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Introduction

What is FE2 ?

* Atwo-scale finite element analysis of structures of heterogeneous materials.

* Traditionally implemented when
— the constitutive property of heterogenous material is unavailable, or
— microstructural changes during loading affect constitutive property

* Comprises macroscale FEA of structure with many microscale FEA of unit cells/RVEs to
obtain homogenized properties
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Single scale FEA
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Multiscale FEA with FE?

Static stress analysis

Macroscale FEA
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Conventional FE?

Typical implementation

Microscale

Separate FE jobs for macroscale and RVEs

Codes for downscaling and upscaling
information exchange

User defined material routine at macroscale
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Setting up Direct FE?

1. Combined dual scale mesh

In Direct FE?, 2 levels of finite elements appear together as a single FE mesh
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FE mesh for Direct FE2

l A macroscale element with
P mesh of RVEs at Gauss points

The CFRP beam is meshed with 2 X 16 macro elements. Each macro-element has the
mesh of 4 RVEs at its Gauss points.

Macro elements and RVE elements appear together as a single ABAQUS mesh and run as
a single job.



Setting up Direct FE?

2. Kinematic constraints

Constraints are applied so that the RVEs deform with the
macro-scale elements.

At the macroscale, the deformation gradients are,
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These are applied as Periodic Boundary Conditions to the
RVEs

~ ~

ur B
L 2N uy L. - 2Ny

y

~ ) ~ ~

U (%3 Ur
——— = )N ,v;

Up
I = ZNl,yvl
y

The above relations between the RVE and macroscale nodes
are applied only once using MPC (multipoint constraints) in
ABAQUS at the pre-processing stage.
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Setting up Direct FE?

3. Energy consistency

Strain energy within each macroscale element is calculated
using Gaussian quadrature,

SW, = f SeradV = Z W) BEy: Oy v,
Ve o

In a FE2 analysis, o, cannot be directly determined because
the constitutive relation at the macroscale is unknown.
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Setting up Direct FE?

3. Energy consistency sy

. ) . . a=3
In Direct FE4, the macroscale element is assigned zero
material properties.
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Hence, we choose the dimensions of the RVE, i.e., L,
and L,, so that
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Setting up Direct FE?

o

3. Energy consistency

) ) ) E-0 =4 =3
In Direct FE?, the macroscale element is assigned zero \a\, ¢
material properties.
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Therefore, internal energy calculated by ABAQUS is \\a =1 a =2
from the RVEs only, i.e., E=Enarix | g ‘]
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To obtain the correct internal energy, we must make
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Hence, we choose the dimensions of the RVE, i.e., L,
and L,, so that
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For 2D analysis, the thickness can be scaled instead.
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Direct FE2 vs conventional FE?2

Direct FE?
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Python script for Direct FE?

Macro.inp
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Direct FEZ for composite beam

8 x 80 macroscale elements

FE2 |/ Full FE/DNS

VS
(4:625)

L4 \

One macroscale element in FE2 One macroscale element in full
analysis FE analysis

K. Raju, et al., Direct FE? for concurrent multilevel modelling of heterogeneous structures, (2020) CMAME, 360, 112694.
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Direct FEZ for composite beam
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K. Raju, et al., Direct FE? for concurrent multilevel modelling of heterogeneous structures, (2020) CMAME, 360, 112694.
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Direct FEZ for composite beam

8 x 80 macroscale elements
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Thermo-mechanical cure-induced deformation

Interdependencies:
(3501-6 epoxy)
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J Zhi, et al., Multiscale thermo-mechanical analysis of cure-induced deformation in composite laminates using Direct FE2, Composites Part

A (2023), doi: https://doi.org/10.1016/j.compositesa.2023.107704.. y



Thermo-mechanical cure-induced deformation

Cure cycle
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Thermo-mechanical cure-induced deformation
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Thermo-mechanical cure-induced deformation
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J Zhi, et al., Multiscale modeling of laminated thin-shell structures with Direct FE?, (2023) CMAME, 407, 115942. .



Thermo-mechanical cure-induced deformation
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Conclusions

v of hngapore

« Multiscale simulatfions can be easily implemented as a single FEA on
commercial FE codes with Direct FE2.

« The implementation is completed at the pre-processing stage. No
user infervention is needed thereafter.

« All capabilities of the commercial code, including multiphysics
analysis, are available with Direct FE2.

Thank you!

mpetanbc@nus.edu.sg
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