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Motivation

Motivation

» Dynamic simulations of fiber-reinforced materials in lightweight
structures

> Keywords:
» Nearly-incompressible material behavior
» Thermo-elastic material behavior
> Anisotropic material behavior
> Fiber stretch stiffness
> Fiber bending stiffness
> Long term simulations

> Solution strategy:
1. Extend the Cauchy-Boltzmann continuum by higher order gradients to
capture fiber bending stiffness
2. Mixed finite elements to reduce locking effects
3. Extension to a thermo-mechanical coupling
4. Higher-order energy-momentum conserving time integrator for stable and
accurate dynamic simulations

TUC, MB, TMD - Julian Dietzsch 2/18 http://www.tu-chemnitz.de/mb/TMD


http://www.tu-chemnitz.de/mb/TMD

Theory
Continuum mechanics and material formulation

RSITAT

Continuum mechanics and material formulation

» Strain energy function (thermoelastic matrix part ¥y, thermoelastic fiber part
U and the higher order gradient part U3o¢)
¥(C,0,a0) = V\(C,0) + ¥p(C,0,a0) + Viioa(- .-, ao)
C - right Cauchy-Green tensor, © - absolute temperature, a, - fiber direction
> Components and specific dependencies (J(C) = /det[C])
Um(C, J,0) = URP(C,J) + Ui (J) + U3pP(©) + ¥3p"P(9, J)
Ur(C,0,a0) = ¥§*(C, ag) + TP (0) + TL"(0, C, ao)
» Thermo-mechanical coupling [GroR 18] with M = a¢ ® ao

VYN T) o oW (Iy...)
oM\ plour _ 9 O — O )VT ZTF \2)
aJ F Br(© = Ooo)VIs—5

O - ambient temperature, I, = tr[C M]
> Polyconvex material formulation for the hyperelastic parts

VI = —2ngimBum(© — Ooo)J
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Theory
Continuum mechanics and material formulation

Higher order gradient part ¥ regarding F [Asmanoglo 17]

> Referential Representation: A" (F,VF) = F' -ay-VFT kf = A" - ay
> Invariants given by

I§(F,VF) =k - kg I¥(F,VF,C) =k} -C - k§
» Dependencies X
\IIEOG(AF,C,G()) - f([g(AF),I%:‘(AF,C))

Higher order gradient part ¥$ regarding C [Ferretti 14]

» Sixth Invariant: I§ (VC) = (ag - VC - ag) - (ag - VC - ag)
> Set A°(VC) = ap-VC and k§ = A - a
> Invariants given by
IS(VC) = k§ - k§ IZ(C,VC) =k§ - C -k
» Dependencies
\IJI%OG(ACa C’ao) = f(IE?(AC)a I?(Aca C))
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Theory
Internal energy

internal energy IT'™™* for the mixed principle of virtual power [GroR 18]

i - 1 - .
Uy (C, J,@)dv+/ \IIF(CA,O,aO)dV+/ 55:(Cle)-C)av+ | §:Cav
Bo Bo

Bo Bo

+/ n(@—é)dv+/ URoa(AX(..),Ca,a0)dV + 5o + | H:AdV
Bo Bo Bo

1 ~ ~ ~ ~
ESA:(C—CA)dV-I— Sa:CadV

+/ p(J(é)—j)dv+/ pJAV +
B B B

Bo
Independent mixed field C and corresponding Lagrangian multiplier S
Assumed temperature field © and the entropy density field n

Superimposed stress tensor S to derive energy—momentum scheme [GrofR 18]

Independent mixed fields for the volumetric dilatation J and C 4 for the
anisotropic part of the strain energy function [Simo 85] [Schr 16]
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Theory
Internal energy

SITAT

Internal energy for IT5;o ¢ regarding F

o :/ P:(F(q)fﬁ)dVJr/ B ©s (V(F)ff)dv+/ H: (Ap(F,T) — A)dv
Bo Bo Bo

» Independent mixed fields F, T for F, V(F) (AF(F, V(F)) = Ax(F, f))

> Independent mixed field A for Ar(F, T') and corresponding superimposed field
H for energy—momentum scheme

Internal energy for I1S regarding C

Mo :/BO%SG : <C(q>—éc>+/BOB o <V(éc>—f)dv+/BOH:<Ac<f>—A>dv

> Independent mixed fields T for V(C¢) (AC(V(C)) — Ac(f‘))

> Independent mixed field A for Ac(I') and corresponding superimposed field
for energy—momentum scheme
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Theory
Superimposed fields

Superimposed fields [GroR 18] [GroR 20]

~ ~ B\I/iso . < a(\l,cap_,’_\l,cap) .
5 (1) — ¥(0) — ag .?—f%@é

C:C

T(1) — (o) - [ HALEED T — [ 256
JJ

o YO -0O - JFEL Ca- [ 7556

C’A:C'A

S
Il
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i Theory
e e Mixed principle of virtual power

