Time domain fatigue analysis in LS-DYNA R12

DYNAmore Nordic Webinar
2020-10-01

Marcus Lilja, Senior Engineer
marcus.lilja@dynamore.se

IbvnAa \n Sys Copyright © 2020 DYNAmore Nordic AB

MORE rnorbic


mailto:marcus.Lilja@dynamore.se

Agenda

Fatigue solvers in LS-DYNA

Time domain fatigue solver - Compatibility
Time domain fatigue solver - Flow chart

Time domain fatigue solver - Keywords

Time domain fatigue solver - Materials

Time domain fatigue analysis - What is needed?
Example - Notched bar

Last words

Useful sites - User support

fDvnAa \nsys Copyright © 2020 DYNAmore Nordic AB

MORE rnorbic



Fatigue solvers in LS-DYNA
LS-DYNA 971 R5

VIBRATION SOLVER

*FREQUENCY_DOMAIN_..._FATIGUE
SSD, RANDOM VIBRATION, ...

(AT_ADD_FATIGD
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Fatigue solvers in LS-DYNA
LS-DYNA R12!

“FREQUENCY_DOMAIN_...._FATIGUE
(AT_ADD_FATIGD

GENERAL SOLVER . .
Explicit, Implicit, Thermal, ... Time domain *FATIGUE

Introduction of a time domain fatigue solver!

VIBRATION SOLVER
SSD, RANDOM VIBRATION, ...
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Time domain fatigue solver - Compatibility

Fully coupled by stress/strain computations to solvers
SMP and MPP

Linux and Windows

Manufacturing effects can be considered

Easy integration with LS-OPT / LS-TASC (TBD!!)

Cooia ) [ ew )

[ IGA ] : Fatigue &
Stress / Strain Elemer?t failure
Meshless computation — :
ES| analysis
[ Peridynamics ] [Thermal]
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Time domain fatigue solver - Flow chart

Stress /s_train Output: d3ftg
calculation

Restart

Neuber’s equation lRaianow counting Initial fatigue? T

Stress / strain
cycles

Fatigue

W mean stress
calculation

>

JS-N [ E-N curves
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Time domain fatigue solver - Keywords

The time domain fatigue solver is activated by including the
*FATIGUE_{OPTION}-keyword.

Available keywords in R12 are:
*FATIGUE_{OPTION;}
*FATIGUE_FAILURE
*FATIGUE_LOADSTEP

*FATIGUE_MEAN_STRESS_CORRECTION

*FATIGUE_MULTIAXIAL % Additional keywords used in fatigue analysis:

*INITIAL_STRESS_{OPTION}
*FATIGUE_SUMMATION *INITIAL_FATIGUE_DAMAGE_RATIO

*MAT_ADD_FATIGUE
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Time domain fatigue solver - Keywords
*FATIGUE_{OPTION}

To activate solver
OPTION=D3PLOT or ELOUT is needed!

Card 3 1 2 3 4 5 6 7 8

Variable | STRSN INDEX | RESTRT | TEXPOS

Type F

Default 0 0 0 0.0

Stress/Strain Binary Database Card. Card 3a is only read if RESTART = 1. It is

STRSN

INDEX

RESTRT

TEXPOS

DMGMIN

Type of fatigue analysis variable:
EQ.0: stress (default)
EQ.1: strain

Stress/strain index for performing fatigue analysis:
EQ.0: von Mises stress/strain
EQ.1: maximum principal stress/strain

EQ.2: maximum shear stress/strain

Restart options. This flag is used to save an LS-DYNA transient
analysis if the binary database for stress/strain time history data
has been created in previous runs. See Remark 4.

EQ.0: initial run

EQ.1: restart with existing stress/strain binary database

Exposure time. If this is 0, the exposure time is the same as END-
TIM in *CONTROL_TERMINATION.

Minimum fatigue damage ratio for parts undergoing fatigue
analysis:
EQ.0: no change on computed fatigue damage ratio

LT.0: for each part, the minimum fatigue damage ratio

optional.
Card 3a 1 2 3 .t 5 6 7 8
Variable FILENAME
Type C

BINARY=2
on *DATABASE_ELOUT!

dumped to D3FTG is [DMGMIN]| x the computed non-
zero minimum fatigue damage ratio computed on the
current part.

