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Dynamic otivat

thermo-mechanical
coupling in A R . 2 ] ] _— 5
fiber-reinforced @ Dynamic simulations of fiber-reinforced materials in light-weight structures
bodies simulated
by higher-
order variational
energy-momentum

@ Variational design of energy-momentum schemes on arbitrary coupled fields

schemes Goal 1: energy-momentum Goal 2: energy-momentum
schemes for coupled fields schemes based on variation
Mechanical fields 0 Statics: Multifield principles of
Introduction . I I bad Fifie o
Coupling a0.pF.C.8 C, Coupling virtual work (mixed finite elem.)
T,B,R Ay, q e e
0 9 Dynamics: Multifield principles of
: — least action (Hamilton’s principle)
Thermal fields Mixed fields ~ MG REiEaER: (V|)
0,n,Vo C,Cr local in space . - ey f
RQ.MA kr 08 e e Dynamics: Multifield principles of
virtual power (energy-momentum
t ] .
Counli schemes for coupled fields)
oupling

(cf. Miche & Schréder [2001], Armero [2008], Betsch & Janz [2016], Schiégl & Leyendecker

(% ) Energy-momentum schemes arise as discrete Euler-Lagrange equations
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Dyt Transversely isotropic material in motion  (cf. Schroder, Neff & Balzani [2005])
thermo-mechanical
coupling in
fiber-reinforced
bodies simulated
by higher-

order variational ©=0op — T
energy-momentum T
schemes Co=F,F,
/
Michael GroB and % 0= Jn o p|= J(pive) o
Julian Die Z J low S x = pov
Ay
R=Jrop \ TxBo
Bo  py=Jpioe e v
Continuum model . . .
S 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



@ IE‘LE}rI‘II’\:;aTCZIlE UNIVERSITAT
Technische Continuum model of a fiber-reinforced body Il

Mechanik/Dynamik

Dynamic l free € gy
thermo-mechanical
coupling in
fiber-reinforced
bodies simulated

@ Elastic free energy

by higher- ‘I’ela(ca Cr; Ag) = ‘i’(;\}fa(flcv 1207 I3Ca 140) + ‘i’%a(CF)
e::;‘,’;g:;i:ﬁ; @ Thermoelastic free energy
schemes \Ilthe(@, c, CF) _ \ijcap(e) — Ndim ﬁM (@ _ (__)OO) @\]/\21(]30)
Michael GroB and 2 o1
Julian Dietzsch _2\/ CF/BF (@ - @OO) \P}‘a(CF)
© Viscoelastic free energy
WYS(A) = WSl(IA I, 1Y) A=cCcC;,! C.=FTF,
coninim mac Total equilibrium and non-equilibrium stress
Discrete setting @ Total second Piola-Kirchhoff stress tensor
oW

S =2 o Se1a+ Sthe+Sv1s+ SF‘((')7 CF‘) AU
@ Viscous evolution equation and non-equilibrium stress tensor

= 8\I’Vis
Y =V(C,):C Y i=-——2M
Numerical studies ( U) E 80”

- 1 Ve V.
Summar V(C’U) = Z (Vvol _ ndev) C;l ® C;l o Ve dev sym . C;l (pos.—def.)

D" .=Y:C, >0
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Dynamic
thermo-mechanical
coupling in . .~ .. L L. 4 A L & E =
fiber-reinforced T(‘Pv v, P) + HeXt(4P7 C,,0,0,R,h, /\) + Hmt(‘Pv C,,C,Cr S, 8,0 7, ;8 SF) =0
bodies simulated
by higher- : .
order variational Klnetlc energy
energy-momentum
schemes po

T—g'u v T::/ TdV — ['v—go] pdV
Michael GroB and %o

Julian Dietzsch

Total energy balance in functional form

Kinetic power functional

. T
T(pop) = [ [——p]~odV—/ pelo-¢lav+ [ p-pav
2, OV %0 %o
External power functional
f[eXt::—/poB'gadV—/ :‘r.qadA—/ R (p-9)
B drPBo D Bo
1 a é tot
+ ) =V0-QdV+ [ = [R+D*]dV+
2, © 2, ©

