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Today’s Goals

e Question #1.:

e What random profile is needed (and for how much
time) to accurately simulate the end-use environment
over the life-cycle of my product?

e Question #2:

e My product operates in many different vibration
environments, how can | confidently combine them
into one accelerated test?

e Question #3:

e How can | use the FDS to accelerate my test?
ASTR 2014, Sep 10 - 12, St. Paul, MN
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Background

e What is Fatigue Damage?

— How does a UUT experience damage?
1) Exceeding characteristic instantaneous stress limits
2) Long-term damage due to fatigue
e How can we shorten tests, or the time required to
acquire data for a test?

— Apply an equivalent amount of fatigue damage, leaving
you free to adjust the time that the test runs.

* In theory, a specific amount of damage leads to
failure.
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Calculating Fatigue: S-N Curve, Miner’s Rule
e MIL-STD-810G! (Method 514.6, Annex A) states that:

e “The most commonly used method for calculating a reduction in test
duration is the Miner-Palmgren hypothesis that uses a fatigue-based power
law relationship to relate exposure time and amplitude.” This is the case in
our fatigue-based import.

e A major assumption that usually accompanies the Palmgren-Miner
linear damage hypothesis is that the slope of the S-N curve is
approximately linear on a log-log plot. In the Henderson-Piersol!
approximations that undergird much of this algorithm, this
assumption is stated as:

N=cxS?P

!Fatigue Damage Related Descriptor for Random Vibration Test Environments, Henderson/Piersol
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Calculating Fatigue: S-N Curve, Miner’s Rule

e S-N Curve (S for stress, N for cycles):

e Miner’s Rule:
eN=cxSP

e Cis experimentally found to be between 0.7 and 2.2.
Usually for design purposes, C is assumed to be 1.

e —p is related to the slope of the S-N curve
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Creating the Fatigue Damage Spectrum

e Stress cycle amplitudes are weighted non-linearly
(because of power function) — see Henderson-Piersol assumptions?

e N=cxSP
* Cycles are accumulated to get accumulated fatigue at
that frequency; according to Miner’s Rule

e D = Z— D « ZlnlSlb

n; = number of cycles applied with peak stress, S;
Ni= number of cycles with peak stress, S;, needed to cause failure
D = total damage

!Fatigue Damage Related Descriptor for Random Vibration Test Environments, Henderson/Piersol
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Creating the Fatigue Damage Spectrum

Fatigue Damage Spectrum for GM File

3« eyliw Ch1f]

* Process is repeated at a spectrum of °
frequencies, with one fatigue number
at each frequency

Damage per second
=
(=}
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Frequency (Hz)

* Plot of Fatigue vs. Frequency is the 4 s
fatigue damage spectrum?

Damage per second
=
(=}

2The Fatigue Damage Spectrum and Kurtosis Control, John & Philip Van Baren 10

-12 v ' . [

ASTR 2014, Sep 10 - 12, St. Paul, MN 105 - Py — ::I::103

Frequency (Hz)




SPMT

IEEE COMPONENTS, PACKAGING AND
MANUFACTURING TECHNOLOGY SOCIETY

July-28-14

Fatigue Damage Spectrum

Damage per second

Fatigue Damage Spectrum for NAVMAT Profile

Fraguency (Hz)

Generic FDS for NAVMAT Profile
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How to Compute FDS

e An acceleration waveform
is converted to a velocity
waveform

— By integrating the
acceleration waveform
— Velocity is desired because

Henderson-Piersol
equations utilize velocity*

1Fatigue Damage Related Descriptor for Random Vibration Test Environments, Henderson/Piersol
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How to Compute FDS

* \elocity is proportional to stress?

e NEW! It is demonstrated that you can use

acceleration, velocity, or displacement, all result in
the same end PSD

— FDS is different for acceleration, velocity, and
displacement

— But PSD is the same in each case (because it is simply the

equivalency of two waveforms)

IFatigue Damage Related Descriptor for Random Vibration Test Environments, Henderson/Piersol
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FDS for A-V-D

Different FDS for each methodology for a test of K=4
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PSD resulting from A-V-D

