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How to understand the fatigue content of loads ? SIEMENS
Comparison of two measurements lngenuity for tife

Road A Road B

Time Time
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How to understand the fatigue content of loads ? SIEMENS
Comparison of two measurements lngenuity for tife

Road A Road B

Time Time
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How to understand the fatigue content of loads ? SIEMENS
Damage calculation lngenuity for tife

Loads

o, F

A oA (£ ]
A=

\J

\
Rainflow counting ! S-N curve for
-> Cycles, range & mean Z% CA loading \\“
i=1
L : N;
> Damage accumulation «

|

Damage
Fatigue life (= 1/Damage)
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How to understand fatigue content of loads ? SIEMENS
What is an S-N curve ? lngenuity for tife

Finite life Infinite life
Low cycle High cycle |
——— fatigue T fatigue ¢ >
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Number of stress cycles to failure (N)
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How to understand fatigue content of loads ? SIEMENS
Endo (1968). Rainflow counting for variable loads lngenuity for tife

Rainflow counting = technique to decompose a spectrum of varying, complex stress
into a set of simple stress reversals

‘To’ load level
Load history 123456 78910
10 look for closed loops 1§
9 2|
8 3
7 4 +1
6 5
5 6
4 T
3
2 L+
1 —

Rainflow-matrix:
the number of cycles
is cumulated in
the from-to cells

Classification
into bins

Tatsuo Endo
*1925 41989
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How to understand fatigue content of loads ?
Rainflow characteristics
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How to understand fatigue content of loads ? SIEMENS
Counting methods benefit lngenuity for tife
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« Representations - easy to understand

« Ability for fatigue related data manipulation (editing, extrapolation, superposition)
- Easy way to compare data

< Simple counting algorithms

« Substantial reduction of data amount

Same counting result = Same fatigue potential
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How to understand fatigue content of loads ?

Palmgren (1924) — Miner (1945). Damage accumulation rule
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Assume that, during the service life, we have

500 cycles of load type 1

(defined by mid-value and magnitude)

1000 cycles of load type 2

and 10000 cycles of load type 3
the Palmgren-Miner rule states that failure occurs
when

I
25
Nl
_ i=1
with:
n, = the number of actual applied load cycles
of type i

N, = the pertinent fatigue life for that specific
applied load cycle i
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How to understand fatigue content of loads ?
Rainflow = Range-pair = Damage = Cumulative damage

Rainflow

1

From

Folding:

No distinction
between
standing

* /hanging cycles

Cumulative damage

Range

6

.

Damage
accumulation
(Miner’s rule)

——

Pseudo-damage
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Rainflow (symmetric)
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Damage

Axes rotating:

X-axis = Mean
Y-axis = Range
—_—

Take S-N curve
into account for
pseudo-damage
distribution
——
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Rainflow (range/mean)
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How to understand fatigue content of loads ?

_ SIEMENS
Comparlson of two measurements

,hg,u\uify ‘for (Xft
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How to understand fatigue content of loads ? SIEMENS
Scatter in loadings lngenuity for tife

Scenario: 6 measurements Six different load histories

One lap on same road Six different range-pair histograms

Same weather conditions Six different damage values

Six different drivers Six different fatigue lifes

Range-pair histograms (cycle count) Damage histograms (cumulative damage)
i o’ 50 180 Sd‘oc:ur:..?lﬁétaiEféc&nc\:ao?;ihont " T0600.0 1000860 " 0. o000 o 0P0RT Cumumuvgﬁﬂég:gg T h.0aer
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How to design realistic test schedule ? SIEMENS
Target setting, handling multiple events lngenuity for tife

Load Histories Rainflow Matrices
WW\‘ Extrapolate

‘ ‘ > il > >

1=0. | » Tl
Special test W

| \B| e
Worst customer case W
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How to design realistic test schedule ?
Target setting, handling multiple events

10% p
Test track
‘ =0 ‘ > 25% b
Special test
&, 65% b

Worst customer case
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TARGET

Superposition
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How to design realistic test schedule ?
Target setting — Extrapolation for longer duration

Single lap BEEEEEED . Q!
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Simply multiplied x6

Extrapolated

Similar to real
measurement !
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How to design realistic test schedule ?
Target setting — Extrapolation for longer duration

SIEMENS
lug,u\uify‘for&fa

Parameterization
+ Extrapolation factor (“number of laps”)
« Smoothing factor (“reliability of data”) =——» Compensate for scattering on:
Type of drivers | Load data | Component dimensions | Material properties | ...

