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Abstract: This study presents the development of the STFSEddatigue data editing technique that
will be used as a tool to accelerate for accelegatatigue testing. This technique was performed by
removing low amplitude cycles contained in the i signal in order to produce a shortened signal
using the Short-Time Fourier Transform (STFT) paten The effectiveness of STFT power
spectrum was validated using an SAE random fatitpia in order to indicate the relationship between
STFT parameter and fatigue damage. The data wasateg into two segments, i.e., damage and non-
damage segments based on the 100% retention ofithieal fatigue damage. For the editing process,
the STFT power spectrum distribution was used aspdrameter to identify the damaged segment
according to the power spectrum Cut-Off Level (COIhe low amplitude cycles with power
spectrum lower than COL value were then removenhfitoe original signal. Thus, a new edited signal
was obtained which has retained almost 100% obtiggnal fatigue damage and has equivalent signal
statistic. The edited signal was found to be appnately 84% of the time duration of the original
signal.
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INTRODUCTION algorithms were developed for eliminating low
amplitude cycles, hence to retain high amplitude
Fatigue durability testing of the mechanical cycle$*®. In the frequency domain, a time history is
structure is performed extensively in all industrigs  low pass filtered on the basis that high frequenates
one of the parts in design process. In the reahave small amplitudes which are not damafinghe
application, the fatigue loading services suchteesses filtering method does not shorten the signal beeaus
on a car wheel, bending moment on the stub axi@ of does not provide the time base information.
car, stresses on the rear axle of a passengetccare The time-frequency approach has been applied to
variable amplitude histori€5s The histories often the problem of fatigue data editing through the
contain a large percentage of small amplitude eyclecompromise between the time- and frequency-based
and the fatigue damage for these cycles can bel.smaliews of a signal. The Short-Time Fourier Transform
Therefore, in many cases the fatigue loading hystor (STFT) or windowed Fourier transform is one of the
were edited by removing those small amplitudesesycl methods for transforming the time domain signab int
in order to produce representative and meaningétil y the time-frequency domain. In addition, the STFT
economical testirfg. adapted the Fourier transform to analyse only allsma
For fatigue life assessment study, fatigue dataection of the signal at one specific tifheFinally,
editing is described as a method of summarising th&TFT provides information on when and at what
fatigue data by removing small amplitude cycles forfrequencies a signal occurs.
reducing the testing time and cost. Two key factors  This study focuses on two parts, ie., STFT
were suggested in order to achieve efficient deaigsh  validation with an SAE data and editing process: Fo
modification processes to ensure adequate fatiguthe STFT validation, the fatigue data editing was
performance, i.e., the fatigue damage should be aspplied in time domain analysis to shorten theioaly
accurate as possible and the component duralektyst signal with 100% damage retains. The editing preces
should be as short as possiBleSeveral fatigue data was performed using the GlyphWorks® software
editing techniques have been developed for ustéen t package, which sliced the strain history range tkas
time domain analys. Some of the previous gate value. Gate value was obtained from strain
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amplitudes and mean stress evaluation at cut-dfftpo where E is the material modulus of elasticityis a true
or fatigue limit of the particular material. The mo strain amplitude, 2Nis the number of reversals to
damage and damaged segment in time history wafgilure,c’; is a fatigue strength coefficient, b is a fatigue
recorded. The STFT method was used to transform th&trength exponent’; is a fatigue ductility coefficient
time domain fatigue signal into time-frequency dama and c is a fatigue ductility exponent.
The spectrogram of STFT will be transposed into the In order to estimate a fatigue damage event where
time history distribution to be compared with tiwdé  mean stress/strain is involved, functional solwjom
history non-damage and damage segment in order taddition to the normal fatigue stress/strain lifeves,
study the effectiveness between STFT spectrograin arare introduced to predict mean stress and meaim stra
fatigue damage. effects. Experimental results show that mean strain
For the editing process, the STFT method was usedives a second-order effect if no severe work hargde
to transform the time domain signal into the time-has taken pla@é]. Consequently, the damage
frequency domain in order to trace the low powsele parameters are usually developed to consider mean
contained in the original signal. Those parts ween  stress effects on fatigue behaviour. Different mean
removed from the original signal in order to geterm  Stress effects have been documented for a variety o
new edited Signa| which has segments of higrmaterials and testing techniques, with the redhdt t
amplitude cycles. For this reason, low amplitudeley ~ Various mean stress theories for strain-life retethip
which have been removed have minimal or no fatigudiave emerged and no consensus exists that anyfone o
damage potential. Therefore, the original fatiguethem Is Superior to the oth&fs For examples, the
damage can be retained in the edited signal pradate Morrow/ approach seems to work reasonably well for
the end of the process. Finally, for this studye th Ste€ls while the Smith-Watson-Topper (SW)
effectiveness of this technique was validated baged 2PPears to give good results for a wide range of

