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Overview

Motivation

Models for viscoelastic materials in LS-Dyna
= Generalized Maxwell Model
= Tabulated hyperelasticity

Modelling of a rubber material

= MAT_SIMPLIFIED RUBBER

= MAT _OGDEN_RUBBER

= BIioRID Jacket Certification Test
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Motivation

= Characteristic properties of viscoelastic solids

» |nstantaneous elasticity = Stress relaxation under constant strain
o £ £
o(t) =€y G(t
ol I () = & G(t)
. T, N

t t — t >t
= Creep under constant stress = Instantaneous and delayed recovery
o £ o £

] — £(8) = 0y J(©) 0| ﬂ
>t t t >t

= Many materials show viscoelastic characteristics
* Rubbers
= Foams

= Thermoplastics
= Composites
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Models for viscoelastic materials in LS-Dyna

» Linear viscoelastic material models based on rheological models
= Material models: 6, 61, 76, 86, 134, 164, 234, 276,...

Maxwell-Element Kelvin-Voigt-Element Standard linear Solid Generalized Maxwell Element

4\/\/@—/\/\/\—4/\/\/\—
W 1 T s T s T

= Material model (equilibrium stress) + viscoelastic overstress —/\/\/\—]7

= Material models: Hyperelasticity, (Visco-) Plasticity, ...
57,73,77, 87,91, 124, 127, 129, 155, 158,175, 178, ...
= Viscoelastic Overstress: Generalized Maxwell Element

= Material models with elastic and strain rate dependent characteristics
= Rubbers and Foams: MAT 181 (MAT_SIMPLIFIED RUBBER/FOAM), MAT 083
= Creep: MAT_ 115, MAT 188
» Quasilinear viscoelasticity: MAT 176
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Generalized Maxwell Element

= Rheological model with linear elements

Spring (Hooke) a(t) = Ge(t)

de(t)
ot

b Dashpot (Newton) a(t) =n

= Linear differential equation or integral equation

N N t
n m de(u
Y w0 =) g, 200 o) = [ G- du
n=0 m=0 0
Uy, ¢, - Material constants G(t) : relaxation function

=  3D-Formulation

t dejj(u) 10 t 0
O'ij(t) = fO ZG(t — U) (aj—u—g%(u)SU) du —+ fO K(t —u)%(u)&jdu
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Generalized Maxwell Element

= N =1 : Standard linear solid

4/\/\/6\— > Oeq (t) Oeq ) = Geq (L)
] “eq — O'(t) < o (t) —Ce (t) =7 aei(t)
4/\/\/5 7 —> Oyeq () neq ¢ ot
£e(t) >< &(1) > 0(t) = 0eq(t) + Oneq(t)
L) £(t) = £0(t) + (1)
d Ge ] Li differential
%G(t) + Ja(tt) = Gq ne(t) + (G + Geq)—z(tt) elqnueaa;iror: srenia

1. Solution of the homogeneous differential equation o, (t) = et

aUh(t)

G o) +——==0 g, (t) = et = 0Pt B =g : decay constant

2. Particular solution: Variation of constants o(t) = k(t)e =Pt

de(u) de(u) Integral

du equation

du=fG(t—u)

0

a(t)—f(Geq+G B (= u>)
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Generalized Maxwell Element

* N=1: Prony-Series

N
G(t) = Goq + 2 Ge Pit
=1

t
o(t) = f G(t —w) aga(;) du

0

= Linear viscoelasticity for simple, homogeneous and non-aging materials

a(t) = FyuZo(e(t —u))
= Stress-Strain Linearity

Fazo(ae(t —w) = aFilo(e(t —w)
= ao(t)

= Boltzmann Superposition Principle

' ,An increase in the stimulus by an
arbitrary factor a must increas the
: response by the same factor.”

»An arbitrary sequence of stimuli

0 (2 e, (t — u)) = z Folo(e,(t —u)) . must elicit a response which is equal
n=1 i :

n=1

to the sum of the responses which
: would have been obtained if all
. stimuli had acted independently.”
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Generalized Maxwell Element

Geg + X6
. Strain Step FunCtion 404& [——Standard Linear Solid 1
35 - 1 Standard Linear zo:nj z | O'
- —+—Standard Linear Soli |
n 25 I:l
g(t) 81 < 82 < 83 g 2 N L N c
N 15 - eq
T 10
5\-_ o
> 0
t 0 5 10 15 20
time 81 < 82 < 83 <
e1(t) = &H (1) 01(t) = &1[Geq + X Gy e Fit] Linear equilibrium elasticity G,
= Fading memory  lim oy (t) = &G,
t—>oo
= Stress-Strain Linearity ,
' One test curve defines all other curves. |
et—e}[t—e}[t—aet ! !
2(t) 23 (t) 1 H(2) 1(8) . Linear viscoelastic material behaviour cannot |
a,(t) = agy(t) be identified with one relaxation curve.
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Generalized Maxwell Element

