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In this study, a non-Gaussian excitation acceleration method is proposed, using aluminum alloy notched specimens as a research
object and measured acceleration signal of a certain airborne bracket, during aircraft flight as input excitations, based on the
fatigue damage spectrum (FDS) theory. The kurtosis and skewness of the input signal are calculated and the non-Gaussian
characteristics and amplitude distribution are evaluated. Five task segments obey a non-Gaussian distribution, while one task
segment obeys a Gaussian distribution. The fatigue damage spectrum calculation method of non-Gaussian excitation is derived.
The appropriate FDS calculation method is selected for each task segment and the acceleration parameters are set to construct the
acceleration power spectral density, which is equivalent to the pseudo-acceleration damage. A finite-element model is established,
the notch stress concentration factor of the specimen is calculated, the large mass point method is used to simulate the shaking
table excitation, and a random vibration analysis is carried out to calculate the accelerated fatigue life. The simulation results show
that the relative error between the original cumulative damage and test original fatigue life is 15.7%. The shaking table test results
show that the relative error of fatigue life before and after acceleration is less than 16.95%, and the relative error of test and
simulation is 24.27%. The failure time of the specimen is accelerated from approximately 12 h to 1 h, the acceleration ratio reaches
12, and the average acceleration ideal factor is 1.125, which verifies the effectiveness of the acceleration method. It provides a
reference for the compilation of the load spectrum and vibration endurance acceleration test of other airborne aircraft equipment.

acceleration parameters and determination of the equivalent
acceleration time directly affect the rationality of the accel-
eration fatigue life. In engineering problems, many loads
exhibit obvious non-Gaussian characteristics, particularly

1. Introduction

The bench tests of airborne equipment are divided mainly
into functional vibration tests and vibration endurance

acceleration tests. The vibration endurance acceleration test
can reproduce the fatigue damage during the whole service
life in a relatively short time, which is of significance.
Compared to the outfield environment test, the continuous
acceleration bench test is repeatable, which can largely re-
duce the labor and time costs.

Therefore, to carry out the acceleration fatigue life bench
test of airborne equipment, compilation of the frequency
domain synthetic acceleration spectrum has become a key
step in the vibration endurance bench test. The selection of

under harsh working conditions, while the non-Gaussian
characteristics of excitation are particularly obvious [1].
However, in the analysis, we usually assume that the random
load on the structure obeys a stationary Gaussian distribution,
which often leads to the danger of fatigue damage, which
implies a hidden danger to the equipment service [2]. The
most commonly used acceleration method is the frequency
domain synthesis method based on the fatigue damage
spectrum (FDS), proposed in French military standards to
evaluate the potential damage of different components under
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dynamic excitation [3]. Since then, extensive related studies
have been carried out. Liu [4] applied super-Gaussian basic
excitation to a cantilever beam, studied its dynamic response
and structural fatigue life, and deduced Gaussian and super-
Gaussian vibration acceleration models. Cheng [5] established
an analytical expression for a non-Gaussian probability
density function, combined a probabilistic power spectrum
with the Dirlik formula, proposed a formula for the calcu-
lation of non-Gaussian wide- and narrow-band fatigue lives,
and provided a random vibration acceleration test scheme
based on the failure mechanism. According to the actual
operation of subway vehicles, Wang [6] carried out road
spectrum simulation tests, simulated long-life acceleration
spectrum tests, and standard spectrum tests based on the FDS
synthetic acceleration power spectral density (PSD). The
critical surface method based on the maximum principal
stress and shear stress criterion was used to predict the multi-
axial acceleration fatigue life. Based on the equivalent prin-
ciple of fatigue damage, Qin et al. [7] converted the non-
Gaussian excitation into the frequency-domain PSD for the
shaking table test, so that the vibration environment of the
traction converter is simulated more accurately. In 2014,
Lalanne [8] studied the different calculation methods and
influence parameters of the extreme response spectrum (ERS)
and FDS based on a single-degree-of-freedom (SDOF) sys-
tem. Wolfsteiner [9] employed the high-order spectrum to
calculate the FDS of a multi-degree-of-freedom (MDOF)
system to estimate the damage of the system under non-
Gaussian excitation. Wen [10] employed the load signal of the
front axle of an 88-kW tractor, considering the effects of load
amplitude and material fatigue, and proposed an accelerated
durability testing method based on PSD FDS editing (PD-
LSD). This ensured that the accelerated endurance test could
reproduce the fatigue load characteristics of the tractor as-
sembly. Based on FDS and test synthesis method, Cianetti [11]
compared the fatigue damages caused by acceleration exci-
tation under different conditions and verified the proposed
acceleration method by a durability test case.