80 B0
+ / A(©-0)d4 - /
do Bo 8,

h(@fé))dAJr %/ Co:V(Cy): €,dV
5 Bo Bo

Variational principle

(cf. Romero [2010])

o

A

oljol

QdA

e
with Dtot Dmt + Dcdu _ Dint _ %v@ . Q
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Dynamic rier's law of transversely isotropic heat conduction  Akinan
thermo-mechanical
coupling in

kp —
Cr

Ao+koC ]V@

fiber-reinforced q = _H‘FiTV@ K=kl + ” Hz a’ a Q:=— |:

bodies simulated

by higher-
order variational Internal energy
energy-momentum
schemes ITint .= / [T0(O, C, Cy; Ag) + U (O, Cr; Ag)] AV — / 7[6-0]dv
Michael GroB and Bo J By
Julian Dietzsch 1 - -
B) SM![C—C(QO)]dV— SFZ[CF—C(QO)IAo]dV
Intre %o Bo
ntr 1 1
Variational setting +—/ S:CdV + —/ Sp CpdV
2 Ja, 2 Jaz,
Variational principle "
Internal power functional
Discrete setting .. 1 ov 9 ov s
It .= 7/{{ ] C+[2 = S:A]:C}dV
2 Jx " 0C a0 e
1 o 1 : v
——/ S: [C—C((p)]dV—O——/ S: C((,b)dV—F/ a—: C,dVv
2 Ja, 2, 0C,
1
—3 Sp:[CrAo— Cr(p)]dV + = / Sp: Crp(p)dV
Numerical studies Bo

Summar / (@ 6)dV+/ @|: \II:| dVJ,-/ nédV
@0 Bo 90 o
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Technische P rincCi ple Of VI rtu a I powel’ (cf. Schroder & Kuhl [2015], Klinkel & Wagner [1997], Hackl [1997])

Mechanik/Dynamik

Dynamic Mixed principle of virtual power 6,H = 0

thermo-mechanical L
Gt i 8.7 (¢, v, p) + 6,11, €, 0,0, R, h, \) + 5,11 (¢, C, C, Cr,0,1,0., S, Sr; 8,57) =0
fiber-reinforced

bodies simulated

by higher- Virtual kinetic power
order variational aT
energy-momentum 6.7 (w1, v, p) ::/ [—717] ~(5*1'1de/ 6*i)-[v—¢]dV+/ p-OpdV
schemes By v Bo B
Michael GroB and .
T T Virtual external power
8,01t = 7/ p0B<6*¢dV—/ T»é*q':dA—/ SR [p—p|dA— R-6.¢
Po 0% 0, B0

Variational principle

. . tof ~
+/6*Cv:V(Cv):Cde+ 5.0 x D™ dV+/ 1v6.6) - @av+ [ 16644
Bo © %09 9o %o
5.6 L " A ,
+/ QdA+/ m[e—e}dA—/ 6.h[6-6]da- [ 6.6nda
0020 © 90 %0 06 %0 9 B0

Virtual internal power

. 1 OV 5 5 OV 5 .
S ITm = 2%M 5 5|56 Sp|:6.6p — 76,04 dV
2/@{[ ac ] +[ a%r F] oo }
1 5 ) ) . o
5.5 [C Cle )}dv+/ V(6.) : F[S+ Sp Ao] +6.C,y : av
2 Zo Bo 8C

,% @f*SF:[épfc(gb):Ag]dVJr/ {6@[2—@%]757;[@ @}}
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Dyt Constitutive equations

thermo-mechanical

coupling in aT _ _ oOw

bfil;gr—reinfo;’c:dd % =P Vit > to n = —%
odies simulates
f ov = ot 5

by higher- oM . - F
order variational 2 aC +5=38 Vi >t Sp = |:2 _801:' a4 SF] Ay
energy-momentum . 2 5 oU )

schemes C(ga) = C with C(tﬂ) = C(QDO) — —8CM = V(CU) C,
Michael GroB and Cr(@): Ay = Cp with Cr(lo) = Cr(py): 4y © =0

Julian Dietzsch

Neumann and Dirichlet boundary conditions

Vel sz F[S+SpAoJN=T V>t on 0r%
F[S+SrA)]N=R ® = with @(to) = @(lo) on 9%
ETRA -Q-N=¢@ Vt> 1ty on 0q%o
.N .
Discrete setting _QT = 6-6 Vit on deo
=h 6 =6 with O(tp) = 6(ty) on %o
Time evolution equations in first order form (cf. Romero [2010])
v=u with @(t) =,
Numerical studies DIV[FS + FFSF] +pOB — p with P(to) =py = aTB(:D)
Summar Div R+ Dint ) .
77@[(2] 4 —9 =1 with n(t) =n = —78‘1'(‘5390)
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Dynamic Discrete principle of virtual power
thermo-mechanical

coupling in

o e (0., €y €, O, 6,7)
fiber-reinforced S H(ZH(E1s.0), Wi (€r,): S (&), 83 (€)) wijihn =0 with Z = (@0 P G, &, O, 0,0
bodies simulated —0 Z; IS BB IR S w =(0,8,85r, R, h,\)
by higher- N-1 —
- . 5 & AR B q = (P2 Phpect1)
order variational d.Ha(q,v,p,Cy, C,Cr,0,5,6,R,h, A\ S,Sr; 8, (6:), SF, (&) hn =0 with ~2 ukm H
energy-momentum n=0 6 =(O1,...,0k,.)

