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OverviewOverview

!! How we ended up using particles forHow we ended up using particles for

fracture.fracture.

!! What principles guide our particleWhat principles guide our particle

methods?methods?

!! Linear completeness, Dual Particles andLinear completeness, Dual Particles and

time stepping.time stepping.

!! Why arenWhy aren’’t we there yet ?t we there yet ?

!! We to from here.We to from here.



Larry Larry LiberskyLibersky

!! Interested in shock, fracture andInterested in shock, fracture and

fragmentation with particle methods;fragmentation with particle methods;

!! Strength in SPH.Strength in SPH.

!! Corrected kernels and MLS.Corrected kernels and MLS.

!! Dual space particles.Dual space particles.

!! Larry like to tell jokes during talks !Larry like to tell jokes during talks !



Large, Lumbering, Grid-basedLarge, Lumbering, Grid-based



Fast, Beautiful, Flexible, Mesh-FreeFast, Beautiful, Flexible, Mesh-Free



CollaboratorsCollaborators



CollaboratorsCollaborators



CollaboratorsCollaborators

Steve Beissel Gordon Johnson



CollaboratorsCollaborators

Vignjevic Campbell



CollaboratorsCollaborators

!! Many others that I failed to mention.Many others that I failed to mention.

!! Sorry !Sorry !



Why ParticlesWhy Particles

We believe there is opportunity to extend Lagrangian computing

to larger deformations of materials, fracture and fragmentation.



In the beginning In the beginning ……..



The Binary System C444 The Binary System C444 CygniCygni



Using SPH for mechanicalUsing SPH for mechanical

response.response.

!! MagiMagi

!! LiberskyLibersky and Carney and Carney



Our HistoryOur History

1990: SPH With Strength of Materials

1995: Tension Instability Identified

1996: Accuracy Issues Addressed

1996: Stress Points

1997: Corrected Derivative = MLS

1997: Neighbors From “Interior Hull”

2000: Stability……Again

2000: Artificial Viscosity

2002: Boundary Conditions

Johnson-Bissel

Randles
Liu
Vignjevic
Dilts
Bonet

Swegle

Bonet

Belytschko
Randles

Dyka



Tension InstabilityTension Instability

- Historical Record -- Historical Record -

Swegle (1995): W !!"#$

Bonet (2001):

Belytschko (2000):

W !!" !!#$

Randles (2001): )tO(      W 2
!"##$ ##%&

Linear Completeness in 1D
Strong form. RHS only.
Uniform particle spacing.

Linear Completeness in 2D, 3D
Predictor-Corrector Schemes.
Arbitrary neighborhoods. MLS.

SPH: No Order of Completeness

“Unstable”

“May be unstable”

“Stable”

Linear Completeness in 2D for 2 particle
arrangements with stress points. Weak
form. RHS only. Uniform spacing.

“Unstable”

“The Stability of DPD and SPH”, Springer Lecture Series, Meshfree
Methods for solution of PDE’s, Bonn Germany, Sept, 2001.



SPHSPH

•Conceptual Simplicity

•Extraordinary Robustness

•Ease of Going to 3D

•Arbitrary Deformation in Lagrange Frame

•Ideally Suited for Fracture

•Exact Local Conservation of Momentum
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Debris Cloud



Dual Particle DynamicsDual Particle Dynamics

!! Dual space of particlesDual space of particles
!! Reduces null-space modes.Reduces null-space modes.

!! Analogy with staggered grid or finite elements.Analogy with staggered grid or finite elements.

!! Use Moving Least Squares fits for particle interpolationUse Moving Least Squares fits for particle interpolation
!! Linear completeness.Linear completeness.

!! Uses convex hull to find neighbors.Uses convex hull to find neighbors.
!! Deals well with Deals well with anisotropicanisotropic particle arrangements. particle arrangements.

!! Reduced support for derivative operators.Reduced support for derivative operators.

!! Predictor-Corrector.Predictor-Corrector.
!! Care required for stability of arbitrary particle arrangements.Care required for stability of arbitrary particle arrangements.

!! VVN velocity update.VVN velocity update.
!! Smooth velocity estimator reduces hourglass modes.Smooth velocity estimator reduces hourglass modes.



Dual Particle Dynamics (DPD)

Motion Points

Stress Points

MatterMatter

FieldField
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The use of MLS fits.The use of MLS fits.

SPH Normalized SPH or MLS
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Inversion is local (3x3). Cost is minimal and fixed order.