FILENAME

\fT.O: for each part, the minimum fatigue damage ratio

dumped to D3FTG is DMGMIN.

Path and name of existing stress/strain binary database (such as
d3plot or binout)
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Time domain fatigue solver - Keywords

*FATIGUE_LOADSTEP

To define fatigue cycles, single or multiple /
Unique exposure time for each step

Exclude part of solution

Card 1 1 2 3 4 5 6 7 8

#PATIGUE LOADSTEP
S# tstart tend
0.0 50.

Variable | TSTART TEND TEXPOS I L
/ B i 1(551;(; sid][iJ
S# aé

4°°T 15.0

Type F F F

A
v

25.0
Default none none 0.0 3000
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VARIABLE DESCRIPTION

Temperature (F)

TSTART Start time of current load step
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TEND End time of current load step 550
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TEXPOS Exposure time of current load step Time (second)
EQ.0.0: set to TEND — TSTART (default).

o
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Time domain fatigue solver - Keywords
*FATIGUE_MEAN_STRESS_CORRECTION

: METHOD Mean stress correction method:
. . EQ.0: Goodm: ati
Mean stress introduction by: Q codman equa l_on
s f " ‘ - Prestress EQ.1: Soderberg equation
Py Transform to > .
o [P § o = - Thermal load EQ.2: Gerber equation
- Gravity load EQ.3: Goodman tension only
- Residual loads EQ.4: Gerber tension only
Cyelas with Maar Stress Eijvaloiiticyitas ith M WA i EQ.5: Morrow equation (for correction on SN curve)
e EQ.11: Morrow equation (for correction on EN curve)
Card 1 ! 2 3 4 = B ‘ 8 EQ.12: Smith-Watson-Topper equation
Variable | METHOD MID Material ID for which the current mean stress correction method
is applied.
Type I
[iBfalit 0 SIGCMA Ultimate tensile strength, ¢, to be used in the Goodman equation
(METHOD =0, 3) or the Gerber equation (METHOD = 2, 4), yield
strength, 7, to be used in the Soderberg equation (METHOD = 1),
Card 2 ] 5 3 4 5 6 . 8 or true fracture strength, 0y, tO be used in the Morrow equation
& (METHOD = 5)
Variable MID SIGMA
Goodman Soderberg Gerber
Type F - o, §— 0o, §— o,
l-c /o l-oc, /o, - ’
Default | none none m / 1 m y I (O-m / O-z.')
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Time domain fatigue solver - Keywords

*FATIGUE_MULTIAXIAL

To account for multiaxial cyclic loading

Multiplane-methods
Critical plane

Card 1 1 2 3 4 5 6 7 8
Variable | MAXIAL | NPLANE
Type I
Default 0 18
VARIABLE DESCRIPTION
MAXIAL Multiaxial fatigue analysis criterion:
EQ.0: Fatigue analysis using equivalent stress or strain index
(defined by INDEX in *FATIGUE)
EQ.1: Fatigue analysis on multiple planes
EQ.2: Fatigue analysis on critical plane which is determined
by the highest 1** principal stress or strain
NPLANE

Number of planes for fatigue analysis (for MAXIAL = 1 only)

Example:
The stress state at a hole is always mutiaxial

F(t)=sin (227 t)
Gontours of Cumulative damage ratio

max IP. value
min=0, at elem# 5462 1.265e+00

max=1.26547, at elem? 5291 Defau |t 1.139+00 ]
1.012e+00 |
8.858e.01
7593601

6327601 |

Cumulative damage ratio

5.062e-01
3.796e-01
2531e01
1.265e-01

n ANNa+nn
Time = 10000

Contours of Cumulative damage ratio Cumulative damage ratio
max IP. value

! 1.304e+00
min=0, at elem# 5462 . .
max=1.30445, at elem# 5291 Mu|t|aX|a| 1_1-,4e+°°]