PSD for K=4 trial for all three methodologies

ASTR 2014, Sep 10 - 12, St. Paul, MN
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How to Compute FDS

e Stress waveform is narrow- .
band filtered L

— Specific Q value is used

e Filtered stress waveform has
stress peak-valley cycles
counted using a Rainflow
counting algorithm

— Can be calculated with
Matlab’s Wafo Toolbox3 Rainflow Cycle Count for GM — E_01 File

— VibrationView software Using WAFO tools in Matlab
internally calculates

3Tutorial for WAFO version 2.5. Lund University, March 2011
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Q1: How to Generate a Random Profile to Simulate

End-Use Environment

Import Recording
Set m and Q values
Set Frequency Range
Create Table

July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN 15
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lllustrating Random Profile and End-Use Environment

Recordings are Same

r B
Fatigue Damage

r B
Fatigue Damage

1x1024
o :
o
o
E ]
o x10°:
- :
j=2}
m
E ]
7]
O 1x10
@« E
o 10%:
= E
[\ ]
L 110,
2 10 100 1000
Scan Frequency (Hz)
‘ Table I Schedule | Parameters | Limits | Pre-Test | Channels | Data I Tables I Calc I R-oR | 5o | 5-0-R Param | Notch | Import |_
[Select Acceleration time history File v] K:\GM\Achatzle_01.vfw [o:]
= Summary File Settings )
Length: 1814528 i Sampling rate | #192.0
Acceleration (Positive): 0.7019 G Header lines

Acceleration (Negative): -0.484 G
Acceleration (rms): 0.05539 G
Velocity (Positive): 3.2 infs [¥] Remave values with low spectral content
Velodty (Megative): -2.153 in/s E Import Method

Velodty (rms): 0.2643 infs

Column File Units |G

Displacement (Positive): 0.2512in tines | 200
Displacement (Negative): -0. 1744 in m 4 Q 10
Displacement {rms): 0.02386 in
Kurtosis: 10.3 Fatigue Damage Spectrum Settings
= Header 2 Hzto 1000 Hzat 1/ 24 octave
S Rate: 8192 H
ample Ra : Recorded File Target Life Test Duration
Channel count: 1 - -
0:03:41.500 0:03:41.500 — 0:03:41.500
Profile RMS Vel. RMS Disp. Pk-Pk [CJkurtosion(R) Time Compression
Loaded: 0.3007 G 0.5895 infs 0.03489 in Kurtosis [ 10.3419 Transition Freq| 10 Hz
Scanned: 0.063% G 0.1861 infs  0.0855 in [ combne |[ Resenfle | creaetable |

Select a file containing acceleration time history, a file with table of breakpoints, or create a table recording the inputs.

Fatigue Damage (damage)

10 100 1000
Scan Frequency (Hz)
| Table I Schedule I Parameters I Limits I Pre-Test | Channels | Data | Tables | Calc | R-0-R | S-oR | S-0-R Param I MNotch | Import L
[Select Acceleration time history File v] C:\VibrationVIEW Recording',20 14Jul17-1502.wfw (=4
= Summary | File Settings

Length: 909838 i sampling rate | 4026.0

Acceleration (Positive): 0.2857 G Header lines

Acceleration (Megative): -0.2782 G Column Fie Urits G

Acceleration {rms): 0.06324 G
Velocity (Positive): 0.6514in/s
velodity (Megative): -0.7151in/s
Velodity {rms): 0.1674in/s
Displacement (Positive): 0.05265 in
Displacement (Negative): -0.0573in
Displacement (rms): 0.01419 in
Kurtosis: 3.02

[= Header
Sample Rate: 4096 Hz
Channel count: 1

m

Profile RMS Vel. RMS
Loaded: 0.3007 G 0.5895 infs
Scanned: 0.06025 G 0.1723  infs

in

in

Remave values with low spectral content

Import Method
Peak hold Lines 200
Average
Fatigue Damage m 4 Q 10

Fatigue Damage Spectrum Settings
2 Hz to 1000 Hzat 1/ 24 octave
Recorded File Target Life Test Duration
0:03:42.141 0:03:42. 141 : 0:03:42, 141
[ Kurtosion(R) Time Compression
Kurtosis | 3.01894 Transition Freq | 10 Hz

