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continua
simulated by
variational-based @ Variational design of energy-momentum schemes on arbitrary coupled fields
higher-order
energy-momentum

4 ) Dynamic simulations of fiber-reinforced materials in light-weight structures

schemes Goal 1: energy-momentum Goal 2: energy-momentum
GroB M., Dietzsch schemes for coupled fields schemes based on variation
J. and elt M
Mechanical fields 0 Dynamics: Mixed principle of
Introduction . . - N
Cauliin @upF.CS C, Gauling virtual power (Differential principle)
T,B,R Ay, 8,5 ~» energy-momentum schemes
9 Statics: Multifield principles of
Thermal fields Mixed fields . . . ..
virtual work (Differential principle)
0,1,VO C’, Cr  local in space
R, Q, kA ) e e Dynamics: Hamilton's principle
T T of least action (Integral principle)
Conllig ~» momentum-consistent VI

egy (cf. Miehe & Schréder [2001], Armero [2008], Schidgl & Leyendecker [2016], Betsch, Janz & Hesch [2018])

(% ) Energy-momentum schemes arise as discrete Euler-Lagrange equations
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Thermo- Transversely isotropic material in motion  (cf. Schroder, Neff & Balzani [2005])
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fiber-reinforced
continua
simulated by
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higher-order ©=00p /_\
energy-momentum o7
schemes Co=F,F,

/
GroB M., Dietzsch % 0= Jn o p|= J(pivr) o
S A )= Jnop W5 -

O |R=Jrop ¥ TxBo
¥ o

Bo po=Jpiop v

Continuum model . 3 )
Deformation of fibers and matrix (cf. Klinkel, Sansour & Wagner [2005])

@ Deformation gradients
Fr.=a®ag=FA a= Fagy Ay = a9 ® ag
@ Right Cauchy-Green tensors
Cp=FFFp:=CrAy Cr:=C:Ay=I’ C:=FTF
@ Isotropic viscoelastic matrix

F=F.F, C,= FZFv ~» symmetric internal variable
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Thermo- otal free energy

viscoelastic

(el @ Decoupled elastic free energy
continua

simulated by ela . Jyiso C vol Jrela

variational-based v (C? CF? AO) (Il 7[2 713 514 ) + \Ij (I3 ) lI’F (CF)
higher-order

energy-momentum

@ Thermoelastic free energy

sehemes (0, C, Cp) = T (0) — 2 \/IT naim Bur (O — Oo) DFI(IL)
GroB M., Dietzsch .
J. and Bartelt M _2\/ CF ﬁF (6 - 900) Dq]?‘a(CF)
© \Viscoelastic free energy
Introduction q ~
- W) = B B 1) A=CC;'  C.=FIF.

Variational setting

Continuum model

Total equilibrium and non-equilibrium stress (cf. Reese [2001])

@ Total second Piola-Kirchhoff stress tensor
Numerica dies
ov

. 1 th Vi
Summar S = 30 Sea+s e S+SF(O CF) AU
Appendix Q Viscous evolution equation and non-equilibrium stress tensor
T vis. . . .
Y=V(C,):C, Y:=—%‘I;,M D™ .=C,:V(C,):C, >0
1 V. Viexs _ _
V(Cv)_Z(Vvol_ ndev) C ®C GF =—— de s> Cv1®cvl
dim
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Thermo- Total energy balance in functional form
viscoelastic

it et e T(p, 0, b) + 11, €, 0,0, R, b, \) + 11" (p, €., C, Cr, S, Sp, 0,71,6; 5, ) = 0

continua

simulated by

variational-based Kinetic energy
higher-order
energy-momentum _ po L 5
schemes T(v) = 5 U T := T(v)dV — | [v—¢] -pdV
Bo Bo

GroB M., Dietzsch
J. and Bartelt M

Kinetic power functional

o o T . . . .
T(p,v,p) :=/ [a——p] ~vdV—/ p~[v—cp]dV+/ p-pdV
Byl OV Bo Bo

Variational principle

External power functional (cf. Romero [2010])

TIext ::7/ poB-g’ade/ T-<,bdA+/
Bo ArABo 90 %0

6
5 Qa4

1 _~ 1 o 5
+/ —ve-de+/ o [R+ D) dV+ = [ C,:V(C,): C,dV
B0 © 2, © 2)z,

+/ A(é—@m)dA—/ h(e—é)dA—/ R-(p—¢)da
do Bo B¢ Bo 9y ABo

with D't .= pit 4 pedu where Do = —é VO - Q
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aaiE gi=—kFTVO wo=kI+" ” Hza a Q:=- {kgC 4

13
Internal energy

ki, — ko Ao] ve
simulated by
variational-based
higher-order
energy-momentum
schemes

ITnt = / [T1(6, C, Cy; Ag) + ¥ p(©, Cr)| dV
GroB M., Dietzsch B

J. and Bartelt M 1 - ~ ~
_7/ S:[C—C@)aV— [ Sp:[0r— ©: Ag)dV
Intrc 2 %o %o
1 P 1 o o .
Variational etting +-/ 5 CdV+—/ S0 Crav— [ n[6-0]dV
2 Ja, 2 Ja, Ja,
Variational principle .
- Internal power functional
. 1 Oy 2 OV 5 R
Numerical studies fpint — 7/ {[2 + SpAg+5— s];c+[z ! s ];c }dV
) 2 G 80 F40 BCF F F
Summar
~ . (V¥ '
Appendi +/ ﬁ[@—e]dv+/ 6[n+%}dv
Bo Bo
1/ s Cpyav+ [ 2, C,,dv+/ n6dv
2 ), @, 0C, B
1 _

