ABAQUS/Explicit: Advanced Topics

1 ABAQUS

Lecture 3

Materials

Copyright 2005 ABAQUS, Inc.

ABAQUS/Explicit: Advanced Topics L3.2

Overview

* Introduction

* Metals

* Rubber Elasticity

» Concrete

+ Additional Materials

- i:
Copyright 2005 ABAQUS, Inc. zZT




ABAQUS/Explicit: Advanced Topics

1 ABAQ

Introduction

Copyright 2005 ABAQUS, Inc.

ABAQUS/Explicit: Advanced Topics

Introduction

+ ABAQUS has an extensive material library that can be used to model

most engineering materials, including:

—Metals

—Rubbers . .
tensile cracking

— Concrete in concrete dam

—Damage and failure
— Fabrics
— Hydrodynamics

—User defined

cardiovascular stent
user defined material
(Nitinol)
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Introduction

: (o
-5, Sections {0 i context Ctrk+Space
- 8 Profiks () Create..

* Mass density

—In ABAQUS/Explicit a nonzero mass
density must be defined for all

I N |
elements Mame: Ialuminum
[~ Material Behaviors
— Exceptions:
* Fully constrained rigid bodies do
not require a mass.
o Mass dens|ty for hydrostat|c f|u|d ! General  Mechanical  Thermal  Other Delete
elements is defined as a fluid ==
. Reegularization nt data
density. User Mteria =
User Defined Field
User Qutput Variables
J Mas;
Densit
*MATERIAL, NAME=aluminum ANEEE
*DENSITY
2672.,
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Introduction

* Material damping

—Most models do not require material damping.

* Energy dissipation mechanisms—dashpots, inelastic material
behavior, etc.—are often included as part of the basic model.

—Models that do not include other energy dissipation mechanisms, may
require some general damping.

» For example, a linear system with chattering contact.

+ ABAQUS provides Rayleigh damping for these situations.
— There are two Rayleigh damping factors:

» o for mass proportional damping and

+ p for stiffness proportional damping.
— With these factors specified, the damping matrix C is added to the system:

C=aM+ BK.
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Introduction

— For each natural frequency of the system, w,, the effective damping ratio is
a BPo,
o |=—+—.
sg( a) 2w0{ 2

—Thus, mass proportional damping dominates when the frequency is low,
and stiffness proportional damping dominates when the frequency is high.

—Recall that increasing damping reduces the stable time increment.

B Edit Material [ ]
Name: [Materislh-1

-~ Material
*MATERIAL, NAME = ...

Elasticity »
Plasticity
*DAMPING, ALPHA=q, BETA=j3

Deformation Plasticity

General  Mechinical Thermal  Other

[~ Damping

Alpha: [o
Beta: [0.00323

Copyright 2005 ABAQUS, Inc.

LEABAQUS

ABAQUS/Explicit: Advanced Topics

1 ABAQUS

Metals

Copyright 2005 ABAQUS, Inc.




ABAQUS/Explicit: Advanced Topics

Metals

+ Elasticity

— The elastic response of metals can be
modeled with either linear elasticity or an
equation-of-state model.

—Linear elasticity

« Elastic properties can be specified as
isotropic or anisotropic.

+ Elastic properties may depend on
temperature (€) and/or predefined
field variables ( f;).

* Linear elasticity should not be used if
the elastic strains in the material are
large.

— The equation-of-state model is discussed
later in the Additional Materials section.

i Edit Material [<]
Name: Isteel

 Material Options

General | Mechanical Thermal  Other

- Elasicity »
Ll Plasticity 3 Huyperelastic
Type: |E Deformation Plasticity Hyperfoam
I Usete Darmping Hupoelastic

Expansion Porous Elastic
Number of- —

= Viscnelastic

| Deee|

jons:

odul time scale [far viscoelasticity]: ITong- B ~]

Young's
Modulus
2en

Data
| Poisson's
Ratio

*Material,
*Elastic
2.el1, 0.3

name=steel
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Metals

+ Metal plasticity overview

— Plasticity theories model the material’s mechanical response under ductile

nonrecoverable deformation.

— A typical stress-strain curve for a metal is shown below.

B
stress .
A .
E .
1

C
Uniaxial stress-strain data for a metal

strain .

Features of the stress-strain curve:

Initially linear elastic
Plastic yield begins at A

Strain reversed at B
— Material immediately recovers
elastic stiffness
Complete unloading at C

— Material has permanently
deformed

Reloading
- Yield at, or very close to, B

its
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Metals

— For most metals:

* The yield stress is a small fraction, typically 1/10% to 1%, of the
elastic modulus, which implies that the elastic strain is never more

than this same fraction.
* The elasticity can be modeled quite accurately as linear.

