequence), all interactions will have the same stiffness K. In other cases, we will
consider Ky as the average stiffness computed from average R’ (see below).

As all particles have the same parameters, we drop the 4 index in the following formulas.

We try to express the average per-particle stiffness from (3.5,20). It is a sum over all interactions where
K v and £ are scalars that will not rotate with interaction, while n,, is w -th component of unit interaction
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normal n. Since we supposed uniform spatial distribution, we can replace n2 by its average value 12

w*
Recognizing components of n as direction cosines, the average values of n? is 1/3. We find the average

w
value by integrating over all possible orientations, which are uniformly distributed in space:

Moreover, since all directions are equal, we can write the per-body stiffness as K = K, for all w €
{z,y, z}. We obtain

K=Y Ky ((176)%%) :ZKNI-;% (3.5.24)

and can put constant terms (everything) in front of the summation. > 1 equals the number of contacts
per sphere, i.e. N. Arriving at

1—2¢

K =NKn (3.5,25)

we substitute K into (3.5,18) using (3.5,23):

4 3 /
B mo_ sTRp P w/m
A =27 = \/EV NEm' RS "V e 2\/ N(1-2¢) (35.26)

Aty
The ratio of timestep At&f ) predicted by the p-wave velocity and numerically stable timestep At,, is the
inverse value of the last (dimensionless) term:

At 5 [N(1+8)

Aty /! ©-5.27)

Actual values of this ratio depend on characteristics of packing N, Ky /Ky = ¢ ratio and the way of
computing contact stiffness from particle rigidity. Let us show it for two models in Yade:

Concrete particle model
computes contact stiffness from the equivalent area A4 first (3.3,2),

Ay = wR?
A 3.5,28
Ky — qE. ( )
do

dy is the initial contact length, which will be, for interaction radius (3.3,1) R; > 1, in average
larger than 2R. For R; = 1.5 ,we can roughly estimate dy = 1.25- 2R = %R, getting

2
Ky=F (571') R (3.5,29)
where %7( = 7’ by comparison with (3.5,23).

Interaction radius Ry = 1.5 leads to average N ~ 12 interactions per sphere for dense packing of
spheres with the same radius R. £ = 0.2 is calibrated to match the desired macroscopic Poisson’s
ratio v = 0.2.

Finally, we obtain the ratio

At 12(1-2-02
g [ = ) _ 3.39, (3.5,30)
Ater @/

showing significant overestimation by the p-wave algorithm.
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Non-cohesive dry friction model
is the basic model proposed by Cundall explained in Contact model (example). Supposing almost-
constant sphere radius R and rather dense packing, each sphere will have N = 6 interactions on
average (that corresponds to maximally dense packing of spheres with a constant radius). If we
use the Ip2_FrictMat_FrictMat_FrictPhys class, we have 7/ = 2, as Ky = E2R; we again use
& = 0.2 (for lack of a more significant value). In this case, we obtain the result

N 5 [6(1=2-02)

= 3.02 3.5,31
At /2 ( )

which again overestimates the numerical critical timestep.

To conclude, p-wave timestep gives estimate proportional to the real At,,, but in the cases shown, the
value of about At = O.SAtﬁf ) should be used to guarantee stable simulation.

Non-elastic At constraints

Let us note at this place that not only At,, assuring numerical stability of motion integration is a constraint.
In systems where particles move at relatively high velocities, position change during one timestep can lead
to non-elastic irreversible effects such as damage. The At needed for reasonable result can be lower At,,.
‘We have no rigorously derived rules for such cases.

3.6 Periodic boundary conditions

While most DEM simulations happen in R3 space, it is frequently useful to avoid boundary effects by using
periodic space instead. In order to satisfy periodicity conditions, periodic space is created by repetition of
parallelepiped-shaped cell. In Yade, periodic space is implemented in the Cell class. The geometry of the
cell in the reference coordinates system is defined by three edges of the parallepiped. The corresponding
base vectors are stored in the columns of matrix H (Cell.hSize).