-= L'S'F;(cp—é':,cm)dv—5 S(C C)dv
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Thermo- Mixed principle of virtual power 6,H = 0

viscoelastic

fiber-reinforced 5*7'-(‘;07 b, p) + 5*Hext(¢7 Cm 97 é’ R b))+ 5*Hint(¢, Cm LC7 6F7 @7 7, é, S, Sr; S‘, SF) =0

continua

simulated by . . .
Wrwer Virtual kinetic power
higher-order . aT
energy-momentum 6.7 (w1, v, p) ::/ [— 7p:| ~(5*de—/ 0up - [v— <,b]dV+/ p-0.pdV
schemes Bo v Bo Bo
GroB M., Dietzsch .
I Virtual external power
8,01t = 7/ p0B<6*4‘pdV—/ T»(S*qbdA—/ SR [p—|dA— R-4.¢
Bo arBo 9, B0
: : R+ Dt 1 -
+/6*Cv:V(Cv):CWdV+ 5.0 dV+/ ~V(5.8) QdV + [ A6.6dA
Bo © %09 9o %o
Variational principle 3. 9 _ 5 i . X
+/ QdA+/ m[e—em]dA—/ m[@—e}dfl—/ 5.6 hdA
0050 © 80Bo 06 Bo 90, B0
Virtual internal power
.. 1 /] 2 2
5,110t = 7/ {[ OV ] 6*C+[ OVr SF] :E*CF} av
2 Ja, ac ACr
1 B , 0V
- [s.8: [C— C(ga)]dv+/ {V(6 @): FS+6.C, — 56, e} av
oy A o “ac,

_L &SF[éprC:AO]dVJr/ {m@[wm] 8 [@79]}dV
2 /o - 90
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Thermo- Iteration-count dynamic time step size control
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simulated by Higher-order accurate variational
variational-based energy-momentum schemes
higher-order
energy-momentum |
schemes

Discrete energy consistency | | Discrete principle | | Discrete momentum consistency
n

8 = —

1) R
5 E * g 8
© = 5] b4 <
= o £ 2 =
5 ||| |2 |8 2
P < >
2 3 = < g
_ () @ = wn =
e — o S 2 5
. . =] @ £ e @
Discrete setting 5 £ < 2 2
2 g 8 £ g 2
Q = o] 2 = 2
[9) W= . kol 1)
© b=} 5 = ©
S g = 9 S
= = o = 2
a = < a (&)

Discrete total energy balance | | Discrete Lyapunov func. balance

H = T + TIPOt 4 IJthe IIthe .= 5, ©ndV F=H-058
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Thermo-
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continua

Node evolution, Node-Nr. 37

Edge length
simulated by E E S0
variational-based M0 Mesh |
higher-order Element: 10-node
energy-momentum Element number: Nel = 20
schemes Node number: Mo = 59
. Boundary conditions !
= 0 E
J. and Bartelt M Red face: a-dof fixed o e x y
Green face: y-dof fixed ) ) X
Bl foce: S dof fixed o Nodecvoluion, Node N 37 1 Node exoluion, Node N 37
eA — em 340 0
Yellow face: 04 =0,
Initial conditions
Initial velocity: vl =—10e,
Initial angular velocity: w§' = o )
Initial temperature: OF = 308.15 m .
o 1 2 3 s s R
Numerical studies Dirichlet loads Time [s] Time [s]
Displacement proﬁle. no Node evolution, Node-Nr. 37 Node evolution, Node-Nr. 37
Temperature profile: no
Neumann loads
Traction load: no
Pressure load: no
Heat flux load: no o
Volume loads N

Time [5]

Standard gravity g=981 " e




Dynamic Taylor impact test with a tetrahedron
Mechanik/Dynamik  ( De€creasing’-Test of balance laws; ke = 2, ktne =

Technische

e Characteristics . | Balance prope

viscoelastic

fiber-reinforced Post-processing Post-processing
continua Edge length e = 11 .

simulated by
variational-based

higher-order Element: 10-node
energy-momentum Element number: N1 = 20 B
schemes Node number: Npo = H9 H
~ Boundary conditions
J. and Bartelt M Red face: z-dof fixed C e Y w7
Green face: y-dof fixed .
. ostprocessing i Intea-processing
Blue face: z-dof fixed
04 =0,
Yellow face: 04 =0,
Initial velocity: vy =—10e.
Initial angular velocity: wﬁ“ =
Initial temperature: o4 =308.15 B - B —)

Time [s] Time [s]

Numerical studies Dirichlet loads

Displacement pro no
Temperature profile: no

Post-processin Intra-proces:

Neumann loads
Traction load:
Pressure load:
Heat flux load:

Volume loads
Standard gravity g=19.81

Time [s]
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Numerical studies

Dynamic Taylor impact test with a tetrahedron

('Decreasing

Characteristics e,

Edge length ledge = 1

Element: 10-node
Element number: Nep = 20
Node number: Npo = H9

Boundary conditions

Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed

04 =0,
Yellow face: 04 =0,

Initial conditions

Initial velocity: vy =—10e.
Initial angular velocity: wﬁ“ =0
Initial temperature: o4 =308.15

Dirichlet loads

Displacement profile: no
Temperature profi no

Neumann loads

Traction load: no
Pressure load: no
Heat flux load: no

Volume loads
Standard gravity g .81

Temp. t,=5 [s], VIQPRL=000010
08 |
04

0

-0.4

I

Temp, t,=3 [s], VIQPRL=100000

1 Nl s

%05 o 051 i
/

’ i

Temp. t,=1 [s], VIQPRL=000001 I

o0s 5&
0

1 o5 o o051t
v x

330

325

320

s

3

Temp. t,=4 [s], VIQPRL=000001 I ,
1

3

-Test of balance laws; ke = 2, kthe = 2, kyis = 1)

Snapshots of the motion with reactions

30
25
20

{315

Temp, t,-2 (5], VIQPRL=000010

08

3
3
5 1

v 3
3
I}
3
i3
1 y {3
PPy S et 3

0s 7 05
x v :
3
lx
3
{s

‘
B

1

o0s "
3

o
Temp. ,=0.001 [s], VIQPRL=10000
08
N
~ 04 vl //
ol ~
v >
05>
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00
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20
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0s
00
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Introduction

Variational setting

D setting

Numerical studies
Summary

Appendix

Characteristics

Edge length ledge = 1

Element: 10-node
Element number: Nep = 20
Node number: Npo = H9
Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed
04 =0,
Yellow face: 04 =0,
Initial velocity: vy =—10e.
Initial angular velocity: “"64 =
Initial temperature: o4 =308.15