1.044e+00

9.131e01
7.827e01

H 6.522e-01 _|
5218e-01 |
3.913e-01 |

2.609e-01

1.304e-01 ]
0.000e+00
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Time domain fatigue solver - Keywords

*INITIAL_FATIGUE_DAMAGE_RATIO_{OPTION}
Option = D3FTG or D3PLOT

*INITIAL_FATIGUE_DAMAGE_RATIO_D3FTG

Card 1 1 2 3 4 9 6 7 8
Variable FILENAME
Type C
Default d3ftg
FILENAME Path and name of existing binary database for fatigue information
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Time domain fatigue solver - Keywords

*INITIAL_FATIGUE_DAMAGE_RATIO_{OPTION}
Option = D3FTG or D3PLOT

Card1 1 2 3 4 5 6 8
Variable FILENAME
Type C
Default d3plot
VARIABLE DESCRIPTION
FILENAME Path and name of existing binary database for fatigue information

D3PLOT Card. Card 2 for the D3PLOT keyword option.

The d3plot option may be used to
include damage from GISSMO-models
or other transient preload cases.

el 2 1 s - 4 2 e 8 NSTATE State ID in binary database (e.g. d3plot) for reading damage
Variable | NSTATE | NEPHD | NEPSD wamakies
NEIPHD ID of additional integration point history variable which saves the
Type I damage for solid elements
NEIPSD ID of additional integration point history variable which saves the
SELL 1 L L damage for shell and thick shell elements
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Time domain fatigue solver - Keywords

*FATIGUE_SUMMATION

To read in fatigue damage(d3ftg) defined by *INITIAL_FATIGUE_DAMAGE_RATIO
and sum the damages to a total.

u® 3

uuuuuuuuuuu

Cumulative damage ratio from transient

%, _ < A preload + fatigue load
Damage from transient preload Damage ratio from fatigue load *INITIAL_FATIGUE_DAMAGE_RATIO and
case (d3plot) *FATIGUE_SUMMATION
IbvnAa \n Sys Copyright © 2020 DYNAmore Nordic AB
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Time domain fatigue solver - Materials

*MAT_ADD_FATIGUE - for S-N data (low stress, high cycle)

Card 1 | 2 3 4 5 6 7 8
Variable MID LCID LTYPE A B STHRES SNLIMT SNTYPE
Type I I I F F F I I
Default none -1 0 0.0 0.0 none 0 0
MID Material ID for which the fatigue property applies A Material parameter a in S-N fatigue equation
LCID S-N fatigue curve ID: B Material parameter b in S-N fatigue equation
. S SAUE—. = Tob
EQ.-1: S-N fatigue curve uses equation NS” = a STHRES Fatigue threshold stress
EQ.-2: S-N fatigue curve uses equation log(S) = a — blog(N
o AHEUECHIVE USESeqUaton ORD) =2 =0 105N SNLIMT SNLIMIT determines the algorithm used when stress is lower
EQ.-3: S-N fatigue curve uses equation S = a N? than STHRES.
EQ.-4: 5-N fatigue curve uses equation S = a — blog(N) EQ.0: Use the life at STHRES
EQ.1: Ignored
LTYPE Type of S-N curve: )
EQ.2: Infinity
EQ.0: Semi-log interpolation (default) l
EQ.1: Log-log interpolation SNTYPE Stress type of S-N curve.

EQ.2: Linear-linear interpolation

EQ.0: Stress range (default)
EQ.1: Stress amplitude

Stress amplitude (MN/m?)

500

400

300

1045 steel

L 60 Z
Fatigue =
limit =
= £
—40 =
L. =
I~ 2014-T6 aluminium E
—H20 %
]

! 1 | 0

l I I
10 10t 100 10t 10 1wt 1 1"

Number of cycles, Ny

N.-S™=a

log(S)=a—b-log(N)
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Time domain fatigue solver - Materials
*MAT_ADD_FATIGUE_EN - for E-N data (high stress, low cycle)