The initial H can be explicitly defined as a 3x3 matrix at the beginning of the simulation. There are no
restricitions on the possible shapes: any parallelepiped is accepted as the initial cell. If the base vectors
are axis-aligned, defining only their sizes can be more convenient than defining the full H matrix; in that
case it is enough to define the norms of columns in H (see Cell.size).

After the definition of the initial cell’s geometry, H should generally not be modified by direct assignment.
Instead, its deformation rate will be defined via the velocity gradient Cell.velGrad described below. It is
the only variable that let the period deformation be correctly accounted for in constitutive laws and Newton
integrator (NewtonIntegrator).

3.6.1 Deformations handling

The deformation of the cell over time is defined via a tensor representing the gradient of an homoge-
neous velocity field Vv (Cell.velGrad). This gradient represents arbitrary combinations of rotations and
stretches. It can be imposed externaly or updated by boundary controllers (see PeriTriaxController or
Peri3dController) in order to reach target strain values or to maintain some prescribed stress.

The velocity gradient is integrated automatically over time, and the cumulated transformation is reflected
in the transformation matrix F' (Cell.trsf) and the current shape of the cell H. The per-step transformation
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update reads (it is similar for H'), with I the identity matrix:
@—F = (I + VvAt)F°. (3.6,1)

F is initially equal to identity and can be set back to the latter at any point in simulations, in order to
define the current state as reference for strains definition in boundary controllers. It will have no effect on
H.

Along with the automatic integration of cell transformation, there is an option to homothetically displace
all particles so that Vv is applied over the whole simulation (enabled via Cell.homoDeform). This avoids
all boundary effects coming from change of the velocity gradient.

3.6.2 Collision detection in periodic cell

In usual implementations, particle positions are forced to be inside the cell by wrapping their positions if
they get over the boundary (so that they appear on the other side). As we wanted to avoid abrupt changes of
position (it would make particle’s velocity inconsistent with step displacement change), a different method
was chosen.

Approximate collision detection

Pass 1 collision detection (based on sweep and prune algorithm, sect. Sweep and prune) operates on axis-
aligned bounding boxes (Aabb) of particles. During the collision detection phase, bounds of all Aabb’s
are wrapped inside the cell in the first step. At subsequent runs, every bound remembers by how many
cells it was initially shifted from coordinate given by the Aabb and uses this offset repeatedly as it is being
updated from Aabb during particle’s motion. Bounds are sorted using the periodic insertion sort algorithm
(sect. Periodic insertion sort algorithm), which tracks periodic cell boundary ||.

Upon inversion of two Aabb’s, their collision along all three axes is checked, wrapping real coordinates
inside the cell for that purpose.

This algorithm detects collisions as if all particles were inside the cell but without the need of constructing
“ghost particles” (to represent periodic image of a particle which enters the cell from the other side) or
changing the particle’s positions.

It is required by the implementation (and partly by the algorithm itself) that particles do not span more
than half of the current cell size along any axis; the reason is that otherwise two (or more) contacts between
both particles could appear, on each side. Since Yade identifies contacts by Body.id of both bodies, they
would not be distinguishable.

In presence of shear, the sweep-and-prune collider could not sort bounds independently along three axes:
collision along x axis depends on the mutual position of particles on the y axis. Therefore, bounding boxes
are expressed in transformed coordinates which are perpendicular in the sense of collision detection. This
requires some extra computation: Aabb of sphere in transformed coordinates will no longer be cube, but
cuboid, as the sphere itself will appear as ellipsoid after transformation. Inversely, the sphere in simulation
space will have a parallelepiped bounding “box”, which is cuboid around the ellipsoid in transformed axes
(the Aabb has axes aligned with transformed cell basis). This is shown in fig. fig-cell-shear-aabb.

