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Material Point Method - Basics

pi, pj: MATERIAL POINTS WITH
THE $AME CONECTIVITY IJ,K
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MATERIAL
// POINTS

Start of Timestep ¢,, + At

Material Point Data:

I * Previous converged deformation gradient F};
GRID/EF“ * Previous converged position x3;

* Previous converged displacement u;

* Material properties, e.g., bulk and shear moduli K, u
* Initial density p,

Mesh Data:

* Nothing, in initial configuration

LI

Diagram from |. laconeta, A. Larese, R. Rossi, and Z. Guo, “Comparison of a Material Point Method and a Galerkin Meshfree Method for the
Simulation of Cohesive-Frictional Materials,” Materials, vol. 10, no. 10, Art. no. 10, Oct. 2017, doi: 10.3390/ma10101150.
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Material Point Method - Basics

pi, pj: MATERIAL POINTS WITH
THE $AME CONECTIVITY IJ,K

o o1

/%E%AL Goal: ComPUte u such that (Not currently considered)
J fVXv:P(u)dV—J v-pong—M=O
Qo Qo 20,
ﬁ ------- Note: X is the initial configuration coordinates —

these are lost at material points as they move
through the domain.
Instead, find Au such that

f Vxv : (]i T(Au) - AF‘T) dV — f (Po Ag) =0
Q n / ]n

n ag
P(Au) p(xnt)Ag

N—

Diagram from |. laconeta, A. Larese, R. Rossi, and Z. Guo, “Comparison of a Material Point Method and a Galerkin Meshfree Method for the
Simulation of Cohesive-Frictional Materials,” Materials, vol. 10, no. 10, Art. no. 10, Oct. 2017, doi: 10.3390/ma10101150. 3
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Material Point Method - Basics

LOCAL POSITION DOES NOT CHANGE

Force and Stiffness at Material Points
For each node i, compute force contributions via the
sum over each material point p in its support:

Firt = > PN, (x5) : P(ow,)
p

0
p
[ = E VN (xp) 7 A
p
p

Process is similar for stiffness matrix.
Reassemble at each Newton iteration to compute Augk),
which is temporarily interpolated back to points for the

above computation as

k k
Auz(, ) = Z:Ni(xg)Aug )
i

Diagram from |. laconeta, A. Larese, R. Rossi, and Z. Guo, “Comparison of a Material Point Method and a Galerkin Meshfree Method for the
Simulation of Cohesive-Frictional Materials,” Materials, vol. 10, no. 10, Art. no. 10, Oct. 2017, doi: 10.3390/ma10101150. 4
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Material Point Method - Basics

Moving the Material points

Interpolate the final nodal displacement increment to
material points:

Auy, = Z N;(x)Au;
i

Update position and state data at material points as

xltl = X + Aus
UPDATE MATERIAL POINTS POSITION p . p p
E - e i n+l — ,,n *
" e L L Uy u, + Au,
UNDEFORMED n+1 __ n
~GRID RECOVERED Vp = dEt(AFp* ) Vp

n+l _—_ * N
....... Fp - AFp Fp’
UPDATE LIST OF MATERIAL where AF ;; =1+ V}(Au;;)

POINTS WITHIN ELEMENT I,J,K

- Background grid is reset, and operators are rebuilt for
the next timestep.

(c)

Diagram from |. laconeta, A. Larese, R. Rossi, and Z. Guo, “Comparison of a Material Point Method and a Galerkin Meshfree Method for the
Simulation of Cohesive-Frictional Materials,” Materials, vol. 10, no. 10, Art. no. 10, Oct. 2017, doi: 10.3390/ma10101150. 5
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Where we were: Spring 2024 TST

e |ibCEED infrastructure
o QOperator evaluation at arbitrary points
o Projection (lumped and consistent) from point to FEM fields
o CPU diagonal assembly

e PETSc: DMSwarm for material point management

e Ratel: Initial MPM implementation
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Where we are: Fall 2024 Retreat

libCEED + Ratel

Operators defined at points, with mixed FEM/point input/output

Diagonal assembly of points operators for preconditioning

Porting to GPU complete

Bake-off Problems (BPs) implemented and verified for points operators:

o Scalar and vector projection, Laplace, and collocated Laplace problems
Linear and mixed linear elasticity implemented and verified