- i:
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Metals

+ Classical metal plasticity
—The Mises yield surface is used in ABAQUS to model isotropic metal
plasticity.
* The plasticity data are defined as true stress vs. logarithmic plastic

strain.
—ABAQUS assumes no work hardening continues beyond the last
entry provided.

last data point

True Stress

® Specified data points
— ABAQUS interpolation

Log Plastic Strain
Plasticity data
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Metals

— Example: Hydroforming of a box — Mises plasticity model

0]

punch

blank holder

Yield stress (MPa)
&
T
1

0.50 —
draw cap

ST IR PN NI NI
000 100 200 3.00 400 500
Plastic strain hydroforming

pressure load

Blank plasticity data i L . )
Exploded view of initial configuration
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Metals Rame: steel
[ Material Behaviors
— Example (cont'd): Hydroforming of
a box — Mises plasticity model
*Material, name=steel general | Mechanical  Thermal  Other |
*Density Elasticlt >
[~ Plastic —
7.85e-09, -

. . - Hardening Deformation Plasticity Cap Plasticity
*Elastic <—— Linear elasticity I lsesyy  Damping Cast Iron Plasticiy
194000., 0.29 B e Clay Plasticty

ML
. ol te D d Plasticit
*Plastic Nurnber of field varisbles: =] cZ:EEt: S;::?Eed C,::k::gy
207., 0. <———— Plastic strain at rData—————  CrushablsFoam
o e . _ Yield Plasti Drucker Prager
210., 0.0010279 initial yleld =00 —_— St:fass | Starsailrf Mohr Coulomb Plasticity
230., 0.001763 [1] 207 0 Porous Metal Plasticity
250., 0.0027177 1z 210 0.001021  Creep
3 Z3n o007 Sweling
?70 ., 0.0039248 B oy i
i 270 0.003%248
i 290 0.0054191
| 7| 310 0.0072371
|8 | 330 0.0054171
True stress and log plastic strain - e oo =

[o3 Cancel
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Metals

—In ABAQUS/Explicit, the table giving values of yield stress as a function of
plastic strain (or any other material data given in tabular form) should be
specified using equal intervals on the plastic strain axis.

« If this is not done, ABAQUS will regularize the data to create such a
table with equal intervals.

— The table lookups occur frequently in ABAQUS/Explicit and are
most economical if the interpolation is from regular data.

« It is not always desirable to regularize the input data so that they are
reproduced exactly in a piecewise linear manner;

—in some cases this would require in an excessive number of data
subdivisions.

« If ABAQUS/EXxplicit cannot regularize the data within a given tolerance
using a reasonable number of intervals, an error is issued.

- i:
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Metals

—Hill’s yield potential is an extension of the Mises yield function used to
model anisotropic metal plasticity:

* A reference yield stress (o) is defined using the Mises plasticity
definition syntax.
* Anisotropy is introduced through the definition of stress ratios:
0, o
Ry=—t, R,=—2 ..
0 Oy

—The Rij values are determined from pure uniaxial and pure shear
tests.

» This model is suitable for cases where the anisotropy has already
been induced in the metal.

— It is not suitable for situations in which the anisotropy develops
with the plastic deformation.
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~ Material Behavi
Density
Metals st
Plastic
— Example (cont'd): Hydroforming of
a box — Hill's plasticity model Genersl  Mecharical  Thermal  Other | peets
[~ Plastic
*Material, name=steel Hardening: [isctropr @]
*Density I~ Use strain-rate-dependent data Rate Dependent
7.85e-09, I” use temperature-dependent data
*Elastic Number of field varidbles: 0z g‘r’;:'c Hardzning
194000. 0.29 [ Data Cycled Plastic
* N ! “ield | Plastic | Anneal Temperature
Plastic Stress Strain
207., 0. |1 @ 0
210.. 0.0010279 B
— Potential
230., 0.001763 4 [ ket e demandent dat
[~ lse bemperature-aependent data
250., 0.0027177 B e
& Mumber of figld variables: 0=
270., 0.0039248 B -
. E [ri1[rez | m33 [ riz| Ri3[Re3]
. . = A 1 st 1 1 1
*Potential
1.0, 1.0, 1.1511, 1.0, 1.0, 1.0 /
\ increased strength in the
|
blank thickness direction o | [
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Metals

— Example (cont'd): Hydroforming of a box

* The effect of the anisotropy on the thickness is readily apparent, as
the increased strength in the thickness direction results in less
thinning of the blank.

shell thickness
STH
(Ave. Crit.: 75%)

Isotropic (Mises plasticity) Anisotropic (Hill's plasticity)

Effect of transverse anisotropy on blank thickness
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Metals

+ ABAQUS/Explicit offers four hardening

W Edit Material
options: Hame; [stee
. . [~ Material Behaviors
— Isotropic hardening (default). s
* The yield stress increases (or

decreases) uniformly in all stress

directions as plastic straining
occurs.

General  Mechanical  Thermal  Other

| pelet=
[~ Plastic

- Euhnptmnsl
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L3.20
Metals

— Linear kinematic hardening.
* This is used in cases where simulation of
the Bauschinger effect is relevant.