The restriction of a single particle not spanning more than half of the transformed axis becomes stringent
as Aabb is enlarged due to shear. Considering Aabb of a sphere with radius r in the cell where 2’ = x,
2 =z, but Z(y,y’) = ¢, the 2 -span of the Aabb will be multiplied by 1/ cos ¢. For the infinite shear
¢ — /2, which can be desirable to simulate, we have 1/ cos ¢ — oo. Fortunately, this limitation can

3.6. Periodic boundary conditions 75


https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Cell.homoDeform
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Body.id
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.Aabb

Yade Documentation, Release 3rd ed.

y=y’

2
N

Fig. 3.6.1: Constructing axis-aligned bounding box (Aabb) of a sphere in simulation space coordinates
(without periodic cell — left) and transformed cell coordinates (right), where collision detection axes x’,
' are not identical with simulation space axes x, y. Bounds’ projection to axes is shown by orange lines.

be easily circumvented by realizing the quasi-identity of all periodic cells which, if repeated in space,
create the same grid with their corners: the periodic cell can be flipped, keeping all particle interactions
intact, as shown in fig. fig-cell-flip. It only necessitates adjusting the Interaction.cellDist of interactions
and re-initialization of the collider (Collider::invalidatePersistentData). Cell flipping is im-
plemented in the Cell. flipCell function. Automatic flip can be enabled using Cell.flipFlippable.

Fig. 3.6.2: Flipping cell (Cell.flipCell) to avoid infinite stretch of the bounding boxes’ spans with growing
. Cell flip does not affect interactions from the point of view of the simulation. The periodic arrangement
on the left is the same as the one on the right, only the cell is situated differently between identical grid
points of repetition; at the same time |¢2| < |1 and sphere bounding box’s x -span stretched by 1/ cos ¢
becomes smaller. Flipping can be repeated, making effective infinite shear possible.

This algorithm is implemented in InsertionSortCollider and is used whenever simulation is periodic
(Omega.isPeriodic); individual BoundFunctor’s are responsible for computing sheared Aabb’s; currently
it is implemented for spheres and facets (in Bol_Sphere_Aabb and Bol_Facet_Aabb respectively).
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Exact collision detection

When the collider detects approximate contact (on the Aabb level) and the contact does not yet exist, it
creates potential contact, which is subsequently checked by exact collision algorithms (depending on the
combination of Shapes). Since particles can interact over many periodic cells (recall we never change their
positions in simulation space), the collider embeds the relative cell coordinate of particles in the interaction
itself (Interaction.cellDist) as an integer vector c. Multiplying current cell size T's by ¢ component-wise,
we obtain particle offset Az in aperiodic R?; this value is passed (from InteractionLoop) to the functor
computing exact collision (IGeomFunctor), which adds it to the position of the particle Interaction.id2.

By storing the integral offset ¢, Az automatically updates as cell parameters change.

Periodic insertion sort algorithm

The extension of sweep and prune algorithm (described in Sweep and prune) to periodic boundary con-
ditions is non-trivial. Its cornerstone is a periodic variant of the insertion sort algorithm, which involves
keeping track of the “period” of each boundary; e.g. taking period (0, 10), then 8; = —25 < 25 (sub-
script indicating period). Doing so efficiently (without shuffling data in memory around as bound wraps
from one period to another) requires moving period boundary rather than bounds themselves and making
the comparison work transparently at the edge of the container.

This algorithm was also extended to handle non-orthogonal periodic Cell boundaries by working in trans-
formed rather than Cartesian coordinates; this modifies computation of Aabb from Cartesian coordinates
in which bodies are positioned (treated in detail in Approximate collision detection).

The sort algorithm is tracking Aabb extrema along all axes. At the collider’s initialization, each value is
assigned an integral period, i.e. its distance from the cell’s interior expressed in the cell’s dimension along
its respective axis, and is wrapped to a value inside the cell. We put the period number in subscript.

Let us give an example of coordinate sequence along x axis (in a real case, the number of elements would
be even, as there is maximum and minimum value couple for each particle; this demonstration only shows
the sorting algorithm, however.)