Neo-Hookean elasticity implemented

Big Picture

MPM material modeling is being
abstracted to the same interfaces as
FEM operations in Ratel



Where we are: Fall 2024 Retreat

Ratel IMPM
e Support for IMPM in Ratel improving

O

@)

O O O O

Drop-in replacement for standard FEM operators

Verified with BPs and static elasticity (linear and mixed linear) MMS
m BPs include scalar and vector projection and Laplace problems
Quasistatic examples for linear and Neo-Hookean elasticity

Existing materials relatively easy to translate to iIMPM now

Linear and Neo-Hookean damage in iMPM on the horizon
Performance optimization ongoing



Where we are: Fall 2024 Retreat

Verification via Method of Manufactured Solutions: Linear Elasticity
» Consider the prescribed displacement field

u; = (i + 1)A, sin (27tx0 — 7T/Z) sin (27tx1 — 7T/Z) sin (27tx2 — 7T/Z) , i =0,1,2
« Generate a body forcing term which yields this displacement field as

¢ =-Vx-o(u) =—Vx-[2ue + Atr(e)l], €= %(F +FT) -1

Order 1 Basis, Convergence Order Order 2 Basis, Convergence Order

1073 ]

i - 8985880 % —%—%
—#— MPM 1 Points/Cell 10-3] ¥ —* "
—®— MPM 8 Points/Cell
[9.69—04 —¥— MPM 27 Points/Cell
0.0005

—A— MPM 64 POintS/CCH 1074
; —#— MPM 125 Points/Cell
g 5107 S
84 5
o} 107
g 3 3
et = —#— MPM 1 Points/Cell
—®— MPM 8 Points/Cell
-1.0e-03 10~ )
10-5 - —¥— MPM 27 Points/Cell
S -~ —A— MPM 64 Points/Cell
.~“Slope = 2.00 +*Slope = 3.00
P orroope —#— MPM 125 Points/Cell
: 1077+ —
1071 10~

Mesh Size Mesh Size




Where we are: Fall 2024 Retreat

Ratel iIMPM

e Quasistatic Implicit complete
o Point migration and projections all working
o Newton linearization implemented
o Jacobi preconditioner working
e Non-homogeneous material support
o Support for material properties defined at points (e.g. A, y for Neo-Hookean)
o Potentially, projecting material properties to the mesh will work better

Big Picture

Ratel can do finite-deformation,
implicit MPM with improving
material support



Where we are: Fall 2024 Retreat

Code-to-code Sinker Verification problem
e Dense, stiff cube inside less dense, soft cube; both nearly incompressible

o “Sinker’: E = 190 GPa, v = 0.49, p = 8050 “9/,,3, side length 0.2 m
o “Foam”. E =5GPa,v =0.49, p =15 “9/ 3, side length 1m
e Gravity-like body force with acceleration vector g = —60k m/ . over 20 timesteps

e Homogenous zero Dirichlet BCs on all sides
e Refinement study over 53, 103, and 153 element regular hex mesh, order 2

Sinker-

b =V'pp g, (MPM)
ext ext
[ = j v-(pig)dV,  (FEM) p Oorfi ‘
- Foam




Where we are: Fall 2024 Retreat

Code-to-code Sinker Verification problem
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Where we are: Fall 2024 Retreat

Code-to-code Sinker Verification QOls: Force-Displacement
e Refinement over 53, 103, and 15° element regular hex mesh, order 2
e Consistent projection shown, no substantial difference from lumped
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Development Progress

libCEED
e GPU support
o Qperator at points
o Diagonal assembly at points
o Fused operator kernels (ToDo)

Ratel

e Materials
o Linear, mixed linear, and Neo-Hookean added
o Finite strain damage model added and iIMPM version is in progress
o Linear poroelasticity added and finite strain case is in progress

e Optimizations
o Project material coefficients to FEM nodes, then use Gauss quadrature
o Total memory usage improvements ongoing
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