schemes

Galerkin time approximation with Lagrange polynomials

Michael GroB and
Julian Di

=k"’_ij:1M,-(a)sa;? 5.0k ZM @& 0.63() —f‘;M ()6} 6j(a): —MZ‘M
= =

Momentum equation: [B@H,®I][pov—p|+b®[H,® I][povi — py] = 0

Velocity equation: BeoH,@I|v+b@[H,® v, = [%A@H.;@I} q+hi"5®[Hq®I]ql
SeE st Positions on 0, %o: [AeH,@Tq+a®[H,®I]q =q

momentum balance: [% AoH,@I|p+ % a®[H,©Ip, - F" —F _F* = [CoH,® I|R

=

Temperature | Entropy equation: [C®Hg]6: [E®H0]0+5®Houl b+ [Q®H0]5+I-)®Hosl [C ]

Temperatures on dg%o|de Zo: [A @H,]6+a® [H)]o1 =0

ol

=ep® 0

ext

1 - .
Entropy balance: [7 A®H,|s+-—a®H,s; —S©" —sdu _gint _§ [C ®H ] A
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Bhyeite Stress equations at the Gauss points in space and time

thermo-mechanical
ing i IV m(&s &n AV p(&: -
ﬁbcecffel;:é)r':ed S(&i, x1) =2 Ma(gé’ xa) | Sp(&xr)  Sr(&ix1) =2 % +8p, (€oxr)  (E=1,..., kmec)
bodies simulated
by higher-
order variational
energy-momentum
schemes

Viscous time evolution equations at the Gauss points in space

Y(Cy(x1)) = lV(C,,(XI)) — local level Newton-Raphson method ~ ~» C,(x;) € R®*v

Michael GroB and b,
Julian Dietzsch X N "
Discrete weak assumed strain equations on the element
k, ~n.e
R 5 Qe dCy (& x 2, QT )
Y 887 (6 : {%f EGr G| mi=0 (=1 k)
i=1

Discrete assumed strain equations at the Gauss points in space

dCh (& x1)
da

o om dC e x) =t o Kimoe _
=C@n @) I=lohue T = 3T () CF(a) = Y M(&) O (xi)
=1 i=1

Local E-L equations

Assumed strains at the time nodes C7'(x1), [ =2, ..., kmnec

—1

[ M2(€1) ... Mrs(&)
Cr(x1) ==Y mi C(@y (€ x) + Ci(x))  with  m= N :
M2(E) oo Mg (Er)

i=1
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Intr on

Variational setting

Discrete setting

Mechanical energy balance

Numerical studies

Summar

11

Discrete mechanical energy balance

Discrete kinetic energy balan (cf.
Toy1 =T

& Betsch [2011]

= {"k,,m,+1 M® I vjt1 —vi M@ I] vi}

hn, {Ln Fmec
—_———
_ sym V1 sym ., g0 7
= 2%{ v ] [2) ®M®I][ v ] with 2J¥™ := diag (—1,0,...,0,1)
P r 1 7 Vi : . b7
= o h_J ®H,®1 v with momentum equation and aAa = a4 a
o Lhn
1 T ~
— [ P1 ] [ 5 [é\A]TC T[ |A] ®H4®I] [ 9 ] with velocity equation
L (hn) q
1 - - - R
= [ Zl ] [(h )QTlT [alA] ®Hq®1] [ ‘;1 ] with Ty :=C ' [a|A]and a4b=bA"a
Tot1—Tn  1[aq Treor int ext | gext :
7 = W [ [ 1 ®® I} {F +F*+F } with momentum balance
T

N,
- P, :
D> W1 (xr) = Talxn)] Wr = — q [F™ + F] — [0, — 115
I=1
Fvis Ny Fine No
v v
+ Y [S o @i+ 35 (2 8] 6w
i=1 I=1 j=11I1=1
s, — et L0 & 0Uy o OV

o0V y . Z .
- Z; [% e ey Cr + ac, :Cy + 20 @:l (&igits x1) Wi wija
N,

with stress equations
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Mechanik/Dynamik

