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What this talk will cover

• Modeling the deformation, contact, and failure of grains
• Discrete elements as peridynamic material points

• High stress powder compaction
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Powder compaction

• Many things are manufactured by compressing powders.
• Typically want high, uniform density and low residual stress.

Image: https://blogmech.com/methods-of-compacting-powder-
metallurgy/

Image: Alchemist-hp 
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Powder compaction

• Loose powder is poured into a die, compressed by a ram.
• As it is compressed…

• Void space is crushed out.
• Particles deform and may fracture.
• Friction can be important.

Stages of powder compaction
Image: H. Yi et al., 2018, KONA Powder and Particle Journal



5

Modeling regimes

• Low stress: Discrete elements are very effective.
• Each grain has 3-6 degrees of freedom.
• Usually assume pair interactions.
• Non-spherical grains add complexity.

• High stress: Need a more detailed model of grains.
• Need nonlinear 3D model.
• Need contact forces.
• Not practical to model more than a few hundred grains.

𝑢

𝐹(𝑢)

Basic discrete element pair interaction

This talk will discuss a 
multipoint interaction 

model

Image: H. Yi et al., 2018, KONA Powder and Particle Journal

DEM Full 3D
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Peridynamics: What it is

Family ℋ

𝐱

Body ℬ

• It is a generalization of the theory of solid mechanics that allows for discontinuities and 
long-range interactions.

• Each material point 𝐱 interacts with neighbors 𝐪 within a cutoff distance 𝛿 (the horizon).

𝐱

𝐪

Bond

𝐟(𝐪, 𝐱)

𝐪

𝐟 𝐪, 𝐱

Bond forces
• 𝐟 is the bond force density (N/m6).
• Equlibrium:
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Peridynamics for granular media

• Irregular shapes
• Jha, P.K., Desai, P.S., Bhattacharya, D. and Lipton, R., 2021. Journal of the Mechanics 

and Physics of Solids, 151, p.104376.
• Bhattacharya, D. and Lipton, R.P., 2021.  arXiv preprint arXiv:2108.07212.
• Zhu, F. and Zhao, J., 2021. Powder Technology, 378, pp.455-467.

• Shock compression (2D)
• Lammi, C.J. and Vogler, T.J., 2012. In AIP Conference Proceedings (Vol. 1426, No. 1, 

pp. 1467-1470). American Institute of Physics.
• Behzadinasab, M., Vogler, T.J., Peterson, A.M., Rahman, R. and Foster, J.T., 2018. 

Journal of Dynamic Behavior of Materials, 4(4), pp.529-542.
• Brittle single grains

• Zhu, F. and Zhao, J., 2019.  Géotechnique, 69(6), pp.526-540.
• Rheological behavior of large numbers of grains

• Xu, T. and Jin, Y.C., 2021. Journal of Fluid Mechanics, 917.
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Single grain modeling with peridynamics
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• Linear peridynamic solid (LPS) 
• Hertzian contact
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Single grain peridynamic modeling

• Inelastic state-based material model

Colors show damage
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Detailed modeling of a compaction experiment

• Microcrystalline cellulose (MCC), 1.0mm diameter.

M.A. Cooper et al., 2022, “Mesostructure Evolution During Powder Compression: Micro-CT Experiments and Particle-Based Simulations”, In 
Thermomechanics & Infrared Imaging, Inverse Problem Methodologies, Mechanics of Additive & Advanced Manufactured Materials, and 
Advancements in Optical Methods & Digital Image Correlation, Volume 4 2022 (pp. 15-22). 
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Detailed modeling of compaction

0% strain 25% strain 50% strain

*M.A. Cooper et al., 2022, “Mesostructure Evolution During Powder Compression: Micro-CT Experiments and Particle-Based Simulations”, In 
Thermomechanics & Infrared Imaging, Inverse Problem Methodologies, Mechanics of Additive & Advanced Manufactured Materials, and 
Advancements in Optical Methods & Digital Image Correlation, Volume 4 2022 (pp. 15-22). 

Peridynamic simulation
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Limits of detailed modeling and another idea

• Too expensive!
• For some applications we want to model many thousands or even millions of grains.
• Instead try to use peridynamics to calibrate a new high-stress discrete element (DEM) model.
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Need for multipoint interactions in DEM

• Traditional DEM assumes each pair of elements has a force independent of all the others.
• Experiments* show this assumption is no good at high stress.

• Triaxial response of a single MCC grain is much different from uniaxial.
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*H. Jonsson and G. Frenning. 2016, “Investigations of single microcrystalline cellulose-based granules subjected to conned triaxial compression.” 
Powder Technology



14

0 0.1 0.2
0

Strain

S
ca

le
d

 lo
a

d
 
Τ

𝑓
𝑘
𝑅
2

Triaxial

Uniaxial

0.06

0.04

0.02

Uniaxial Triaxial

Initial

Single grain simulations capture effect of triaxiality



15

Proposed multipoint DEM model

Each 𝐟𝑗𝑖 can depend on all the contact displacements.

Very similar to molecular dynamics.

𝑖

𝐟𝑗𝑖

𝑗
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Proposed multipoint DEM model, ctd.
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Proposed multipoint DEM model, ctd.

Overlap 𝑢𝑗𝑖

Contact force

2 grains in 
contact

12 grains in 
contact

Hertzian contact



18

Calibration

• Use peridynamic detailed grain simulations of a sphere confined by 12 plates moving radially 
at different rates.

• There is a direct procedure to find 𝐴, 𝑝,𝑚 from the results.

3D simulations of an initially spherical grain
Colors show displacement magnitude



19

Comparison of new DEM model with detailed 3D

• The two main nonlinear effects are captured:
• Pressure vs. compression within a grain.
• Competition among the plates for surface 

area.
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Validation: Bulk powder compaction with DEM

0.01 10 1000

1.0

0

0.8

Axial stress (MPa)

R
e

la
ti

v
e

 d
e

n
si

ty

Experiments*

DEM model

10010.1

1.2

0.6

0.4

0.2

Density vs. stress during compaction

Simulation with new DEM model
Colors show axial displacement

*M.A. Cooper et al., 2022

• MCC powder
• Random initial grain positions
• Friction is included as a drag term
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Poisson effect during compaction

• MCC powder
• Ratio of lateral to axial stress changes
• Fluid-like stress state at high compression
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Can add unloading effects to the DEM interactions

Overlap 𝑢𝑗𝑖

Contact force

Unloading

Loading

Adhesion
Fracture

Compaction followed by Brazilian test on compact
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New model is (almost) a special case of state-based PD



24

Summary

• We used peridynamics 3 ways:
• Full 3D model of powder compaction
• State-based PD model (in effect) of multipoint DEM interaction forces
• Calibration of the DEM model with 3D grain-scale simulations