[ Cornbine ] [ Rescan File ] [ Create Table ]

Original End-Use Environment
July-28-14

Recording of End-Use Environment

ASTR 2014, Sep 10 - 12, St. Paul, MN
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Equivalency Test Demonstration

e Used GM DO1
 Equivalency test run — produced same FDS

July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN
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Q2: How to Combine Many Different Environments
into one Accelerated Test

Import Recording
Set m and Q values
Set Frequency Range
Create Table

Repeat for as many environments as you have

July-28-14

Displacement (rms): 0.08142 in
Kurtosis: 161
= Header
Sample Rate: 8192 Hz
Channel count: 1

[ ™
N Acceleration hd
L
o
9, 1x10%y
=
[}
5
0O 1104
™
=
5}
P
@ D0y
|
[=]
=
[
@ 110®
i)
5}
Sean 2
< 2 10 100 1000 5000
emand Frequency (Hz)
‘ Table I Schedule | Parameters I Limits I Pre-Test | Channels | Data | Tables I Calc I R-oR I s5oR I 5-0-R Param I Notch ‘ Import |_
[Selact Acceleration time history File v] K:\GM\Achatz\A_01.vfw &)
= Summary File Settings .
Length: 743424 - Sampling rate | 8192.0
Acceleration (Positive): 20,18 G Header lines
Acceleration (Megative): -7.034 G
Col File Units
Acceleration (rms): 0.2168 G almn e Uni= (&
Velodty (Positive): 10,65 infs [¥]Remove values with low spectral content
Velodty (Negative): -12.86 infs = Import Method
Velodty (rms): 0.9079 in/s ) Peak hold
- o ) - 26000
Displacement (Positive): 0.987in 7 Average
Displacement (Negative): -0.7323in @ Fatigue Damage m 4 Q0

Fatigue Damage Spectrum Settings

Profile RMS Vel, RMS
Loaded: 0.2235 G 0.6551
Scanned: 0,32 G 0.8795

Select a file containing acceleration time history, a file with table of breakpoints, or create a table recording the inputs.

2 Hzto 1000 Hzat 1f 24 octave
Recorded File Target Life Test Duration
hd 0:01:30.750 0:01:30.750 : 0:01:30.750
Disp. Pk-Pk [ Kurtosion(R) Time Compression
ns 017 in 10812 0
infs  0.2931  in [ Combing ] [ Rescan File ] [ Create Table ]
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Combining Recordings