the fatigue damage retention in the shortened kg~ Materials and is a good choice for general'tisghe
it was then compared to the original signal Morrow’s strain-life model is mathematically defithe

as the following expression:
MATERIALSAND METHODS
] CORSICN] @

For many automotive components, the primary G

mode of failure can be attributed to fatigue damage

resulting from the application of variable ampliéud and the SWT strain-life model is defined accordiog
loading. Predicting the life of a part stressedvabthe  this formulation:
endurance limit is at best a rough procefilre

especially for components like the automobile eagin (o)
steering and suspension p8HsFor these cases, the Omaf ="
strain-based approach is commonly used to predict

fatigue lifd'%. The strain-life fatigue model relates the wherecy, is the mean stress aoghx is the maximum
plastic deformation that occurs at a localized aagi stress, applicable for both Eq. 2 and 3.

where fatigue cracks begin to the durability of the  From the strain-life model approach, the number of
structure. This model is often used for ductileenats ~ reversals or 2N were determined in order to find
at relatively short fatigue lives. This approaci esso ~ cumulative fatigue damage. The valuessqf E, &'y, b

be used where there is little plasticity at longjgiae and c were the material properties of the particula
lives. Therefore, this is a comprehensive apprdheh material, while the value af , can be obtained from the

can be used in place of the stress-based approach. rai_n flow cycle “counting method. The cum_ulative
Current industrial practice for fatigue life E‘t'lgue delt/lmagepl\\//lva? theg determllned using  the
prediction is to use the Palmgren-Miner (PM) linear almgren-Miner (PM) linear damage rule.

0] : . ; . Fourier analysis is a one of the method to analyse
damage rule™. For strain-based fatigue life prediction, , :
. : X : - . random data based on the frequency domain analysis.
this rule is normally applied with strain-life fgtie

. The frequency analysis data is typically preserited
damgge _rr;?ggls, such as the COﬁIn'M"’msmbraphical form as Power Spectral Density (PSD).
relationshif*? i.e.,

. Essentially a PSD display the amplitude of each
€ a:(’_Ef(zN,)bﬂa'f (2N)° (1)  sinusoidal wave of a particular frequency. Freqyeac
given on the x-axis. The mean squared ampliaice
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sinusoidal wave at any frequency can be deterntiyed 7 ~ _ 4
finding the area under the PSD over that frequencySTFT(t’f)_j h(Ow(t=T)expt it )d @
range. Unfortunately, Fourier transform analysis ha

drawback as it does not provide the time localwati where h is the primary function,is the time and f is

information. Therefore time-frequency domain anislys the frequency. The position of the translating vowdyv

frequency analyses are based on windowed or shor,E@p'LaC_ed "‘{['tt_]h t:;e valuet of 1fin Eq.f2r,] trjr%STFTgcﬁs
time Fourier transforn¥s. Sliding data windows were ° " I-€., th€ Fourier transform or n. 1he modutis

I . . the STFT is also known as the spectrogram.
used to_obtaln time-localised spec_tra which togeplue In the related stuéﬁ?], the S'IF')FT spgectrogram has
up the time-frequency representation of the data. been applied in fatigue analysis for detection and

The STFT is performed by dividing the signal into monitoring of hidden fatigue crack growth. The STFT
small sequential or overlapping data frames, foictvh  method was also widely used in locating the stmactu
the Fast Fourier Transform (FFT) was applied toheacdefect especially for gear and cutting tool using
data framB”. The output of successive STFT canvibration data due to its capability to detect hjgh
provide a time-frequency representation of the align vibration everft®? In this study, the STFT method
In order to accomplish this, the signal is trundatgo ~ Was used to transform the fatigue signal into time-
short data frames by multiplying it by a windowtkat ~ frequency representation in order to detect the
the modified signal is zero outside the data frame. damaging event contained in the signal. STFT measur
order to analyse the whole signal, the window &nth the energy in a time-frequency neighbourhood,

translated into a time and reapplied to the sighhk specified by a resolution box. The damaging eveifit w