» Applications include low cycle fatigue stress
studies involving small amounts of plastic

B
7
flow and stress reversals.
— Combined nonlinear isotropic/kinematic C _
hardening. j strain
» This model is more general than the linear A b
model
— It will give better predictions. The Bauschinger effect
—However, it requires more detailed (D<B)
calibration.

* This is typically used in cases involving
cyclic loading.
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Metals

—Johnson-Cook hardening.

* The Johnson-Cook plasticity model is suitable for high-strain-rate
deformation of many materials, including most metals.

* This model is a particular type of Mises plasticity that includes
analytical forms of the hardening law and rate dependence.

* It is generally used in adiabatic transient dynamic simulations.

* The elastic part of the response can be either linear elastic or defined
by an equation of state model with linear elastic shear behavior.

* It is only available in ABAQUS/Explicit.

- i:
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Metals

—The Johnson-Cook yield stress is of the form:

HCI{%] (1-6),

6:[A+B(Z‘pl)n_

—~ optional strain rate
dependence term

where ¢ is the nondimensional temperature, defined as

0 0< etmnsition
. -6 .
— transition
0= 0 0 etransition <6< emelt
melt — Ytransition
1 0>0,.

—The values of 4, B, n, m, 6,,,, 6,,..1:.n» and optionally C, and ¢, are

defined as part of the material definition.

- i:
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Metals

— Example: Oblique impact of copper rod

*MATERIAL, NAME=COPPER

*DENSITY
8.96E3 Hame: COPPER
’ - Material
*ELASTIC
Densizy
124 .E9, 0.34 Elastic
*PLASTIC, HARDENING=JOHNSON COOK Plastic
x> A, B, n, m, gmelt’ Htmnsition Specfic Heal
general  Mechanica  Thermal  Other Delete
90.E6, 292.E6, 0.31, 1.09, 1058., 25. |
*RATE DEPENDENT, TYPE=JOHNSON COOK ae=te
** C, £ Hardenira: [Johnsan Cook ¥ T
0.025, 1 % Data Rate Copsndent
) ! i Py - Fptential
*SPECIFIC HEAT [2 [ v ol w[Emelrmee] dmm
. Rate Dependent AR = | l

voled Plastic
Hardening: |Johnson Cock |

#inea Tenperatur
[T \Lise temperature-dependent data —

Iumtzer of field variables: 0=
Data

Epsilon dot zero

A

- i:
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Metals {hve. Crit.: 75%)

— Example (cont'd): Oblique impact of copper rod 353332133

§ t=0.12ms z
t=0.09 ms
t=0

t=0.06 ms

t=0.03 ms

Contours of equivalent plastic strain

- i:
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Metals

damage

. . initiation
* Progressive Damage and Failure \

damaged
response

—allows for the modeling of:
» damage initiation,

» damage progression, and failure

* failure
£
in the Mises, Johnson-Cook, Hill, and Typical material response showing
Drucker-Prager plasticity models. progressive damage

— A combination of multiple failure
mechanisms may act simultaneously on
the same material.

— These models are suitable for both
quasi-static and dynamic situations.

— These options will be discussed later in

Lecture 9, Material Damage and Failure. L. .
Projectile penetrates eroding plate

- i:
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Metals

» Dynamic failure models

— The following failure models are available for high-strain-rate dynamic
problems:

« the shear failure model driven by plastic yielding

« the tensile failure model driven by tensile loading.
— These models can be used with Johnson-Cook or Mises plasticity.
— By default, when the failure criterion is met the element is deleted.

* i.e. all stress components are set to zero and remain zero for the rest
of the analysis.

—If you choose not to delete failed elements, they will continue to support
compressive pressure stress.

- i:
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Metals

M Edit keywords, Model: ale_rodimpac_inclined-failure

Ak -

** MATERIALS
Es

*Material, name=COPPER

*Density
BI60.,

*Elastic
1.24e+11, 0,34

*Plastic, hardening=J0HNSON COOK
9e+07, 2,92e+08, 0.31, 1.09, 1058, 25,

*Rate Dependent, type=10HMSON COOK
0.025,1,

q *SHEAR. FAILURE, TYPE=JOHMNSON COCK, ELEMENT DELETION=YES
5%, 459, -2.03, 0.014, L12

*Specific Heat
333,

*Expansion

2
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Metals

— Example (cont'd): Oblique impact of copper rod

with failure

without failure

Copyright 2005 ABAQUS, Inc. %%; AB AQ Us
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yvr (void volume fraction)
(Ave. Crit.: 75%]

+3.411e-01
Metals e
. e-01

+10 -01
* Porous metal plasticity ey
1aigaze-o;
+1.744e-06

— The porous metal plasticity model is intended for
metals with relative densities greater than 90% (i.e.,
a dilute concentration of voids).

—The model is based on Gurson’s porous plasticity
model with void nucleation and failure. @

Video Clip

—Inelastic flow is based on a potential function which
characterizes the porosity in terms of a single state
variable—the relative density.