= Constant Straln rate ' ——Standard Linear Solid 1 é3 ——Standard Linear Solid 1 ‘ g-
|1 -=-standard Linear Solid 2 ’ | —=-Standard Linear Solid 2 | 3
Standard Linear Solid 3 » 1 Standard Linear Solid 3 |
. . . €2 &
&1 < &Er < &3 % ' 9)
(t) o 0
0 | ) =
&1 » é
1
. Geq
R €1Geqt
time strain
£,(t) = &t 01(6) = &Gogt + & 0L (1 — eFit) _ .y Giq _ o Pig
1 1 1 1Ueq 1y 01(€) = Gege + €1Zﬁ, (1—e "‘e)
l
. . . Gi . . Gi
lim 04 (t) = £1Geqt + €1 X7 lim 01() = Gege + &1 X7
t—>co Bi £—00 Bi

=  Stress-Strain Linearity

" Linear viscoelasticity:
Nonlinear stress-strain curves
at constant strain rate

Sz(t) = éz t = i_zglt = agl(t)
1

0, (t) = a o,(t)
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Generalized Maxwell Element

Equilibrium and non-equilibrium stress

_____________________________

0(t) = Fuzo(e(t —u))

o(t) = jG(t—u) 6‘2(5)

N

Non-equilibrium, viscoelastic stress as overstress for different material models

Nonlinear spring
e. g. hyperelasticity
MAT_077_O

Friction element
e. g. Elasto-Plasticity

Viscoplasticity,
Damage, Failure,...

|

l/\
\ \I, \

o(t) =
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MAT OGDEN_RUBBER

= Equilibrium stress: Hyperelasticity

= (QOgden strain energy potential and principal stresses

M] OC] _ _ _ "
W = 22 (/1 1)+K(J—-1—-1In)) A=,
St= m 3% A; : principal stretches
1 ow ,ul :
0, = ——— = Z Z Uj, a;: material constants
oA 04 L -

= Uniaxial loading for incompressible material: | = 1,4, = A3 = (11)™Y2 = (Ayn) ™ Y/?
- 1
Ouni = Z (M] unt Aurzu ]> = Z ('u]'(1 + euni)® - :uj(l + guni)_zaj)
: ]=1

= Non-equilibrium stress: Viscoelasticity
Generalized Maxwell Element for deviatoric deformation

G(t) —ZGe"Bl z—e_ﬁl
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Tabulated hyperelasticity

= Hyperelasticity without parameter identification
= MAT_FU_CHANG_FOAM (MAT_083)
= MAT_SIMPLIFIED_RUBBER (MAT_181)

= Ogden Model: Series expansion for incompressible material fA) = Z Hj i

ai=§:% Aj“f—i% +1<]; “lran %i ) +1<]%

j=1 k=1
m
_ PLIA —29j )
Ouni = Z <'u]/1unl 'uJAunL
j=1

m m m
1 —= 1
f) = Zﬂj/lia] = oyni(4;) + Zﬂjli_za] = Oyni(4;) + Oyn; (Ai 2) + Z“j)liza]
j=1 j=1

1 1 1
= oyni(A) + oyni (/‘l ) + Oyni (/14) + Z] 1.U] 8% e
n . Principal stress can directly

' be calculated from uniaxial

= i Ouni (AS_%) )

< 1.01 | stress-strain curve.

1
Exit if Hz( ?

n=1 1
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Tabulated hyperelasticity

= Rate dependency
= Loading: Interpolation between strain rates within table definition
= Unloading: lowest strain rate or damage model

Ouni

= Damage model

= Closed loading and unloading path define damage evolution d = d(&,,;)
= Unloading: o, = oyni(1 —4)
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Modelling of a rubber material

= Silicone — Jacket in BIORID Il

= Material characterization
= incompressible material
= compression and tensile tests
= guasistatic and dynamic testing

= Modelling with LS-Dyna: Comparison of strain rate dependent modelling
= MAT_SIMPLIFIED_RUBBER (MAT181)
= MAT_OGDEN_RUBBER (MATO077_0O)

= BioRID Jacket Certification Test
= Pendulum acceleration
= Sled acceleration
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Material characterization

= Equilibrium stress

Quasistatic test curves —
Fit to Ogden strain energy potential
for MATO77 and MAT181

N 3 *Q
_ Hi P Ay J—1
T4 T4
j=1 k=1
('g ——Quasistatic test curve
‘n [——0Ogden Fit N=4 Pt
8 Lo
% s -
2 P ot e
i s lgs S
£ L
2 :
%0 02 0.4 06 0.8 1 1.2 14

engineering strain []

Non-equilibrium stress

Viscoelastic overstress
= test curves — Ogden-Fit

MAT181: Strain-rate dependent table

MATO77: Generalized Maxwell Element

engineering overstress [GPa]

——1.0E-4 1/ms
——1.0E-3 1/ms
——1.0E-2 1/ms

e+
i e — o‘..‘_'__"\._
e B

e e R mmmas s

o

0.2 04 0.6 0.8 1 1.2 14 1.6
engineering strain ]