2 16 24 32 40 4B 56 B4

his

r -4000.00

8 7 o
Extrapolated matrix
16 9 r-1500.00
24 3 r -250.00
— r -4000.00
o 32 ro1gooon =2, #
r-2750.00
40 F 225000
- 11 -1500.00
48 -|r 350000
r -250.00
56 9 -|r 475000 —
r 100000 Z
84 :I T T T T T T T 1 - BDDD DD 4D [ 2250 DU
-4000.00 -150000 100000 350000 BOOOD.00
[M] 48 350000
Original matrix 56 - - 475000
B4 = -~ 6000.00
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-4000.00 -1500.00 100000 350000 6000.00
N
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How to design realistic test schedule ?
From target to test procedure

SIEMENS
lug,u\uify‘for&fa

| | | |
| OD | Special test llI

Special test Il

B

Special test |

==

Test track D
‘ @ ‘ Test track C

Test track B

D ¢, - track Track mixture
? Equal
damage !
Test schedule Target
=Ox =O:
3x Special test I X Specialtest Il
6X %kB 4X Test track D

Test track A
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How to design realistic test schedule ? SIEMENS
From target to test procedure using LMS Tecware CombiTrack lngenuity for tife

CombiTrack File : CADOCUME1isht\LOCAL S~ 1 Tempisht rdes 001 ctr T R I
o arget esult
Date 02192011 15:36:02
to
hode Histogram optimization P e i A i i e e e R EEE T
Runtime 30 : ! ‘j’ 1 ngn
275 8 T s
rrarget] 1z 1002 2 101
c ) 1€ 1743 16 1065
amparison Glabal x 26 o o
Load wariable 1 RAIMFLOW | %TECWWAREH OME R \dematcombitracktarget erfm | force_wertical 4 3209 A 302
2 Ty 5
Leadvariable 2 Tarqet RANFLOW | %TECWAREHOMES \demoteombitrackitarget arfm | force latera o g 5 g
Load warable 3 RAIMFLOW | ETECYWAR EH OMEE \demotcombitracktanget erfm | force_long T 5408 j; 5634
& B121 6427
[Cosfficients] “ et . o
7608
Track ‘Wieighit Track ‘rzight 5 - i 8739
9502
Race Trackf 1 RaceTrackB o :E 074 m 1ca8e
9807
MatureTrack A8, o HatureTrack AR 1] 84 10540 e T e i e e
Track1 10 Nr Of traCk Track? ] -1190 6 1743 2208 ‘%5 B4 7808 907: 1054] U]
Track3 1} repetitions Track# 1
Tracks 1 Trackf 1
Track? 15 Tracks 1
12000
Channel Tanget CombiTrack 11000
force_wertical 0.0505 0.05 1D|:|DD ]
force_|ateral 9782363 1E2 o000 ]
force_lang 2115363 21173ES Target 5000 4
damage ]
Combi . Damage __ 7000 1
ombi Track Target : Z 5000 -
per channel = ]
I 5000 4
force_vertical 4000
3000
force_lateral 000 ]
force_long 1000 1
U T | arget
1.0 30 100 100.0 1000.0  10000.0 100000.0 10000000.0 — Result
Cumulative Cycle Count (Residue: Repeated Block)
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Customer correlation

SIEMENS

Statistical approach = Fleet measurement required lngenuity for tife

Traditional customer correlation

Extensive

measurement

setup

(50+ channels)
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Very limited
sample size
(1 car, few weeks)

l

Limited
customer
relevance !

LMS CuCo: Fleet measurement

Lean CuCo
measurement
setup (8 channels)

A —

o

=y Extended
sample size
(Fleet: 5+ cars,

High
customer <
relevance !
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Customer correlation SIEMENS
CuCo project structure lngenuity for tife

Phase 1: _ T Measurements
Base data collection e ] |
on proving ground —— P +
. In ; E QOut
Phase 2 : . : Proba;uity : .
: 5 py Fias : Modelin
Correlation model : : 9

.
Fatigue loading a
i

Phase 3: Phase 4: Analysis

measurement

Fleet meaSurementS setup (8 channels)
, aﬂaﬂ Customer correlated
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LMS Customer Correlation SIEMENS
Result: “Fingerprint” of Customer Representative Loading lngenuity for tife

/@) “Fingerprint” of major vehicle loading components

%‘ Durability
S Customer Test
a Usage
2
Braking load () 2 7 \\
1000 g 4 S
o

Loading / Strength

Lateral load (y) Acceleration load (x)

= s Durability Test
Vertical load (z) Vertical load (z)
Low frequency High frequency

= 1% Customer EUR

== == = 1% Customer New Market
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SIEMENS

