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B Motivation, goals and strategy

TECHNISCHE UNI)
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Locking-free Motivation: New simulation methods for fiber-reinforced materials

higher-order
energy-momentum
schemes for
thermo-viscoelastic
fiber-reinforced
materials derived
by the principle of e Idea: appropriate discrete variational principles can serve as such a ‘smart interface’

virtual power

0 Energy-momentum schemes and locking-free FE methods are well-known algorithms

Q Problem: usually developed separately without a ‘smart interface’ between both

Goal 1: Locking-free FE methods [ Goal 2: volumetric locking in

within energy-momentum schemes | matrix & line locking in fibers

Chris F\uh\
Locking in volume elements Energy-momentum schemes m ‘-
Introduction Simo, Taylor, Pister [1985] Simo, Tarnow [1992] N WF£F=Vep 'EI- A
Simo, Armero, Taylor [1993] Betsch, Steinmann [2000] o T
Kasper, Taylor [2000, 2004] Noels, Stainier et al. [2004] 4 )J #J =detF
Schréder et al. [2011, 2016] Romero [2010] AV, =JdVo=:JdV, A= Fty
ag with [|ag|| =1 a; with [|a] =1
Locking-free energy-momentum schemes \ Y Fa
0 # Fag = (Vp)ay \
Kuhl, Ramm [2000] Miehe, Schréder [2001] ... 2)%p £ Ar = (aoF' Fag) /
Sansour et al. [2002] Armero [2008] Betsch et al. [2018] X

=\ra; = Aray

trategy: Hu-Washizu functionals in the principle of virtual power

e We design mixed variational principles which avoid static E.-L. equations

Q We derive energy-momentum schemes as discrete Euler-Lagrange equations



B Hu-Washizu method and virtual power principle

Locking-free Principle of virtual work / Hamilton's principle  (Simo, Taylor, Pister [1985])
higher-order

energy-momentum .
schemes for 0 Internal energy functional

thermo-viscoelastic - . . -

fiber-reinforced Iste(p, J,p) = / Ui () dV +/ el T)dV — / p[J — det(Ve)]| dV
materials derived Bo Bo Bo
by the principle of _

virtual power QO Euler-Lagrange equations for J and ¢

el Gr

J=det(Vep)  po¢ = Div [2 Ve %LC + pcof(ch)] with C=F'F

Energy—momentum time integration (cf. Betsch & Steinmann [2002], Armero [2008])

Introduction

@ Preservation of balance law of total energy H := T(¢p) + ¥°(¢) + w¥ol(])

tot1 OH OH OH -
Hippoy — Mo, = St ot == J|dVdt
ot e [ﬂ ~/Bn[a‘P ¥ g P a7 ]

©@ Time evolution of volume dilatation J

rtnt1 ) " _
/ opGdt=0 with G(p,J):=J —det(Vep)
tn By

Principle of virtual power (cf. Schréder & Kuhl [2015])

tnt1

0 2 1 ~
BH T At =0 with K= [ me-pdV+ Hewee,T,0)
Bo

tn
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Continuum model

Continuum model of a fiber-reinforced body (1)

Transversely isotropic material in non-isothermal motions

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

@ Deformation of the fibers
Fpr=a,®a=FAy Ay=ay®ay Cp:=FLFp:=CrA
@ Fiber and volume dilatation
Or # Cp:= C: A Ov # Cy = [det(O)]7am
© Isotropic viscoelastic matrix

F=F.F, C, = FZ;FU ~» symmetric internal variable



w22 Continuum model of a fiber-reinforced body (I1)

Locking-free Thermo-viscoelastic free energy

higher-order

energy-momentum @ Hyperelastic strain energy

schemes for
thermo-viscoelastic
fiber-reinforced

U (C, Cv, Cr; Ao) = Ui (IC, 1Y I 1) + W35 (Cv) + 5™ (Cr)
;Catthe:;'jn‘i?;'f:ﬁf @ Thermoelastic free energy
virtual power gpthe(97 C«V7 C«F) _ kﬁcap(@) _9 C'VQ—ndim ﬁM [@ _ @oo] vol(a )

C27' B [0 — O] D¥E(Cr)
i [REffEses © Viscoelastic free energy

TYS(A) = WS (A I 1Y A=cCcC;t C.=F!F,

Non-equilibrium and total stress (cf. Reese [2001])

