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Abstract

Random vibrations induce damage in structures, especially when they are oper-
ating close to their natural frequencies. The stationarity of the input excitation
is one of the fundamental assumptions required for frequency-domain fatigue-
damage theory. However, for real applications, excitation is frequently non-
stationary and the identification of this non-stationarity is not easy. This study
researches run-tests to identify the index of non-stationarity. Further, using
excitation signals with different rates of amplitude-modulated non-stationarity,
the index of non-stationarity is experimentally and theoretically researched with
regards to the fatigue life. The experimental research was performed on a flex-
ible structure that was excited close to a natural frequency. The experimental
fatigue life is compared to the theoretical fatigue life under the stationarity
assumption. The analysis of the experimental results reveals a close relation
between the identified non-stationarity in the excitation signal and the fatigue
life of the structure. It was found that amplitude-modulated non-stationary
excitation results in a significantly shorter fatigue life if compared to a similar
level of stationary excitation.
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1. Introduction

In vibration fatigue a random excitation interacts with a flexible structure.
If during harmonic excitation the frequency is at, or close to, the structure’s nat-
ural frequency, due to resonance, the fatigue increases significantly. Similarly, if
broadband random excitation is applied, then the frequency content of the ex-
citation couples with the structural dynamics of the structure; vibration fatigue
deals with the high-cycle fatigue of flexible structures [1-3]. While the structural
dynamics for most cases relies on the assumption of linearity [4], the stationar-
ity of the input excitation is one of the fundamental assumptions required for
frequency-domain fatigue-damage theory [5, 6]. However, for real applications,
the excitation is frequently non-stationary (e.g., a sudden load increase, changes
in road roughness, turbulence loads) [7, 8]. The random processes are considered
to be weakly stationary if the mean values as well as the covariance functions
are time independent, and strongly (also strictly) stationary if the probability
distributions are time independent [5]. If the definition is clear, the identifica-
tion and the rate of non-stationarity are not. To identify the non-stationarity
of an excitation, Rouillard [9] adopted the non-parametric “run-test” method of
time-history signal evaluation to obtain the non-stationarity level of a vehicle’s

vibrations.

A structure’s fatigue life under variable loading can be estimated using the
rainflow-counting method [10], which is one of the most used time-domain meth-
ods and does not require the hypothesis of stationarity. On the other hand, the
frequency-counting methods [11, 12] are more powerful and require less compu-
tational effort when compared to the time methods, which makes them the first
choice for addressing the fatigue damage of vibrating structures. In recent years
a significant effort was invested into the further development of frequency meth-
ods from two aspects: the multi-axial stress state [13, 14], and non-Gaussianity
and the non-stationarity of excitation signals [6, 15, 16]. Benasciutti et al. [17]

studied the applicability of frequency-domain methods for the case of switch-
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ing loads with partial Gaussian portions. Additional research on the signal
decomposition in Gaussian portions was presented by Wolfsteiner [15] with di-
rect applicability to frequency-counting methods. An alternative approach to
dealing with non-Gaussian loads was introduced by Aberg et al., [18] who es-
tablished a new model for evaluating random loads, based on a Laplace-driven

moving average.

When dealing with a vibration-fatigue phenomenon, a structure’s dynamic
response appears as an additional intermediary between the dynamic load and
the structure’s stress time history. According to Rizzi et al. [19], a stationary
non-Gaussian random excitation of a dynamic structure results in a Gaussian
random displacement and stress response. This observation was further investi-
gated by Kihm et al. [20] by focusing on the changes in kurtosis when comparing
the excitation and the response signals. The proposed kurtosis rate law was val-
idated with numerical simulations of a linear dynamic system. In both studies
[19, 20] the authors determined that for stationary loads the non-Gaussian ex-
citation signal results in a Gaussian stress response, therefore justifying the use
of frequency-counting methods. The reason for such “normalization” of the re-
sponse signal was found within the central-limit theorem [5], which exposes the
excitation signal’s non-stationarity as the origin of the non-Gaussian response.
In light of this an experimental research was performed by Palmieri et al. [6],
where a significant difference in the vibration fatigue life was observed for the
case of excitation signals with an identical power spectral density (PSD), iden-

tical kurtosis and different rates of amplitude-modulated non-stationarity.