Conventional vibration endurance acceleration tests
usually ignore the transfer process from excitation to re-
sponse and non-Gaussian characteristics of excitation sig-
nals [12]. At present, there is no good acceleration method
for the acceleration of non-Gaussian and Gaussian mixed
excitation, and the selection of acceleration parameters for
non-Gaussian excitation is only based on experience. It is
impossible to get an accurate accelerated excitation PSD
applied to the shaking table test. In this study, considering
the measured non-Gaussian excitation of an airborne
equipment, mounting bracket, during aircraft flight as an
input, a non-Gaussian excitation acceleration method based
on the FDS is proposed. The calculation method of fatigue
damage spectrum is summarized, the advantages and dis-
advantages of each method are compared, the influence of
acceleration parameters on accelerated PSD is explored, and
the appropriate acceleration parameters are selected to deal
with non-Gaussian excitation. Finally, simulations and ex-
periments are carried out to verify the effectiveness of the
accelerated method and the accuracy of the finite element
model.
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2. Theoretical analysis and accelerated
fatigue model

In order to edit the input load spectrum in frequency do-
main or time domain, it is necessary to distinguish the non-
Gaussian or Gaussian characteristics of the input excitation.
Then the fatigue damage spectrum of each working con-
dition or task section is calculated based on different FDS
calculation methods and synthesized by linear superposi-
tion. Finally the accelerated PSD used on the bench vibration
test is calculated by acceleration formula based on the
principle of damage equivalence.

2.1. Discriminant principle of non-Gaussian characteristics.
The PSD is a second-order statistic. For a stationary
Gaussian vibration with a mean value of 0, the PSD can
include the statistical characteristics of random vibrations
[13]. For non-Gaussian random processes, the information
contained in the PSD is insufficient. The load suffered by the
equipment in aircraft operation is generally non-Gaussian
excitation; therefore, it is necessary to distinguish non-
Gaussian parts from a input excitation. For a random
process X(t), skewness S and kurtosis K are commonly used
in engineering to calculate third-order and forth-order
random vibration statistics. The calculation equation is
shown as (1) and (2):

E[X-EX)*
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In engineering, when the kurtosis of a random signal is K
=3 and S = 0, the random excitation is a Gaussian process,
when K > 3, the random excitation is a super-Gaussian
excitation, and when K < 3, it is a sub-Gaussian random
excitation [14]. Additionally, to obtain the amplitude dis-
tribution properties of input excitations, the cycles times of
excitation amplitude intervals are counted and contrasted
with the Gaussian distribution to see whether the excitation
amplitudes obey a Gaussian distribution.

2.2. Fatigue damage spectrum calculation methods

2.2.1. Gaussian frequency domain fatigue damage models.
The estimation methods of fatigue life of random vibration
are generally divided into time domain method and fre-
quency domain method. In the frequency domain method,
the response stress power spectral density (PSD) is used to
predict the fatigue life of engineering structures by its
spectral parameters, the S-N curve of materials and the
appropriate damage theory. In this process, the spectral
parameters describing the statistical characteristics of the
random process, which avoids directly dealing with the
complex stress time history and greatly shortens the time
and workload are only be calculated in the frequency domain
method.
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For Gaussian stochastic processes, the power spectral
density function G(f) is used to describe the frequency
domain characteristics of excitation. Meanwhile, the sta-
tistical characteristics of the power spectral density function
can be expressed by the moment [15]. Given a random signal
X(t), the moment of order n (close to the origin) is the

quantity:
dn/ZX (t) 2
M” =k din'2
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Expressed in the form of power spectral density G(f),
which can be written as:

mn:J:of”G(f)df, n=123.... (4)