; be determined based-on level of .
STFT is composed by the local spectra of segments o © determined basec-on [evel of energy

—o0

the primary function, as viewed through a transtati RESULTS

window of fixed shape. The local spectra at allnp®i

on the primary time axis constitute the S”ﬂl The The validation process STFT-based fatigue data

STFT is generally expressed as the following: editing was presented as a flowchart in Fig. lorder
START

N
Input fatigue signe

|
v ¥

Edit the input fatigue signal Transform input fatigue
with 100% damage retain using HH

Sliced segment

signal into time-frequency
time domain analysis. location

domain using STFT
method

\ Z v \ 2 | 4
Remove fatigue signal Retain fatigue signal Non-damage segment Damage segment power
(Non-damage segment (damage segment) power spectrum spectrum

|

Compare power spectrum
at damaged and non-
damage segment

Fig. 1: Simplified flowchart for the validation &TFT effectiveness
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Fig. 2: Time history plot of the SAESUS fatiguersady
XY djsplay
to achieve this purpose, the strain time histonased 345 saesusin L Chveus
as SAESUS (this data was obtain from the databfse o
Society of Automotive Engineers or SAE) was usead fo 1”
evaluating the newly developed fatigue data editing ~ i
technique associated with the STFT. The data was
collected on a suspension component of a car amast 99% e
assumed to be sampled at 204.8 Hz for 25,000 date. 0 5 1015 202 T?Eome(?’szc)‘m 45 50 55 60

points. It gave the total record length of the algof
122 sec, as illustrated in Fig. 2. The signal wassen  Fig. 3: The analysis of SAESUS: (a) The 122-second
due to the prior success with it by another resedf¢ original time history (b) The 65-second edited
in the fatigue history editing using wavelet apmtoa time history

The time domain fatigue signal was then edited for
shortening the signal length with the removal ofvlo Table 1: Mechanical properties of the SAE1045 steel

amplitude cycles. These cycles were removed based droperties SAE1045 steel
time domain analysis. The module for fatigue damage/ltimate tensile strength,,$MPa) 621
editing in the GlyphWork® software package was Modulus of elasticity, E (GPa) 204

. . . . Fatigue strength coefficient;: (MPa) 948
applied to perform the time signal shortening. Theratigue strength exponent, b -0.092
editing process was retained at 100% damage ldvel &atigue ductility exponent, c -0.445
the original signal. In this process all the streamge  Fatigue ductility coefficient;’s 0.26

less than the gate value were removed, for whieh th
gate value was calculated based on Coffin-Mansowindow was used since one simultaneously achienes a
strain-life relationship. The selected material fbe  optimal time and frequency resolutih The 120
simulation purpose was the SAE1045 steel andypis t number of overlaps were used in order to provide th
of material was commonly used in the automotivehigh resolution in the time representation. Forheac
industry? for fabricating a lower suspension arm. Thewindow, the Fourier transform was applied for the
material properties and their definitions are given calculation of the power spectral level containeéach
Table 1. For the SAE 1045 steel material, the gatee ~ window. The power distribution was gained using the
is the strain range that gave the fatigue life @atd ~ Power Spectral Density (PSD) that produced the
2x10 reversals. spectrogram of the STFT. For this case, the PSD is
The removed low strain range cycle from thedefined as the power distribution of the signal and
original signal was shortening the length of thgnal.  represent ahe’Hz ™" as the unit. The STFT plot of the
The 100% retained damage strain range edited wawriginal fatigue signal showed a two-dimensiona&wi
successful removed approximately 50% low amplitudeof the power distribution, as observed in the time-
cycles with 57 seconds time reduced, as illustrated frequency plane. This result was plotted in Fig. 4,
Fig. 3. For this case, the removed data was assamed showing the different colour contours, i.e., thel re
non-damage segments because the departures of thassour for the highest energy content and follovigd
segments did not change the value of the totajdati yellow, green, blue and white.
damage. In Fig. 3a, the filled areas represent the According to the spectrogram parameter obtained
segments which contribute to the minimal or no dgena in the STFT processing, the power spectrum of the
potential. fatigue signal was decomposed into a time domaia da
For the STFT analysis, the time history signal wadn order to represent the time history power speotr
separated into a number of windows using the Ganssi distribution. The magnitudes of time domain power
window with 128 of window size. The Gaian  spectrum were obtained from the accumulativegrow
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goch STFT parameter based on fatigue damage event. The
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Time(se) power spectrum of each signal is shown in Fig.o8, f
Ime (se« . .
which Fig. 6a shows that the power spectrum of the
X160 Accumulativepower distributio non-damage signal that consist higher power spmctru
X: 9.88% = X 68.67 X: 115.2 1102 _ H
L pess  viiGeee0o Vi Bser00s Py viowe0 XLise level. The non-damage signal produced the lower