—The model is well-tuned for tensile applications,
such as fracture studies with void coalescence, but
it is also useful for compressive cases where the
material densifies. symmetry

— The details of this material model are discussed in plane\j
the Metal Inelasticity in ABAQUS lecture notes. necking of a

round tensile bar

Copyright 2005 ABAQUS, Inc. i3 ABAQUS
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Metals

* Annealing or Melting

— The effects of melting and resolidification in metals subjected to high-
temperature deformation processes can be modeled.

» The capability can also be used to model the effects of other forms of
annealing, such as recrystallization.

—If the temperature at a material point rises above the specified annealing
temperature, the material point loses its hardening memory.

* The effect of prior work hardening is removed by setting the equivalent
plastic strain to zero.

* For kinematic and combined hardening models the backstress tensor
is also reset to zero.

—Annealing is only available for the Mises, Johnson-Cook, and Hill plasticity
models.

Copyright 2005 ABAQUS, Inc. i3 ABAQUS
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Metals
— Example: Spot weld Nae:. eterich1
Material i
*MATERIAL ,NAME=MAT1
*ELASTIC
28.1E6, .2642 No hardening at
*PLASTIC (and above) anneal
39440 0 70 temperature General Mechanical  Thermal  orher ‘ Dalets
-y ’
50170., .00473, 70 (nusu(
54950., .01264, 70 =
o Anneal Temperature ———| —
1000., 0., 2590 «—— ) _
Mumber of Field variables: 0= ] Lyele Hardsning

ornl

*ANNEAL TEMPERATURE Data

2590 .
Anneal ——
Temperature o — el Tenperature

N I 373
symmetry axes \ 1673
1673

weld oK Cancel 1673
region TR T 1673
plate

region ok Cancel

|

model geometry

Copyright 2005 ABAQUS, Inc. %%; ABAQUS
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Metals

— Example (cont'd): Spot weld

* Residual stresses in the weld region are significantly reduced when
annealing is included in the material definition.

weld region

N

Residual stresses
without annealing

weld region

Residual stresses
with annealing

Copyright 2005 ABAQUS, Inc. %%; ABAQUS
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Metals

—If, during the deformation history, the temperature of the point falls below
the annealing temperature, it can work harden again.

— Depending upon the temperature history, a material point may lose and
accumulate memory several times.

— This annealing temperature material option is not related to the annealing
analysis step procedure.

* An annealing step can be defined to simulate the annealing process
for the entire model, independent of temperature.

- i:
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Rubber Elasticity
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Rubber Elasticity

* Rubber materials are widely used in many engineering applications, as
indicated in the figures below:

- i:
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Rubber Elasticity

— The mechanical behavior of rubber (hyperelastic or hyperfoam) materials
is expressed in terms of a strain energy potential

U (F)
oF '

where S is a stress measure and F'is a measure of deformation.

U=U(F), such that §=

—Because the material is initially isotropic, we write the strain energy
potential in terms of the strain invariants /1, /2, and J,;:

u=U({, I, J,).

11 and /2 are measures of deviatoric strain.

J,; is the volume ratio, a measure of volumetric strain.

e

- i:
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Rubber Elasticity

Physically motivated models Material parameters

(deviatoric behavior)

Arruda-Boyce 2
Van der Waals 4
Phenomenological models
Polynomial (order N) > 2N
Mooney-Rivlin (1st order) 2
Reduced polynomial (independent of 72) N
Neo-Hookean (15t order) 1
Yeoh (31 order) 3
Ogden (order N) 2N
Marlow (independent of 7, ) N/A

11z

=11
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Rubber Elasticity

» Comparison of the solid rubber models
— Gum stock uniaxial data (Gerke):

 Crude data but captures essential characteristics.

0.00

1.00

2.00

3.00

4.00

Nominal Strain

5.00

6.00

3800 ——T T T e —
N 3000 — . . 4
¥ Highly nonlinear ! "Upturn”
L . -

S at large strain -7 >4
G 2500 [ - #
N \ , \
- L Y \
s ‘ A1

20.00 — ’ ! —
\; ’ .® /
@ - | L - 1 //
@ 1500 VLT ] 4
» ’ o\ i
Z [ LN -
8 woo - E, PPt Se ]
£ L - 4
5 A 4 . .
2 500/ - — 600% strain!

/
_/'ﬁ i
PP LTI BT B | L

Copyright 2005 ABAQUS, Inc.