This manuscript proposes a slightly adopted Rouillard’s [9] run-test approach
and relates it to the vibration fatigue life of the dynamic structure. In this way
a definition of the non-stationarity index ~ is introduced in the manuscript.
The applicability of the proposed non-stationarity index  will be tested on a
larger number of experimental fatigue tests. Further, the relationship between

the amplitude-modulated non-stationarity and the fatigue life will be researched.
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This manuscript is organized as follows. In Section 2, the theoretical back-
ground is shown and methods to evaluate the rate of non-stationarity are intro-
duced. In Section 3 the experimental research is defined: the experiment setup
and the implementation of non-stationarity quantifying methods are presented
in detail. In Section 4 the results of the fatigue tests are given and related to the

previously calculated, non-stationarity index. Section 5 draws the conclusions.

2. Theoretical Background

This section gives the theoretical background to the dynamic response of
structures, the damage accumulation in the time and frequency domains, the

stationary processes and the identification of non-stationarity.

2.1. Structural Dynamics

The aim of the dynamic analysis of flexible structures is to evaluate the
response of the structures excited by dynamic loads. A flexible structure can

be represented by a multi-degree-of-freedom system (MDOF) [21] as:
Mx(t) + Dx(t) + Kx(t) = F(t), (1)

where M, D and K are the mass, damping and stiffness matrices, respectively.
F is the excitation force and x are the displacements of the degrees of free-
dom. In general, Eq. (1) represents a coupled system of differential equations.
For the case of the proportional damping model the decoupling of equations is
possible via modal decomposition [21, 22], where the eigenvalue problem has
to be solved. The resulting eigenfrequencies and eigenmodes characterize the
dynamic properties of the structure. Using modal decomposition [23], Eq. (1)

can be rewritten as:
I+ [2€wo]a+ [wi]q=2"f, 2)

where q are the modal coordinates, I is the identity matrix, [>2&wp-] is related

to the viscous damping and [>w3. | is the diagonal matrix of the squared natural
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frequencies. The physical coordinates x can be related to the modal coordinates
q:
x=®q, (3)

where ® is the mass-normalized modal matrix, constructed from eigenvectors.
Once the natural frequencies and the modeshapes are obtained, it is possible to

write the frequency response function of the system, which is [24]:

- ¢jr ¢kr
Hyn(w) =S 4
i+ (w) Wi - w? 4 216w )

where ¢;, and ¢y, are the elements of the matrix @, r iterates over the natural
frequencies and modeshapes and the indexes j and k correspond to the response

and excitation location, respectively [21].

In a similar way, the power spectral density of the excitation S,,, can be
related to the response stress tensor S, (w) via the FRF from the excitation

to the stress response o [16, 25]:

Soo(w) =H., (W) Szom (W) -HT (w), (5)

oxg gxro

where HY, (w) and HL, (w) are the complex conjugate and the transposed

frequency response function matrix.

2.2. Damage Accumulation

Here time- and frequency-domain-based approaches will be used to deter-
mine the fatigue-damage accumulation [26]. Counting methods are typically

based on the application of Palmgren-Miner’s rule [27]:
n;
D=5 —, 6
= ©

where D is the total fatigue damage, n; is the number of cycles under a particular
stress amplitude o and V; is the total number of cycles to failure associated with

a particular stress amplitude o. In theory, the fatigue failure occurs when the
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damage reaches 1. The relationship between the cycles and the properties of

the material is described by Basquin’s equation [28]:
c=CN _%, (7)

where o is the stress amplitude, C' is the fatigue strength and b is the fatigue
exponent, which describes the behavior of the Wohler diagram [27].

In the time domain, the rainflow-counting method [10] reduces the stress time-
history to a set of simple stress reversals [29]. In the frequency domain the
fatigue damage is based on the spectral moments (which are obtained from the
stress PSD) and on the properties of the materials. The i-th spectral moment
m; is defined as [5]:

m; = /OO W'Sye (w) dw. (8)

—0o0

Bandwidth parameters can also describe the spectral density S;.(w), and the

two most commonly used are:

a1 = s Qg — ——. (9)
moima2 moTng

Using the spectral moments of the signal and the material properties, the fatigue
damage can be estimated, using different methods; a good overview was given
n [11]. Here, the Tovo-Benasciutti method [26] will be used, as it was found to
be more reliable than the Dirlik [30] approach [11].