@ Viscous evolution equation and non-equilibrium stress tensor

I A (DI
Vdev

dim

Continuum model

V(Cy) = 1 [vml

4
@ Total second Piola-Kirchhoff stress tensor
S 151\40_’_ V15+S‘/ AVO1+SF AO Avol o=

} Cc;leC,t+ V‘rv »m: Cle 6yt

=i

det(C) "aim maim C

Ndim



e Basis of the principle of virtual power (1)

Locking-free Total energy balance law in functional form with independent fields

higher-order o )
energy-momentum H(p, v, p, Cy, 6,1, F, C, Cy, Cr, ©, P, S, Sy, Sp, R, b, A; 8,8y, 8k ) =0 with H =7 + II™ 4 [1™
schemes for N——
thermo-viscoelastic temporally continuous temporally discontinuous parameters

fiber-reinforced

materials derived External power functional D — _v(Ine)- Q
by the principle of
i | . S J s
e I7ext = / lg. &av +/ ls, évav +/ L, Epdv
el GroB, Bo 2 Bo 2 Z 2 5
: —/ poB-pdV —/ T-pdA +/ QQdA
Bo G 002, ©
1_ - . .
+/ ~V6-QdV +/ Q(DCd“JrD‘"“)dV + [ C,:%,dV
Bo ] By (C) Bo
+/ A[6-6.]d4 —/ h[6-6]da ~ [ R-[p-¢]da
Variational principle de Bo J 8 PBo Dy Bo
Kinetic energy in Hu-Washizu form
T(w)=2Ly.v T = T(v)de/[vfgo]»pdV
2 Bo Bo

Kinetic power functional (with independent time rate fields)

[?—Tfp} -i;dV—/ p-[vfa,b]dVJr/ p-@dV
v Bo %o

(.05 = [

B



8 . Basis of the principle of virtual power (Il)
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kF?ka@a Ko=ko C' + 220 4, Q:=—Kko VO

q=-kF VO k:i=kI+

[|al®

fiber-reinforced
materials derived Internal energy
by the principle of
virtual power . o = = A ~
7t = / B4 (Cy, €, Ty, 0; Ag) AV + / Fp(Cp,0)dV —/ n[6-6]dv
\ E Po J Bo Po
: - 3 _ 1 e mOe
Chris Raébiger — P [F—ch}dV — —/ S: [C—FtF]dV
B0 2 Ja,
1 o ~ 1 ~ 1
= [ Se[Cr-C: Ag)aV ——/ Sv [Cv = det(€)7m | AV
2 Jea, 2 )z,

Internal power functional

fwim 3 [ 1220 sy 4k sp o - |0+ 2528 sy |Gy fav - [ a6 - 6lav
B aCv %o

2 ac

1 oW 2 / x s 00y /[ "N’}'
T O [ LT oA FS— P F+ 200 g, tav + 2 1oav
2/@0 aCr ’} rave ,@u{[ J:¥+3e, } *Jal" " 90

4 /P:VL,‘odV—/ P:[F—ch]dv—l/ S:[C—F‘F}dv+/ éndv
%0 Bo 2 Ja, e

1 [, = PR 1f. ~
-5 [Bv:[Cv—de(&)min|av — o [ Sp: [Cr— € Ad]dV
2 Ja, 2 Ja

Variational principle

:;C+
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Locking-free Principle of virtual power

higher-order , At -
energy-momentum SH(p, b, P, C,, 0, 77,F C CV (,p 6,P,S,Sy, Sy R, b\ S, SV,SF ) =0 with H =T+ IT™ +IT
schemes for

thermo-viscoelastic Virtual kinetic power

fiber-reinforced L aT . 5 5 . 5
materials derived (LT(u, v, p) 5:/ v p|-o0dV — / o [v—¢] dV+/ P 0,pdV

PR Bl OV 2o Zo

by the principle of

virtual power Virtual external power

chael GroB, S I — —/ p0B45*¢dV—/ T-é*gbdA—/ R [p—¢|dA— [ R-6.p

Julian zsch & Bo A7 %o 8,%Bo 8, B0

Chris ROI]\"GI

Dcdu + Dim

+/ lV(&é)~QdV+ 6.0 (1V+/6*Cv:2UdV+ 26,.0dA
(€] Bo Bo
+

Bo ~ 9o Bo
3.6 - - . A ,
/ +/ 5[0 — 6.]dA —/ 0.h[6-6]da~ [ 6.6hdA
00,0 96 Bo ER Jn 0 Bo