11z

=11

ABAQUS




icit: Advanced Topics L3.39
Rubber Elasticity
El — Unit-element uniaxial tension tests are performed with ABAQUS.
Video Cli o .
e « All material parameters are evaluated automatically by ABAQUS.
35.00 T T T T T 36.00 T T T 3600 T T T T T
R Neo-Hookean ] quo- %% Yeoh model response ]
L model response | § &
S %% I Mooney-Rivlin + g’ 250 - Marlow model response ﬁ’ 2500 |-
% 2000 | model response < 2000 i < 2000 7
g 15.00 \’ % 15.00 [ - % 16.00 P —
E 1000 - \ i :é 1000 |- B .g 1000 |- -
2 s Gum stock data | Z s Gum stock data 2 sw Gum stock data ]
e e o s aw s e YT — Y TRy
Nominal Strain Nominal Strain Nominal Strain
3500 r ———T r 3500 T T T T -0 T T T T T
? 3000 |- Ogden (N=2) model response ‘a 3000 I~ Arruda-Boyce model ,,sponsei E’: .00 = van der Waals model responsef_f
§ sl § 200 E x|
g 1500 |- i % 1500 | “,u‘/’ - % 15.00 . / 4
2 L i £ 1000} - 2 noo | _
§ 10.00 g \ g
2 sl Gum stock data | Z s Gum stock data | Z s Gum stock data—
000 1vlw z:n 3'1,0 &:w 5:,0 600 000 1,‘00 z.:n a.:)o 4.:10 s,:n 600 000 1,Lo z.:m s.l:o 4.‘00 s,Lo 600
Nominal Strain Nominal Strain Nominal Strain
Copyright 2005 ABAQUS, Inc. AB AQUS
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Rubber Elasticity
. . . . TENSION COMPRESSION
— Choosing a strain energy function in a
particular problem depends on the UNRRA TEST
availability of sufficient and “accurate”
. 1
experimental data. L,
i i . M=hg=14€5,  Ag=hg= Ay
» Use data from experiments involving
simple deformations: IMALTEST |

— Uniaxial tension and
compression

— Biaxial tension and compression
— Planar tension and compression

* If compressibility is important,
volumetric test data must also be
used.

—E.g., highly confined materials
(such as an O-ring).

P

M=lo=Ag=1+€pAs=1/ A5

PLANARTEST
Te €

1

uz

)

M=he=1+ €, A=, A= Vg

VOLNETRG TEST /T 7 7
L LD
1
an

hi=ha=la=h Y = 4
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Rubber Elasticity

* Defining rubber elasticity in ABAQUS/CAE: hyperelasticity

.
I Edit Maty Elasticlty v

R Flastici 3
Name: Treloar Elasticity
Settors (p __ otch Context Cirkespace . . Deformation Plasticly ——
Creat i~ Material Dptions . -
; Profiles (0) Damping Hypoelastic
Expansion Porous Elastic
Bianial Test Data ﬁ
Planar Test Dala Leosase
Uniaial Test Data
General  Mechanical Themal Other | pelete
H | Arnuda-Boyce
Marlow
Input source: & Testdata € Coefficients ~ TestDala | Mooney-Riviin
Strain energy potential | Polyromial Ra) - ”””:I" — Nea Hooke
Ogden
Moduli time scale (for viscoslastici): [Longterm ] Polynomial
Strain energy potential order = Fieduced Panarial
User-defined

Copyright 2005 ABAQUS, Inc. i3 ABAQUS
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Rubber Elasticity

» Entering test data

 Uniagial TestData |
. Marlow Options ——— |
T Inclde laetel naminalsirain
Mame: Treloar ™ Use temperature-dependent data
 Material Options Murnber of figld variables: 0=
i Data
Biasial Test Data = _ .
Planar Test Data Hominal | Nominal | S Click MB3
L Stress Strain
Uniasial Test Data
|1 1.5506 01338
2 2.4367 0.2675
General  Mechanical  Thermal  Other | Delste E 21012 03567 % ou
— Hypsrel ] 06242 -
o Contrcan [5] soes 08317 S
r\pu. source: : oefficients - Tastpala s 5081 11532 B Paste
Strain energy potential: | Palynomial I glma.xn‘a.\(TetsI;D;ata 7 58871 1.4288 :r\selt Snw Elefnre
iavial Test Data Y nsert Row After
Maduli time seale (for viscoelasticil |Lonaterm ¥ o oo pa | 8] 68608 2051 =
— K Tt Pt LS 1 = X Delete Rows
Sirain energy potential order: I _,j Volumetric: Test Data \ / Elr B
oK \ / Cancel Clear Table
V Read fram Fil
Create XY Data.

Nominal stress
and strain

Copyright 2005 ABAQUS, Inc. i3 ABAQUS
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Rubber Elasticity

—Rubber elasticity keyword interface:

Omit to specify material

/ coefficients directly
*MATERIAL, NAME=RUBBER

*HYPERELASTIC, NEO HOOKE, TEST DATA INPUT

*UNIAXIAL TEST DATA
.0,0.0
Specify one of the following energy functions:

0
0.03,0.02
0.15,0.1 POLYNOMIAL (default)
0.23,0.2 NEO HOOKE
0.33,0.34 MOONEY-RIVLIN
0.41,0.57 REDUCED POLYNOMIAL
0.51,0.85 YEOH
OGDEN
ARRUDA-BOYCE
VAN DER WAALS
MARLOW
Nominal stress and strain With both polynomial models and Ogden model

define the order, N=, of the series expansion.

- i:
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Rubber Elasticity ERIEEY
- Bl Parts (1)
t:ll,“gMatenak (1)
» Automatic evaluation of the models using 5{} S @l
ABAQUS/CAE & profie Edit.