Dirichlet loads

Displacement pro no
Temperature profile: no

Neumann loads

Traction load:

Pressure load:

Heat flux load:

Volume loads

Standard gravity g=19.81

Time steps and CPU time  pmin =10

. Dkmeckthekvis]=22 1 | lmeckthekvis] 22 1
Time [s] Time [s]

[kmec kihe kvis] =2 2 1 [kmec kihe ki

Time [5]

Time [s]

Time [5] =5, [kmec kthe kvis] =2 2 1 ‘Time steps =1427, total CPU time [5] =3177

o P
Terations [1] Time [s]
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Variational setting

Dis ing
Numerical studies

Summar

Appendi

Dynamic Taylor impact test with a tetrahedron

('Decreasing’-Test of balance laws; kpee = 1, ke = 1, kyis = 1)

Characteristics

Edge length ledge = 1

Element: 10-node
Element number: Nep = 20
Node number: Npo = H9
Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed
04 =0,
Yellow face: 04 =0,

Initial conditions

Initial velocity: vy =—10e.
Initial angular velocity: “’64 =
Initial temperature: o4 =308.15

Dirichlet loads

Displacement pro no
Temperature profile: no

Neumann loads
Traction load:
Pressure load:
Heat flux load:
Volume loads

Standard gravity

[kmec kihe kvis] =1 1 1

pmin
h n

[kmec kihe kvis] =1 1 1

"

Time [5]

[kmec kihe kvis] =1 1 1

Time [5]

[kmec kihe kvis] =1 1 1

Time [5]

0032, [kmee kihe kyi

Time sieps =894, total CPU time [s] =105

Time [s]

=1

Teerations (1]

04 06
Time [5]
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Numerical studies

Dynamic Taylor impact test with a tetrahedron

('Decreasing’-Test of balance laws; ke

Characteristics o, =298.15k

Edge length

Element: 10-node
Element number: Nel = 20
Node number: Npo = H9

Boundary conditions

Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed

04 =04
Yellow face: 04 =04

Initial conditions

Initial velocity: vl =—10e,
Initial angular velocity: w§' =
Initial temperature: OF = 308.15

Dirichlet loads

Displacement profile: no
Temperature profile: no
Neumann loads

Traction load: no
Pressure load: no
Heat flux load: no

Volume loads
Standard gravity

Mechanical balance errors

=2, kthe —

tol =

Post-/Intra-processing 0

f— T
'

Time [s] Time [5]

Post-/lntra-proc Post-processing

P
Time [5]

Post-/Intra-processing

E 2 3
Time [5] Time [5]
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Dynamic Taylor impact test with a tetrahedron

('Decreasing’-Test of balance laws; ke = 2, kthe = 2, &

Characteristics o, = 29s.

Edge length ledge =

15K

Element: 10-node
Element number: Nel = 20
Node number: Npo = H9

Red face: z-dof fixed Time [s] Time ]

Green face: y-dof fixed Postntr-processng Post/Intraprocessing

Blue face: 2-dof fixed " [ ¢ ]|
o4=0, .

Yellow face: 04 =04

Initial conditions
Initial velocity: vl =—10e,
Initial angular velocity: w§' =
Initial temperature: OF = 308.15

P
Time [5]

P
Time [5]

Dirichlet loads

Post-/Intra-processing 10

Post/Intra-processing 10

Displacement profile:
Temperature profile:

Neumann loads

Traction load: no
Pressure load: no
Heat flux load: no
Volume loads —
Standard gravity g=9.81 Time (5) Tine ]




TECHNISCHE UNIVERSITAT
CHEMNITZ

Pressure and temperature load on a tetrahedron
Technische

Mechanik/Dynamik  (Mechanical Neumann/Thermal Dirichlet load; kmee = 2, ktne = 2, &

Thermo- Characteristics 15k [ Time evolutions of node 120 (fr

viscoelastic
fiber-reinforced

Node evolution, Node-Nr. 120

continua Edge length iy !
e W M |
variational-based " 08
higher-order Element: 10-node z e Yy
. — Z 0 ¥:0.3333
energy-momentum Elle;“ent "'—I‘)mbe"- el = 65 H ! A
lode number: o = 158 =
schemes — no. s -
A [Vl FF : Boundary conditions
ro , Dietzsch . = =
J ' | Bartelt M Red face: z-dof fixed N 002 04 06 08 0
S B Green face: y-dof fixed Time L5 Y *
Blue face: 2-dof fixed 1y Node evoluion, Node N 120 0% Node evolution, Node Ny 120
04 =0,
31 315 !
Yellow face: Tioad = 0.5 N
Wioad = 107 Z
Initial conditions
Initial velocity: vl =0
' . 0 0 wi o,
Initial angular velocity: wg =0
Initial temperature: o4 = 308.15 ooz os 06 o 1 "o o or o6 o8

Numerical studies

Time [s] Time [s)

Dirichlet loads

Node evolution, Node-Nr. 120 . Node evolution, Node-Nr. 120

Displacement profile: no
Temperature profile: 0 =10 0336

Neumann loads

Traction load: no
Pressure load: p=4-10* .

gl S, e
Heat flux load: no 03333 (’« '.»(‘m(;," m‘,/ RN
Volume loads o

02 04 o6 os 1 o 02 s 06 o5 1
Time [s] Time [5]

Standard gravity
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Numerical studies

Pressure and temperature load on a tetrahedron
(Mechanical Neumann/Thermal Dirichlet load; kmee = 2, ktne = 2, k

Edge length kdge

Element: 10-node
Element number: Nel = 65
Node number: Npo = 158
Boundary conditions
Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed
04 =0,
Yellow face: Toad = 0.5
Wioad = 107
Initial velocity: vl =0
Initial angular velocity: wg =0
Initial temperature: 0f =308.15

Dirichlet loads

Displacement profile: no
Temperature profile: 0 =10

\
T
I

P
) LA
i i

AN

avan i (1

Time [5]