Finding NeighborsFinding Neighbors

~Isotropy ~Anisotropy

Discarding of a background computational mesh means

that neighbors must be determined as the calculation

proceeds. A more sophisticated approach than taking all

points within a sphere is required because of anisotropy

in the particle distribution. The case shown below would

introduce undesirable effects.



Finding Neighbors; Inverse HullFinding Neighbors; Inverse Hull

Original (X) Space Inverse (X') Space

2
r

X
X =!

(Find convex hull in
the inverse space)

The green points are neighbors selected as a result of

applying (1) a simple inverse mapping and (2) fast

running convex hull algorithm. The result is an “inner skin”

of surrounding points, regardless of the anisotropy.



Local Anisotropy in Particle SpacingLocal Anisotropy in Particle Spacing
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Artificial ViscosityArtificial Viscosity
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The Noh ProblemThe Noh Problem Density

Energy

Particle
Speed



DPD: DPD: Sedov-TaylorSedov-Taylor

Particle
Speed

Density

Pressure



StabilityStability

“You cannot rob Peter to pay Paul. If you do that
you’re dead in the water – you’re going nowhere!”

                   Ed Caramana
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Stability of DPD (Stability of DPD (RandlesRandles))
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System: Linear, forward Euler

Spatial derivatives: MLS
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f is function of time stepping method
G is a function of local geometry

Eliminate to put in terms of u0



Stability AnalysisStability Analysis
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Stability Boundaries for DPDStability Boundaries for DPD
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DPD Simulation of Tensile TestDPD Simulation of Tensile Test

Plastic StrainPlastic Strain Vertical VelocityVertical Velocity

Q=0!Q=0!



Stability Stability Eigenstate Eigenstate for Particle infor Particle in

Neck of Pulled Bar Neck of Pulled Bar –– Fixed Fixed

NeighborsNeighbors



Stability Stability Eigenstate Eigenstate for Particle infor Particle in

Neck of Pulled Bar Neck of Pulled Bar –– Variable Variable

NeighborsNeighbors



How do we relateHow do we relate

neighbors to stability?neighbors to stability?

The stability Eigenstate for a particle tells
us when a new neighborhood is necessary.

We need search for new neighbors only when
g" > gc, with search criteria tied to the
stability analysis. i.e. when we cant find a
stable time step for this configuration.



Stability ConclusionsStability Conclusions

!! Time stepping method affects stability.Time stepping method affects stability.

!! Local geometry affects stability.Local geometry affects stability.
!! Cannot rob one to pay the other.Cannot rob one to pay the other.

!! A simple CFL conditions is often not goodA simple CFL conditions is often not good
enough.enough.

!! Forward Euler is only stable with regularForward Euler is only stable with regular
particles (i.e. an particles (i.e. an Eulerian Eulerian grid).grid).

!! Viscosity affects the results, but notViscosity affects the results, but not
enough.enough.



Updating PositionsUpdating Positions

!! It seems like having a particle velocity should tellIt seems like having a particle velocity should tell

you how to move it.you how to move it.

!! Seen in SPH; causes problems with hourglassSeen in SPH; causes problems with hourglass

modes.modes.

!! Can allow inter-penetration when we know itCan allow inter-penetration when we know it

shouldnshouldn’’t.t.

!! Can use XSPH with DPD.Can use XSPH with DPD.

!! VVN is VVN is DPDDPD’’s s equivalent of XSPH.equivalent of XSPH.

!! Looking for consistent way to get Looking for consistent way to get ‘‘smoothsmooth’’ update update

velocity.velocity.



• Step 1: Linear MLS approximation of velocity field in

neighborhood of i (same as MLS velocity to move i)

• Step 2: Average residual velocity at jo

• Step 3: Impose boundary constraints on residual

(symmetry and contact boundary conditions)

• Step 4: Adjust velocity at jo to remove average

variations from a piecewise linear field

Neighborhood

i = 1
i = 2

i = 3
i = 4

jo

• Motion point jo has stress

point neighbors i=1,2,3,4 (red

crosses)

• Associated with each

neighbor is a neighborhood

also denoted by i and

bounded by jo and other

motion points that are

neighbors of neighbors of jo

(black dots)
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Schematic of Velocity Update
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Scalar Field

in Red

Motion Points

in Black

MLS Linear

Fit of Field over

Motion Points

1,2,4,5

Extrapolation of

Field to Point 5

From 4 Surrounding

Neighborhoods—

Replace Field at

Point 5 with Average



Controlling free modes with VVNControlling free modes with VVN

Clumping

Pairing

Move with own velocity. Move with normalized (VVN) velocity.