. Bl asser  Copy...
E@ In Rename. ..
i iPal Delste..,

Pa - (Evaluate)

EaT-L

— Verify correlation between predicted M Evaluatelkiaterlal
. N Mame: treloar
behavior and experimental data. N
—Use ABAQUS/CAE to perform standard unit- ~ teereissic
element tests. Test Setup  Strain Energy Potentials I

- Strain Energy Potentials

 Supply experimental test data.

¥ [7 Polynomial
™ M =1 {Mooney-Riviin)

* Specify material models and P -z
deformation modes. v o

Mu=

— X=Y plots appear for each test. 7 hes
M=+

* Predicted nominal stress-strain curves FH

N=&

plotted against experimental test data.

P [ Reduced Polynomial
I¥ ‘Arruda-Boyee!
I™ van Der Wasls
™ Marlow
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Rubber Elasticity
+ ABAQUS/CAE automatic evaluation results example
] A
G—8  OGDEN N3 BIAXIAL Trelaar 1 G—8  OGDEN_N3 UNIAXIAL Treloar 1
W—# Test Data BIAMIAL Trelosr 1 ¥— Test Data UNIAKIAL Treloar 1
ARRUDA_BOVCE W#BXTAL Treloar 1 ARRUDA_BOYCE TNIAXTAL Treloar 1
8- ‘g
200 - i
g i s
! wl l"' e
-l
wl ol |
e i e [\ 1 L L I I L
000 100 280 300 08 £00 600 600 100 280 300 400 SO 840
Strain ‘Strain.
[ Treloar_1 IF‘LANAH Results | = al x| | [ Trelear_1 IS\MPLESHEAH Results | = @x|

G—5 OEDEN N3 DLANAR Treloar 1

oo POLY Wz PLANAR Treloar 1

¥—— Tast Data PLANAR Treloar 1
AREIDA_BOVCE PLANAR Treloar 1

ol 1
bl M
] -l ’ 1

f
- ]

G—5 QCDEN N: SIMPLESHEAR Treloar 1
“——% POLY_WZ SIMPLESHEAR Treloar 1
ARIUDA BOTCE SIMPLESHEAD Treloar 1

Copyright 2005 ABAQUS, Inc.

11z

=11

ABAQUS

Rubber Elasticity

» Marlow (General First Invariant)
Model

— The Marlow model is a general first
invariant model that can exactly
reproduce the test data from one of
the standard modes of loading
(uniaxial, biaxial, or planar)

* The responses for the other
modes are also reasonably
good.

— This model should be used when
limited test data are available.

* The model works best when
detailed data for one kind of
test are available.

ABAQUS/Explicit: Advanced Topics L3.46

M Edit Material

name: [Materizh1

[~ Material Behavi

Uniaxial Test Data

| pekte

General Mechanical  Thermal  Other

strain eneray patential({frerion ) ¥| = Testpata

¥ Subaptions
Moduli time scale (For viscoslasticty): [Long-term 7]

Data to define deviatoric respanise:

& Uniaxial C Biazial C Planar

Input source: & Testdats ( Cosfficients

Data to define volumetric response:

£ Ignore test data

€ Volumetric test data 00
2 T T T T
<« Paissons ratia:
< w0
€ Lateral nominal strain §
E
§ 2500~ Marlow model response
= 2000 [~ —
@
@
% 15.00 [— —
g 1000 -
2 sl Gum stock data
y L L L
000 100 200 300 400 500 600
Nominal Strain
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ici
Rubber Elasticity “a = =
) : I¥ Apply smoothing: [ 321
* The test data input option ~Marlow Options
provides a data-smoothi ng I~ Include lateral nominal strain
ca abilit ™ Use temperature-dependent data
p y' MNumber of field variables: U;,
— This feature is useful in “paa———————————
situations where the test data s [ ThEd |
do not vary smoothly. Al 0g 0o
B 15506 (ofa:d
—The user can control the 04
smoothing process. o o o ORlomAL o]
o 0
— Smoothing is particularly @ 03f M v
important for the Marlow % s i
model. < 02 e 4
= &
5 r ]
Z01F & e
25 ]
e
‘N NI PN N PO AN A P A Y

0.
00 01 02 03 04 05
Nominal Strain
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Rubber Elasticity

» Compressibility

—Most elastomers have very little compressibility compared to their shear
flexibility.

— Except for plane stress, ABAQUS/Explicit has no mechanism for enforcing
strict incompressibility at the material points.

» Some compressibility is always assumed.

* If no value is given for the material compressibility, ABAQUS/Explicit
assumes an initial Poisson's ratio of 0.475.

* This default provides much more compressibility than is available in
most elastomers.

—However, if the material is relatively unconfined, this softer
modeling of the bulk behavior provides accurate results.
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Rubber Elasticity

* The material compressibility parameters may be entered directly to
override the default setting.

— Limit the initial Poisson's ratio to no greater than 0.495 to avoid
high-frequency noise in the dynamic solution and very small time

increments.