The moment of order zero is none other than the square
of the rms value X, (¢):

M, = E[X*(t)]
- lim rT X*(H)dt = X%,
7T rms (5)
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Moments of order n are related to stochastic processes
and their derivatives as follows:

2
my = oi = E[xz(t)],
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The zero crossing frequency E(0) (the number of times
the zero is crossed from the bottom up) and the peak fre-

quency E(p) (the number of peaks in the sample) can be
approximately estimated by the moment as follows:

E[0] = J?
0

E[p] = \[ 2.

m,

(7)

Random vibration theory introduces irregular factor y
and spectral width coefficient ¢ to distinguish whether a
stationary random process is a narrowband process or a
broadband process.
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When ¢ — 0 or y — 1, the stochastic process is a
narrow-band process; when ¢ — 1 or y — 0, the sto-
chastic process is a broadband process, especially at that time
y = 0, the stochastic process can be regarded as white noise.
In engineering, it is generally believed that the amplitude
probability density function of narrowband random process
tends to Rayleigh distribution when 0<e<0.3 or when
0.7<y<1.When 0.7<e<1 or 0<y<0.3, the excitation can
be regarded as a broadband stochastic process, and there are
many models that can be described in fatigue theory [16].
The amplitude time history of narrow band and broad band
random vibration is shown in the Figure 1 .

For continuous time histories of random stress, the
general expression of fatigue damage can be written in the
form of the following integral [17]:

D= I+mNP(0)dG
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where p(0) denotes the probability density function of
random stress response on the specimen, T is the total time
of exposure to the random vibration excitation, N, is the
average number of the zero up-crossings per unit time in the
stress time history. If the stress response obeys a narrow-
band distribution, i.e., the irregular coefficient r tends to 1
[18], the expression of probability density function is as
follows:

2
p(o) = Lexp( -7 ), (10)

2
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where 0,,, is the root mean square of stress response. Then
Substitute (10) into (9) to obtain

b
D:KEngT(ﬁzrms)bF<l+g>. (11)

The above equation uses the Rayleigh distribution as an
amplitude probability density function. The rms displace-
ment response z,,,, to a vibration can be further simplified. If
the PSD is defined with respect to frequency f, the z,,,, can be

written as:
[w
Zrms = IOQGXO (f)a (12)

and when the input is an acceleration, the simplified z,, is

rms — Qicxoif) (13)
4w,

Under the assumption of small damping, nj = f,. Then
substitute (13) into (11) to derive the FDS expression [8]:

b/2
FDS(f,,):fnT%b[(j('zG%Zéf')'z] r<1+g), (14)
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FIGURE 1: Comparison of wide and narrow band time domain signal waveforms. (a) Narrow band random vibration. (b) Broad band

random vibration.

where f, is the system inherent frequency, K is the SDOF
system stiffness, b and C are material parameters, and I'is the
gamma function, defined as I'(g) = J(O)O x971 . e7*dx.

If the stress response obeys a broad-band distribution,
i.e., the irregular coeflicient r tends to 0, the Wirsching and
Dirlik probability density functions can be used to calculate
the broad-band stress FDS [17].

The Wirsching correction fatigue damage formula is
expressed in (15) [19]:

FDS = A;FDS(f,.), (15)

where FDS(f,) is narrow band damage and Ay is the
correction coefficient of rain flow counting method which is
shown as following:

Ae(b,r) = A(b) +[1 - A(b)][1 - €]P®, (16)

where
A(b) = 0.926 - 0.033b o
B(b) = 1.587b — 2.323 } (17)

T. Dirlik proposes the following expression for the

probability of rainflow half-ranges [20]:
Pp(u) = Digh 4 D, M g8 g (18)
A B

where D +D,+Ds=1, D, =2(C-r’)/1+r’, B
=r-C-D}/1-r-D,+D},D,=1~-r-D, +D}/1-B,
A =1.25r-D; - D,B/D,,C=M,/My\/M,/M,, and r is
the irregular coefficient.