2.8. Stationary Process

A random process x(t) (k is the index of the process in an ensemble) is
a stationary process whose joint probability distribution does not change over
time [5]. The random process x(t) is weakly stationary if the mean value as

well as the covariance function are time independent (equal for each t).

Further, a stochastic process is ergodic with respect to the mean and co-
variance function if the time average can be used instead of the ensemble aver-
age [31]:

.17
() = lim / we(t) dt, (10)
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1 T
Con(ro) = Jim 2 [ frult) = aB)] (e +7) =) . (1)

In other words, for weakly ergodic processes the time averages equal the ensem-

ble averages, independently of the chosen k.

If a time series is stationary, then the classic theory allows us to evaluate the
fatigue damage with both time- and frequency-domain approaches. However,
the fatigue loadings acting on the mechanical components and structures could
be random and as well as non-stationary [7] and therefore the frequency-domain

approach is questionable.

In fact, vibration tests are usually conducted starting with measurements of
the force or acceleration time history excitation applied to the structure. The
time-domain measurement is used to obtain the power spectral density (PSD),
which is further used for shaker testing. PSD is often used because it contains
all the statistical information necessary to characterize the applied excitation,
and allows us to estimate the expected load-cycle distribution, using simple
analytical formulas [17]. However, this only holds if the stationary processes

assumption is valid.

2.4. Index of Non-Stationarity

Quantifying the non-stationarity of a process can help us to know when a
signal can be processed and analyzed with the classic theory of fatigue analysis
as if it was stationary (even if it is not). In the literature [5, 32, 33], methods

to evaluate the non-stationarity of a process and to treat them are explained.

Run tests are used to identify non-stationarity. The run test is a non-
parametric method based on the idea of dividing the signal to be analyzed
in time-windows, and for every window calculate the variation of one of the
statistical properties with respect to the same property of the entire signal [9].

It is based on the definition of a run, as a sequence of identical observations
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followed and preceded by a different observation or no observation at all [5]. Tt
means that every window is assigned a value, for example (1) or (0), depend-
ing on the relationship between the statistical characteristics of the windowed
signal and the conditions imposed by the test, and then the runs are evaluated.
With the run-test approach, too few or too many of the runs can be the proof
of non-stationarity [34]. Hence, the distribution of the number of the runs r in

a sequence is a random variable 7, which has a mean u, and variance o2:

2NN,

(2N N5(2N, N3 — N))
ftr N

2
—'—1, 0, = N2<N*].) ) (12)

where N; and N are the numbers of observations based on the conditions
imposed by the test, and N is the total number of observations [9]. Once the

level of significance is chosen, the confidence interval will be:
pwr £ oy, (13)

where « is the confidence coefficient: considering a level of 95% of confidence,
a is equal to 1.96 [35]. Thus, if the number of runs falls inside the interval, the
signal is supposed to be stationary, otherwise, it will be non-stationary. At the

end, the number of runs is divided by the expected mean number of runs:

r
= %], (14)

where v is referred to as the non-stationarity index that indicates the level of

non-stationarity of the process: numbers close to 1 should represent a stationary

process.

Rouillard [9] defined the run-test V(n) as:

V(n) _ 1; Rw(n) > RT 7 (15)

where Ry, is the root-mean-square (RMS) value of the windowed signal, R is
the average mean-square value for the entire sample record and n is the obser-

vation index of window.
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In this research, the proposed assignation criterion is slightly different:

Vin) = 1; |Rw(n) — Rr| > or 7 (16)

0, |Rw(n) — RT| S OR

where the RMSs of the window Ry (n) and the average Rt are limited on both

sides by the standard deviation of all the windows og as:

1 S

or =\ 3 2 (Bu(m) = Fr)’, (17)

Won=1

where N, is the total number of windows.
In contrast to Rouillard’s one-sided approach the two-sided approach pro-
posed here detects higher and lower values than the average of the entire sample

record. The application of both methods on the time signal is presented in Fig. 1.

In previous research [9] it was shown that a run-test exhibits a high sen-
sitivity to window width. A short window width can reveal rapid variations
of the signal, which may not necessarily represent non-stationarities. On the
other hand, if the window width is too wide, significant short-duration non-

stationarities might not be detected.

3. Experimental Research

In this section the experimental research is presented. The signal generation
and the experiment setup are explained, which are essential for the analysis of

non-stationary signals and the evaluation of the obtained non-stationarity index

Y.