Kyl po Poisson’s ratio
10 0452
20 0475
50 0.450

Suggested upper limit—>[ 100 0495 |
1000 0.43595
10,000 0.459993
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Rubber Elasticity

* Modeling recommendations

—When using hyperelastic or hyperfoam materials in ABAQUS/Explicit, the
following options are strongly recommended:

» Distortion control with
* Enhanced hourglass control.

— Adaptive meshing is not recommended with hyperelastic or hyperfoam
materials.

« Distortion control provides the alternative to adaptive meshing.

» These options are discussed in Lecture 6, Adaptive Meshing and
Distortion Control.

- i:
Copyright 2005 ABAQUS, Inc. zZT




ABAQUS/Explicit: Advanced Topics

Concrete
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Concrete

* Brittle cracking model

— Intended for applications in which the concrete behavior is dominated by
tensile cracking and compressive failure is not important.

—Includes consideration of the anisotropy induced by cracking.

— The compressive behavior is assumed to be always linear elastic.
— A brittle failure criteria allows the removal of elements from a mesh.
— This material model is not discussed further in this class.

» For more information see “Cracking model for concrete,” section
11.5.2 of the ABAQUS Analysis User's Manual.
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Concrete

» Concrete Damaged Plasticity Model
—Intended as a general capability for the analysis of concrete structures
under monotonic, cyclic, and/or dynamic loading
— Scalar (isotropic) damage model, with tensile cracking and compressive
crushing modes

—Main features of the model:

* The model is based on the scalar plastic damage models proposed by
Lubliner et al. (1989) and by J. Lee & G.L. Fenves (1998).

* The evolution of the yield surface is determined by two hardening
variables, each of them linked to degradation mechanisms under
tensile or compressive stress conditions.

» The model accounts for the stiffness degradation mechanisms
associated with each failure mode, as well as stiffness recovery
effects during load reversals.

- i:
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Concrete

— Mechanical response
» The response is characterized by damaged plasticity
* Two failure mechanisms: tensile cracking and compressive crushing

+ Evolution of failure is controlled by two hardening variables: ” and "

o o,
O
o T O
oy : ’ Uniaxial
Uniaxial tension il compression
Ey Ey
, A
/L (d)E
L A1-d)Es, il |
] e e .
@
_ =pl Zpl a _ apl Zpl o
o-t_o—t(gt agl aeaf ) O-c_o-c(gc agc 59:f )
apl ay. _ sl ay.
d,=d,(E".6,f%; 0<d <1 d,=d.(E".6,7%); 0<d, <1
&, =0,/(1-d,) 5.=0,/(1-d,)
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Concrete

— Cyclic loading conditions

« Stiffness recovery is an important
aspect of the mechanical response

of concrete under cyclic conditions Uniaxial load cycle (tension-

compression-tension) assuming

(1-d)(1d.)E,

* User can specify the stiffness 4 default values of the stiffness
recovery factors w, and w, o recovery parameters: w,=0 and w_ =1
* Default values: w,= 0, w, = 1
[7nn
Ey
Tensile stiffness is le Taagni=0 .
not recovered once m,_ (I-d)Eg~~-______

crushing failure is |7 (1-d)E,
developed (w, = 0) ‘

Compressive stiffness is
we=1 recovered upon crack
closure (w,=1)
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Concrete

— Example: Seismic analysis of Koyna dam

» Koyna dam (India), subjected to the December 11, 1967 earthquake
of magnitude 6.5 on the Richter scale.

DAMAGET

* The dam undergoes severe damage
but retains its overall structural stability.

Transverse
ground
acceleration

Acceleration (g)

050 —— T
L

- lel H | )WMWWWMWW

50 Lot L
000 200 400 600 800 1000

Time (sec)

c}
Vertical §
ground £ oo W"‘Mr‘ 'MMWMM’MWW
acceleration g
060 Lt Structural damage due to tensile
0.00 2.00 4.00 6.00 8.00 10.00

Time (sec) cracking failure (t=10 sec)
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Concrete