Time [5]

o 02 04 05 o8 1

Time [5]

04 06
Time [s]

o8

Neumann loads

Traction load: no
Pressure load: p=4-10*
Heat flux load: no

Volume loads
Standard gravity

Time 5]

Time [s]



Technische

Mechanik/Dynamik

Thermo-
viscoelastic
fiber-reinforced
continua
simulated by
variational-based
higher-order
energy-momentum
schemes

J. and Bartelt M
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Pressure and temperature load on a tetrahedron
(Mechanical Neumann/Thermal Dirichlet load; kmee = 2, ktne = 2, k

Characteristics

Edge length kdge

Element: 10-node
Element number: Nel = 65
Node number: Npo = 158

Boundary conditions

Red face: 2-dof fixed
Green face: y-dof fixed
Blue face: z-dof fixed
04 =0,
Yellow face: Toad = 0.5
Wioad = 10T
Initial velocity: vl =0
Initial angular velocity: =0

Initial temperature:

Dirichlet loads

Displacement profile: no
Temperature profile:

Neumann loads

Traction load: no
Pressure load: p=4-10*
Heat flux load: no

Volume loads
Standard gravity

Balance pro

Post processing

Post-processing

oois

001
0

02

0 o6
Time [5]

Post-processing

o 02 04 05 o8 1
Time [s]

105 Inira-processin

Time [s)

Post-processing

0 02 04 06 o8
Time [s]

Intra-processing

o0l

0o o

2 0 o0s
Time [5]

)

o001
o 02 04 06 o8 1
Time [5]
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Compression test with heating on a cube

Mechanik/Dynamik  (Mechanical Dirichlet/ Thermal Dirichlet load; kmee = 1, kine = 2, ks

Thermo- Characteristics .. =20s.15x | Time evolutions of node 7 (corner)

viscoelastic

ﬁber’ rEinforced Node evolution, Node-Nr. 7
continua Edge length i =2 ' — 100

simulated by {\ '
L 0s I
varl.atlonal—based Element: 27-node . “’\‘ ;; |
= g 1 N
higher-order Element number: Nl = 8 3 o — “‘ i “"
- £ hol i b
SNErBY }r]nomentum Node number: o = 125 TS ,’\/C ‘”‘}y‘y(‘.‘\/\,‘;{\;V“‘W/\Q}IQNN\
schemes - s [0 AT
Boundary conditions W 1
roB M., Dietzsch Green yz-face: z-dof fixed B N
J. and Bartelt M Green xz-face: y-dof fixed oo “"I" o8 1
Yellow xy-face: z-dof fixed
04 = 10/(1) Nodecvoluion NodeNe 7 , Node evolution, Node-Nr. 7
Red xy-face: 04 =10£(t) B .
Blue yz-face 04 =0, 18
uf = —0.3 (1)
Blue xz-face 04 =0,
uft = 0.3 f(t)
Initial conditions ““’
Initial velocities: vi =0=w s s o
. . L o 0z o4 05 o5 1 0 02 o4 06 os
Numerical studies Initial temperature: Of =308.15 Time (5] Time (5]
Dirichlet loads Node evolution, Node-Nr. 7 Node evolution, Node-Nr. 7
Displacements with f(¢):
Temperatures with f(t):
Neumann loads
Traction load:
Pressure load:
Heat flux load: 05 @ i
Volume loads 0

0 02 04 o5  os 1 o 02 o4
Time [s] Time [5]

06 os 1

Standard gravity
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Numerical studies

Compression test with heating on a cube
(Mechanical Dirichlet/ Thermal Dirichlet load; kmec = 1, ktne = 2,

Characteristics

Edge length bdge =2

Element:
Element number:
Node number:

Green yz-face:
Green xz-face:
Yellow xy-face:

Red xy-face:
Blue yz-face

Blue xz-face

Boundary conditions

27-node

Nel =8

Npo = 125
a-dof fixed
y-dof fixed
2z-dof fixed
04 =10f(t)
04 =10£(t)
04 =0
uft = —0.3 (1)
(A =EC)y

Initial conditions
Initial velocities:
Initial temperature:
Dirichlet loads

Displacements with f(¢):

Temperatures with f(¢):
Neumann loads
Traction load:

Pressure load:

Heat flux load:

Tioaa = 0.5
Wioad = 107

i

[ I
L) {
oy “\w}“\"u\
A ) \

Time [5]

02 04 06 08 1
Time [s]

Time [5]

4 0
Time [s]

sure lod [Nfsqm]

Time 5]

Time [s]



BEET - Compression test with heating on a cube

Technische : " "
Mechanik/Dynamik  (Mechanical Dirichlet/Thermal Dirichlet load; &,

Thermo- Characteristics
viscoelastic

fiber-reinforced
continua Edge length Ldge =2

simulated by
variational-based

: Element: 27-node v o 0
higher-order Element number: Nel = 8 "’7? 206
energy-momentum Neel auibae oo = 125 EY 304
schemes = o
GroB M., Dietzsch Green yz-face: z-dof fixed
J. and Bartelt M Green xz-face: y-dof fixed Temp. t,-0.85 (s, VTQPRL-100000

Yellow xy-face: 2z-dof fixed ::
o4 =10 ()

Red xy-face: 04 =10£(t) e

Blue yz-face 04 =0, n
uft = —0.3 (1) -

Blue xz-face 04 =0,

Initial conditions

Initial velocities:
Initial temperature:

Numerical studies

— Temp. =065 [s], VIQPRL=000001
Dirichlet loads

Displacements with f(¢):  Tioaa = 0.5 2
Temperatures with f({):  wioaa = 107 .
Neumann loads
Traction load:
Pressure load:
Heat flux load: e

Volume loads v
Standard gravity

{308
306
304
302
300

2

300
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Numerical studies

Compression test with heating on a cube
(Mechanical Dirichlet/ Thermal Dirichlet load; n, = 8)

Characteristics

Geometry
Edge length lodge

Element: 8/20/27-node
Element number: Nel = 8

Node number: o = 27/81/125

Boundary conditions

Green yz-face: a-dof fixed
Green xz-face: y-dof fixed
Yellow xy-face: z-dof fixed

