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Motivation: Dynamical FE simulations of hybrid woven composites

Energy-momentum
time integrations
of a
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

Introduction
Michael Carus [2015] (nova-Institut GmbH)

Gareth Davies [2018] (Composites Evolution) De Luycker, Morestin, Boisse, Marsal [2009]

Mesoscopic scale: Volume element (RVE) Microscopic scale: Yarn with bending stiffness

Yarn 1

Yarn 2

Kai Uhlig [2017] (IPF TU Dresden), recommended by IST TU Chemitz

@ Design of energy-momentum schemes for stable dynamical FE simulations
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Introduction

Strategy (I): Matrix and fiber viscoelasticity

(see e.g. Nedjar [2007])

Matrix material with
isotropic viscoelasticity

(see e.g. Govindjee & Reese [1997])

Modelling of anisotropic Cauchy

continua with structural tensors

(see e.g. Reese et al. [2001], Klinkel et al. [2005], Schréder et al. [2005])

F; =Grad[p,] Tx %o z

Ap = ao® ag F¢

Numerical integration
of the viscous evolution

Fiber viscoelasticity with linear space
¥r (‘intermediate configuration')

0 Matrix material model:
solved pointwise (ODE) at

spatial quadrature points

e Fiber material model:

solved elementwise with

spatial element nodes



= Strategy (Il): Generalized continuum mechanics

TECHNISCHE UNIVERSITA
CHEMNITZ (see e.g. Boisse et al. [2018], Asmanoglo & Menzel [2017], Madeo et al. [2015], Feretti et al. [2014], Spencer & Soldatos [2007])

Energy-momentur [l 1 hree point bending test: experiment vs. Cauchy theory ~ ‘the
i (e iems need to a SeCOﬂd-gradient theory' (see Madeo et al. [2015], Charmetant et al. [2012])

of a
non-isothermal * w(z)

two-phase |
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

]

A bearing B

I
" bearing A bearing B
|

i
i
experiment Q FEM with Cauchy

mobile point C
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Julian Die
. Introduction of skew-symmetric stress/drilling degrees of freedom

(see e.g. Hughes & Brezzi [1989], Ibrahimbegovic et al. [1990,1991,1993], Choi et al. [2002], Boujelben & Ibrahimbegovic [2017])

Introduction
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Cauchy continuum model

Cauchy continuum model (1)

Transversely isotropic (first-order gradient) material

Deformation of fibers and matrix (cf. Klinkel et al. [2005], Nedjar [2007])

© Deformation of the fibers
Fpr=a;®a=FAy Ay=ay®ay Cp:=FLFp:=CrA
@ Fiber and volume dilatation
Cp +# Cp:=C: Ag Oy # Cy := [det(C)]7am
© Viscoelastic matrix and fibers

F-FF, C,=F'F, Fp=F4FY CL=CpA



B2 Cauchy continuum model (I1)

. Viscous evolution equations (cf. Reese [2001], Nedjar [2007], Kriiger et. al. [2011])
time integrations

of a @ Viscous matrix evolution equation and non-equilibrium stress tensor
non-isothermal

two-ph owyis - . , .
Y::*rcv Diff = O By = Cy:¥(Cu): €y 20

for fiber-reinforced
materials based on V(C ) Vdev Vdev
a virtual power 9 Vvl = N
L. dim
principle

™ ele Cpt

] cle oyt + S

@ Viscous fiber evolution equation and non-equilibrium stress

i — 8WI‘7,'15 int V
Vo= Bl Dg": CF4(Cv)2 CF 20
Thermo-viscoelastic free energy
Cauchy continuum model 0 Hyperelastic strain energy

w2(C, Oy, Cr; Ao) = Wi (IC, I, I, 1) + U321 (Cv) + ¥ (Cr)
@ Thermoelastic free energy
Wthe(@, B éF) _ j;cap(@) — 24/ Cy2—maim By 6 — O] D@X;l(av)

0271 Br [0 — 6] DEF(Cr)
© Viscoelastic free energy

P(C, C,) = gL T IEOTY  wps (B, Tp) = W CR[THY)



= Generalized Cauchy virtual power principle (1)
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En e e Total energy balance law in functional form

time integrations L. L.
of a H(p, v, p, &, @, 7, €y, 0,1, F, C, Oy, Cp, Cp, 0, P. 74 .8, Sy, Sp, R AN, Z,00) =0  H =747t
non-isothermal B o A
two-phase temporally continuous temporally discontinuous + I+ I
dissipation model
for fiber-reinforced
materials based on

irtual .
a virtual power T"a(t}o,f],i)) ::/ [pUIvfp]“i)de/ p.[v,L‘b]dVJr/ p-pdV
Bo B

principle y 2.