41 ]22 || —]2 —24 50

with cell = -size s, = 10. The 44 value then means that the real coordinate x; of this extremum is
x; +1-10 =4, i.e. x; = —4. The || symbol denotes the periodic cell boundary.

Sorting starts from the first element in the cell, i.e. right of ||, and inverts elements as in the aperiodic
variant. The rules are, however, more complicated due to the presence of the boundary ||:
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( stop inverting if neighbors are ordered;

<)

( current element left of || is below 0 (lower period boundary); in this case, decrement element’s
||®)  period, decrease its coordinate by s, and move || right;

( current element right of || is above s, (upper period boundary); increment element’s period,

e||) increase its coordinate by s, and move || left;

(4) inversion across || must subtract s, from the left coordinate during comparison. If the elements
are not in order, they are swapped, but they must have their periods changed as they traverse ||.
Apply (|]o) if necessary;

( if after () the element that is now right of || has z; < s, decrease its coordinate by s, and

[|lo)  decrement its period. Do not move ||.

In the first step, ( ||®) is applied, and inversion with 125 happens; then we stop because of ( <):

44 12, || [—12 —24 20,

41 ]22 9] || —24 50)

~

p.
44 2 12, || —24 5.

~—
<

We move to next element ; first, we apply ( ||e), then invert until ( <):

44 % 12, || | =24 50,

44 A 12, 8| Il Do,

44 A 83 12, || 5o,

44 83 21 12, || 5o.
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The next element is ; we satisfy (), therefore instead of comparing 125 > 5, we must do (122 —
sz) = 23 < 5; we adjust periods when swapping over || and apply ( ||o), turning 125 into 23; then we
keep inverting, until ( <):

4, 83 A 12, |l 50},

~

yS
44 83 2 5,4 | 23)

44 33 5_1 %2 I 23,

4, 5.1 83 2 I 2s.

‘We move (wrapping around) to , which is ordered:

44 51 83 91 I 23

and so is the last element

5_; 83 27 Il 2s.

44
~
<

3.7 Computational aspects

3.7.1 Cost

The DEM computation using an explicit integration scheme demands a relatively high number of steps
during simulation, compared to implicit scehemes. The total computation time Z of simulation spanning
T seconds (of simulated time), containing [V particles in volume V' depends on:

* linearly, the number of steps ¢ = T'/(s;At.), where s; is timestep safety factor; At can be
estimated by p-wave velocity using F and p (sect. Estimation of \Dtcr by wave propagation speed)
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as At =, /2. Therefore

i= L |E 371
s\l p

the number of particles V; for fixed value of simulated domain volume V" and particle radius 7

v
N = A _ a9 .
I (3.7.2)

where p is packing porosity, roughly % for dense irregular packings of spheres of similar radius.

The dependency is not strictly linear (which would be the best case), as some algorithms do not
scale linearly; a case in point is the sweep and prune collision detection algorithm introduced in
sect. Sweep and prune, with scaling roughly O(N log N).

The number of interactions scales with IV, as long as packing characteristics are the same.

the number of computational cores npy; in the ideal case, the dependency would be inverse-linear
were all algorithms parallelized (in Yade, collision detection is not).

Let us suppose linear scaling. Additionally, let us suppose that the material to be simulated ( E, p) and
the simulation setup ( V, T') are given in advance. Finally, dimensionless constants s;, p and np, will
have a fixed value. This leaves us with one last degree of freedom, . We may write

1 T |E V 1 11 1
Z x iN =—\ =P o~ = (3.7,3)
Nepu ST\ p° 3T Nepu T T r

This (rather trivial) result is essential to realize DEM scaling; if we want to have finer results, refining the
“mesh” by halving 7, the computation time will grow 2* = 16 times.

For very crude estimates, one can use a known simulation to obtain a machine “constant”

A

== 3.7.4
Ni (3.7.4)

1
with the meaning of time per particle and per timestep (in the order of 1079 s for current machines).
will be only useful if simulation characteristics are similar and non-linearities in scaling do not have major
influence, i.e. IV should be in the same order of magnitude as in the reference case.