04 =10f(t)
Red xy-face: 04 =10f(t)
Blue yz-face 04 =0,

uf = 0.3 f(t)
Blue xz-face 04 =0,

Initial conditions

Initial velocities:
Initial temperature:

Dirichlet loads

0
Of = 308.15

Displacements [f(t)]:  Tioaa = 0.5
Temperatures [f(t)]: Wioad = 10m
Neumann loads

Traction load: no

Pressure load: no

Heat flux load: no

Volume loads
Standard gravity

Comparison of compression test with i27cube8, U= 0.3 [m], T= 1 [s]

Comparison of compression test with i20cube8, U= 0.3 [m], T= 1 [s]

kmec kihe kvis [1]

Comparison of compression test with icube§, U= 0.3 [m], T= 1 [s]

Kmee kthe kvis [1]
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Compression test with heating on a cube
Mechanik/Dynamik  (Mechanical Dirichlet/Thermal Dirichlet load; ne = 64)

Thermo- Characteristics

viscoelastic

fiber-reinforced Geometry
continua Edge length ledg

mlated by v |

varl.atlonal—based Element: 8/20/27-node
higher-order Element number: Ne) = 64
Snergyamomentum Node number: o = 125/425/729
schemes e
GroB M., Dietzsch Green yz-face: z-dof fixed
J. and Bartelt M Green xz-face: y-dof fixed
Vel Xy-face: Z-dOf ﬁXEd Comparison of compression test with i20cube64, U= 0.3 [m], T= 1 [s]
04 =10£(t) T . : :
Red xy-face: 4 =10f(1) -
Blue yz-face 04 =0, -
u = —0.3f(t)
Blue xz-face 04 =0,

Initial conditions

Initial velocities: 3 o
Initial temperature: Of = 308.15

Numerical studies

kmec kthe kvis [1]
Dirichlet loads Comparison of compression test with icube64, U= 0.3 [m), T=1 5]

Displacements [f(#)]:  Tioaa = 0.5
Temperatures [f(¢)]: Wioad = 10w

Traction load: no
Pressure load: no
Heat flux load: no

Volume loads

Kmee kthe kvis [1]

Standard gravity
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Compression with cooling on a "Cook-like' cube

(Mechanical Neumann/Thermal Neumann load; kmee = 1, kthe = 2,

Characteristics .. = 29s.15

Node evolution, Node-Nr. 36

Edge lengths ledge, = 1.5 “
ledge, =2 "
ldge, =25 »
.
Element: 10-node
Element number: N = 46
Node number: e, = 1121 0

Boundary conditions wy s l s

RN 0 -1
x

Green yz-face: 2-dof fixed Time (5] ¥
Green xz-face: y-dof fixed 1o Node evolution, Node-Nr. 36 . 05 Node evolution, Node-Nr. 36
Yellow xy-face: 2z-dof fixed

Red faces: Q4 = —2000 f(¢) 305 : o0

Blue face 04 =0,

TA = —400000 £(1)

Initial conditions

Initial velocities: v =0=wi 20
Initial temperature: o4 = 308.15 » N )
Dirichlet loads o ! 15 2 o 03 ! s 2

Time [s] Time [s]

Node evolution, Node-Nr. 36 Node evolution, Node-Nr. 36

Displacement profile: ~ no
Temperature profile: no

Neumann loads

Heat flux load [f(¢)]: Tioad = 2
Traction load [f(¢)]: Wiead = 2.5
Pressure load: no

Volume loads

Standard gravity g=981

1
Time [s]

Time [5]
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Compression with cooling on a "Cook-like' cube
Technische

Mechanik/Dynamik  (Mechanical Neumann/Thermal Neumann load; kmee = 1, ktne = 2, &

Thermo- Characteristics ¢
viscoelastic ——————
fiber-reinforced
continua Edge lengths Ldge, = 1.5 N
simulated by ledge, =2 o
variational-based lodge, =25
higher-order
energy-momentum Element: 10-node
schemes Element number: Nel = 46
Node number: o = 121

ot

Newmans

roB M., Dietzsch

J. and Bartelt M

Time 5]

Boundary conditions 5 Yo es 1 s !

Green yz-face: a-dof fixed e
Green xz-face: y-dof fixed
Yellow xy-face: 2z-dof fixed
Red faces: Q4 = —2000 f(¢) s Zos
Blue face 04 =0, f
TA = —400000 f() ‘ £
Initial conditions N :
Initial velocities: .
Initial temperature: o |
Numerical studies Dirichlet loads T ot : S e

Displacement profile: no e ;
Temperature profile: no .

Neumann loads

Heat flux load [f(¢)]: Tioad = 2

Traction load [f(#)]: Wioad = 2.5T
Pressure load: no

Volume loads
Standard gravity g=981

Time [5] Time [5]
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Numerical studies

Compression with cooling on a "Cook-like' cube

(Mechanical Neumann/Thermal Neumann load; kmee = 1, kthe = 2,

Characteristics o.

Edge lengths ledge, = 1.5

ledge, =2

leage, =25
Element: 10-node
Element number: Nep = 46
Node number: e, = 1211
Boundary cond
Green yz-face: a-dof fixed
Green xz-face: y-dof fixed
Yellow xy-face: z-dof fixed
Red faces: Q4 = —2000 f(t)
Blue face 04 =00

T4 = —400000 f(t)

Initial conditions

Initial velocities:
Initial temperature:
Dirichlet loads

v =0=wi
o4 = 308.15

Displacement profile: no
Temperature profile: no

Neumann loads
Heat flux load [f(¢)]: Toad =2

Wioad = 2.57

Traction load [f(t)]:
Pressure load:

Volume loads
Standard gravity

Temp, t,-2 (5], VIQPRL=011000

Temp. t,=18 [s], VTQPRL=000011
3

2

1

,,un

Temp, t,=1 [s], VIQPRL=011000

Temp. t,=02 [s], VTQPRL=100000
2 Y
N $

Snapshots of the motion with reactions



TECHNISCHE UNIVERSITAT
CHEMNITZ

Technische
Mechanik/Dynamik

Thermo-
viscoelastic
fiber-reinforced
continua
simulated by
variational-based
higher-order
energy-momentum
schemes