Kinetic power functionals (motivated by Altenbach et al. [2003], Askes & Aifantis [2011])

T, w, ) ;:/ [po [ — ) Ao+ BI|w—m] -wdV — #<[w7a]dv+/ 7w &dV
Bo Bo Bo

Chris Raébiger

External power functional Dot = V(@) - Q
[ ::7/ poB - pdV 7/ T-pdA +/ QQdA
J 3y 1By Jogz, ©
1~ 6 . .
N R 4+ / 5Ve-Qdv  + / ~ (D4 D™ AV + [ €,:Z,aV
Bo Bo e Bo
+/ A[6 - 6.] d4 —/ h[6-6]aa —/ R-[p—¢]da
96 Bo B Bo 8, %0
—/ Z-[a—a] dA —/ G- [e:Thy] dA —/ W - adA
o Bo o Bo Ow Bo
1= = s P
+/ ~-S:CdVv +/ — Sy CydV +/ —Sp CpdV
Bo 2 Bo 2 Bo 2 X
+/ Eusndv +/ 3 [Lr(Cr) — Le(@p)] v with Le(d) = n(e)
Bo Bo 2



w22 Generalized Cauchy virtual power principle (I1)
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Energy-momentum Internal power functional (motivated by Steinmann & Stein [1997])

time integrations

of a 2 1 [ oW 2 v 2 P A
non-isothermal I .= 5/ { 2 ag +8rAg—S|:C + QOCM :Cy dV*/ ﬁ[@*@]dv
two-phase %o v %o
dissipation model 1 e . 7 .
for fiber-reinforced +—/ QQ—SF JCFdV+/ [FS P] F+a M_C dV+/ |:T]+df}9dV
materials based on 2 Ja,| 0Cr Bo ac,
a virtual power B OVp =
EEiE + / P:v¢dv+/r§kw: {HW;FF 1+e<a]dV+ EF Gpdv with 2T = c- ¢
Bo Bo B,0CH

Principle of virtual power

5 H(@, b, b, &0, 7, € 0,0, F, C, Oy, Cp, C8, 6, P, 7!, . 8. Sy, Sp, BN, Z,00) = 0

skw?

temporally continuous temporally discontinuous

on-standard weak forms  (compared to the Cauchy continuum)

Generalized power principle

/5 Thw ' € ~[—5 FF- +a]dV / @ €:0,Thy, dA / 0.0 -€:ThdA=0
Do By Oa Bo
Sub- [+e:Th,]dV = é*a-ZdA+/ d.a- WdA 0.Z:[a-a&]dV=0
PBo Do Boy OwPBo B0 Bo
/5* oo [ —8) Ao+ BT w—m|dV =0 /5*w<[w7a]dv=0
PBo PBo
/5*1«" [F3+ 4, F "~ Plav =0 6.P: [F - Grad[¢]] 4V =0
Bo Bo



=2 Additional balance laws
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Balance law of angular momentum 7 includes additively:

Balance law of rotational momentum J*°°

Energy-momentum
time integrations

of a
non-isothermal Set §,é& = ¢ = const.:
two-phase toit i1
fdlssgloatlon_ model / / [ +e:7h dth—/ / c- ZdAdt+/ / c- WdAdt
or fiber-reinforced B . o Bo OwBo
materials based on
a virtual power o1 .
principle /ﬂ-tvﬁ»l dv — / 74, AV = (tn41 — tn)/ [— / e:7h,dV + / ZdA+ Wd/l] dt
Bo Bo tn HBo Do Bo Ow Ao

Balance law of total energy H includes additively:

Balance law of rotational energy 7°*

Set §,c = & and 6, = w and 6,75, = T,
tntt tag1 tat1 _
Eqn. ( / / - 71'+e Tskw dth / / - ZdAdt+/ / - WdAdt
Bo o B JOw Ao
Additional balance laws tnt1 o1
Eqn. ( / / Thew H“k‘V-FF +e- a dth / / @€ TskwdAdt
00 B0
tat1
Eqn. ( / /w [Jw—m]dVdt=0 with J = po [(ZF—Z[))A0+I§I}

Toh — Tot = -/ Wiy - Jwi,dV — 1/ wy, - Jw, dV
3, B Jlez,

tnt1 __ . .
= (tnﬂ—t")/ [/ The : FF 1dv+/ d~ZdA+/ Q- WdA} at
tn Bo BaBo dwBo




= Discrete viscous fiber evolution equation
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Energy-momentum Incremental principle of virtual power
time integrations
of a tnt1 . pint1 . L. .
non-isothermal / oH dt = / [6*T + 81 + 6*Hexq dt=0
tn n

two-phase
dissipation model
for fiber-reinforced
materials based on .
a virtual power /t”‘*l/ P |: Mg Vr &
henls 5,08 | —Yp— £ 4+ TE poémy|avdi=o0
principle . o * Y F 9 C}{ D) CIE F

Fully weak viscous fiber evolution equation

Discrete weak form on the reference element

| 3
a

Chris Raébiger ‘
1 o Y

— M}, Ve P

6. Cp|-Yr——£+—1 C”]dv da =0
/0% F|: Y TRy #(Cp)| dVoda

Galerkin approximations in space and time

2 k_fmode ~ _ _ k+1 finode ~ ;
: : 5 Cp (@) =) > M (a)Np(x) [CHIT Chi) =) > M (@)Na(x) [CRIF
Discrete setting J=1 B=1 =1 A—1

Algorithmic fiber stress ~» viscous evolution/equations of motion

1 . .
gy —/ 2Yp Cp [LF(CF) - LF(cg)} da
0

Fioy

My = % [Lp(ép) — Lp( L%)] WE = T N T
I (o0 - 1(E3)] e



TECHNISCHE UNIVERSITAT
CHEM

Dynamic bending/torsion of a long curved pipe

Energy-momentum
time integrations
of a

Material Status Monitor l Boundary Status Monitor
A\
non-isothermal

two-phase W
dissipation model \.\H”
for fiber-reinforced 0 - N
materials based on
a virtual power

/4
principle i

80

(Initial-boundary conditions; 121-em with H8-mixed-Bbar-drill)

A\

70

/4

Yellow patches

\

Driven dynamic bending

X
Dirichlet and Neumann boundary conditions Initial conditions
Yellow patches: Temperat. ©4 = O, Displacem. z-dofs fixed (bearing)

pf =X* aff =0 6f =6
. A _ A_ LT
Blue patches : Te-mperat. @ = 900., Torq_ue Iqaz] Wa =+ W, f(t) %4 —0 wﬁA —0 6. =20815
Green/red patches: no b.c. (thermal insulation @* :=0)



s Dynamic bending/torsion of a long curved pipe
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oz (Motion and loads/reactions; 121-em with H8-mixed-Bbar-drill)

Energy-momentum configuration with norm of tion vector at
time integrations
of a Norm of rotation vector, tn=0.5 [s], VTQPRLOW=00000001
non-isothermal
two-phase 15
dissipation model 10
for fiber-reinforced N 5
materials based on
a virtual power
principle
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Driven dynamic bending

Dynamic bending/torsion of a long curved pipe
(Energy-momentum error; 121-em with H8-mixed-Bbar-drill)

3
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Post-/Intra-processing

Post-/Intra-processing

Post-/Intra-processing
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s Dynamic bending/torsion of a long curved pipe
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e (Mesh convergence results; 121-em with H8-mixed-Bbar-drill)

Energy-momentum Displacement of right pipe end (7 =[0,0.5]s) | Rotation of right pipe end (T =10,0.5]s)
time integrations
of a
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on

a virtual power =
principle Sca
&
62
° 021
58 0
0 5 10 15 20 25 0 5 10 15 20 25
Number of nodes [1000] Number of nodes [1000]
Node= 167 Node= 167
25 5 25 5

error vs. number of nodes. error vs. number of nodes.
or v. total cpu-time i — & —error vs. total eputime 45