Dynamic Discrete claim for the fiber stress at the Gauss points in space

thermo-mechanical - -
coupling in a‘l’F(CF,@)n 1 1 - a\IJF(CF,@)n 1
fiber-reinforced 4 +=Sp 1 Ap: [Cn+1 — Cn] == s [@nJrl - @n]
bodies simul OCr 2 e | ———— 00
odies simulated @ e _ _
by higher- Fnt1 ™ =Fn = Up(Cr,O)nt1 — Yr(Cr,0O)n
order variational

S g Variational problem (cf. Gauss's principle in Ramm [2011])
schemes
Michael GroB and L8 Lz 2 3 6. L(1. 8 0
Viichael arob and —_ e
~Julian Dietzsch (1, S, 1) 2( Fn+%) +nG(Sr,,,) Lns SE, 1)
Discrete claim as constraint (cf. Hesch & Betsch [2011], G. & Betsch [2011])

B‘I’F(OF;Q)nJr%

. . . 1-
G(5r,,4) = Vr(Cr, ©)ns1 = Yr(Cr,O)n — { t3 F'l+%:| [CFi = O]

aCr
OUp(Cr,0), 1
- Tﬂ [en+1 - @n] =0
Discrete Euler-Lagrange equations
A —— L % u oL .
Mechanical energy balance _ _
_ = S», —2[Cry—Cr]=0 = = g8 =0
aSFJrl Furi T 9 [ Fay1 Fn} o G( FM_%)
nt3
Discrete Superimposed fiber stress (cf. Gonzalez [2000], Hesch & Betsch [2011])

z g(0)
T [Cer—Cr]
i [Crn — Cr,] [Cor—TCR] o
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Discrete claim for the matrix stress tensor (one equation| for 6 unknowns)

Dynamic
thermo-mechanical p
coupling in B\I’M(C;Cm@)vﬁr%
fiber-reinforced T

AV (C,C,0) st aszM(é,cv,@)n+%
ac, u 76

1 -
+5 sn+4 :[Cri1— Cn] +

bodies simulated ~ ~
by higher- =Vpy(C, Cy,O)nt1 —¥u(C, Cy,0),
order variational
energy-momentum Constrained variational problem with the Mandel stress tensor
schemes
1. _ E _
Michael G.roB and L(I‘Ly Sn+§) 3 C e S ael n+i C e A llg( ) *ﬁ(lb, Sn+%) =
Julian Dietzsch
Discrete claim as constraint (cf. Hesch & Betsch [2011], G. & Betsch [2011])

0V (C, C,,0),.4
ac
B\IIM(C‘ CV,G)M; a\pM(C,Cv,@)ML

2

_ _ _ 1.
g(Sn+%) = Uy (C,Cy,0)ny1 — ¥u(C,C,0), — |: = 3 S"+%:| ([Cry1 — Cy

Discrete Euler-Lagrange equations
oL

Mechanical energy balance 35’n+1 = % ntd C’n+% — % [Crp1— Cy] = 311 = g(S’ % =
Discrete Superlmposed stress tensor (cf. Armero & Zambrana-Rojas [2007])
g(o
By =2- ) Totes (G = B B

Cn+1 [Crnt1 = Cn] : [Cry1 — Cy] Cn+1
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Dynamic Galerkin scheme (kmec = 2) | Variational scheme for kpec = 2

thermo-mechanical

coupling in C,=Ct:=(F)TF} C,=C} = (F))TF}

fiber-reinforced 1[F*+F T rFn 4 FP

bodies simulated cp = (F3)T F3 (ef 1:5{ . 5 2 *F;] [ £ B} . *F;}JF(F;)TF;
by higher-

order variational Cry1 = C5 = (FE)TFE Cpi1=Cy = (F:T;)TFQ

energy-momentum
schemes

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

Michael GroB and

Julian Dietzsch 8l(e) =2 g(O) ﬁ(f) (energy consistent, but not varia-
NS = " BN tionally consistent approximation)
Z Ch (&) : h)(gl)w
with e
Z M) [F7]TF} (i=1,..., kmec)
j=1

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

Mechanical energy balance - g 0
Sy, (&) =2 (0)

(Ch(EN™ O (&) [Crie)]™

Fmec

S (ChE)™ Ch (&) :Ch (&) [ChE) ™ w
=1

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

with
" =1, hmec)
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Variational setting