Card 1 1 2 3 4 5 6 7 8
Variable MID KP NP SIGMAP EPSP B C
Type I F F F F F F
Default none none none none none none none
MID Material identification for which the fatigue property applies Cyclic stress strain curve Local strain—life relationship
KP K, the cyclic strain hardening coefficient 1w Ae ©O ' 5 .
NP N’, the cyclic strain hardening exponent E K' 2 E ‘ ‘
: 1
SIGMAP o+, the fatigue strength coefficient 2
/ %— 0.1 1
EPSP ¢r, the fatigue ductility coefficient °© 2
p E— 0.01 4
BP b', the fatigue strength exponent (Basquin’s exponent) ©
i i £ 0001
@©
CP ¢', the fatigue ductility exponent (Coffin-Manson exponent) &
g g g 0.000‘11.51-00 1.E:1-01 1.E.+DZ 1.E:1-03 1.E:1-D4 1.E:1-D5 1.E:1-06
e P Reversals, 2N;
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Time domain fatigue solver - Materials

*MAT_ADD_FATIGUE - Coming features

Card 1 1 2 3 4 5 6 7 8
Variable MID LCID LTYPE A B STHRES SNLIMT SNTYPE
Type I I I F F F I I
Default none -1 0 0.0 0.0 none 0 0
*
DEFINE_TABLE
SN curves with different
*MAT_ADD_FATIGUE mean Stress
S# mid loid ltype a b sthres 1
4075 100 h
*DEFINE_TABLE_2D
a# thid =fa offa
100 1.0 0.0 d
S value lcid
-100.0 1000
. 0.0 1001
’.-”" I 100.0 1002
2 === z00.0 1003
*DE LRE_CURVE
f,f leid gidr sfa sfo offa offao
,"f 1000 ] 1.0 1.0 0.0 0.0
3 5N fatigue curve for 1045 steel
5 @emi—log interpolation
$#‘\ al ol
AR 10.0 46. 41589
‘\\\ 100.0 21.54435
\\ ‘“....__‘ »

-~ The value represents mean stress or temperature or ...
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Time domain fatigue solver - Output results

*DATABASE_D3FTG

Fringe plot of fatigue results

*FATIGUE_D3PLOT & smp only today

Card 1 1 2 3 5 8
Variable | BINARY DT
-
Type F \\
Default 1 0.0 \
\
BINARY Flag tor writing the binary plot file: \
EQ.0: off
EQ.1: write the binary plot file d3ftg.
DT

output.

Time interval between output states in time domain fatigue
analysis (see *FATIGUE_{OPTION})

EQ.0.0: only fatigue results at the end of the analysis are

TbvnaAa
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Time domain fatigue solver - Output results

Fatigue results available
Cumulative damage ratio
Expected fatigue life

Expected fatigue cycles S S o
Also

Log10 scale of fatigue life

Failed/safe zones

Finge Le
006418
LLLLLL
72006418
s Frnge Lot FroosLevis

300et6, scomern 3050001 _
5400818 __ b 8100018 ;w.-e«,l
A5aeHe, max=ges! romes M mecsyateensaes <SR B e
sooneris | e 9 e
e 00 . . e
150uev__ asonerts_

eomers_
L Lld 270mers
12047, Asoeers_

comery

Expected fatigue cycles

Expected fatigue life Expected fatigue life, log10 scale
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Time domain fatigue analysis - What is needed?

Model & Load case
“CONTROL_... |_— *FATIGUE_D3PLOT/ELOUT

*DATABASE._...
*NODE
*ELEMENT_...
*SECTION_.. .
[PART... “MAT_ADD_FATIGUE :> Fatigue results!
“LOAD. ... (Matched by MID)
T *DATABASE_D3FTG
fDvnAa \nsys Copyright © 2020 DYNAmore Nordic AB



Time domain fatigue analysis - What is needed?

From this point you can choose to further refine and/or add on features to the
fatigue analysis.

Model & Load case

*CONTROL._...
*DATABASE _...

‘NODE +— *FATIGUE_MULTIAXIAL
*ELEMENT_...

SECTION . ° *FATIGUE_...

PART.... WAT_ADD. FATIGUE j} Fatigue results!

*MAT_.. (Matched by MID)
*LOAD_...