Number of nodes [1000]

Driven dynamic bending

0 5
0 0005 001 0015 002 0025 003 0035 0 002 004 006 008 01
Relative mean-squared error of distance [TOL] Relative mean-squared error of rotation [TOL]
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Driven dynamic rotation

Driven rotation of a heated pipe under pressure
(Initial-boundary conditions; 121-em with H20-mixed-Bbar-drill)

2.0-20
y

Dirichlet and Neumann boundary conditions Material Status Monitor

0: Temp. O4 = éf(t), Torque w4 = +Wdrif(t)

Yellow patches z =
Yellow patches & = 100: Temp. O4 = éf(t), Torque wh = — Wf,»if(t)
Blue patches: 1) Outward heat flux (cooling) with Q4 (t) = Qf(t)

2) Pressure follower load p” (t) = p | sin(wioad,p ¢)|

Green patches: no b.c. (thermal insulation Q* := 0)

Initial ¢ ons

Pl=X" =0 O =6. vi=0wl=0 O, =29%815



Driven rotation of a heated pipe under pressure
(Motion and loads; 121-em with H20-mixed-Bbar-drill)

Energy-momentum configuration with inelastic fiber strain

time integrations
Fa Inel. fiber strain, tn=2 [s], VTQPRLOW=00000001

non-isothermal s
two-phase

e NS

dissipation model 16 't%i\- N ‘\\\\\}i‘?‘g:—v
for fiber-reinforced - z i —‘-._——:;;;},F [ — -
materials based on e -iji;!:.i”l”’l’iﬂ,
a virtual power S 0 "‘,‘ > -’i""l’;;!'-—— -l
principle (e 7 7/ ’ll Z.
= 77 1L yA—"
. S LT =
“Y’, e 2 o 100
R Sy ——— 80
20 40 60
4 2 0 2 4 0 X
1 0.5 0 0.5

<104

locity [1/5]

Toad [kWisqm]

Driven dynamic rotation

Neumann torque load [KNm/sqm]

Neumann traction load [KN/sqrm]

Dirich

Time [s] Time [s] Time [s]



= Driven rotation of a heated pipe under pressure
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(Comparison of fiber viscosity; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Inelastic fiber strain in T ecall viscously damped oscillations)

time integrations
of a Node= 101

non-isothermal

two-phase 2+ VE= 0
dissipation model _
for fiber-reinforced VE= 10000
materials based on 1.8 F|—— VF= 20000
a virtual power — VF= 30000
principle 1.6 r|———VF=100000
Michael GroB — — = VF=300000 !
Michael Grob Ll vupe !
julian Diet =14 VF= 600000 |
Chris R o — — = VF=900000
Si2t
g [
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=}
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2
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04
i Clyremie e 02 r
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e Tension bar: Displacement controlled tensile test
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(Initial-boundary conditions; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Boundary Status Monitor Material Status Moni

time integrations
of a
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

Dirichlet and Neumann boundary conditions

Blue patches: Temp. 04 = O, 4,y”-dofs fixed, uf = 0.1f(t)

Yellow patches: Temp. 4 = 6., a4 y"-dofs fixed, ult = —0.1f(t)

Green patches: 1) y-z face ~ z-dofs fixed, 2) z-z face ~» y-dofs fixed

Green/Red patches: thermal insulation Q* := 0

Dynamic tensile test

Initial conditions

Pl=X" =0 68 =6.. vi=0wl=0 O, =29815




e Tension bar: Displacement controlled tensile test
e (Motion and loads; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Total fiber stress at ¢, = 0.75s Time evolution of loads/reactions

time integrations
of a
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

Fiber stress, tn=0.75 [s], VIQPRLOW=00000000 5 x10 7

dary entropy [KJ/K]

Dirichlet boundary heat flux [J/Ks]

0 02 04 06 08 1
Time [s]

Dynamic tensile test

Dirichlet boundary displacement [m]

0 02 04 06 08 1
Time [s]




e Tension bar: Displacement controlled tensile test
(Comparison of fiber stiffness; 121-em with H20-mixed-Bbar-drill)
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o — Inelastic fiber strain at bottom
time integrations
of a Node= 19
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

(Recall driven damped oscillations)