Discrete setting

Total energy balance

Numerical studies

Summar

15

Discrete balances of thermal and total energy

Discrete thermal ene balance

I

the the
Hn+1 — Hn

h

th th
iy, — e

i {0f. 1 Hosky 1 —of Hosi} with T = g:le()(h'll’l()(h'l) Wi
= e
[ o ] ! [h% TR Ho] [ " ] with 205%™ .= diag@m
B ]T = (eam)em] [2] win o7 = @A) "E 7 58] =77 58]
[‘g ]T[ﬁ@uo] [[alA] @ H,) {S; ] o {‘;1 ]T[ffm,] ([BIB] ® H,] [551 ]
e" entropy balance éT entropy equation

o PO o T ~ o
@TW‘F @T{Si“‘+s ‘+[CoR,) A} - hi © {®— [CeH,|h}

Discrete total energy balance

Hot1 —Ha Tn+1—Tn+H5ﬁt1*Hﬁ°t+Hfﬁ1*H$LXt Hslhflintlhe
I N b b T
= e e
I v
1 o), b = o
_ A Fint i
e }+;{; aC X1) } T
o T ~ _ - . = O
- hi@ (K- [CoH, h}+ O 5218 + [CaR,]A}
"
Hu+1 — Ha 1 oT_ext ~Tfgext rx _ o 1 o7
S = A FTees +[C®H0}A}+E® [€aH,)h
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Mechanik/Dynamik

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

thermo-mechanical

coupling in ]n+1 T _ i{ T [ T} . T[ T] } . o
fiber-reinforced B Ty | Fhimec 1 MR W, | Vi1 — a1 (MO W | vy with Wii,h;— spin(€,)

bodies simulated Tro 21w

by higher- = ] [}T oM ®W€u} [ v ] with 2J%™ := diag (-1,0,...,0,1)
order variational "

energy-momentum

{
|

a4
q
7
q 1 T T||P ! ;
ql ] [}Tn (J +1 ) ®H, ®W§o] { pl ] with momentum equation
q

Michael GroB and _
Julian Dietzsch

i
ql ] ['i'2T®|q®Wg;] {hi[[&\l\] ®H, 1] [':)1 ]}momentum balance
n

1 ez o
. - + E {'5:'1 ] [T1T®po|q®Wg;] {[[b|B} ®H,®I] [‘:11 ]}velocity equation
fig
Variational setting J"+;l In :| [-i-zT ®lq ®Wg;] {N-F Foxt Fem + [é@ Hq ® I] R} with § =87
n
T

with M =M7

Discrete setting

Discrete balance of total linear mo

(cf. G. & Betsch [2011])

W%n”’n hincT{[qugI]pkmc“—[Hq®I]p1} i G = [gOT,H.,gOT] € RIXnaot
Total momenta balances = [en..®c” {hi" [[é|l\] ®H,® 1] { ':Jl ] } momentum balance
Numerical studies = [e®c]T{N+ F 4+ F™ 1 [CoH, 1] R} with ZqVNz =0
_ =
UL 7’”+2;P" — [e®c]T{Fext+Fe’“+ [CoR,®I R} el =|[L,...,1] € RVhme

16
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S— Discrete balance of total entropy or thermal momentum

thermo-mechanical

P Sni1 =S 1
f-bcouPl-mfg i d ”*2% - = Eeg {[Hy] so+1 = [Hgls1} with ed i=[L,...,1] € RPXmnode
Iber-reintorce
- 1 . '
bOdllnishsig:I:md = [er.® 99]T T [[a\A] ® Hq] [ sl } with e,z:m =[1,...,1] € R Fine
n
order variational
energy-momentum momentum balance .
Sni1 =S, : i
sehemes —"+;ln "t = [ek,. ®eo]” {59“+ sy §int L 8§ | [CoH,] ,\} with S VN; =0

Michael GroB and . ) . - =
%;g[ In the case without transient Dirichlet and Neumann boundary conditions, we obtain at de %y

lety, ® 0] W Sgeel el ik _§$<} = Jet, ® 0] T[E® L A <0
Int ion n
Discrete balance of Lyapunov function

Variational setting

Fovr =Fn  _ Hopr —Ha 0. Snt1—Sn with ©Z = 0., [en,, ®eo]”
Tin, b T, :
1 oT(_ex PR §
Discrete setting = q {F oy [C®H,®I] R} T /\}

. 1 oT
- @DTO{S“‘“JrS’“‘}JrE © [Ce®H,|h

In the case without transient Dirichlet and Neumann boundary conditions, we arrive at

Pl = P 1 oT [ ex P ~ -
Total entropy balance + = q M_F [©-06.] ?ge\t
n 2 o7
Numerical studies _ er {Scdu +Sim} n L ® M
= 1%

Summar Fot1r— Fn T facdu int
2 YW 5 o <
= ol {s +s } <0

17
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Numerical studies

Dynamic Taylor impact test with a tetrahedron
('Decreasing’-Test of balance laws; ke

Edge length

Element: 10-node

Element number: Nel = 20

Node number: Npo = H9

Boundary conditions

Red face: a-dof fixed

Green face: y-dof fixed

Blue face: z-dof fixed
©" =@..