1. 2 1 - 2
+/ =8:0, CdV+/ =Sy 6.CydV +/ = Spd*deV
2 % 2

Virtual internal power

. 1 Oy 2 L oox Y
O, T o= —/ 2—A 4 G AVl L 5r A — S :(LCdV—/ 5,,9dV+/ 0,Cy: dv
2 Ja, [ aoC L } ,@Un Bo aC,

Variational principle

1 Oy 1/ g 5 .
S 2 M gyl sbvay + 2 [ |28E _8p| :6.CrdV+ | V(@) : PAV
+2./%[ 7T, v:| v 5 %Q{ 9Cr 1-:| Ja +l% (6:)
,%/ {[ev-¢€: a7 a8y —[Cr-C: Al :(LSp}dVJr/ 5, F: [FS—P|dV
Bo Bo
1 d - =t= o - . T .
,i/goa[cfpz«"].a*s(iv+/ {8()“,]5(-) [O—(—)}(Sm—ﬁ*P.[F—Vq:}}dV



e Design of the mixed time discretization
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Locking-free Schematic process of the energy-momentum scheme design  (cf. Yavari [2008])
higher-order

energy-momentum Disretimti
iati H H Iscretization
schemes for Variational principle scretizatio

thermo-viscoelastic
fiber-reinforced
materials derived

by the principle of

virtual power : Discretization
Euler-Lagrange equations Energy-momentum scheme

Discrete variational principle ‘

Variation

Variation

Julian 3
Chris Robi . . . 5 s g i
Different time scales in the time integration (cf. Kassiotis et al. [2009])
mechanical residuals (e.g. k™ = 4) [ My(a) a ny(e) &
1 = 0 1 1
o L
tn tnt1/4 tat1/2 tnta/a tnt1 2 (a-1)a-1) o - 0
— @ Py PY PY ® faa—1) ! a 1
t (2a—1)a 1
pmec internal element nodes 3 - Dia—2)a-1) 0 (20— 1)(a—1) 0
m La-1)a 1 —ta(a-1) 1
tnia/s bot2/s Hha-na |1 (a-1)a i
Time discretization J— - la-Ha-PHa 1
viscous residual (e.g. ks = 3) t [ F-Da-Pa-Da-1) |0 -Ja-}a-Ha-1)|0
micro time step size ht'® “Ba-Dla-Ha-Na |} a-3a-Na |1
X n U@-{a-Da-Da | -Z@-De-Da |
“Ba-De-Ne-Da |i Ia-a-Da |1
— @ o ® - Za-a-Da-a |1
t
tn tuy1/2 ) meeq
thermal residuals (e.g. k' = 2) N 6@ = 3 M) ér
synchronisation nodes I=1

alt) = % c[0.1]

macro time step size h;,



= Design of the mixed space discretization
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Locking-free Analytical static condensation of mixed fields
higher-order

energy-momentum
schemes for e First Piola-Kirchhoff stress tensor P is condensed out ~» only a new ‘B-matrix’
thermo-viscoelastic . _
fiber-reinforced 9 F, Cr, Cy are temporally continuous fields ~» initial value is taken into account
materials derived
by the principle of
virtual power

Space approximation of mixed fields deg[X] = degree of spatial shape functions of X

chael GroB, . - B . 5
Illan Zsch & 0 deg[p, v, p,O0,n,0] > deg[F, P] > deg[Cy, Cp, Sv, Sr] (motivated by Q1P0, Q2P1 etc.)