power spectrum level at the minimum value, as shown
in Fig. 6b, which most of the power spectrum values
were below 4x1Due?Hz™". The findings showed that
the power spectrum gained from the STFT method was
enable us to detect the damage event of the fatigue
signal, as higher power spectrum presents the damag

Fig. 5: (a) SAESUS strain time history, (b) The pow part. _ _
spectrum in time history representation ~ The flowchart in Fig. 7 shows the process of

fatigue data editing using the STFT method. The

distribution along the frequency band for each timeoverall — process  consists  of time-frequency

interval. Thus, it's provided the power level transformation, time history power  spectrum

information at time location. The STFT power spectr transposition and elimination of the low amplitudes

distribution is illustrated in Fig. 5. The figureaws the ~ cycles. The output of successive STFT can provide a

equality between magnitudes of power spectrum an@me-frequency representation of the signal.

X.54.77
Y:9.929e+00

Power [u&/Hz]

20 4C

60 80 100 12C
Time (sec)

strain magnitude especially at 1, 10, 42, 55, 8%, and Based on the spectrogram parameter obtained in
120 sec time locations, where both of the powethe STFT processing, the power of the fatigue digna
Spectrum and strain possess h|gh magnitudesl was decomposed into a time domain data in order to

From the simulation of the fatigue history editing fepresent the power distribution in the time higtdihe
at 100% damage retained, the output signal waBower spectrum display in the time domain provided
separated into two new signals, i.e., the damageabi the time Iocation containing the low power spectrum
and the non-damage signal. The damage signal is tH&/cle. Accordingly, the low energy cycles will be
signal that contained the cycles associated tdatigue ~ €liminated for summarising the signal length withou
damage. On the other hand, the non-damage sign@Pmpromising the original fatigue damage potential.
contained the cycles which were not damaging. Rer t For a specific fatigue data, low energy cycles mean
validation purposes, the power spectrum of eachasig these <_:yc|es had a low amplitude strain which is no
was also investigated in order to study the efficy of ~ damaging.
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Fig. 8: Time history signal of that was measuredten
Fig. 7: The flowchart for fatigue data editing ugin different side of lower suspension arm of a car:
STFT-based computational algorithm (a) left lower suspension arm, (b) right lower
suspension arm

In order to solve the subject matters of this pape
STFT-based computational algorithm was developed ifielationship. In this study, the optimum editednsig
order to analyse the signal according to the fatiguwas determined based on the shortest signal wih th
damage calculation and also to remove cycles with | minimal fatigue damage deviation when compared to
energy content. Thus, the cycles with higher energyhe original signal and that retains the originginal
content has been retained for further analysis.s&@he behaviour.
cycles were then jointed to produce the new edited Two input signals were used to observe the
signal, which has shorter time length. In additidis  efficiency of the newly developed fatigue data iedit
edited signal should also have equivalent fatiguedlgorithm using the STFT approach. Both signalsewer
damage to the original signal. measured on the left and right lower arm suspension