Substituting the probability density of Dirlik (18) into
original fatigue damage expression (9) , the broad-band FDS
calculation formula can be derived [8]:

b
K
FDS = En;Tz” [D,AT (1 +b)

rms

(19)
b
+2"%(D,B" + D3)r(1 + E)]

where z,,, is the RMS value of the displacement response
and T is the duration.

2.2.2. Non-Gaussian time domain fatigue damage models.
If the excitation cannot be characterized by the PSD, such as
an unsteady signal or non-Gaussian signal, the relative
displacement response of the signal can be obtained only by
transient method. For solving the relative displacement
response of a SDOF system, Duhamel integral method is
generally used which can be generally expressed as follow
[21]:

x(t) = med J-; p(T)efcw”(FT) sin[wy (t - 7)]dr,  (20)

where p(r) is random excitation load, w is natural circle
frequency and ( is damping coeflicient. Using the Duhamel
integral solution method, although the result is the most
accurate, the calculation speed is relatively slow. If there are
large numbers of non-Gaussian signals points that need to
respond calculation, the Duhamel integral method for
solving the analytical solution can not meet the
requirements.

Smallwood [22] put forward an improved recursive
formula of shock response spectrum in 1981, which includes
the fast response formula of relative displacement model.
The relative displacement response model and the absolute
acceleration response model are shown in Figure 2:
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FIGURE 2: Response model of foundation vibration. Then the transfer function of the model can be obtained: (a) Absolute acceleration

response model. (b) Relative displacement response model.
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The effect of the transfer function can be changed by
changing the b,, b;,b,, et al. values in the model. So,
according to the linear assumption of engineering struc-
tures, the stress response can be obtained by equation:

0 =Kz, (22)
where o is the stress response, K is the linear multiplier
between relative displacement and stress (linear system), and
z, is the relative displacement response of the system. The
fatigue damage can be obtained by counting the rain flow of
the stress response. After calculating the cumulative damage
at each natural frequency of the linear system, a frequency
damage curve was drawn. Figure 3 shows the detailed flow of
solving FDS with non-Gaussian excitation.

3. Basic principle of frequency-domain
synthesis acceleration PSD

In this study, vibration data of a certain type of airborne
equipment, installation bracket, during flight (take-off,
climb, flat flight 1, flat flight 2, descent, and landing) were
used as an excitation input. Aluminum alloy notched
specimens were used as research objects to collect the strain
data before and after the acceleration bench vibration test.
The effectiveness of the accelerated PSD based on different
frequency domain synthetic acceleration methods were
tested and the whole fatigue life cycle of aluminum alloy
notched specimens was detected.

3.1. Measured acceleration excitation input and
discrimination. The climbing and flat flying 2 task segments
were selected as examples; the distribution test results of
them are shown in Figure 4. The kurtosis and skewness of
each task segment were calculated, as shown in Figure 5.
The comparative analysis shows that, if the kurtosis is
larger than 3.4, the signal can be considered a non-Gaussian
signal, while, if the kurtosis is between 3 and 3.4, the signal
can be considered a Gaussian signal [23]. In summary, in the
mission profile, flat flying 2 corresponds to a Gaussian signal

and, because of its large number of sampling points, a fast
FDS calculation method can be used later. The other mission
segments (take-off, climb, flat flight 1, descent, and landing)
correspond to non-Gaussian signals.

3.2. Selection of acceleration parameters. The FDS of each
task segment is calculated first, and the FDS calculation
method needs to be chosen according to the load type.
Secondly, the appropriate acceleration parameters are se-
lected to calculate the bench test acceleration PSD. The
selection of different acceleration parameters has a great
influence on the fatigue results of the aluminum alloy
notched specimens.

3.2.1. Selection of FDS calculation method. First of all, the
effects of different fatigue calculation methods on FDS after
the excitation passes through the SDOF system are com-
pared. Taking flat flight 2 signal as an example, the FDS
results of the different methods were obtained by pro-
gramming, as shown in Figure 6.