J. and Bartelt M

Numerical studies

Compression with cooling on a "Cook-like' cube

(Mechanical Neumann/Thermal Neumann load; &y,

aracteristics

Edge lengths ledge, = 1.5

ledge, =2

leage, =25
Element: 10-node
Element number: Nep = 46
Node number: e, = 1211
Boundary cond
Green yz-face: a-dof fixed
Green xz-face: y-dof fixed
Yellow xy-face: z-dof fixed
Red faces: Q4 = —2000 f(t)
Blue face 04 =00

T4 = —400000 f(t)

Initial conditions

Initial velocities:
Initial temperature:
Dirichlet loads

v =0=wi
o4 = 308.15

Displacement profile: no
Temperature profile: no

Neumann loads
Heat flux load [f(¢)]: Toad =2

Wioad = 2.57

Traction load [f(t)]:
Pressure load:

Volume loads
Standard gravity

Balance prop

Post.processing

:1~]‘hP:2«

Post-processing

1
Time [5]

Intra-processin

|
Time [s)

[
Time [s]

Intra-processing

15 2

008
o

b
Time [5]




Technische Summary and Outlook

Mechanik/Dynamik

Thermo- Iteration-count dynamic time step size control
viscoelastic
fiber-reinforced |
continua . L
simulated by Higher-order accurate variational
variational-based energy-momentum schemes
higher-order
energy-momentum |
schemes

Discrete energy consistency | | Discrete principle | | Discrete momentum consistency

w
] 3
—
= @ o o @
& € b o 2
[ = (5} = o
S £
< o E 0 ©
> c = b Qo
5 g | | g g g
2 S = — o
-_— [} © = [ =
o = & 3 5 =
F=} @ £ K] I}
5 £ £ 5 =
g 5 5| | E 5 g
2 E=
a =) o] 2 = S
1| 5] |2 3
Summary g 9 g 5 g
c
B0 2 o o] 2
a = < O a

Discrete total energy balance | | Discrete Lyapunov func. balance

atially discretized stress and strain fields ocking-free formulati




@ TECHNISCHE UNIVER
CHEMNITZ

Thermo-
viscoelastic
fiber-reinforced
continua
simulated by
variational-based
higher-order
energy-momentum
schemes

Dietzsch
J. and Bartelt M

Appendix

Appendix



E TECHNISCHE UNIVERSITAT
CHEMNITZ

Technische
Mechanik/Dynamik

Thermo-
viscoelastic
fiber-reinforced
continua
simulated by
variational-based
higher-order
energy-momentum
schemes

GroB M., Dietzsch
J. and Bartelt M
Intre

Variational setting

Numerical studies

Summar

Appendi

Euler-Lagrange equations

Euler-Lagrange equations

Constitutive equations
T v

> =
90— P Vit 2 o 7 20
OV ~ Vg -
2T M 4 G A+ 5= 8 vt > Sp=2—"L4+3
aC-‘rFo-‘r to alI,F 6CF+F
C(@)=C with C(t) = Clepy) -5a =V(C) e,
C:Ag=Cp with Cr(to) = Clgpy) : Ao 6=0

Neumann and Dirichlet boundary conditions

FSN=T Vt>ty on dr%
FSN =R @ = with ¢(tg) = p(t)) on 0%
—Q-N=0 Vi> 1ty on 9%
—%:A O =064 Vi>ty on 0%
0=h 6 =6 with O(ty) = O(ty) on ds%o

Time evolution equations in first order form (cf. Romero [2010])

v=¢ with ¢(t)=p,
DIV[FS]+pB=p with p(ty) = p = 25

Div R+D™

7ﬂ+7: 7 with n(t) =no E*%

(S} (S}
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Mechanik/Dynamik

Thermo- Discrete principle of virtual power
viscoelastic

fiber-reinforced

N—1 kmee,ktne kvis ( 5 & C b é e )
continua S H(Z(Erja), Wi(Ery): 8 (€0), 82 (€) wijihn =0  with 2 = @ U:P: G0, &, 0F,0,1)
simulated by —0 l,j.ziil (2R (€150, Wi (E1); Su (&1), S (€0) wrs w =(0,8,57 R, h,\)
variational-based Nolo L ~ q = (4‘02““74‘;% +1)
higher-order d+Ha(q,v,p,Cy,C,Cr,0,5,6,R,h, A, S, Sp; S;Z({i), S, (6) hn =0 with o o
energy-momentum n=0 6 =(01,...,6k,,)

schemes

GroB M., Dietzsch
J. and Bartelt M

: Fnee fmec( ) ~ Ko L Fing ~
S M) g} uph(a) = Y @l 8.6R() = Y MM(@) O] Bf(a) i= 3 M) OF
j=1 i=1 " i=1 i=1

Discrete Euler-Lagrange equations with space-time finite elements
Momentum equation: [By®@H® ] [pov —p| + b, @ [H® I [povi — py] = 0

Velocity equation: B,@H@I|v+b,®H® v, = {hiﬂq@)H@I} q+ hiéqu)[H@I]ql

in n
Positions on 0,%o: A, eHeI|q+a,® HeI]q =0
momentum balance: [% A,@HRI|p+ hi a,@HaI]p, — F" - F ™ = [C,eH®I]R
n
Temperature | Entropy equation: [CD®H]6: [ED®H]0+BO®H01 v+ [ég®H]s+BD®Hsl e [Co®ﬁ]h
Discrete E-L equations
Temperatures on dg%o|de %o: [f\o ® H] 6+a,®Ho, =0 6= e, ®0x
1 - 1 q o ~ _
Entropy balance: [hi A,2H|s+ W 3, ®Hs; — §%°" —§du _gint _§ = [Co@H] A
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Thermo- Stress equations at the Gauss points in space and time

viscoelastic
fverreinforced IR CRU NI VIR AT IR

continua F

+ 87, (€, x1)

simulated by

Va:?;‘f;"ri')’rzfd Viscous time evolution equations at the Gauss points in space
energy-momentum 1
schiemes Y(C,(x1)) = —V(Cy(x1)) — local level Newton-Raphson method ~ ~+ C,(x;) € RS %=