How can you accelerate a test ?
,hg,u\uify{or&ﬁ

MWW

. o= i
Life=(loady* i WW'W%WJ.W
) 1 %’WW'W
R S Y,
1 og Cycles t:ffailure . " : ol | ] St MW R
Increase g Increase 9 Omit non- 9 Simplify
speed amplitude damaging events the test

Basic principle = conservation of damage
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How can you accelerate a test ?
Increase testing speed

Increase
speed
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How can you accelerate a test ? SIEMENS
Increase testing speed lngenuity for tife

m TecWare -Kernel TimeEdit (Server mode) |Z”E”g‘ |T|E||§\
File Edit i I Help File ©ptions 1 Help
= Bz = | Exlt 272 i ]
5.?5 E 5‘% B B v O ’Q" '%' ’a M W w M‘A‘ @ o # = 4 35805: | 1 St I
m e || | I 1st patura
o i 1.00805 4 |} !
3 = ; A ! frequency
3 & ; 3.00e04 | |
= = o F | 1
m § i 1.00e04 |
g | 5 kS 3.00203 |

| = !
e : T &
LU : i+ £ oo |
Z 1 L = 3.00e02 A |

| ] 1
g = i i 1.00202 1 :
a §I 5'* 3 00601 1 :
Q| & 1.00e01 m

=] tal
= 2 3.00e00 M
L. S .|
N == D e 1 00600 4 Mo
0o 20 40 60 B0 100 120 140 160 180 200 220 240 274 1 l'*md)‘“
Time in s 3000
|22 _] 9 —— ) s 0 25 50 75 100125150175 200225 250 275300325 370
{Selec{asignal of the first point of the interval. ‘Select Signalz or Intervals O K Frequency [HZ]

Important: Avoid too high compression!

Frequency content should stay reasonably below 1st natural frequency (resonances)
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How can you accelerate a test ? SIEMENS
Increase amplitude lngenuity for tife

Load

Life=(load)*

Increase
amplitude
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How can you accelerate a test ?
Increase amplitude

Load (%) Number of cycles (%)

100 100
+1596<

115 50

87 200

Load

Yield
strength

Life = (load)*

(o)
o

. ~ Number of
log - cycles to failure
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Note:

SIEMENS
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Logarithmic nature of fatigue
Changing slightly the cyclic load applied

to an optimally shaped steel component,
has a big influence on the life time of this
component

Be careful not to generate an uncharacteristic failure

mode.

Siemens PLM Software



How can you accelerate a test ? SIEMENS
Omit non-damaging events lngenuity for tife

9 Omit non-
damaging events
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How can you accelerate a test ? SIEMENS

Omit non-damaging events — Uni-axial lngenuity for tife
All cycles below 4000N only contribute If you remove these from the loading, you end
less than 0.5% of the total damage up with 70 cycles instead of 1000

11109.7 5 - 11109.7 5
10000.0 1 10000.0 1
9000.0 9000.0
8000.0 8000.0
7000.0+ 7000.0
= 6000.0 = 6000.0
— 5000.0- — 5000.0-
4000.0 4000.0
3000.0+ 3000.0+ \K
2000.0 2000.0 Acceleration of x14 !
1000.0 1 1000.0 1 70<4— 1000
112'2_I"""'I""'"I"""'I"""'I"""'I 112'2_|| LI LI L) B B AL mTﬁ T
0 20 40 60 80 100 0.9 10.0 100.0 10000.0
Cumulative Damage [100%=6.0584E-3] Cumulative Cycle Count
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How can you accelerate a test ? SIEMENS
Omit non-damaging events - Multi-axial — RP-filtering lngenuity for tife

Uni-axial rainflow channel-per-channel is not OK

- Phase relation lost !

Lateral
Vertical Different loads !

Longitudinal

Vertical e

Lateral VWWWWVMNMM“WWW
Longitudinal MW%MMWMWMN%
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How can you accelerate a test ?

Omit non-damaging events - Multi-axial — RP-filtering

Avibute  Name Unit
N C MS\TW 3.3 QC\ dmd FORCE_long N
c: MS\TW 3.3 QC\ :_edtdmd, FORCE_long N
7N ci MS\TW 3.3 QC\ dmd FORCE._lat N
ci MS\TW 3.3 QC\ _edt.dmd,FORCE_lat N
c MS\TW 3.3 QC\ dmd FORCE_vert N
c MS\TW 3.3 QC\ :_edtdmd, FORCE vert N

o 12000

10600
9200 1
7800 1
6400 1
5000 1
3600 1
2200 q

800 -
-600 1

-2000 -
2000
1500 -
1000

500
01
-500 q

-1000 -

-1500 +

-2000 -

-2500 -

-3000 -
3000
2500
2000 q
1500 -
1000

500
01
-500 q

-1000 -

-1500 +

-2000 -

FORCE_vertN

2

FORCE_latN

gN 1

FORCE_lon

Small amplitudes/
little damage

Raladian e

el

Large amplitudes/
high damage
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™

z

Attribute

Name.