Chris Raébiger

spatially continuous spatially discontinuous

9 Evaluation of C, C, and S at spatial quadrature points

Strategy for choosing shape functions of mixed fields (cf. Mahnken et al. [2008])

e Choose deg[p, ¥, p, ©, 17, 6] and they kind of shape functions (hexahedral or tetrahedral)

© Determine independent spatial shape functions N, Ngef, Netr, which fulfill the condition
deg[, b, b, 6, 6,7] = deg[F, P] + 1 = deg[Cy, Cr, Sy, Sp] +2

Space discretization

e Extend the shape functions Ngef, IVEv“ by area bubbles in order to include each monomial
and fulfill the completeness conditions

Tdef Tstr

”ge — "(';'r —
SN =1 > Ngr=1
B=1 Cc=1



B Example: Mesh of 8-node hexahedral elements

jird

lediiice Motivation: time discretization (cf. Betsch & Steinmann [2002])
higher-order
energy-momentum
schemes for
thermo-viscoelastic M, (Oz) = (2& = 1)(a = 1) Mz(a) =4« (Oz = 1) M3(a) = (201 = 1)

fiber-reinforced _ .
materials derived demands for the variation d¢ test functions of degree k — 1 =1 of the form
by the principle of = _ = _

virtual power My (Oz) =l-a M2(a) =@

0 Example: Trial functions for the deformation ¢ of degree k = 2, given by

MR @ Proof: The time functions M{(o) =4a—3, Mj(a) =4—8aand Mj(a) =4a—1
Julian Dietzsch are not independent, which means
Chris Raébiger kt1

Z a; M{(a) =0 leads to a; = A\; € R with p = 1 parameter
i—1

Therefore, only & — p = 2 functions Mj are independent, and (i) gives the identity
k

Z M(a) z = ZM, % and (ii) includes the required monomials 1,

Application: space discretization with 8-node hexahedrons  (cf. Armero [2008])

Example: H8 mesh 0 The 8 shape functions N4 have 4 independent derivatives, which leads to
Nff=1-¢-n-¢ Nf=¢ Nif=n NF'=¢

Q The 4 shape functions Ng‘* have 1 independent derivative NS = 1.

Q Since the derivatives of N4 include the monomials &7, £¢ and 7¢, we define

Ngof .= Ngef g —eC— ¢ Ngof i= Ngefne  Ngef o= Ngefyec  Ngef .= Ngefren



= Fiber-reinforced air beam with two cells

e (Boundary and initial conditions; kpec = 1, kine = 2,

Locking-free
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energy-momentum
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fiber-reinforced
materials derived
by the principle of
virtual power

ndary Status Monitor

Dirichlet and Neumann boundary conditions Transient pressure

ot = xA (circular markers) 64 = 6., (blue patches) (follower load in star markers)

(clamped at both ends) No thermal insulation Q := 0 fp(t) = i’ | Sin(wload,p t)‘

Initial conditions

Temperature profile (yellow patches)  fi(t) :i= sin(wioad )
(Ambient temp. O, = 298.15)

(1.0 £1.(£))? ¥ Ti0ad (0.0 + cload) < t < Tload(0-2 + cioad)

(1-2f5(8))? YTi0ad (02 + cload) < t < Tioad (04 + ciond) ot = X4
U=t FO =3 @A) YTioad(04+ cloaa) < ¢ < Tioad (06 + cioaa) A

(12 f(1))? YTi0ad (0.6 + cload) < ¢ < Tioad (0.8 + cload) Y =

(LOS28)? YTiona (08 + lona) < ¢ < Tiona (1.0 + ciona) 6§ =6 + 10



. Fiber-reinforced air beam with two cells
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(Parameters and fiber directions; kpec = 1,

e Simulation parameters O =

higher-order
energy-momentum
schemes for Initial velocity: vl =0

Initial conditions

thermo-viscoelastic Initial temperature: 6 = Ooc + 10 = 308.15
fiber-reinforced Boundary conditions
materials derived Yellow patches in yz-plain a-dof, y-dof :
by the principle of (with circular markers): and z-dof fixed
virtual power Yellow patches: 04 =0f(t) !
Blue patches: 04 =60,
Dirichlet loads o
Temperature profile: f(t) with & = 10
Chris Robi (yellow patches) Tioad = 2.0 7
Wioad = 107
Neumann loads B
Pressure load: fp() with p=1-10° .
(blue patches with star markers)  Tioaq,p = 2.0,