GroB M., Dietzsch
J. and e[t M

ha,

Discrete weak assumed strain equations on the element

e n,e dénﬁe i Oy 0 e
> 0.8 (mm:[%— CGr )| m=0 (=1 k)
i=1

Discrete assumed strain equations at the Gauss points in space

4C, (& o on dch (&, P . fimee o
% =C (¢p (€1 x1)) I=1,...,knec % = ; M; (&) Ci(x1) = ; M;(&) C; (x1)

Assumed strains at the time nodes C7'(x1), | =2,..., knec

o ° -1
Discrete E-L equations - o MEe (&) - MPE (&)
Crixur) i= Y, mip*e € (@ (€ x1) + Coxs) with mmee = :

i=1 o o
M3 (Ekoe) M1 (Ehine)



E IE‘LE}rI‘II’\:;aTCZIlE UNIVERSITAT
Technische Discrete mechanical energy balance

Mechanik/Dynamik

Discrete kinetic energy balan (cf. G. & Betsch [2011]

Thermo-

viscoelastic Tpt1—Tn
fiber-reinforced T = on hn {Vkmec;rl M@ Ty, 41— V] [M&I] Vl} fomee
continua 1 [v . .
il (5 = 5n [ vl] [2Sym[Jiec) ® M ® I [ vl} with 2Sym[Jyec] := diag (—1,0,...,0,1)
variational-based T

JT

Ty e

P]T{
n] [ A
[

higher-order _
energy-momentum

[
schemes [
[

QH® I] [vl] with momentum equation and aAb = bA’a

E [a,A,]" C, " [a,]A,] @ H® I] [1‘1] with velocity equation

L P n
erofi I?/IB Dleltz;;h @ T 1 Pl ) _ el o
and Bartelt V = |z O8E qu [aA, ] @H® T with Ty, :=C, [a,]A,]
n
T
Introduction I’%;T" = hi" [C(I]l] [f‘: R1® I} {Fim +F 4 Fem} with momentum balance
Variational setting i o] e o] T .
| % T C H 1 T =¢
+ hn[q] [fheter] [ R [q] [Thelel]=4§
Disc Discrete potential energy balance with dead loads F*
Numerical stuc et Ny T
2 int ext ex ex
2 W Ocr) — L OIWF = = § [P+ P = (I3, — 131
&i= kvis Mel, Ng kine Mels Ng
B OV o o .
Appendi + ; E,ZI[BT u] (& x1) Wi wz+]zl ; [39 9] (& x1) WF wy
PR AUy 2 OUp 2 Oy o OU
Mechanical energy balance H?Hrtl LEE = ZZ [% C+ ﬁ Cr + aC, :Cotog 00 }(51‘,]‘,17)(1) Wy wig1
igl el
Eimec Te1,Ng °

= Z % {S’ :C+5:C }(51,)@) Wi w with stress equations
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Technische Discrete superimposed fiber stress (s = k. = ki = 1)

Mechanik/Dynamik

Thermo- Discrete claim for the fiber stress at the Gauss points in space
viscoelastic - -
fiber-reinforced a‘l’F(CF,@)n 1 1 - B\I’F(CF79)H 1
continua —_ +-8r | Ao:[Cry1— Cy] + T s [Ont1— O4)
f a0, 2 e | ———— 20
simulated by 3 e p _ 5
variational-based Feia = = Up(Cr,O)nt1 — Yr(Cr,0O)n
higher-order

energy-momentum Variational problem (cf. Gauss's principle in Ramm [2011])
schemes
: -~ 1 /- 2 ~ -
GroB M., Dietzsch T == ( ) 0.7, =
J. and Bartelt M F('up’ SFH%) 2 SF"*% T HE gF(SF"*%) F(#F, SF"+%) 0

Discrete claim as constraint (cf. Hesch & Betsch [2011], G. & Betsch [2011])

B\I’F(éF;@)nJr% il =
——r  Tgory [Cruys = Cr.]

QF(S'FH%) = Up(Cr,O)nt1 — Vip(Cr,0)n — [

dCr
OVp(Cr,0),, 1
- Th [On+1—04] =0
Discrete Euler-Lagrange equations
IIp @ UF IIp -
= = S -—=[C —Cr,| =0 — = S =0
9Sp +1 FM-% 2 [ s F"] 8HF g( Fn+%)
nt+d
Mechanical energy balance Discrete Superimposed fiber stress (cf. Gonzalez [2000], Hesch & Betsch [2011])

5 Gr(0)
=2 [Co—Cr]
e [Crey— Gl [Crer—Cri] Corer—CF,
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Mechanik/Dynamik

Thermo. Discrete claim for the matrix stress tensor (one equation| for 6 unknowns)

viscoelastic ~ ~ ~
fiber-reinforced 6\IJM(C,CM@)“+% 1 g i [C _c ] 4 8\I/M(C,Cl,,@)n+% 4 a\PM(C:Cm@)nJr%
60 2 n+% . n+1 n an 90

continua
= ‘I’M(Ca Cm 6)n+1 - \IJM(C’7 C'w@)n

simulated by
variational-based
higher-order
energy-momentum
schemes

Constrained variational problem with the Mandel stress tensor

Cris Suvs i 8uys Copr +pmGm(8nys)  8Tu(par, Sppy) =0

NM—‘

GroB M., Dietzsch Tnr(penr, Sn+%)
J. and Bartelt M

Discrete claim as constraint (cf. Hesch & Betsch [2011], G. & Betsch [2011])