The low energy cycles were removed from the timea car that was travelling on a country road. It was
domain signal based on the location of low energysampled at 200 Hz for 12,000,000 data points. Trhe t
cycle in time history power spectrum distributioh.  history plots for the signals were shown in Fig. 8.
new parameter called Cut-Off Level (COL), which For the analysis purposes, two segments from the
represents the minimum power value to be retaine@verall signal were selected which contained 0030,
from the original signal was set. This means ths, data point for each segment. Those signals were
cycles with power spectrum level below than COLSelected due to the highest fatigue damage corntéet.
value will be eliminated. Thus, a new shortenedeedi fatigue damage for each segment was plotted in%ig.
signal was generated which neglected low amplitudd he first selected signal, named as D1 (Fig. 10a$ w
cycles. measured on the front left lower suspension arn tha

For the validation purposes, the fatigue damagéontained the highest fatigue damage segment and th
potential for both original and edited signals weresecond signal, D2 (Fig. 10b), was simultaneously
calculated in order to study the efficiency of tdited ~measured with the D1 signal on the front right lowe
signal based on the fatigue damage retention. Th8usSpension arm.
fatigue damage was calculated based on strain life Using the STFT-based newly developed
model which applied the Coffin-Manson sirlife computational algorithm, the time history D1 and D2
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<
200 5¢ 10¢ 15¢ Fig. 11: The STFT localisation for: (a) D1 signé)
Time (sec) D2 sianal
(@) g
Time history [Original signal] in Fig. 11. As can be seen from this figure, higher
I magnitude distribution was observed with low
=] . . - . .
Fy frequencies and lower magnitude distribution was
£ o observed with high frequencies. The time-frequency
E power spectrum distribution was then converted into
50 ‘ ‘ time representation by accumulating the power
0 X mesen 15¢ spectrum at each time scale. Thus, a set of power
(b) spectrum at particular time was gained. The power

spectrum in time history for D1 and D2 signals were

Fig. 10: Time history signal of: (a) The D1 sigrfg)  plotted in Fig. 12. As the STFT power spectrum &as
The D2 signal significant relationship with the fatigue damage

potential distribution, the STFT spectrogram can be
signal was then transformed into time-frequencyutilized as the parameter for this fatigue datairegli
representation. Those signals were separated into a For the editing process, the power spectrum level
number of windows using the Gaussian window withwas used as the parameter to set the gate valte€OfCu
64 of window size. The 60 number of overlaps werelLevel or also known as COL) for eliminating process
used in order to provide the high resolution intinee  The eliminating process was carried out by removing
representation where higher time resolution pravide the low amplitude cycles which contain the power
better time information for further analysis. Thee-  spectrum lower than COL value. Various COL values
frequency power spectrum for both signals wattglo were used in order to exhibit the effectivenef the
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edited signal with respect to the fatigue damage ;

retention. The editing process at a particular GQlue
produced a new edited signal. For each edited kigna
the fatigue damage was determined and compared with
the original signal in order to obtain the optimedited
signal. The fatigue damage was estimated by utdizi

the Coffin-Manson, Morrow and SWT strain-life  susmo
models contained in the GlyphWofksoftware.

The simulation process provided the fatigue _—
damage distribution for each cycles as shown
Fig. 13. The fatigue damage of the signal was the
cumulative of the fatigue damage for each cycles "
contained in that signal. The fatigue damage valaes
each edited signal were plotted in Fig. 14, showhey e .
changes of fatigue damage against the COL values fo ’
all strain-life fatigue damage models. The fa‘ugueFig_ 13: The distribution of the fatigue damage
damage shows decrement when COL values were otential for: (a) D1 signal, (b) D1 edited
ascending because of the departure of more low P . gnal, .
amplitude cycles. In order to retain the originatif the signal, (c) D2 signal, (d) D2 edited signal
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Table 2: The compression characteristics betweewrilginal and edited signals