Based on the RMS values of FDS and accelerated PSD
obtained by time domain method, it can be found that the
FDS calculated by rainflow method is almost the same and
the most accurate, but its calculation speed is slow. The
fatigue damage of the simplified Rayleigh distribution has a
large float and has more peak points. Because the input
excitation is assumed to be white noise for the solution of the
RMS value of the relative displacement. The FDSs calculated
by the Wirsching and Dirlik methods are very close to those
of rainflow counting method. The following analysis com-
pares the differences between these methods from different
angles and provides suggestions for selection.

The advantages and disadvantages of various FDS
methods are compared from three aspects: load applicability,
calculation speed, and calculation accuracy. The speed of
calculation is used to evaluate the time spent of synthesis of
FDS of each acceleration method. For the evaluation of the
calculation accuracy, the relative errors between RMS value
of accelerated PSD based on rainflow method and RMS
values based on other FDS calculation methods are
compared.
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acceleration. (b) Time-domain signal distribution inspection of climb task segment. (c) Flat flight 2 task segment time-domain acceleration.

(d) Time-domain signal distribution inspection of flight 2.

Table 1 shows that the time-domain rain flow counting
result is most accurate, but the calculation is slowest, so it is
suitable for non-Gaussian data calculation. The simplified
Rayleigh method is fastest and most suitable for the cal-
culation of a large number of points of Gaussian excitation.
If the number of sampling points is small, the Dirlik and

Wirsching methods can be used to improve the accuracy of
the FDS calculation of Gaussian excitation.

3.2.2. Setting of acceleration parameters. According to the
acceleration process, the acceleration parameters can be
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TaBLE 1: Multi-dimensional comparison of the advantages and disadvantages of various FDS methods

Calculation method Load applicability

Calculation speed

Calculation accuracy/% (relative error)

Non-Gaussian, Gaussian
Non-Gaussian, Gaussian

Rain flow method
Time-domain method

Simplified Rayleigh method Gaussian
Rayleigh method Gaussian
Dirlik method Gaussian
Wirsching method Gaussian

14 min 27 s /

14 min 9s 0.072
2s 4.2
8s 5.2
10s 33
10s 0.036

roughly divided into system parameters, material parameters,
sampling parameters, FDS estimation parameters, and
equivalent acceleration time and so on. The selection of
different acceleration parameters has a significant impact on
the final acceleration fatigue life. Therefore, in this study, the
system parameters (SDOF stiffness K) and material

parameters (b, C in the S-N curve) are varied to provide the
contrastive acceleration PSD, as shown in Figure 7. Mean-
while, by changing the value of b, the relationship between
preset equivalent acceleration time and pre-simulation ac-
celerate life is shown in Figure 8. It can be seen from these two
figures that when the equivalent acceleration time is 1 h and
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the material parameter b is set to 5, the acceleration fatigue life
best-coincides with the preset acceleration fatigue life.

3.3. Establishment of acceleration spectrum. The PSD cal-
culation formula of the synthetic accelerated test within the
equivalent time T, is [24]

Z(Zﬂfn)3 k'zFDS(fn)'C e
)= : . @)
Q |K'f, T T(1+b/2)

Gsynth (fn

where ) FDS(f,) is the total damage of each working
condition, k is the safety factor, and T,, is the preset
equivalent test time.

Accelerate the non-Gaussian and Gaussian excitation
signals of all task segments and take the proportion of both
Gaussian and non-Gaussian task phases into account.
According to the original fatigue life vibration test results, as
shown in section 5.1, each Gaussian and non-Gaussian task
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phase is assigned with the number of FDS cycles, as shown in
Table 2. The accelerated excitation PSD representing the
whole life for bench vibration test is shown in Figure 9. A
finite-element simulation and bench test verification are
carried out as next chapters.