Wioad,p = 10T

Volume loads o

Standard gravity g =9.81 with e, = —e. . :
Material parameters Fiber directions
po =1120-10° " =1.000-107 pg; =0.250. 10 Side walls D ag=singe, +cospes, o= g
o =0.250-107  pay =0.021-107 Yy =0.1631-107 o
Y, =06 Fani =0.250-107 gy =0.300- 107 Middle wall fag=singe, +cosges, o= -
Numerical example g =4 Bu =20-10"% ¢y, =1539-50% ol
ey, =0.00375 k =0.2595 Br =206-10"° Bottom left/ top right : ag =sin¢ e, +cosde,, ¢ = T
cp, =153950%  cp, =0.00375  kp =200k .
Viey =103 Vvol =5- 103 £YO! =1.000 - 106 Bottom right/ top left : ag =sing e, +cospey, o=
oy =0250-10°  py, =0.250-105 pg, =0.021-10° p=
VP =0.1631-10° Y@ =0.6 Chamber corners i ag=singe; +cospe, ¢= 3
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Numerical example

Free energy

ela
1473

7y

cla
L7

weap

7 the
147

jrthe
133

Elastic free energy functions
= o [L(C™) = L(T)]
+ 0 [L(C*) = R(D]*
+ por [B(C™) — B(D)]
+ % {1 —exp [~ Y2 (B(C™) - n(I))]}

fani

5 [(L(Cm))
= (@) ) o]
= % [exp [9:(Cr — 1)*] — 1]

Thermoelastic free energy function

= (l-6uwa) [Q—Qx—eln (%)]

3/2

48 (@)~ = 4}

- %mm (6 - 6)?

= 5P — 91/ O3 79m 5y (6 — 60) DI (C)
= U — 2\/Cr Br (6 — O) D¥F(Cr)
Viscoelastic free energy function
= o [A(A™) = h(D)]

+ gy [1(4) = ()]

+ iy [2(A™) = B(I)]

+ % {1 —exp [ V3 (h(4™) - B(1))] }

vl

+ 5 () + (1)~ 2]

Fiber-reinforced air beam with two cells
(Free energy functions and loads; kyec = 1, £

Time [s]

T 05 1 15 2
Time [s] Time [s]
Time [s] Time [5]




= Fiber-reinforced air beam with two cells
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(Current configurations (1); knec = 1, kthe = 2, kyis = 1)

Locking-free
higher-order =

Snergyamomentum Motion Status Monitor: Volume dilatation det(F') at ¢, = 1.0
schemes for

the.rmo—w.scoelastlc Dilatation, t_ =1 [s], VTQPRL=000000
fiber-reinforced n
materials derived
by the principle of
virtual power 2 -

40

20

0.98 0.99 1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08




Fiber-reinforced air beam with two cells

TECHNISCHE UNIVERSITAT

Tz (Current configurations (I1); kmec = 1, kine = 2, kyis = 1)

Motion Status Monitor: Volumetric stress Sy at t, = 1.4

eeeeeeeee

i ress, t"=1.4 [s], VTQPRL=000000
@R oo o o0

Configuration and solution




= Fiber-reinforced air beam with two cells
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(Current configurations (I1); kmee = 1, kthe = 2, kvis = 1)

Locking-free Motion Status Monitor: Fiber stress Sg at ¢, = 2.0
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Fiber stress, t,=2 [s], VTQPRL=000000
G oS




= Fiber-reinforced air beam with two cells
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(Current configurations (IV); kmee = 1, kthe = 2, Ay

Locking-free
higher-order
energy-momentum Temp., t, =15 [s], VTQPRL=000000

schen?es for ) "',}:_'—2"3}:’;! )

thermo-viscoelastic A, A’
fiber-reinforced | .’"‘1 !-:.f':‘. » 2

a : o QBB R E 8 i g g a»

materlals_ dérlved N g@ i i an

by the principle of . ) ) i)

. Qg

virtual power

~10 - Nos=2 N\ 2N

-12 —

14 ¥

100

60
40
2 0 2 0 20 x

Configuration and solution

299 300 301 302 303 304 305 306 307 308
T T T
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Configuration and solution

Fiber-reinforced air beam with two cells
(Solutions versus time; ke

1

Node evolution, Node-Nr. 753

1 A’rhe — 2* l""\'is

;5 Node evolution, Node-Nr. 885

1)

Free node of the middle corner at the center

308
0 Temp., t,=2 5]
400 o 7
os z 306
S N 0 o
z 00 B “10 Y-275
g 00 § 7225 -5 o
H o § -20 e 302
05 H 100 15
-200 sst - 0o [
50 L7020 9
B 401 - sob—o — |
Time [s] v Time [s]
Node evolution, Node-Nr. 753 Node evolution, Node-Nr. 753 320 Node evolution, Node-Nr. 885 150 Node evolution, Node-Nr. 885