3.7.2 Result indeterminism

It is naturally expected that running the same simulation several times will give exactly the same results:
although the computation is done with finite precision, round-off errors would be deterministically the
same at every run. While this is true for single-threaded computation where exact order of all operations
is given by the simulation itself, it is not true anymore in multi-threaded computation which is described
in detail in later sections.

The straight-forward manner of parallel processing in explicit DEM is given by the possibility of treating
interactions in arbitrary order. Strain and stress is evaluated for each interaction independently, but forces
from interactions have to be summed up. If summation order is also arbitrary (in Yade, forces are accu-
mulated for each thread in the order interactions are processed, then summed together), then the results
can be slightly different. For instance
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As forces generated by interactions are assigned to bodies in quasi-random order, summary force F; on
the body can be different between single-threaded and multi-threaded computations, but also between
different runs of multi-threaded computation with exactly the same parameters. Exact thread scheduling
by the kernel is not predictable since it depends on asynchronous events (hardware interrupts) and other
unrelated tasks running on the system; and it is thread scheduling that ultimately determines summation
order of force contributions from interactions.
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4.1 Scene construction

4.1.1 Adding particles

The BodyContainer holds Body objects in the simulation; it is accessible as O.bodies.

Creating Body objects

Body objects are only rarely constructed by hand by their components (Shape, Bound, State, Material);
instead, convenience functions sphere, facet and wall are used to create them. Using these functions also
ensures better future compatibility, if internals of Body change in some way. These functions receive
geometry of the particle and several other characteristics. See their documentation for details. If the
same Material is used for several (or many) bodies, it can be shared by adding it in 0.materials, as
explained below.

Defining materials

The 0.materials object (instance of Omega.materials) holds defined shared materials for bodies. It
only supports addition, and will typically hold only a few instances (though there is no limit).

label given to each material is optional, but can be passed to sphere and other functions for constructing
body. The value returned by 0.materials.append is an id of the material, which can be also passed
to sphere — it is a little bit faster than using label, though not noticeable for small number of particles and
perhaps less convenient.

If no Material is specified when calling sphere, the last defined material is used; that is a convenient de-
fault. If no material is defined yet (hence there is no last material), a default material will be created:
FrictMat(density=1e3,young=1e7,poisson=.3 frictionAngle=.5). This should not happen for serious sim-
ulations, but is handy in simple scripts, where exact material properties are more or less irrelevant.
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Yade [1]: len(0.materials)

Yade [2]: idC

ete=0.materials.append (FrictMat (young=30e9, poi

2, frictionAngle=. 6, label="

Yade [3]: O.materials[idConcrete]

# uses the last defined material

=(0,0,0), radius=1))

(sphere ((0,0,2),1,material=idConcrete) )

nd (sphere ((0,2,0), 1, material="concrete"))

Yade [3]: idSteel=O.materials.append (FrictMat (young=210e9,poisson=.25, frictionAngle=.8, label="steel"))

Yade [7]: len(0.materials)

4 implicitly uses "steel" material, as it is the last one now

Yade [6]: O.bodies.append (facet ([(1,0,0), (0,1,0), (-1,-1,0)1))

Adding multiple particles

As shown above, bodies are added one by one or several at the same time using the append method:

Many functions introduced in next sections return list of bodies which can be readily added to the simu-
lation, including

 packing generators, such as yade.pack.randomDensePack, yade.pack.regularHexa
« surface function yade.pack.gtsSurface2Facets
« import functions yade.ymport.gmsh, yade.ymport.stl, ...

As those functions use sphere and facet internally, they accept additional arguments passed to those func-
tions. In particular, material for each body is selected following the rules above (last one if not specified,
by label, by index, etc.).