&engineering stress [GPa]

g PN SN I s e
HW g -
8 g
e
% A/”r'/’
2 et T
g | ——1.0E-4 1/ms
el L] —+—1.0E-1 1/ms
5 -0.4 -03 -0.2 -0.1 o | %s -0.4 03 02 0.1 0
engineering strain [] vy cngincering f‘ial"_ﬂ ____________________________
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MAT_SIMPLIFIED _RUBBER

= Table: Ogden-Fit and dynamic test curves

= = oy

[0 1/ms
+1.0E-6 1/ms
—1.0E-4 1/ms

——1.0E-3 1/ms

——1.0E-2 1/ms

engineering stress [GPa]

09 0.8 0.7 06 -05 04 0.3 -0.2 0.1 0
engineering strain []

= Strain rate dependency
= engineering strain rate (RTYPE=1)

engineering stress [GPa]

0 E-06 1/ms

+-1.0E-02 1/ms

= simple average of 12 time steps (AVGOPT=0)
= rate effects are treated identically in tension and compression (TENSION=1)

= Unloading

Ao
01 02 03 04 05 06 07 08 09 1

engineering strain []

11 12 13 14 15 16

= |nternal damage formulation based on quasistatic unloading path (LCUNLD)

= Rate dependent unloading path

Modelling of a rubber material
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MAT_OGDEN_RUBBER D

= Parameter identification for Prony-Series = uniaxial tensile tests (¢; = cst.)

. V=D - . 1
G(t) = Z Gie Pit = E—e‘ﬁl = limited to relevant time scales Bi =—

&
Slope method Fit of analytical answer Simulation of material tests
& .. .
Oneq) n to test curves and optimization
— \\'n .
A mn =3 E &
_bBi )
A my=E+E é Gneq(gg)—ng_ 1—e &°
1
my = E1 N
rd g S x|
—1.0E-4 1/ms] | - e
BT S S
- ~1.0E-2 1/ms 5 =AlE i el 11 ~1.0E-2 1/ms
9 e 8 @
& UFl | | | | LT3 5 ]
Bl ¥ | Ll 2 IS onmminerice: W)
2 E 2 AT //,._;: """"" e
G a0 e N ™
% 02 0.4 06 08 ti Gl 12 14 .51:6 18 % i = £ engl?';aeer]ng sl1rain[] o b . h o o o ° u:agr 'iQ t 1?] S " :
engineering strain engineenng strain
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BioRID Jacket Certification Test: MAT 77

Pendulum Displacement

[—MAT77_Slope Method|
—MAT77_Analytical Fit |
—MAT77_Material tests

displacement

Minor differences for 3 Prony series

Initial stiffness:
turning point and pendulum force

Best result for analytical fit

= Sled Displacement

—MAT77_Slope Method
—MAT77_Analytical Fit
—MAT77_Material tests

displacement

time
=  Pendulum Force

—MAT77_Slope Method|
—MAT77_Analytical Fit
—MAT77_Material tests

force

time

Modelling of a rubber material
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BioRID Jacket Certification Test: MAT 77 vs. MAT 181

= Pendulum Displacement .

Sled Displacement

—MAT77_Analytical Fit

i—MATTT_AnaIytical Fit

displacement
displacement

time
=  Pendulum Force

—MAT77_Analytical Fit|

= MAT 181

= Better agreement for loading
= Too small hysteresis

force

Modelling of a rubber material




Tabulated Hyperelasticity vs. Linear Viscoelasticity

0.02

= Relaxation

= Loading and Unloading

0.02
0.018 0018 —MAT_77
- oot —f %\ — 1 MAT_181
=014 — 0.014 s (] [Ta—
Loo12 £ 0012
0.008 ¥
os ===F -t
0.004 _MAT_77 0.002
0.002f e MAT_181 0
% 02 04 06 08 1 12 14 16 18 2 0.00%5 25 5 75 10 125 15 175 20
1.8E-06 1.6E-05
__16E-05 —MAT_77 | __14E05 —MAT_77
514805 —MAT_181| 12605 —MAT_181
(9 1.2E-05 @ 1E05
» 1E-05 5 BE-06
$ BE-06 $ 6E06
£ 6E-06 | il £ 4E06
o 4E08 o 2E06
2 2606 2 0
o9 = 2E06 1
25055 02 0.4 0.6 038 1 12 14 16 18 2 B0 25 5 75 10 125 15 17.5 20
time [ms] time [ms]
AT 77 |
taeos—MAT_181]
= MAT 181: ,Relaxation” due to averaging -
over last 12 time steps = n
g E-CIS:
2E-06
= MAT _77: longer relaxation time leads to
sign reversal in the stress upon unloading e T S |
0 0.002 0.00 0 UwBtrueUS:;ain [10012 0014 0.01 0018 002
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Summary

= Rheological models
= Linear viscoelasticity
= No difference between compression and tension
=  Time-consuming parameter identification

= Test curves differ from model answer

= Tabulated hyperelasticity
= Nonlinear rate dependency in compression and tension
= Direct tabulated input using test results
= Limited modelling of characteristic viscoelastic properties: no creep, no relaxation

= Difficult to match unloading behaviour in component test simulations

] ovnA
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Thank you for your attention!
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