Temperature K]

Inelastic strain

N N
VNS

00

Temperature K]

Node evol

Time [s]

, Node-Nr. 753

1

E

Node evolution, Node-Nr. 753

Time [s]

Position (m]

1
Time [s]

Ls 2

Veloci

1 15 2
Time [s]

220

1
Time [s]

40 Node evolution, Node-Nr. 885
v
40t 2

1
Time [s]

5 Node evolution, Node-Nr. 885

o os 1 1s 2
Time [s]

o 05 1 15 2
Time [s]



Fi

ber-reinforced air beam with two cells

(Comparison of Ng (1); kmee = 1, ktne = 2, kyis = 1)
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Michael GroB

Comparison

rrent configurations at ¢, Zoom on bottom surfaces of the beams

D1G1VOFO HS, n,= 2064, n.= 3150

-19.5 4

-20.5
[ p1voro, 8-point rule
[ G1=H8 , 8-point rule
-2l o [ G1=T4, 8-point rule
I G1=P6 , 8-point rule
-21.5 [0 G1=p6, 9-point rule
I G1=T4 , 9-point rule
22 |:| G1=P4, 8-point rule
I G1=T4+, 8-point rule
[1G1=P4, 9-point rule
4\'\'\'\ I G1-T4+, 9-point rule
I T

0 I | I
-4 49 50 51 52
y X

Hourglass functions (cf. Simo, Arn Taylor [1993])

H(En, Q) =& HENC) =8¢ A& Q) =n(




= Fiber-reinforced air beam with two cells
"™ (Comparison of Np (I1); kmee = 1, kthe = 2, kvis = 1)

Locking-free Shape functions of T4-+-F-element Shape functions of P4-F-element

higher-order
energy-momentum ~ ~ 1

schemes for Ny = 1—5—7I—<—§C—7)C—§U Nlii[l—f—ﬂ'i‘&"‘ﬁ(]
thermo-viscoelastic

fiber-reinforced

- ~ 1
materials derived No= &+1C Ny = 5 [6 - §<]
by the principle of

virtual power N Y 1
e Ny= n+& Ny = 5 [n —n(]

Distesc . 1
Ri= ¢+én Fi=30+(

8-point product Gauss rule 9-point non-product Gauss rule
(Felippa [2001], Wriggers [2001]) (Simo, Armero, Taylor [1993], Felippa [2001])
I=+/1/3, w=1/(3) L=\/3/5>1, W=1/BL*) <w, Wo=8-8W

|
5 &
I
SG]

&

=

Comparison

© o N Ot s W N =
Il

T e PN

eRFEFEERFBEE
|

SRS T I R S
=




e Fiber-reinforced air beam with two cells
(Computational costs; ke = 1, kthe = 2, kyis = 1)
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Locking-free umber of time steps / Total cpu time / Number of global iterations

higher-order
energy-momentum
schemes for
thermo-viscoelastic 2500
fiber-reinforced
materials derived
by the principle of
virtual power

Air beam with DIGIVOF0 H8 , nel= 2064 , nno= 3150 , T= 2 [s], global Newton iterations
3000 T T T T T T T T

2000 F
1500
1000

500

Global Newton iterations [1]

DIVOF0 H8/8p T4/8p P6/8p P6/9p T4/9p P4/8p Td+/8p P4/9p Td+/9p
G1 approximation

Air beam with DIG1VOFO0 H8 , nel= 2064 , nno= 3150 , T= 2 [s], computational costs
T T T T T T T T T T

Comparison

Time steps [563] / CPU time [9654 s]

DIVOF0 H8/8p T4/8p P6/8p P6/9p T4/9p P4/8p Td+/8p P4/9p T4+ /9p
G1 approximation




= Summary

TECHNISCHE UNIVERSITAT
CHEMNITZ

Locking-free . .

higher-order 0 Motivation:
energy-momentum .

schemes for > Energy-momentum schemes for fiber-reinforced materials
thermo-viscoelastic

fiber-reinforced

materials derived
by the principle of e Goals:

virtual power

> related with locking-free meshes for thin-walled structures

> Independent space-time approximations
> of the stretch vector A; (F'), and
> of the volume as well as fiber dilatation (Cy, Cr)