DPD for 3D SolidsDPD for 3D Solids

!! Smoothness of field hard to match withSmoothness of field hard to match with

competing methodscompeting methods

!! No sign of tensile instabilities or checker-No sign of tensile instabilities or checker-

boarding.boarding.

!! Extreme deformations compared to competingExtreme deformations compared to competing

Lagrangian Lagrangian solid schemes.solid schemes.

!! No advection of sensitive material properties.No advection of sensitive material properties.



DPD

EPIC
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Taylor Anvil: CodeTaylor Anvil: Code

ComparisonsComparisons

Steel at 300 m/s,  Elastic - perfectly

plastic, 2D Axi-symmetric coordinates.

Color contours on plastic strain.

EPIC



Very Fast Anvil (1km/s)Very Fast Anvil (1km/s)



Taylor AnvilTaylor Anvil



An implosion problemAn implosion problem

Min=0

Max=1.5

Plastic Strain

Setup (8 det pts). Gray is HE, Blue is steel. Plastic Strain
Numbers of neighbors automatically increase in

region of plastic strain localization for stability.

Seth Seth NeddermeyerNeddermeyer





DPD with contactDPD with contact



DPD: Cylinder testDPD: Cylinder test



SPH SimulationsSPH Simulations

!! Traditional SPH more suited to large scaleTraditional SPH more suited to large scale

fragmentation.fragmentation.

!! Easy to generate new surfaces.Easy to generate new surfaces.

!! Care must be taken in tension.Care must be taken in tension.



SPH SPH HRamHRam

Time=0

Time=200 µ

s



60 µs 80 µs
100 µs

120 µs

140 µs

160 µs

195 µs

180 µs

Tensile

Damage

Evolution



Void CollapseVoid Collapse

!! Represents class ofRepresents class of

high energy solid-fluidhigh energy solid-fluid

transition problems.transition problems.

!! Large deformations,Large deformations,

large gradients.large gradients.



Explosively Driven FragmentationExplosively Driven Fragmentation

SPH simulated 40 mm x 2 mm 4340 Steel Hemi with PBX-9501 fill at 30 µs.



LANL 40mm x 2mm 4340 steelLANL 40mm x 2mm 4340 steel

SPH simulated Hemi at t=20 µs. Radiograph (H3187, DX-2) at t=20 µs.



With numerical techniquesWith numerical techniques

 there are no magic bullets there are no magic bullets

SPH + Repulsive Term

SPH showing

tensile instability



RDEC 40 mm Bullet at 45.5 µs

MAGI:  Smoothed Particle Hydrodynamics

But with careBut with care



Trends towards Trends towards MeshfreeMeshfree

!! Smoke freeSmoke free

!! Sugar freeSugar free

!! Duty freeDuty free

!! Fat freeFat free

!! Lead freeLead free

!! Mesh freeMesh free



SummarySummary

!!   Mesh-free particle methods can be used effectively to treat
extreme loading (large deformation) of material in a Lagrange
frame.

!  These methods come in a wide variety of formulations
(discretization), each having its own desirable and undesirable
characteristics.

!  SPH has the most extremes of character…good and bad. (e.g.,
exact local conservation, tensile instabilties.) If one has
intimate knowledge of its behavior, it can be used to gain
insight into problems other methods are not suitable to
address.

!  DPD has good stability and accuracy properties, but contact
and fragmentation remain to be worked out. Often faster than
SPH because a minimal neighbor set is used. Initial 3D results
encouraging.



Ongoing workOngoing work

!! Traditional SPH with strength is a robustTraditional SPH with strength is a robust

workhorse workhorse –– looking at hybrid methods looking at hybrid methods

!! For large scale simulations, converting FEFor large scale simulations, converting FE

to Dual Particles. When surface to Dual Particles. When surface behaviourbehaviour

dominates (fragmentation), convert Dualdominates (fragmentation), convert Dual

Particles to SPH.Particles to SPH.



Space Space –– What is it? What is it?

Space is not a conception which has been derived from outward

experiences. For, in order that certain sensations may relate to

something without me (that is, to something which occupies a different

part of space from that in which I am); in like manner, in order that I

may represent them not merely as without, of, and near to each other,

but also in separate places, the representation of space must already

exist as a foundation. Consequently, the representation of space cannot

be borrowed from the relations of external phenomena through

experience; but, on the contrary, this external experience is itself only

possible through the said antecedent representation.

Immanuel Kant

Space is blue and birds fly through it.

Werner Heisenberg