AV (C, C,,0),,1

- _ _ 1-
QM(SM_%) =V y(C,Cy,0)n1 — Yy (C,C,0), s 5 Sn+%} 1 [Crg1 — Ch)

ac
0Vu(C,C.0),y  0¥u(C,Cu0), 1
B ac, B 90
Discrete Euler-Lagrange equations
By _ = m s oY 0Im  _ g _
D5 T Cri38ury Corg — 5 [Cra — Co] = O Ty = Gu(Sniy) =0

Discrete Superlmposed stress tensor (cf. Armero & Zambrana-Rojas [2007])

- il ) én+1 [Cn+1 n] Cn+1
Cn+1 [Cn+1 - n] : [Cn+1 n] Cn+2

Mechanical energy balance

n+%:2
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Thermo- Galerkin scheme (kmec = 2) | Variational scheme for kpec = 2

viscoelastic

fibe(;;etiir:-'f;);ced C,=C}:=(F)TF} C,=C} = (F)TF} ,
n n n
itz By cp— (PN B cp = 1 {Fl +F3 F;‘] [Fl +Fy F;} + (FTFp
variational-based 9 2 T 2
higher-order Cry1 = C5 = (FE)TFE Cy1=Cy = (Fy) Fy

energy-momentum
schemes

Superimposed stress tensor of Galerkin schemes (. mohr, wenzel, steinmann [2008)

GroB M., Dietzsch

. e die 1 Qe g(O) =7 e (energy consistent, but not varia-
tionally consistent approximation)

kmec+1

= Y M) [F})TF} (G-
j=1

Superimposed stress tensor of variational schemes (cf 6. & Dietzsch [2017))

G(0)

She) =2 (Ch(EN™ O (&) [Crie)]™

Fmec

S (ChE)™ Ch (&) :Ch (&) [ChE) ™ w
=1

kmect+1
Crla)= > Mj(e)C
=

Mechanical energy balance with

" (i=1,. .. kimec)
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Technische Discrete balances of thermal and total energy

Mechanik/Dynamik

Thermo- Discrete thermal ene balance

viscoelastic

fiber-reinforced TIthe _ [ythe 1 Tie1, Ny
continua % = {of,.+1 Hskyr1 — o Hsi} with TP = 3~ O(xr, ) n(xr, @) Wi
simulated by n n e, J=1 Fene
variational-based o Tro s . | ——
higher-order = [ 01] [E Sym[Jne] ® H] [ sl} with 2Sym[Je] == dlagA(fl, 0,...,0,1)
T. o
T hemen 7 . e
= [01] [E (Jme+J£e) ®H] [Sl] with I, = [a0|A,] €, [bo|B,] = Ty, [bo|Bo]
GroB M., Dietzsch .
J. and Bartelt M _ |01 S1 01 S1
and Barte = [0] T2 ®|] i [BlA) @ H] L ]*hﬁ {O] [T1, @1] [[BoIB.] @ H] [ ! }

Intr on e" entropy balance & T entropy equation

‘ , I I o7 gcon int
Variational setting - [senasm+ &7 {5 + 57 + [€, 0 H] /\}—— e {«1> [€, ®H]h}
Discrete total energy balance

Discre ting
Numerical studies Hni1 = Ha = T = Tn Hl';’:‘tl 1'[!;“ Hix':l — Hix{ + Ht"hfl — Ht"he

fi
Summar _
Appendix

o Wi
= X1) *J} Wi
Total energy balance T h
— 1 @M= - _ 1 oT
Hoi=Ha 1 oTpe g {se*‘+ [CO®H],\}+—® [C.@H]h
It hn hn

37
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Technische Discrete balances of total momenta |

Mechanik/Dynamik

Thermo- Discrete balance of total angular momentum (cf. G. & Betsch [2011])
viscoelastic

iber-rei 1 — JIn 1 ) )
fiber-reinforced Int1 = In = {qg]'“echl [M ® Wg;} Vit 1 — q{p [M ®W§;} Vl} with We, := spin[¢]
k,

continua hn }Tn

‘mec

simulated by

i
2 v . "
variational-based = [‘2] [h_ Sym[Jmec] @ M @ Wg,] [ vl:| with 2 Sym[Jpec] := diag (=1,0,...,0,1)
higher-order 7 "
energy-momentum _ ! L T T P . .
schemes = [ q ] [hn (Jmec + Jmec) ®H® W50:| [ o ] with momentum equation
7
y jetzs =T 1. &
Gjrcf,1cljvlp;3a|§|ttz|5\;h = [‘:Il] [T% ®I® Wg;] {h—n [[aq1A] @ H® I] [':} } momentum balance
i
1 [q =T T = Vi q A
i - + W { ql] [Tl,, ®pol® W50] {[[hq|Bq] QHRI] [ v | [ velocity equation
o)
Variational setting % — [ ] with § =87
n
with M=M"

Discre ting

Discrete balance of total linear mo um (cf. G. & Betsch [2011])

Numerical studies

Summar _
# _ }%c?{[H@I]pkmecﬂ7[H®I]p1} with cf = [€f,....&7] € RInar
- -

= [€kpe ® cq]T {hi Héq\Aq] @H®I] ['Ll] } momentum balance

Appendix

;
= len.. ®c,)” {N+ F 4 F™ 1 [C,eH @] R} with > VN, =0
I=1
ler,... ®cg]” {Fext +F 1 [C,@AaT] R} el i=11,...,1] € Ri*Fmee

Total momenta balances Lpi1—Ln
=R kmec

38 hn
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Mechanik/Dynamik

Thermo. Discrete balance of total entropy or thermal momentum

viscoelastic S _s 1
fiber-reinforced Sotl 7 On — — eT{Hs, 11— Hsi} with el :=[1,...,1] € R1Xmmode
continua hn ha,
simulated by _ T L = (A S1 . T Ix ke
sy = [eku. ® € " [[80|A,] @ H] { < } with el =[1,...,1] € R™*M

higher-order
energy-momentum
schemes

momentum balance v
St =S _ o, ge,T {59*4. seduy§int £ § 1 [€, ® H A} with Y VN, =0

hn
GroB M., Dietzsck . ) . - =
Jrc;”d Bart‘;:;? In the case without transient Dirichlet and Neumann boundary conditions, we obtain at de %,
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