Yellow face: 04 =0,

Initial conditions
Initial velocity:
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

Node evolution, Node-Nr. 23

2 s
Time 5]

Node evolution, Node-Nr. 23

=2, kthe —

Node evolution, Node-Nr. 23

T2 3 4
Time [s]

Node evolution, Node-Nr. 23

2 s
Time [s]

Node evolution, Node-Nr. 23

Time [s]

Time [5]




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

Technische

Biyenie Characteristics . | Balance prope

thermo-mechanical

GRS (W Post-processing Post-processing
fiber-reinforced Edge length i =1 0 0

bodies simulated
by higher-

order variational Element: 10-node
energy-momentum Element number: N1 = 20
schemes Node number: Npo = H9 i
Red face: a-dof fixed ORI E I
Green face: y-dof fixed R [
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]

Dirichlet loads

Displacement pro no
Temperature profile: no

Post-processin Intra-proces:

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

Numerical studies

Volume loads
Standard gravity g=19.81

Time [s]
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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
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Dynamic Taylor impact test with a tetrahedron
('Decreasing’-Test of balance laws; ke

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: 2z-dof fixed

©" =@..
Yellow face: 04 =0,

Initial conditions

Initial velocity:
Initial angular velocity: S
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

Node evolution, Node-Nr. 37

2 s
Time 5]

Node evolution, Node-Nr. 37

=2, kthe —

Node evolution, Node-Nr. 37

2
Time [s)

Node evolution, Node-Nr. 37

2 s
Time [s]

Node evolution, Node-Nr. 37

Time [s]

Time [5]
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Introduction

Variational setting

ete setting

Numerical studies

Summary

22

Characteristics

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: “"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

Time steps and CPU time

R =10

[kmec kihe kvis] =2 2 1

-

Time [5]

Ikmee kihe kvis] =2 2 1

Time [s]

[kmec kihe kvis] =2 2 1

Time [5]

[kmec kihe ki

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

Discrete setting

Numerical studies
ummar

23

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

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: “’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 [s]

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

Teerations (1]

o 02 04 o6
Time [5]

1



Dynamic Taylor impact test with a tetrahedron

Technische , .
Mechanik/Dynamik  ( De€creasing’-Test of balance laws; ke = 2, ktne =

Bhyeite Characteristics eo. =215k | Mechanical balance errors tol =
thermo-mechanical
coupling in Post-/Intra-processing. 109

fiber-reinforced Edge length

bodies simulated
o ey | Mesh |
order variational Element: 10-node
energy-momentum Element number: Nel = 20
schemes Node number: Npo = H9
o
Julian Dietzs Red face: z-dof fixed Time [s] Time [s]
Green face: y-dof fixed Postntr-processng Post-processing
Blue face: z-dof fixed " ‘ -
04 =04
Yellow face: 04 =04
Initial velocity: vl =—10e,
Initial angular velocity: w§' =
Initial temperature: OF = 308.15 o
Dirichlet loads Timels]
Displacement profile: no Post i progessing
Temperature profile: no
Neumann loads
Traction load: no
Pressure load: no
Numerical studies Heat flux load: no
Volume loads

2 3

Standard gravity g=9281 Time [s] ' 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 ]
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Pressure and temperature load on a tetrahedron
Technische

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

Dynamic Characteristics 15K | Time evolutions of node 120 (fr

thermo-mechanical
coupling in

Node evolution, Node-Nr. 120

fiber-reinforced Edge length lodg, !
pocles ereed W Mesh |
by higher- - 08
order variational Element: 10-node £ 06 » X033
. — Z 0 ¥:0.3333
energy-momentum Element number: Nel = 65 £ E S
<chemes Node number: Mo = 158 » o
- P Boundary conditions :
Vilicha ro and . — e
ﬁ} Red face: -dof fixed E 002 04 05 o5 1 05
HHSIEIEEEE Green face: y-dof fixed Time (5 Y *
Blue face: 2-dof fixed 1 Nodecvoluion NodeNe 120 ) 0" Nodeevoluion, Node-Nr. 120
04 =0,
31 315 !
Yellow face: Tioad = 0.5 N
Wioad = 107 g
Initial conditions
Initial velocity: vl =0
't . 0, w0 wi o,
Initial angular velocity: wg =0
Initial temperature: o4 = 308.15 ooz os 06 o 1 "o o or o6 o8

Time [s] Time [s)

Dirichlet loads

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

Displacement profile: no 037
Temperature profile: 0 =10 .