*FATIGUE_D3PLOT/ELOUT

<— *FATIGUE_LOADSTEP

\ “DATABASE_D3FTG

*

*FATIGUE_MEAN_STRESS_CORRECTION

fDvnAa \nsys Copyright © 2020 DYNAmore Nordic AB
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Example - Notched bar

In this example the restart option is not used.
It is then suggested that the fatigue-keywords are defined in a separate ‘run-file’, fatigue.k

stress.k fatigue.k
*CONTROL ... : *FATIGUE_ELOUT output
include
*DATABASE .. » *DATABASE D3FTG | — | D3FTG
*NODE “MAT_ADD_FATIGUE
*ELEMENT _... R
*SECTION_..
*PART ... =
“MAT ... S|
*LOAD ... % m
* Y 5
O
|_
s

binout (incl. elout)

1. Run fatigue.k to get d3ftg results

fDvnAa \nsys Copyright © 2020 DYNAmore Nordic AB
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Example - Notched bar

In this example the restart option is used.
It is then suggested that the fatigue-keywords are defined in a separate ‘run-file’, fatigue.k

/ Remove ELOUT-output!

stress.k *CONTROL_...
*CONTROL_... Copy stress.k [DATABASE...
*DATABASE._.. »| NODE
“NODE s
*ELEMENT_... *SECTION_...
*SECTION_.. “PART ...
“PART_... MAT ...
“MAT_... “LOAD_...
“LOAD_... o, :
. y

1. Run stress.k to get binout file

binout (incl. elout)

*INCLUDE

fatigue.k
*FATIGUE_ELOUT output

2. Copy stress.k and remove
The ELOUT-history from the file

v

*DATABASE_D3FTG |——m>
*MAT_ADD_FATIGUE

D3FTG

3. Run fatigue.k to get d3ftg results
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Example - Notched bar

Model
ELFORM = -1

*MAT_ELASTIC_(TITLE) (001) (1)

=

TLE

Generic steel

*
MAT_ELASTIC B . = - o8
2 7.850e-09 2.100e+05 0. 3000 0.0 0.0 0.0
rDY N A \n sys Copyright © 2020 DYNAmore Nordic AB
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Example - Notched bar

Load case
Fixed BC

Fully reversed loading (no mean stress influence)

Load curve
L

0.5

Load

-0.5

Fixed (SPC -
( ) Termination time =8 s

14

A Curve 1
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Example - Notched bar

Fatigue set-up

Stress based

Re;tart with ELOUT-data

RESTRT TEXPOS

Max. principal stress

1 BINARY oT
0. 1000000

!

1 -

*FATIGUE_ELOUT (1)

DMGMIN
0.0

Browse

Model & Load case

*DATABASE D3IFTG (1)

*FATIGUE_D3PLOT & smp only today

*CONTROL ...
*DATABASE._...
*NODE
*ELEMENT_...
*SECTION_..
*PART_...
*MAT_..:
*LOAD_...

*

*
| *FATIGUE_D3PLOT/ELOUT [[{L_J

*MAT_ADD_FATIGUE
(Matched by MID)

T~ “DATABASE_D3FTG D&J

*

TbvnaAa
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Example - Notched bar

: ~“MAT_ADD_FATIGUE_(TITLE) (000} (1) )
log-log interpolation 5-N amplitude ‘

Fatigue material data

TITLE

Fatigue material data

1 D= LTYPE A STHRES SMLIMT SNTYPE
TITLE
: 4321 1 - || DO 0.0 0.0 1 - || 1 -
Generic steel
RO Repeated Data by Button and List
7.850s-00 2.100e+05 2 UNUSED UMNUSED UMNUSED Ai Bi STHRESI

S-N curve

Im=

Im

_A Curve 4321

Model & Load case
*CONTROL._... | _— *FATIGUE_D3PLOT/ELOUT

T 1000 -

= “DATABASE ...

3 “NODE

2 *ELEMENT _...

E *SECTION_ ..