Clumping particles together

In some cases, you might want to create rigid aggregate of individual particles (i.e. particles will retain their
mutual position during simulation). This we call a clump. A clump is internally represented by a special
body, referenced by clumpld of its members (see also isClump, isClumpMember and isStandalone). Like
every body a clump has a position, which is the (mass) balance point between all members. A clump body
itself has no interactions with other bodies. Interactions between clumps is represented by interactions
between clump members. There are no interactions between clump members of the same clump.

YADE supports different ways of creating clumps:

* Create clumps and spheres (clump members) directly with one command:
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The function appendClumped() is designed for this task. For instance, we might add 2 spheres tied to-
gether:

Esuppress.

Yade [0]: O.reset ()

mpMember, 0.bodies[2].clumpId

sClump, 0.bodies(2].clumpld

-> appendClumped() returns a tuple of ids (clumpId, [memberIdl, memberId2, ...])
 Use existing spheres and clump them together:

For this case the function clump() can be applied on a list of existing bodies:

: O.reset ()
Yade [1]: bodyList =

Yade [2]: for ii in range(0,5):

bodyList .append (0.bodies.append (sphere ([11,0,1],.5))) fcreate a "chain" of 5 spheres

Yade [3]: print (bodyList)

Yade [4]: idClump=0.bodies.clump (bodyList)

-> clump() returns clumpId

* Another option is to replace standalone spheres from a given packing (see SpherePack and make-
Cloud) by clumps using clump templates.

This is done by a function called replaceByClumps(). This function takes a list of clumpTemplates() and
a list of amounts and replaces spheres by clumps. The volume of a new clump will be the same as the

volume of the sphere, that was replaced (clump volume/mass/inertia is accounting for overlaps assuming
that there are only pair overlaps).

-> replaceByClumps() returns a list of tuples: [ (clumpIdil, [memberIdl,memberId2,...]),
(clumpId2, [memberIdl,memberId2,...]),...]

It is also possible to add bodies to a clump and release bodies from a clump. Also you can erase the clump
(clump members will become standalone).

Additionally YADE allows to achieve the roundness of a clump or roundness coefficient of a packing.
Parts of the packing can be excluded from roundness measurement via exclude list.

@suppress.

Yade [0]: O.reset ()

ii in rang

bodyList .append (

odies.append (sphere ([ii,ii,ii],.5)))

Yade [4]: O.bodies.clump (bodyList)

Yade [5]: RC= .getRoundness ()

Yade [3]: print (RC

-> getRoundness() returns roundness coefficient RC of a packing or a part of the packing
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© Note

Have a look at examples/clumps/ folder. There you will find some examples, that show usage of
different functions for clumps.

4.1.2 Sphere packings

Representing a solid of an arbitrary shape by arrangement of spheres presents the problem of sphere
packing, i.e. spatial arrangement of spheres such that a given solid is approximately filled with them. For
the purposes of DEM simulation, there can be several requirements.

1. Distribution of spheres’ radii. Arbitrary volume can be filled completely with spheres provided there
are no restrictions on their radius; in such case, number of spheres can be infinite and their radii
approach zero. Since both number of particles and minimum sphere radius (via critical timestep)
determine computation cost, radius distribution has to be given mandatorily. The most typical
distribution is uniform: meanztdispersion; if dispersion is zero, all spheres will have the same radius.

2. Smooth boundary. Some algorithms treat boundaries in such way that spheres are aligned on them,
making them smoother as surface.

3. Packing density, or the ratio of spheres volume and solid size. It is closely related to radius distri-
bution.

4. Coordination number, (average) number of contacts per sphere.

5. Isotropy (related to regularity/irregularity); packings with preferred directions are usually not de-
sirable, unless the modeled solid also has such preference.

6. Permissible Spheres’ overlap; some algorithms might create packing where spheres slightly overlap;
since overlap usually causes forces in DEM, overlap-free packings are sometimes called “stress-
free®.