Neumann loads

Traction load: no
Pressure load: p=4-10* e
Numerical studies P VAN
a Heat flux load: no Rl 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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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

\
T
I
P
) LA
i i
AN

avan i (1

Time [5]

Time [5]

o 02 04 05 o8 1

Dirichlet loads

Displacement profile: no
Temperature profile: 0 =10

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]
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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

oois

001
0

Balance pro

Post processing

Post-processing

02

0 o6
Time [5]

Post-processing

105 Inira-processin

02 04 06 08 1
Time [s]

Time [s)

Post-processing

02 04 06 08
Time [s]

Intra-processing

o0l

0o o

2 0 o0s
Time [5]

)

o001
o

02 04 o6 08 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

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

thermo-mechanical

coupling in Node evolution, Node-r. 7
fiber-reinforced Edge length Ldge =2 ! v 1o

bodies simulated )

; 0s i
by hlgher— Element: 27-node _ "“ i |
order variational A OVl - éa o ‘}\ ‘ S\ ‘h‘ ~
energy-momentum Ry NEFIINS o = 125 I PP T
schemes [
N
Michael GroB and Green yz-face: z-dof fixed B N
Julian Dietzsch Green xz-face: y-dof fixed o 02 OTAIW::D 08 1
Yellow xy-face: z-dof fixed
04 = 10/(1) Nodecvoluion NodeNe 7 , Node evolution, Node-Nr. 7
Red xy-face: 04 =10£(t) i
Blue yz-face 04 =0, e
uf = —0.3 (1)
Blue xz-face 04 =0,
uft = 0.3 f(t)
Initial conditions ““’
Initial velocities: ué‘ =0= wé‘ B e O o oi oe on
Initial temperature: Of =308.15 Time [s] 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:

Volume loads 0

Numerical studies

i
i

0 02 04 o5  os 1 o 02 s o0s o5 1
Time [s] Time [5]

Standard gravity
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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

[ |
BRWAL
et “\WH‘H\”

iy

Time [5]

02 04 06 08 1
Time [s]

Time [5]

4 0
Time [s]

sure lod [Nfsqm]

Time 5]

Time [s]
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Compression test with heating on a cube
Technische

Mechanik/Dynamik  (Mechanical Dirichlet/Thermal Dirichlet load; &,

Byiemfe Characteristics
thermo-mechanical

coupling in
fiber-reinforced Edge length Ldge =2

bodies simulated
by higher-

d - tional Element: 27-node v o 0
order variationa Element number: Nel = 8 "’7? 206
energy-momentum Neel auibae oo = 125 EY 304
schemes = o
roB and Green yz-face: z-dof fixed
Julian Dietzsch Green xz-face: y-dof fixed Temp. t,=0.85 [s], VIQPRL=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:

— 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

Numerical studies

{308
306
304
302
300

2

300
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Compression test with heating on a cube

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

S— Characteristics 6., =20s.15% | Time evolutions of node 42 (corner)

thermo-mechanical

Coup“ng in Node evolution, Node-Nr. 42
fiber-reinforced Edge length Ldge =2 o

bodies simulated "
by higher- o
et Element: 27-node
order variational A OVl - ~
energy-momentum Node number: Tino = 125
schemes - .
Boundary conditions R
Michael GroB and Green yz-face: z-dof fixed W:y
Julian Dietzsch Green xz-face: y-dof fixed v e e
Yellow xy-face: z-dof fixed ! ) !
04 = 10£(z) L Nodecvoluion NodeNr 42 . Node evolution, Node-Nr. 42
Red xy-face: 04 =10£(t) w .
Blue yz-face 6"‘ O
ut =03 (1)
Blue xz-face 64 =0,
uft = 0.3 f(t)
Initial conditions 0
Initial velocities: vi =0=w 250 250 o
o o 0z o4 05 o5 1 0 02 o4 06 o8
Initial temperature: Of =308.15 Time [s] Time 5]
Dirichlet loads 5 Node cvolurion, Node-Nr. 42 )+ Node evolution, Node-Nr. 42
Displacements with f(t): o
pl vith f( ) ) . p T
Temperatures with f(t): i 0 b “
PR A\ ,‘ i i
Neumann loads I ] AR ,‘\' A th
AL ey HSLN) VY NM\ D
Traction load: PN R i 7 i “H
) . Pressure load: w :\ [
Numerical studies Heat flux load: o © ' i
!
Volume loads ! o 02 04 06 08 1 o o 02 04 06 08 1
Time [s] Time [s]

Standard gravity
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Compression test with heating on a cube
Technische