Fatigue damage

Data Signal length(s) Mean RMS Kurtosis Coffin-Mams Morrow SWT
Original D1 150 -2.09 51.30 3.30 2.07%40 2.38x10° 3.25x10°
Edited D1 126 -2.43 54.00 3.00 2.07<10 2.38x10° 3.25x10°
Original D2 150 0.20 9.10 3.53 1.147%%0 1.12x10" 1.07x10"
Edited D2 127 0.22 9.43 3.30 1.147%40 1.12x10" 1.07x10"
a0 Fatigue damage vs COL original signal length, while the D2 editedragwas
- 300 Time history [Edited signa
3.27 b '—.\'—o‘\.
o 200
3r =2
» 3 100
£ 29 2 o
g 261 E -10
g o4 -200 ‘ ‘ !
50 Time (sec) 100 150
22t e (@)
2r S T N—**\* 50 Time history [Edited signa
1'80 0‘,5 i 115 é 2.5 ®
COL [u€’//Hz] x 10" 3,
@ R
1167 10 Fatigue damage vs COL %_ f
1,14 Petelslelolisise s 4 s g
1.12 POOOIOONK ¢ -50 ‘ ‘ g
. >>¢- 0 50 100 150
o 11 Time (sec)
£ (b)
- 1.081
“g” mh i . . i
g Moo SRV Fig. 15: The time history plots for: (a) the D1 tedi
104r signal, (b) the D2 edited signal
1.021
1r —e 84.67% (127 sec) of the original signal. The
0 100 200 300 400 500 600 700 800 900 100 compression characteristics between the original an
COL [u€tHz) edited signals were shown in Table 2.

®) In overall, the analysis findings of this paper

|§uggested that the STFT-based fatigue data editing
successfully remove the low amplitude cycles with
respect to the power spectrum distributiont th&in
higher fatigue damage segments in the time history.
With the basis of the statistical parameter retanti

Fig. 14: The fatigue damage changes over the CO
values for: (a) D1 signal, (b) D2 signal

signal, the statistical parameter of the editechaig
should be equivalent to the original signal. Fois th . . ; .
case, the 10% difference in the root-mean-squade a bectxvrﬁelr}e thfo d%gg'gatlheaﬁ htlhea:cdultr:l?e Z'gi?:és’mtm;
kurtosis values between the edited and the origina que p gnly 9

. . . which was similar to the original signal. The STFT
signals was used for analysing experimental road lo : .
data sets. This is important in order to retainsigmal power spectrum shows relatively adequate with demag

energy and amplitude ran§&2? event in the fatigue signal and is a very usefal for
gy P - damage detection in the fatigue signal. The extract
From the result, the optimum COL value for D1

was 500 and 2Que?Hz for D2. Both of the edited of damaging events successfully created a newddite

signals gained from those COL value were retaimed izgrazlgewm(:h retained the majority of the fatigue

the majority of the fatigue damage and were
approximately same as the original signal and tisy
retained the statistical parameters with below tha¥
deviation. Figure 15 represent the edited signabfith This study discussed the study of a fatigue data
D1 and D2 signals. The D1 edited signal recorde#l 12editing technique in time-frequency domain by using
seconds signal length which reduced 16% of theSTFT method. The STFT-based computational

CONCLUSION

573



Am. J. Applied Sci., 6 (4): 565-575, 2009

algorithm was developed to remove the low amplitude?.
cycles which were contained in the original sigidle
validation of the effectiveness of STFT was done by
using the SAE data, called SAESUS. From the result3
the damage segment contained high power spectrum
and the non-damage segments were located in ther low
part of the power spectrum. Obviously, the non-dgana 4.
power spectrum has the power level below than 2x10
ne?Hz* which is close to the minimum value. It was
shown that the power spectrum gained from the STFT
algorithm has a significant relationship with ttatigue
damage distribution. 5

The editing process was performed based on the
COL parameter which eliminated the cycle that conta
power spectrum lower than COL value. In the presnt
case study, two new shortened edited signals,the.,

D1 edited signal and the D2 edited signal weres.
obtained. The edited signals gave conspicuous
decreases of the signal length. The D1 edited khath

126 sec of the time length, with the shortenind 6%

of the original signal length. Similarly, the D2ited 7
signal was only 127 sec of the time length, whish i
about 15.3% reduction from the original signal lgng 8.
Both of the signals also retained the major signal
statistics with below than 10% of the root-meanasqu
value (represents the vibration signal energy e
series) and the kurtosis value (represent the tmpgli
range in a time series).

In terms of the applicability of the shortenednsily
this kind of signal can be normally used in the
durability laboratory scale fatigue test. Such testery
important in the fatigue design criteria, espegidtr
the task of accelerated fatigue testing. Finallyis t
method is suggested as an alternative technique in
fatigue durability study, especially for the autdinve
engineering field.
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