Volume representation

There are 2 methods for representing exact volume of the solid in question in Yade: boundary representa-
tion and constructive solid geometry. Despite their fundamental differences, they are abstracted in Yade
in the Predicate class. Predicate provides the following functionality:

1. defines axis-aligned bounding box for the associated solid (optionally defines oriented bounding
box);

2. can decide whether given point is inside or outside the solid; most predicates can also (exactly or
approximately) tell whether the point is inside and satisfies some given padding distance from the
represented solid boundary (so that sphere of that volume doesn’t stick out of the solid).

Constructive Solid Geometry (CSG)

CSG approach describes volume by geometric primitives or primitive solids (sphere, cylinder, box, cone,
...) and boolean operations on them. Primitives defined in Yade include inCylinder, inSphere, inEllipsoid,
inHyperboloid, notInNotch.
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For instance, hyperboloid (dogbone) specimen for tension-compression test can be constructed in this way
(shown at img. img-hyperboloid):

£rom yade import pack

pred-pack. inHiyperboloid (c 1), radius=.05, skirt=.03

spheres=pack

0.bodies.append (spheres

Fig. 4.1.1: Specimen constructed with the yade._packPredicates.inHyperboloid predicate, packed with
yade.pack.randomDensePack.

Boundary representation (BREP)

Representing a solid by its boundary is much more flexible than CSG volumes, but is mostly only ap-
proximate. Yade interfaces to GNU Triangulated Surface Library (GTS) to import surfaces readable by
GTS, but also to construct them explicitly from within simulation scripts. This makes possible paramet-
ric construction of rather complicated shapes; there are functions to create set of 3d polylines from 2d
polyline (yade.pack.revolutionSurfaceMeridians), to triangulate surface between such set of 3d polylines
(yade.pack.sweptPolylines2gtsSurface).

For example, we can construct a simple funnel (examples/funnel.py, shown at img-funnel):

from numpy import linspace
from yade import pack

thetas=linspace (0, 2*pi, num=16, endpoint-True!

da pack.revolut d
[[(3+rad*sin(th),10%rad+rad*cos(th)) for th in thetas] for rad in linspace(1,2,num=10)]

linspace (0,pi, num=10)

)

surf-pack. sweptPolylines2gtssurface (
meridians
+[[Vector3 (5*sin (-th),~10+5*cos(~th),30) for th in thetas]

(continues on next page)

86 Chapter 4. User’s manual



https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.yade._packPredicates.inHyperboloid
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.yade._packPredicates.inHyperboloid
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.yade.pack.randomDensePack
http://gts.sourceforge.net
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.yade.pack.revolutionSurfaceMeridians
https://yade-dev.gitlab.io/trunk/yade.wrapper.html#yade.wrapper.yade.pack.sweptPolylines2gtsSurface
https://gitlab.com/yade-dev/trunk/-/blob/master/examples/funnel.py

Yade Documentation, Release 3rd ed.

(continued from previous page)
)

0.bodies . append (pack . gt sSurface2Facets (surf) )

Fig. 4.1.2: Triangulated funnel, constructed with the examples/funnel.py script.

GTS surface objects can be used for 2 things:

1. yade.pack.gtsSurface2Facets function can create the triangulated surface (from Facet particles) in
the simulation itself, as shown in the funnel example. (Triangulated surface can also be imported
directly from a STL file using yade.ymport.stl.)

2. yade._packPredicates.inGtsSurface predicate can be created, using the surface as boundary repre-
sentation of the enclosed volume.

The examples/gts-horse/gts-horse.py (img. img-horse) shows both possibilities; first, a GTS surface is
imported:

import gts
surf-gts.read (open (' ts'))

That surface object is used as predicate for packing:

aabb-pred.aabb ()

pred-pack. inGtsSurface (surf)
radius=(aabb[1] [0]-aabb[0][0])/40

0.bodies. append (pack. regulartexa (pred, radius=radius, gap=radius/4.))

and then, after being translated, as base for triangulated surface in the simulation itself:

surf.translate (0,0, - (aabb[1] [2]-aabb[0][2]))
0.bodies.append (pack . gt sSurface2Facets (surf, wire=True))

Boolean operations on predicates

Boolean operations on pair of predicates (noted A and B) are defined:

* intersection A & B (conjunction): point must be in both predicates involved.
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Fig. 4.1.3: Imported GTS surface (horse) used as packing predicate (top) and surface constructed from
facets (bottom). See http://www.youtube.com/watch?v=PZVrullUX1A for movie of this simulation.
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e union A | B (disjunction): point must be in the first or in the second predicate.