3.1. Signal Generation

In order to investigate the influence of excitation non-stationarity on the ac-
tual fatigue life of a structure, a set of time signals with different non-stationarity

rates was obtained first. For the bulk of physical phenomena the non-stationarity
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is exhibited as the time variance of a signal’s power; the fluctuations in a sig-
nal’s frequency content are less commonly observed. In the presented research a
power time-variance was obtained with amplitude modulation i.e. by generating
a stationary random signal with a known PSD and kurtosis and later multiplying
it with a carrier-wave function [20]. The carrier wave is a low-frequency wave-
form that modulates the random stationary signal. In the presented research
the carrier wave was generated using a beta distribution, since the relevance of
this approach has been confirmed in studies by Palmieri et al. [6] and Kihm et
al. [20]. In probability theory and statistics, the beta distribution is a family of
continuous probability distributions defined for the interval [0, 1], parametrized
by two positive parameters, o and [, that control the shape of the distribution.

The probability density function (PDF) of the beta distribution is [36]:

2o (1 — g)f! «
o) = "

where I'(2) represents the gamma function.

In order to concisely study how excitation’s non-stationarity rate influences
vibration fatigue life it is essential that PSD shape and kurtosis [5, 31, 37] remain
invariable across all observed non-stationary signals. For this a special attention

was given to the signal generation method for later experimental analysis:

1. A flat-shaped PSD function was defined in a frequency band from 600 Hz
to 850 Hz, as shown in Fig. 2a). The frequency band was chosen to cover
the 4" natural frequency of the tested specimen, see Fig. 3. Given the
PSD a stationary Gaussian signal was generated, as shown in Fig. 2b).

2. A set of carrier waves was obtained by a cubic spline interpolation of the
points produced by the beta distribution using different pairs of param-
eters a and 3. The carrier wave that when multiplied by a stationary
random signal resulted in a non-stationary signal with kurtosis 7 was cho-
sen (not all the generated carrier waves corresponded to this criteria) as

the primary carrier wave (Fig. 4a)) and was in the next step used for the

10
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signal generation. The time length of the primary carrier wave was 1800
seconds (30 minutes).

3. The next step was to prepare different signals with different rates of non-
stationarity. This was done by squeezing the primary carrier wave 2, 4,
10, 50, 500 or 10,000 times. After squeezing, the new signal was repeated
to reach the time length of 1800 seconds. In Fig. 5 the PSD of all 7 carrier
waves is presented.

4. All the carrier waves were individually multiplied with a stationary Gaus-
sian signal to obtain a set of random non-stationary signals; the kurtosis

of all the random non-stationary signals was identified.

A total number of 8 different time signals was generated: squeezed 1, 2, 4,
10, 50, 500 and 10,000 times and stationary without the carrier wave. All the
time signals had the same PSD, the same time length, the same kurtosis, but
different levels of non-stationarity. In this work the squeezed signals are denoted
with SQ-i, where SQ stands for ”squeezed” and 4 is the integer of how many
times the carrier-wave is squeezed. The non-squeezed signal SQ-1 is presented
in Fig. 4b). Squeezed signals SQ-10, SQ-50, SQ-500 and SQ-10000, that were

later measured on electro-dynamic shaker (Sec. 3.2), are presented in Fig. 6.

3.2. Experiment Setup

In this research a Y-shaped specimen, shown in Fig. 3, was used [6, 38]. The
specimen consists of three beams at 120° and with a cross-section of 10x 10 mm.
The Y-specimen is made from cast aluminum alloy A-S8U3 with a density of
2710 kg/m? and a Young’s modulus of 75,000 MPa. The specimen’s surface was
milled and the fatigue zone was additionally fine ground to remove imperfec-
tions that could lead to an untimely start of an initial crack. Weights with a
mass of 52.5 g were fixed to each side, to adjust the natural frequencies of the
Y-specimen: the fourth mode shape at fi = wy/(27) &775 Hz was recognized
as the most suitable for the near-resonance fatigue test [6]. For the experiment
analysis the LDS V555 electro-dynamical shaker was used and the Y-specimen

was attached to it with a fixation adapter. One accelerometer was installed on

11
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the specimen to measure its response; a second accelerometer was installed at
the base of the shaker to allow the control of the input signals, as shown in
Fig. 3. The accelerometers were a Bruel&Kjeer 4517-002 and a PCB T333B30,
respectively, both connected to a NI-9234 24-bit ADC module. The driving
voltage signal was generated with a NI-9263 16-bit DAC module. In both cases

a sampling frequency of 25,600 Hz was used.