Mechanik/Dynamik  (Mechanical Dirichlet/Thermal Dirichlet load; ne = 8)

Bhyeite Characteristics
thermo-mechanical
coupling in Geometry

fiber-reinforced Edge length i =2
bodies simuated Wvesn |

by higher-

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

P Element: 8/20/27-node
order variational A GThes i
Snergyamomentum Node number: o = 27/81/125
schemes
Boundary conditions
Michael GroB and Green yz-face: z-dof fixed .
Julian Dietzsch Green xz-face: y-dof fixed S
Vel Xy-face: Z-dOf ﬁXEd ‘Comparison of compression test with i20cube8, U= 0.3 [m], T= 1 [s]
04 =10f(t) r : - -
Red xy-face: 04 =10f(t)
Blue yz-face 04 =0,
uf = 0.3 f(t)
Blue xz-face O“ =865

Initial conditions

Initial velocities: 0 o
Initial temperature: Of = 308.15

kmec kthe kvis [1]

Dirichlet loads Comparison of compression est with icube8, U= 0.3 [m], T= 1 [s]
Displacements [f(t)]:  Tioaa = 0.5
Temperatures [f(#)]:  wWioad = 10T
Neumann loads

Traction load: no
Pressure load: no
Numerical studies Heat flux load: no

Volume loads .

Standard gravity

Kmee kthe kvis [1]
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Compression test with heating on a cube
Technische

Mechanik/Dynamik  (Mechanical Dirichlet/Thermal Dirichlet load; ne = 64)

Bhyeite Characteristics
thermo-mechanical
coupling in Geometry

fiber-reinforced Edge length ledge =2
bodies simuated fwesr

by hlgher— Element: 8/20/27-node
order variational Element number: Ne) = 64
Snergyamomentum Node number: o = 125/425/729
schemes e
Michael GroB and Green yz-face: z-dof fixed
Julian Dietzsch 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

kmec kthe kvis [1]

Dirichlet loads Comparison of compression test with icube64, U= 0.3 [m), T=1 5]
Displacements [f(#)]: Toad = 0.5

Temperatures [f(¢)]:  Wioaa = 107

Traction load: no
Pressure load: no
Numerical studies Heat flux load: no

Volume loads

Standard gravity

Kmee kthe kvis [1]
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Compression with cooling on a "Cook-like' cube

(Mechanical Neumann/Thermal Neumann load; &y,

Characteristics o, = 29s.

Edge lengths ledge, = 1.5
ledge, =2
ledge, = 2.5
Element: 10-node
Element number: N = 46
Node number: e, = 1121

Boundary conditions

Green yz-face: a-dof fixed
Green xz-face: y-dof fixed
Yellow xy-face: 2z-dof fixed
Red faces: Q4 = —2000 f(¢)
Blue face 04 =0,

TA = —400000 £(1)

Initial conditions
Initial velocities:
Initial temperature:
Dirichlet loads

vé‘ =0= wé
o4 = 308.15

Displacement profile

N 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

Node evolution, Node-Nr. 36

|
Time 5]

Node evolution, Node-Nr. 36

1, ]‘;the =2,

RN 0 -1
x

Node evolution, Node-Nr. 36

005

004

05 1 Is
Time [s]

Node evolution, Node-Nr. 36

Time [s]

Node evolution, Node-Nr. 36

1
Time [s]

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

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

Characteristics e

Dynamic
thermo-mechanical
coupling in

fiber-reinforced Edge lengths ledge, = 1.5 f
bodies simulated dge, = 2
by higher- ledge, = 2.5
order variational e
energy-momentum Element: 10-node
schemes Element number: nel = 46 £
Node number: o = 121 g
F\/’“Cha GV’OR aﬂd 2 1
- Boundary conditions ' is o 05 is
Julian Dietzsch - Time [s] Time [5]
Green yz-face: a-dof fixed
Green xz-face: y-dof fixed —
Yellow xy-face: z-dof fixed .
Red faces: Q4 = —2000 f(¢) s Zos
Blue face 04 =0 ]
T4 = —400000 £(t) ‘ £
Initial conditions B H
Initial velocities: \ 7
Initial temperature: N
Dirichlet loads Y e ’ e
Displacement profile: no L )
Temperature profile: no
Neumann loads .
Heat flux load [f(£)]:  Tioad = 2
Traction load [f(#)]: Wioad = 2.5T .
Pressure load: no .
Numerical studies Volume loads 5, :
Standard gravity g=981 ,
' ' Tm\i‘ [s] " ! Tvm; [s]
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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

Snapshots of the motion with reactions

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 $
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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:

v =0=wi
o4 = 308.15

Dirichlet loads

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
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