*MATERIAL, NAME=CONCRETE
*ELASTIC

3.1027E+10, 0.2
|*CONCRETE DAMAGED PLASTICITY |

36.31
*CONCRETE COMPRESSION HARDENING

13.0E+6, 0.000

24.1E+6, 0.001
*CONCRETE TENSION STIFFENING, TYPE=DISPLACEMENT
2.9E+6 ,0

1.94393E+6 ,0.000066185

1.30305E+6 ,0.00012286

0.873463E+6 ,0.000173427

*CONCRETE TENSION DAMAGE, TYPE=DISPLACEMENT,
COMPRESSION RECOVERY=1

0 ,0

0.381217 ,0.000066185
0.617107 ,0.00012286
0.763072 ,0.000173427

— Example (cont'd): Seismic analysis of Koyna dam

B EdiL Molerial [ =]
Mame: CONCRETE

[ Materlal Behaviors

Damaged Plastity

General | Werhanicd  Thermal

ity

Cther Delte
IS '11

Plastic

[~ Cancrete

Flacticity
Flasticts  UeCarmation lastcity
Danpir

e
Expansion
Mumber GFTER varEmes | 0=

Data

Cap Plasticity
Cast Iion Plasticty

Crushable Coam
UrLcker Boagar

Mobr Couoma Plastcity
Porous Metal Plastidty

Dilation
angle Eccentric

1] 3631 [

Creen
Swaling

Wiscous

I
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Concrete

L3.58

— Example (cont'd): Seismic analysis of Koyna dam

*MATERIAL, NAME=CONCRETE
*ELASTIC

3.1027E+10, 0.2
*CONCRETE DAMAGED PLASTICITY

I Edit Material

Hame: CONCRETE

3 6 3 1 ~ Material Behaviors
*CONCRETE COMPRESSION HARDENING EE;%E
13.0E+6, 0.000 lastc
24.1E+6, 0.001 oncrete Tension Damdae
*CONCRETE TENSION STIFFENING, TYPE=DISPLACEMENT
2 9E+6 0 general Mechanical |Thermal other | | pelete
. ! [~ Concrete Damages sticil
1.94393E+6 ,0.000066185 Concrete Damaged faticy ¥
1.30305E+6 ,0.00012286 sty
0.873463E+6 ,0.000173427 I™ Use strain-rate-dependent data oS

*CONCRETE TENSION DAMAGE, TYPE=DISPLACEMENT,
COMPRESSION RECOVERY=1

0 ,0

0.381217 ,0.000066185

0.617107 ,0.00012286

0.763072 ,0.000173427

™ Use temperature-dependert data

Mumber of field variables: o ;l
Data
Yield | Inelastic |
Stress Strain
[1]  1aE+007 0
lz2| zstevoor .00
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Concrete

— Example (cont'd): Seismic analysis of Koyna dam

*MATERIAL, NAME=CONCRETE

*ELASTIC
3.1027E+10,

*CONCRETE DAMAGED PLASTICITY

*CONCRETE TENSION STIFFENING, TYPE=DISPLACEMENT

0.2

36.31

*CONCRETE COMPRESSION HARDENING
13.0E+6, 0.000

24.1E+6, 0.001

2.9E+6 ,0

1.94393E+6 ,0.000066185
1.30305E+6 ,0.00012286

0.873463E+6

*CONCRETE TENSION DAMAGE, TYPE=DISPLACEMENT,

COMPRESSION
0

0.381217
0.617107
0.763072

,0.000173427

L3.59

Material Behaviors

Dampng
Density

General  Mechanicd  Thermal  Cther

| gelete

" Concrete Damaged Plasticity

Plasticity | Compressive Behavior  Tensie Behavior |

- Concrete Tension Damage
Type: [Displacemert |
Compression recovery: -

I™ Use temperature-dependent data

Nurnber of field variables: 0=

Data

W 5uboption Editor

v Subuptione |
Tensio1 Damage

RECOVERY=1 ~— p2emage | pisplacement |j
1 [ o
9 Wc =1 2| ovoserr  oooonsstss
+0.000066185 3| oetre 000012286
,0.00012286 | nsems noomraes T
,0.000173427
oK Cancel
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L3.60

— The tensile damage variable, DAMAGET, is a nondecreasing quantity
associated with tensile (cracking) failure of the material.

— The stiffness degradation variable, SDEG, can increase or decrease,
reflecting the stiffness recovery effects associated with the
opening/closing of cracks.

50.00 T

t=4.456 sec

40.00

30.00

20.00

) i “ il

10.00
0.00
-10.00
-20.00
-30.00

Displacement {mm)

il

-40.00

0.0 2.00

400 800
Time (sec)

8.00

Horizontal crest displacement
(relative to ground displacement)

o

DAMAGET

Compression
SDEG =0

Contour plot of DAMAGET (left) and SDEG (right) at
time ¢ = 4.456 sec, corresponding to the largest

excursion of the crest in the down-stream di

rection.
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Additional Materials
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Additional Materials

B

. . Video Clip
* Hydrodynamic materials

— Equations of state material model

* Provides a hydrodynamic material model
in which the material's volumetric strength
is determined by an equation of state

* Applications include:
— Fluids
—Ideal gasses
— Explosives
— Compaction of granular materials

— For more information see “Equation of state,”

section 10.10.1 in the ABAQUS Analysis
User's Manual.

Water sloshing in a tank
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Additional Materials

» User-defined materials

—You can create additional
material models through the
VUMAT user subroutine.

— This feature is very general and
powerful;

* any mechanical constitutive
model can be added.

—However, programming a
VUMAT requires considerable
effort and expertise.

— For more information on user-
defined materials refer to
Appendix 3.

Mises stress
contours on portion
of expanded stent

complex uniaxial behavior of Nitinol
modeled in a VUMAT subroutine

Technology Brief example:
Simulation of Implantable Nitinol Stents
ABAQUS Answer 1959
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