Mixed principle of virtual power H =T 4 11 4 11

» Kinetic power functional
T@.5,8)= [ (oo -p)-5aV+ [ p-@-v)av+ [ p-gav
Bo Bo Bo
» External power functional
e . . re . é
H“=*/ Ag-(@—q f)dAf/ pog - qdV + V(g) -Q
8By Bg Bo
= kr —km ~ 21
= |J(C)=—M+kJ(E)C | VO
Q- [HenE= M 1 ki@)7]
> Variation with respect to the variables in the arguments of the total energy
balance [, Hdt = [.[0.T + 0.11°" + 46.11"™"]d¢ = 0 with the dependencies:
H =T(q,,p) +1%(q, 24, 6,0)
+11M(q,6,9,C,J,C4,8,p,84,T,A, B, H,...)
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=2 Theory
Tz Weak formulation

Weak forms for both fomulations
/ / [ip - q] - 6vdVdt = 0 / / [=Ag] - 6gdAdt = 0 / / [a— ()] - 6x,dadt =0
Bo LPO 8B T JoB,

/ / [ ] §0dVdt = 0 / / [DW[Q] n} 66dVdt = 0
Bo Bo
// —C—C . 68dVdt =0 // @—@ 57'7dth:0
Bo 2 Bo
/ J J spdVdt =0 / / [ [ ~ +p” sjdvdt =0
Bg Bo
oV 2
// CA— .88 4dVdt =0 // [ [ +SAH 6C 4dVdt = 0
Bo 2 Bo

. 6CdVdt =0

//BD[ < +2J(C)cof[é]+5sA+s>
/T/BO[ ] 5, HdVdt = 0 //BO[ [
/T/BU[B H:

” . 5, AdVdt = 0

®3 5*I‘dth =0
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Theory
Weak formulation

Weak forms of F' fomulations

L

Lol

Weak forms of C fomulations

fodal
fodal

1
|
—
I
|

1 P L.
S: aC+P a——p - 8,¢dVdt = 0 / [F—F]:(S*Pdth:O

2 0q oq Bo
P—<H:8AL +Bos Y )] 5*Fdth// @3 6, BdVdt =0
L oF oF Bo

10C 18C - =

s: - 1 85: 2L _pl| - b.gdvat =0 / c CG]:é*Sngdt—O
28(] 26 Bo

[ ach

Sc — B®s

} 5. Codvat / V(CG) ]63 5, BdVdt = 0
80@ Bo
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Theory
Angular momentum balance law

=

RSITAT ‘

Angular momentum balance law regarding F formulation
tnt1 ovVE\ . tn+1
JanJn—/" / [( < >xF]dth+/” / [g X A JdAdt
t B oOF tn 9Bgy
tn+1
+/ / [g x pogldVdt
tn Bg

Angular momentum balance law regarding C formulation

tn 1
Tnit = Tn = / / [ ‘WL S F} dvdt +/ / [ X Ag]dAdt
tn Bg 9Bg

G
tn+1
+/ / lg x pogldVdt
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Numerical example
Load case

Strain energy function of elastic matrix and fiber part

>
IS0 = %l(tr[C] —3—2n(J)) WO = 622 (m(J) + (- 2) v = %’(tr[C’M] —1)?
» Anisotropic direction (ag)? = [10 0]
» T =1.0,h, =0.002and g = [0 —20]"
> Quadratic serendipity mesh (20 nodes) with n.; = 24
> Linear approximation for J and constant approximation for C 4
» Introducing length scale 2 with ¢ = ;1% for material parameter of Uyoq
> Strain energy function of higher order gradient part U, = /> (135)2
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Numerical example
Trajectory e; = 0.1e6 €2 = 100e6
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Numerical example

Angular momentum conservation ¢; = 0.1e6 €2 = 100e6 es =0

1
05 B
~
Q
=
N
—
g
K] — 12 =0
05— VF 2=10"5 1
—C % =107
- VC ?=10"*
-1
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= Numerical example
‘ Trajectory for different fiber angles ¢; = 0.1e6 €9 = 100e6 e3 =10

= 30°
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Numerical example
Trajectory for VC' €1 = 0.1e6 €2 = 100e6
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Numerical example

Energy conservation e; = 0.1e6 €2 = 100e6 e3 = 0.1e6 12

0.5 i

Errorg /TOL

Il
o
I
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Conclusion

Conclusion

> Motivation:
» Dynamic simulations of fiber-reinforced materials in light-weight structures
> Important results:
» Higher-order gradients capture the fiber-bending stiffness
» Achieve similar effects for a higher order gradient based material
formulation expressd in terms of the right Cauchy-Green tensor
» Higher-order energy-momentum time integrators conserve total energy
> Outlook:
> Extension of the material formulation to a thermo-viscoelastic formulation
> Investigation of locking effects
» Formulate the superimposed field directly in terms of VC and thus
achieve a fiber roving independence.
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