< 100- “PART_.... *MAT_ADD_FATIGUE
« F “MAT ., +——————

g, i “LOAD. ... (Matched by MID)

w0 -

*

10 AT Ll L L L L] L \
100 10|DO 10000 18-1-05 leiDG 1e-||-07 le+08 le+09 *DATABASE—D3FI-G Iﬁ

Number of cycles

fDvnAa \nsys Copyright © 2020 DYNAMore Nordic AB
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Example - Notched bar

Run stress.k
Check binout/elout
/\ -A_max_principal_stress @ 129514[1]

100 _B_min_principal_stress @ 129514[1]
Element id: 129514 f / \
50

A

-150

Fatigue, bar w. groove

150

min_principal_stress
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Example - Notched bar

Copy stress.k

1 STRSN INDEX RESTRT TEXPOS
0 - 1 - 1 - 0.0

2 FILENAME
binoutQ000

T

binout in run-directory!

*FATIGUE_ELOUT (1)

DMGMIN
0.0

Copy of stress.k
$*DATABASE_BNDOUT
G# dt binary lcur ioopt
% g.81 4] 4] 1
$*DATABASE _ELOUT
s# dt binary lcur ioopt optionl
—— $ .01 2 0 1
$*DATABASE GLSTAT
G# dt binary lecur ioopt
% 0.01 2] 2] 1
$*DATABASE_SPCFORC
ELOUT not activel! — s dt  binary leur icopt
% g.81 4] 4] 1
$*DATABASE _HISTORY SHELL SET
t# idl idz id3 id4 ids
% 6 4] a 4]
$*DATABASE _HISTORY SOLID SET
4# idl id2 id3 id4 id5
% 5 4] 4] 4]
*CONTROL_ACCURACY
Ga# osu inn pidosu iacc
1 4 o] 1
*CONTROL_ENERGY
G# hgen rwen slnten rylen irgen
2 2 2 2 2

4]

option2

ide6

idé

4]

option3

id7

id7

e

optiond

ids

ids

e

TbvnaAa
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Example - Notched bar

Run fatigue.k
View results in D3FTG

Fatigue, bar w. groove
Time = 0

Contours of Cumulative damage ratio 4.869e-07
max IP. value I
min=5.66321e-17, at elem# 129792 4.382e-07 |
max=4.86863e-07, at elem# 129538 3.895e-07 |

e 3.408e-07 _
2.921e-07 _
2.434e-07 _|
1.947e-07 _
1.461e-07 _
9.737e-08
4.869e-08 ]
5.663e-17

Cumulative damage ratio

fDvnAa \nsys Copyright © 2020 DYNAmore Nordic AB
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Example - Notched bar *FATIGUE_LOADSTEP

Card 1 1 2 3 4 5 6 7 8
D 3 FTG Variable | TSTART | TEND TEXPOS
Type F F F
Default none none 0.0

TSTART = 0.0 TSTART = 0.0
TEND = 4.0 TEND = 8.0 Cumulative damage ratio

4.869e-07

Cumulative damage ratio _.
2.479e-07 4.382e-07 |
2.231e-07 ] 3.895e-07 |
1.983e-07 _| 3.408e-07 _
1.735e-07 _ 2.921e-07 _
1.487e-07 _ 2.434e-07 |
1.239e-07 _ 1.947e-07 _
9.915e-08 _ 1.461e-07 _
7.437e-08 _ 9.737e-08
4,958e-08 4.869e-08 l

5.663e-17

2.479e-08 l A
2.473e-17
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Last words

Fatigue analysis of models containing...
Contacts
High order elements
Rubbers
Prestress
Inteference
Initial stress/force

L] L] '
[ X X ] ] S n OW p O S S ] e ) :d3plot : 170908 Rubber bellow demo case, bending, 113 deg, stiffer conlacts,statics s STATE 1, TIME 0.00000000E+00

Courtesy of
Kongsberg
Automotive, Thule
Sweden, Swisslog,
Volvo GTT and
Dellner Couplers
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Useful sites - User support

support@dynamore.se
Customer support

www.dynaexamples.com
LS-DYNA example-models for different disciplines

www.dynalook.com
Papers from LS-DYNA User’s conferences

www.dynamore.se/en/training/seminars
Seminar and Webinar schedules
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Thank you!

bvnna
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Your LS-DYNA distributor and
_________________________________________ more
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