@ Strategy:
> Discretization of a mixed principle of virtual power
> Design of independent shape functions for spatial derivatives
> Introduction of appropriate quadrature rules in space
@ Important results:
> Reduction of locking in meshes of thin-walled structures

> Increase of maximum time step size due to less artificial stiffness

© Outlook:

Summary > Generalization to higher-order hexahedral/tetrahedral meshes
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Fiber-reinforced air beam with two cells
(Current configurations (V); kmec = 1, kthe = 2, kyis = 1)

Motion Status Monitor: Inelastic strain || C;|| at ¢, = 1.8




e Fiber-reinforced air beam with two cells
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Fiber-reinforced air beam with two cells
ctwnz (Comparison of Ng (IN); kmee = 1, kthe =

Locking-free Time evolutions of reaction force in the clamping
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= Fiber-reinforced air beam with two cells
e (Comparison of Np (IV); ke = 1, kthe = 2, kyis = 1)
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higher-ord . o 3 :
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Fiber-reinforced air beam with two cells (H20)
(Comparison of Nz (1); kmee = 1, kine = 2, kyis = 1)
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Fiber-reinforced air beam with two cells (H2
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e Fiber-reinforced air beam with two cells (H20)
e (Comparison of N (H11); kmee = 1, kine = 2, kyis = 1)
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e Fiber-reinforced air beam with two cells (H20)
G (Comparison of N (IV); Fnee = 1, kihe = 2, kyis = 1)

Locking-free
higher-order
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virtual power
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i Fiber-reinforced air beam with two cells (H20)
(Computational costs; kmee = 1, kine =
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i Fiber-reinforced air beam with two cells (H27)

TECHNISCHE UNI)

tenr™ (Comparison of N (1); kmee = 1, kine = 2, kyis = 1)

Locking-free
higher-order
energy-momentum

schemes for rrent configurations at Zoom on bottom surfaces of the beams
thermo-viscoelastic
fiber-reinforced
e e D2G2V1F1 H27, nel= 276, nno= 3375
by the principle of
virtual power -20.6

-20.8

-21

50
I C2=P18 , VIF1=H9
[1G2=H15 , VIF1=T10| 49 1s -2
[C—ID2VIF1, H8 X -1 :

I G2-P18, VIF1=P9 y

I D2VIF1, P6

[ G2=P18 , VIF1=P6
I G2=H15 , VIF1=H9
[_1G2=H15, V1F1=H8
[0 G2=H15, VIF1=P6
[ G2=H15 , VIF1=T4+

Summary

33



. Fiber-reinforced air beam with two cells (H27)

ez (Comparison of Np (;

Locking-free Time evolutions of reaction force in the clamping
higher-order

energy-momentum %108 D2G2V1F1 H27, nel= 276, nno= 3375

schemes for 351
thermo-viscoelastic —— G2=P18, VIFI=H9
fiber-reinforced G2=H15, VIF1=T10
materials derived 3k D2VIF1 , H8
by the principle of - G2=P18, VIFI1=P9
virtual power D2VIFI , P6
— G2=P18, VIFI=P6
Michael GroB 2.5 k| ——G2=HIS5, VIFI=HY
Julian Die h — G2=H15, VIF1=H8
Chris R £ G2=H15, VIF1=P6 r
2z —— G2=HI5, VIFI=T4+ /
Z 4
& 2+
153
2
BS]
=
g
515
<
2
3
il
E IF
a
05
0 1 1
0 0.5 1 1.5 2

Summary

34

Time [s]



Fiber-reinforced air beam with two cells (H27)
e (Comparison of N (H11); kmee = 1, kine = 2, kyis = 1)

Locking-free
higher-order
energy-momentum
schemes for | Monomials of the H27-derivative (Layers 0,1,2,3,4,5 of Pascal’s pyramid)
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Monomials of the H8 element (Layers 0,1,2,3 of Pascal’s pyramid)

Fiber-reinforced air beam with two cells (H27)
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i Fiber-reinforced air beam with two cells (H27)
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Fiber-reinforced spherical shell with a slit
creunTz (Thermodynamical convergence (I); kpec = 1, kine = 2,
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