« difference 2 - B (conjunction with second predicate negated): the point must be in the first
predicate and not in the second one.

« symmetric difference o ~ B (exclusive disjunction): point must be in exactly one of the two
predicates.

Composed predicates also properly define their bounding box. For example, we can take box and remove
cylinder from inside, using the A - B operation (img. img-predicate-difference):

pred=pack. inAlignedBox ( (~2,-2,-2) , (2,2,2) ) -pack.inCylinder ((0,-2,0), (0,2,0),1)
spheres-pack (pred, spheresInCell=2000, radius=.1, rRelFuzz=.4, returnSpherePack-True)

spheres.toSimulation ()

Fig. 4.1.4: Box with cylinder removed from inside, using difference of these two predicates.

Packing algorithms

Algorithms presented below operate on geometric spheres, defined by their center and radius. With a few
exception documented below, the procedure is as follows:

1. Sphere positions and radii are computed (some functions use volume predicate for this, some do
not)

2. sphere is called for each position and radius computed; it receives extra keyword arguments of the
packing function (i.e. arguments that the packing function doesn’t specify in its definition; they are
noted **kw). Each sphere call creates actual Body objects with Sphere shape. List of Body objects
is returned.

3. List returned from the packing function can be added to simulation using toSimulation(). Legacy
code used a call to O.bodies.append.
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Taking the example of pierced box:

gnedBox ((-2,-2,-2), (
ndomDensePack (pred, s

[

)-pack. inCylinder ((0,-2,0), (0,2,0),1)
InCel1=2000, radius=.1, rRelFuzz=.4,wire=True, color=(0,0, 1) ,material=1, returnSpherePack=True)

sph

Keyword arguments wire, color and material are not declared in yade.pack.randomDensePack,
therefore will be passed to sphere, where they are also documented. spheres is now a SpherePack
object.:

Packing algorithms described below produce dense packings. If one needs loose packing, SpherePack
class provides functions for generating loose packing, via its makeCloud() method. It is used internally
for generating initial configuration in dynamic algorithms. For instance:

r=(0,0,0),maxCorner=(3, 3,3), tMean=. 2, rRelFuzz=.5)

will fill given box with spheres, until no more spheres can be placed. The object can be used to add spheres
to simulation:

[ﬁ,p,LOSLmL]aLAQH() ]

Geometric

Geometric algorithms compute packing without performing dynamic simulation; among their advantages
are

* speed;
* spheres touch exactly, there are no overlaps (what some people call “stress-free” packing);
their chief disadvantage is that radius distribution cannot be prescribed exactly, save in specific cases

(regular packings); sphere radii are given by the algorithm, which already makes the system determined.
If exact radius distribution is important for your problem, consider dynamic algorithms instead.

Regular

Yade defines packing generators for spheres with constant radii, which can be used with volume predicates
as described above. They are dense orthogonal packing (yade.pack.regularOrtho) and dense hexagonal
packing (yade.pack.regularHexa). The latter creates so-called “hexagonal close packing”, which achieves
maximum density (http://en.wikipedia.org/wiki/Close-packing_of_spheres).

Clear disadvantage of regular packings is that they have very strong directional preferences, which might
not be an issue in some cases.

Irregular

Random geometric algorithms do not integrate at all with volume predicates described above; rather, they
take their own boundary/volume definition, which is used during sphere positioning. On the other hand,
this makes it possible for them to respect boundary in the sense of making spheres touch it at appropriate
places, rather than leaving empty space in-between.
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