Inelastic fiber strain [le-3]

|
VE= 0, g0cla= 300e4 ‘/ ll' |

|
3000, g0ela= 3004 |‘ 1 !
= 30000, gOela= 3004

;'
J W

= 60000, gOela= 300e4 l\\{ | } J .
/

-100

VE= 300000, gela= 300e4 \\
— — = VF= 0, glela= 30e4

— — = VF= 3000, glela= 30e4
— — = VF= 30000, glela= 30e4

Dynamic tensile test — — — VF= 60000, glela= 30e4
— — — VE=300000, g0ela= 30c4 gOcla
150 1 1 1 1 1 1 1 1 1 I
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 09 1

Time [s]



e Tension bar: Displacement controlled tensile test
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e (Mesh convergence results; 121-em with H20-mixed-Bbar-drill)

En e e Rel. mean-squared errors in T' = [0, 1] s: Middle part, total linear momentum
time integrations
of a
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power

Node= 14

Total linear momentum

principle E]
45
Michael Gro
Julian Die 4
Chris
25 35 25 35
0 0005 001 0015 002 0 0005 001 0015

Relative mean-squared error of distance [TOL] Relative mean-squared error [TOL]

Total energy

Number of nodes [1000]

Dynamic tensile test

35 2
0 0.002 0.004 0.006 0.008 001 0
Relative mean-squared error [TOL]



e Dynamic impact test with Taylor's bar
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wr - (Initial-boundary conditions; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Boundary Status Monitor Material Status Moni

time integrations
of a

>
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two-phase
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Julian Die
Ckh

321 0
y

Dirichlet and Neumann boundary conditions

Red, cyan patches: thermal insulation Q@4 := 0 (no thermal b.c.)
Yellow, blue patches: Temp. ©4 = O,
Red patches: 1) y-z face ~» 2-dofs fixed ~ 2) z-z face ~» y-dofs fixed

Blue patches:  z-y face ~ z-dofs fixed

Initial conditions

Dynamic impact test

cpé‘:XA afl =0 08 =0. vil=-8e wf=



Dynamic impact test with Taylor’s bar

Gz (Motion and energies/momenta; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Current temperature at ¢, = 2.0s Time evolution of energies/momenta
time integrations

ofa Temp., =2 [5], VIQPRLOW=00000000 Post-processing

. 4000
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2
rinciple H
B 7 £ _1000
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Mich 2 2000
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Julian Diet
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Time [s]
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Dynamic impact test

Dynamic impact test with Taylor’s bar
(Comparison of fiber stiffness; 121-em with H20-mixed-Bbar-drill)

Inelastic fiber strain at of the damping factor)

Inelastic fiber strain [1e-3]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [s]



e Dynamic impact test with Taylor’s bar
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e (Mesh convergence results; 121-em with H20-mixed-Bbar-drill)

Energy-momentum Inelastic fiber strain at bottom: | Total linear momentum: Time
time integrations . . . .
of a Time evolutions and rela. error | evolutions and relative error
non-isothermal
two-phase
dissipation model
for fiber-reinforced
materials based on
a virtual power
principle

Michael Gro
Julian Die

Chris

2 1
Time [s] Time [s]

Node=1 . Totallinear momentum

o [ 0004 0.006 0008 001 0 02 04 06 08 1 12 14 16
Relative mean-squared error of inclastic srain [TOL] Reltive mean-squared error [TOL] x10
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Energy-momentum

time integrations 0 Motivation:

of a
non-isothermal

ot » Dynamical FE simulations for hybrid woven composites with
wo-phase
dissipation model » damping and secondary effects (bending/inertia) in fabrics

for fiber-reinforced

materials based on e Goals:

a virtual power
principle . .
> Energy-momentum schemes for generalized continua

> derived by a variational principle with rotational DoF's

@ Strategy:

> Variational-based two-phase thermo-viscoelasticity model with
> mixed fields for rotation vectors and skew-symmetric stress

@ Current results:

> Finite damping behaviour in fiber direction can be simulated by
> hexahedrons with rotational DoF's and well mesh convergence
> This new two-phase damping model generalizes linear effects

@ Next step:

> Introduction of free energy functions with secondary effects



= Viscously damped oscillation
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Driven viscously damped oscillation

Driven viscously damped oscillation
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