10509.7 5

7500.0 §
5000.

nit
MS\TW 3.3 QC dmd FORCE _lon¢ N
MS\TW 3.3 QC :_edt_edt.dmd, FORCE long N
MS\TW 3.3 QC dmd FORCE _lat N
MS\TW 3.3 QC ._edt_edt.dmd, FORCE lat N
MS\TW 3.3 QC ‘dmd FORCE . N
MS\TW 3.3 QC _edt_edt.dmd, FORCE vert N

Phase relation kept !

T T T T T |
§ 5.0 10.0 15.0 20.0 25.0 277
Zeit [s] 1
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How can you accelerate a test ?

Simplify the test
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the test

i
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How can you accelerate a test ? SIEMENS
Simplify the test — Constant amplitude test lngenuity for tife

Testing with =
maximum 3[

amplitude |ii

|

ool
o

| Accelerate by 4x =

Increase sine wave -

frequency ? =
330007 3300.04.
3000.0 3000.0
2750.0 2750.0
2500.0 2500.0
2250.0 2250.0 1
2000.0 2000.0
= 1750.0 = 12888
= 1500.0 0
1250.0 1250.0 4x more
1000.0 19(5)8.8— q - |
750.0 0
500.0 500.0 o5 amaging L 100
2889:” T T 1 rrrrry T T T T rrrrT T T T 1T 36:77\‘“‘\""I"“\""\""\‘“‘\""\"“\""‘\""\
09 30 100 300 1000  1000.0 0 10 20 30 40 50 60 70 80 100
Cumulative Cycle Count Cumulative Damage [100%=2.6525E-5]

C:\LMS\TecWare_36SL 1\demo\generalnature_4.erfm
C:\LMS\TecWare_36SL 1\demo\general\nature_FORCE_lat_sinewave_1.erfm
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How can you accelerate a test ? SIEMENS
Simplify the test — Block cycle test lngenuity for tife

Mix of different ‘Constant-amplitude’ tests for more representative results

Original time series Block cycle test

10509.7 7
& 12
5 . ] /
amage equivalent 3 WA S WA
il

9000.0 1
8000.0 1
7000.0 1
6000.0 1
5000.0
4000.0 1
3000.0
2000.0 1
1000.0 1

-600.03L

0.0 50 100 150 200 T
Time Is]

001_FORCE_vert [N]

nnnnn

Rainflow matrix Normal/incidental/accidental Damage calculation
(automatic or user-defined) (Standard S-N curve or user-defined)
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Application case Ford Otosan SIEMENS
Driving 1.2 million kilometers in 8 weeks lngenuity for Life

Accelerated durability testing cycles

« Meeting 1.2 million km durability requirement
- Real tests would take 3 years

- Large-scale customer data collection
+ 5000 km Turkish public road data
+ Ford Lommel proving ground

- Development of accelerated rig test
« Target setting
« Test schedule definition

« Resulting test schedule 8 weeks
« Test acceleration of factor 100

LMS engineers performed dedicated data collection, applied extensive load data processing

techniques and developed a 6- to 8-week test track sequence and 4-week accelerated rig test
scenario that matched the fatigue damage generated by 1.2 million km of road driving.
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Application case Ford Otosan SIEMENS

Project steps lngenuity for tife
Preparation Data collection Tes't §c_:hedu|e Validation

definition

e

o %

i e s |
I [ A
Loads definition * 4 months on Turkish roads -+ Data consolidation 1. PVG test
 Target vehicle « 1 week proving ground « Data analysis 2. 4-poster test of the cabine
 Current usage ui & empty) « Target 1 Mio km 3. 4-poster virtual test
Route selection of the cabine
* 5.000 km Goal
« 16 routes with 140 sections * 10.000 km PVG
in total Durability test

Instrumentation

e +/- 60 Channe|3(acc.,strain, displ.)
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Simcenter durability solutions throughout the development process SIEMENS
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Physical product

Target setting & optimization
procedures & validation.

v 4

8 & é

Understanding Design Final product test.
operational loads.  optimization.
Virtual product
validation.
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Thank you! Want to know more? SIEMENS
,hg,u\uify{or&ﬁ

Read more Explore, share and learn

Watch videos Contact the expert

Youl
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