The experimental methodology for conducting the fatigue tests is presented
next. First, the signal of the chosen squeezing was applied to the shaker with
the fixation adapter, but without the Y-specimen. The input excitation sig-
nal was monitored and recorded with the accelerometer attached at the base
of the shaker. By taking into account the mass of the shaker’s armature and
the fixation adapter, the PSD value of the excitation force was determined and
manually set to the required level. After that, the Y-specimen was attached to
the shaker and the fatigue test was performed with a known excitation force
level. The measured excitation-force PSDs of signals SQ-1-SQ-10000 are pre-
sented in Fig. 7 together with response-acceleration of Y-specimen excited with
signal SQ-10000.

During the test the Y-specimen’s response was recorded in order to monitor
the changes of the specimen’s fourth natural frequency. This was later used to
determine the time-to-failure of the specimen with a frequency-based damage-
detection method [39]:

wy =wp-V1—2Z, (19)

where wg denotes the natural frequency of the damaged specimen, wg denotes
the initial natural frequency of the undamaged specimen and Z is the fractional

change in the frequency. In this research Z was chose to be 5% [38].

4. Results

The run test proposed in Eq. (16) was first used to obtain the non-stationarity

index . Then the non-stationarity index  was related to the vibration fatigue

12
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life.

4.1. Non-stationarity index of measured excitation signals

As presented in Sec. 2.4 the window width Eq. (16) can have a significant
effect on the identified non-stationarity index. For this purpose, de facto sta-
tionary signal and non-stationary signals SQ-1 - SQ-10000 were measured on
the shaker’s armature with a force PSD level of 13.5 N?/Hz (later more PSD
levels will be added).

In total seven time-window widths were applied to the run-test, ranging
from 0.005 to 1 second. In Tab. 1 the resulting non-stationarity indexes v are
given. Moreover, the influence of the window’s width is graphically presented in
Fig. 8. According to Rizzi et al. [19] the optimal window width is expected to
be related to the period of the system’s impulse response, i.e., the time in which
the response amplitude reduces to 10 % of the initial value [20]; in the case of the
Y-specimen the period of the impulse response was experimentally determined
to be in the range up to 0.2 seconds. By inspecting Fig. 8 a significant difference
between low squeezing and high squeezing is observed; at a window width of
0.04s the signals SQ-1 to SQ-4 were identified as non-stationary, while the
SQ-500, SQ-10000 and also the de facto stationary signal were identified as
stationary. Similar results were found for other RMS values of the excitation

signal.

4.2. Vibration fatigue testing

Here, the de facto stationary and squeezed signals SQ-1 - SQ-10000 were ap-
plied to the Y-specimen. According to a preliminary analysis of the excitation
signals the non-stationarity index -y shows that the signals SQ-500, SQ-10000
can be considered as stationary and the signals SQ-1, SQ-2 and SQ-4 can be
considered as non-stationary. This finding will now be tested against the vibra-

tion fatigue life.

13
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For the sake of experimental comprehensiveness the time signals were ap-
plied to the Y-specimen at four different force PSD levels, as shown in Fig. 9.
For each of the 19 combination pairs of excitation PSD level and signal type,
two samples were tested for the fatigue life. In total, 41 samples were broken.
Certain load level and signal type combinations were left untested either due to
instantaneous failure or due to the absence of failure after 2-107 load cycles. In
Fig. 10 the relative natural frequency drop wg/wo of 7 specimens excited with
the same force PSD level of 13.5 N2 /Hz is presented. By observing the natural
frequency changes, a significant influence of the signal type on the fatigue life

can be observed.

The fatigue life for all the tested specimens is given in Tab. 2. It is clear
that squeezing the carrier wave and thus changing the non-stationarity rate sig-
nificantly changes the fatigue life, see Fig. 11. From Fig. 11 it is clear that for
the SQ-4 the fatigue life is significantly shorter than for the de facto stationary
signal, while SQ-50 is in between.