r y
Random Test Settings — EI_IQ Random Test Settings gl
9 i — 9
N Acceleration Scan 11 [Fah’gue Damage V]
I
402 130002 =, 7
o X 5 A
= o 1x10
= @ -
£ £ 1x10
c
2 110 5 x10®
= Scan® +
o caﬂ% 1x106
E scang  1%10
o 1x10% T qyqgs
w scarld o
= o 110
< S
= cansh - 4,1:° b
o = © B i
o 1x10% Scarll  CarBiifl et
8 greliy S
s (=} Scan 2
can=g 2 10 100 1000 2 10 100 1000
Frequency (Hz) Scant  Sgff Frequency (Hz)
[ Table [ schedue | Parameters [ Limits | Pre-Test | Channels | Data [ Tables | cac [ Ro® [ soR [ soRParam | ;% | schedue | Parameters | Limits | Pre-Test | chamnels | Data | Tables | calc | ro® | soR [ soRParam
| Notch | Import | Combine | | Notch | Import | Combine
. . & Recording Target Target
[Se\ect Acceleration tme history File v] K:\GMVAchatz\m_01.vfw . . | select Fiename AMS (G Duration e ife Type |
£ Summary ~| | Fie Settings [#1  A_0Lvfw, Col.1 0.2168 0:01:30.750  0:01:30.750
Length: 999424 & Sampling rate | 8192.0
) . b_01.vfw, Cal.1 0.1224 0:00:55.500  0:00:55.500
Acceleration (Positive): 0.7655 G Header lines
Accelerat tive): -0.7882 G c_01.vfw, Col.1 0.1541 0:00:25.500  0:00:25.500
Acceleraﬁnn {Nega. UVE)QSDZG Column File Units |G E
ceeleration {fms): 0. | d_DLvfw, Col.1 0.5022 0:03:13.250  0:03:13.250
Velodity (Positive): 3.054 injs || Remave values with low spectral content I
Velodity (Negative): -1.527 infs =|| - 1mport Method e_01.vfw, Col.1 0.05939 0:03:41.500  0:03:41.500
Velodity (rms): 0. 1859 in/s () Peak hold . f_oLvfw, Col. 1 0,1265 0:02:10,250  0:02:10,250
. . - ines | 200
Displacement (Positive): 0,2924in () Average oLy o1 o082 0:00:40 0:00:90
Displacement (Megative): -0.1497in 5 Fatigue Damage m 4 Q m 901 viw, Lol ' i i
Displacement (rms): 0.01652in h_01.vfw, Col.1 0.1301 0:00:39.500  0:00:39.500
is: 4. Fatigue Damage Spectrum Settings
Kurtosis: 4.32 = i_0t.vfw, Col.1 0.5024 0:00:25 0:00:25
[=] Header 2 Hzto 1000 Hzat 1/ 24 octave @
Sample Rate: 8192 H; [¥]10 1_01.vfw, Col.1 0.1084 0:02:54,500  0:02:54.500
ampe Ra = Recorded File Target Life Test Duration :
Channel count: 1 - = =
0:02:02 0:02:02 —  0:0Z:02 — Target Test
[FKurtosion(R) Time C . Profile RMS Vel. RM3 Disp. Pk-Pk. Life Duration
rtosion(R) Time Compression
Profile RMS vel. RMS Disp. PkPk Crtoss | 4 1151? S e = Combined: 0.4182 ¢ 0.8605 infe  0.23866 in | 0:22:35.500 | 0:22:35.500
. urtosis 3 o ransition Freq | 1 Iz can
Loaded: 0.3007 G 0.5895 infs 0.03489 in [T Kurtosion(R) Time Compression
| scaned: 0,097 & 04755 s 0.06655 in 13) || RescenFie || CreateTable Clear Cache Kurtosis| 3 TransitonFreq| 10 Hz Create Teble
I Select a file containing acceleration time history, a file with table of break#bints, or create awa recording the inputs. Add another FDS scan to the cache.
'
— = = v

As many files as are imported, show up in the “Combine” button. Click “Combine” and the FDS for each file
is shown; including the FDS of the Combined plot.
July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN 19
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Setting Target Life

GM'’s durability tests for

a variety of environments
are loaded

Each file had a specified
number of repetitions to
simulate end-use
environment

The number of repetitions
were entered as “passes”
under Target Life

ASTR 2014, Sep 10 - 12, St. Paul, MN
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Setting Test Duration

e Total Target Life for combined test was 603 hr.
e GM desired a shorter test (16 hr test)

Note the increase in GRMS:
e From 0.3424 Gt0 0.8483 G

O

July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN 21
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Q3: How to Use FDS & Kurtosion® to Accelerate a Test

e Accelerate a test:

— Use FDS
O
O

— Use FDS and Kurtosion®

- O

July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN 22
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Using FDS to Accelerate Tests

GM file EO1 was imported
with Fatigue Damage Import

M and Q defined

Target Life and Test Duration
set for desired levels

Note the increase in GRMS

and PSD (compared to
Average Import) © OO

ASTR 2014, Sep 10 - 12, St. Paul, MN
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Accelerating Test with FDS

e Compare FDS plots of original imported file wi
adjusted Target Life and Test Duration

Random Test Settings

Fatigue Damage v]

Fatigue Damage (dama

2 10 100 1000 I
Scan Frequency (Hz)
[ Table | schedue | Parameters | Limits | Pre-Test | Channels [ Data | Tables | Cac | R0 | 5o-R | 5-0R Param | Notch | Import |
lSElE(t Acceleration time history File v] K\GM\Achatzle_0L.vfin [
= Summary i File Settings ) .