Due to the considerable influence of the non-stationarity rate on the fatigue
life only tests with an excitation force PSD level of 13.5 N?/Hz were possible
on the complete set of generated non-stationary signals SQ-1 - SQ-10000 and
on the de facto stationary signal, see Tab. 2. To better understand Fig. 11, a
detailed analysis of the PSD level of 13.5N2/Hz is shown in Fig. 12: one axis
shows the fatigue life, the other axis shows the non-stationarity index. It was
previously shown that the excitation from SQ-1 to SQ-4 can be considered as
non-stationary, while the SQ-500 and above can be considered as stationary. As
all the time signals had the same PSD, the same time length, the same kurto-
sis, but the signals differ in the levels of non-stationarity resulting in significant
differences in fatigue life. The difference between non-stationary and stationary

conditions is approximately 5 fold.

Fig. 13 shows the normed fatigue life (the normalization is to the fatigue

14
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life during stationary excitation). From the results of all 41 tested samples it
is clear that the excitation identified as non-stationary resulted in a reduced
fatigue life to approximately 20%. Signals that are not clearly stationary, nor

are they non-stationary, have a fatigue life between the two groups.

5. Conclusions

This study researches the influence of amplitude-modulated non-stationary
excitation on the experimental fatigue life of flexible structures. Excitation is
frequently non-stationary in terms of time-varying power and the question is
what rate of non-stationarity can still be considered as stationary and how does
the rate of non-stationarity effect the fatigue life?

To research the non-stationarity, experimental tests were performed using
squeezed signals with the same PSD and kurtosis, but different rates of non-
stationarity. The study was applied to a Y-shaped specimen. Several tests were
performed and repeated, considering four different levels of the power spectral
density. An enhanced method to identify the non-stationarity was proposed and
resulted in a clear differentiation of the non-stationarity in the signal.

The signals that were identified as non-stationary resulted in a significantly
shorter fatigue life of the sample than the ones that were identified (or were de
facto) stationary.

Finally, the non-stationarity identification relates on the natural frequencies
of the researched structure. However, if the non-stationarity is identified during
the excitation, the resulting fatigue life was shown to significantly decrease (in

this research to 1/5th).
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Figure 1: Run-test evaluation of a time signal.
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Figure 2: a) Flat PSD with amplitude level 10 mV2/Hz and b) corresponding stationary time

signal with root-mean-square value of 50 mV.
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Figure 3: Y-shaped specimen with installed accelerometers.
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Figure 4: a) Primary carrier wave and b) and non-stationary time signal SQ-1.
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with PSD level of 13.5 N2 /Hz.
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Table 1: Non-stationarity index « for two-sided method: results in bold identify signal as

stationary. Set of excitation force with PSD level 13.5 N2 /Hz.

Window width

Signal type

0.006s 0.01s 0.0125s 0.02s 0.04 s 0.1s 1s
Stationary | 96 % 9% 100% 101 % 102 % 99 % 72 %
SQ-10000 96 % 101 % 101 % 101 % 102% 100 % 101 %
SQ-500 95 % 97 % 99 % 9% 102% 105% 90 %
SQ-50 73 % 86 % 92 % 98 % 95 % 96 % 114 %
SQ-10 65 % 62 % 61 % 61 % 72 % 96 % 109 %
SQ-4 64 % 60 % 57 % 50 % 46 % 67 % 105 %
SQ-2 65 % 60 % 58 % 50 % 40 % 39% 104 %
SQ-1 66 % 62 % 60 % 53 % 40 % 31 % 96 %
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Table 2: Experimental fatigue lives [s] of tested Y-specimens.

Force PSD Signal type
2
level [N/Hz) 1902 SQ4 SQ10 SQ50 SQ500 SQ-10000  Stationary
643 598 999 1624
18 / / / 3157
341 497 1069 2793
961 871 737 1175 1120 4069 6299
13.5 4428
857 907 899 1333 5234 6411 6309
2364 2853 3279 3177 3722
9 >12600 / >12600
2994 2391 2899 3824 5894
. 5112 2737 4429 ) ) ) ) )
75
4865 4405 5435
36




AL ALY Y. (Al

Non-stationarity index~y[%)]

100 1

251

O Non-stati
Excitation identified as: on.s aroaty
® Stationary

Window width: 0.005 s

100 4

751

251

Window width: 0.0125 s

100 A

751

251

Window width: 0.04 s

100 1

751

251

Window width: 0.1 s

100 1

751

50 1

251

Window width: 1.0 s

1 2 4 10 50 100 500 1000 10000 Stationary
Squeezing