Length: 1814528 Sampling rate | 519

Acceleration (Positive): 0.7019 G Header lines

Acceleration {Negative): -0.484 G

Col File Units

Acceleration {rms): 0.0593% G olmn e Units |6

Velocity (Positive): 3.2 infs [#] Remove values with low spectral content

Velocity (Negative): -2.153in/s = Import Method

Velocity (rms): 0.2643 in/s “ Peak hold

Displacement (Positive): 0.2512in

_) Average
Displacement (Negative): -0.1744in @ Fatigue Damage m 4 Q 10
Displacement (rms): 0.02386 in
Kurtosis: 10.3 Fatigue Damage Spectrum Settings
[=] Header 2 Hzto 1000 Hzat 1/ 24 octave
Sample Rate: 8192 H;
ampie Ra i Recorded File Target Life Test Duration
Channel count: 1 -
0:03:41.500 0:03:41.500 0:03:41.500
Profile RMS Vel. RMS Disp. Pk-Pk [ kurtosion(R) Ti
loaded: 0.3007 G 0.5895 injs  0.03489 in 10
Scanned: 0.06346 G 01861 infs 00855 in | combne || Rescanfie || cresteTable |
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Using Kurtosion® with FDS to Accelerate a Test

e Original Fatigue Damage Import assumes Gaussian
distribution. Converting the FDS back to a PSD (through
Henderson-Piersol equations) assumes Gaussian

e Kurtosion® can be added to Fatigue Damage Import to
further accelerate test

e Kurtosion® will provide the same amount of total fatigue
damage, but do so in a faster time (because large peaks
are restored to the test)

ASTR 2014, Sep 10 - 12, St. Paul, MN
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Using Kurtosion® with FDS to Accelerate a Tes

Random Test Settings

Fatigue Damage -

-

1x10°4
11074
11074
1x10°
1107 4

1x107% 4

Fatigue Damage (dama

%1054
2 10

p
Scan Frequency (Hz)

00

1000

Table I Schedule | Parameters I Limits | Pre-Test I Channels I Data I Tables I Calc | R-oR I 5-0-R I 5-0-R Param | Motch | Import L

[Se\ect Acceleration time history File v] K:\GMYachatzle_01.vfw

(= Summary
Length: 1814528
Acceleration (Positive): 0.7019 G
Acceleration (Megative): -0.454 G
Acceleration {rms): 0.05939 G
velocity (Positive): 3.2infs
Velodty (Negative): -2.153 infs
Velocity (rms): 0.2643 infs
Displacement (Positive): 0.2512in
Displacement (Megative): -0.1744in
Displacement {rms): 0.02386 in
Kurtosis: 10,3

= Header
Sample Rate: 8192 Hz
Channel count: 1

m

Vel, RMS Disp. Pk-
0.5895 infs 0.03439

0.4611 infs 0.1626 in

()

File Settings
Sampling rate | §192.0
Header lines
Column File Units | G
[¥]Remave values with low spectral content
Import Method
Peak hold Lines | 200

@ Fatigue Damage m 4 Q 10
Fatigue Damage Spectrum Settings

2 Hzto 1000 Hzat 1/ 24 octave i

ded File Target Life Test Duration
246:00:00 = Be3vag|
) Time Compression
rkosis | 10,3419 Transition Freg| 10 Hz
[ Combine ] [ Rescan File ] [ Create Table ]

July-28-14
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Kurtosion® Accelerates Test

e Kurtosion will NOT add to the fatigue

— Fatigue bucket fills faster

— Fatigue bucket fills with a lower GRMS level

Navmat K=3 Navmat K=7

July-28-14 ASTR 2014, Sep 10 - 12, St. Paul, MN
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CONCLUSIONS

e End-Use Environment can be simulated with
Random Profile using Fatigue Damage Import

 Multiple End-Use Environments can be easily
combined with Fatigue Damage Import

e Random Vibration Tests can be Accelerated using
FDS and Kurtosion®

ASTR 2014, Sep 10 - 12, St. Paul, MN
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QUESTIONS???
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