4. Accelerated fatigue life characteristics of
aluminum alloy notched specimens

4.1. Finite-element model. A one-to-one finite element
model was established according to the structure of the
specimen and tooling model, as shown in Figure 10. Con-
sidering the determination of the patch position, we need to
obtain the stress proportion relationship between the patch
element and dangerous element, i.e., the stress concentration
factor. The simulation provides mainly the fatigue life of the
hazard unit, while the strain response of the patch unit was
obtained in the bench test. As the acceleration excitation in
this study had non-Gaussian characteristics, the quasi-static
superposition method and transient response method were
used to calculate the original fatigue life, while the uniaxial
harmonic response method was used to calculate the
accelerated fatigue life. Simultaneously, the large mass point
method was used to simulate the input excitation of the
shaking table.

The solution method to calculate the stress concentration
factor is to add a vertical force of 10 N at the end of the
specimen and evaluate the ratio of the maximum principal
stress of the dangerous element to the patch element. The
calculated results are shown in Figure 11. The stress con-
centration factor was 5.3.

4.2. Selection of the S-N curve. In this study, the specimen
material was a 7050-T7451 aluminum alloy. According to
EN-1999-1-3, the fatigue strength is 140 MPa at a number of
2 x 10° cycles, while the survival rate of the S-N curve was
97.7%, as shown in Figure 12. There are two curves in the
figure. The S-N curve of 2 x 10° cycles is the fatigue strength
of the base metal with defects, and the S-N curve of 1 x 10°
cycles is the fatigue strength of the base metal without
defects. Because the aluminum alloy specimen in this paper
has a notch, 2 x 10° is selected as the fatigue cycle.

4.3. Calculation of the Fatigue Damage at the Notch of the
Specimen. In this study, all elements at the notch of the
aluminum alloy specimen were selected to calculate the
fatigue damage. The model transfer function was obtained
through the harmonic response analysis based on the modal
superposition method and the accelerated PSD excitation
was used as the simulation excitation input. The stress re-
sponse PSD of the model can be obtained using (24). The
rain flow amplitude probability density function (PDF),
according to the Miner damage accumulation criterion, is
obtained using the Dirlik probability density function fre-
quency-domain fatigue model. Finally, the cumulative
damage values of all notch risk units are obtained and the
fatigue damage calculation formula is presented in (25) [25],
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TaBLE 2: Number of FDS cycles that represent the whole life of each mission segment

Task phase Non-Gaussian task segment Gaussian mission segment (2.559) Gaussian mission segment (8g)
Average number of cycles 1 23.8 11.46

0.001

1E-4 . J
10 100 1000

Frequency (Hz)

Acceleration power spectral density (g*/Hz)
o
=
T

Figure 9: PSD of the accelerated test.

FIGURE 10: Finite-element model of the tooling and aluminum alloy notched specimens.

300 ¢
250
= 200
2
= 150
o0
s
2 100
=]
20
s
2
FiGure 11: Calculation of the stress concentration factor (unit: 50 L L L L
MPa). 10° 106 107 108 10°
Number of cycles
-—- 2x10° cycles
Y(f,)=H-G(f,) (24) —— 1x10% cycles
c FIGURE 12: Selection of the S-N curve.
= 0 _m > (25)
Ny Io o p(o)de The fatigue damages before and after the acceleration are

calculated and compared. The accelerated fatigue damage
where H is the transfer function of the model, G(f,) is the  cloud diagram of the aluminum alloy notched specimen
PSD excitation of the input acceleration, Y (f,,) is the PSD ~ (damage per second) is shown in Figure 13. The selection of
response of the system stress, and p (o) is the probability = the acceleration parameters and fatigue strength during the
density function of the stress amplitude. simulation leads to different acceleration fatigue lives.
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FIGURE 13: Damage cloud map of the accelerated aluminum alloy
notched specimen.

Therefore, to analyze the influences of the acceleration
parameters on the accelerated fatigue life of the aluminum
alloy notched specimen, Figure 14 compares the damage
change law of the notch element with the change in the
acceleration parameter b. Generally, a larger b led to a larger
accelerated damage of the dangerous element. According to
a comparative study, the system parameter K and material
parameter C affect only the FDS, but do not affect the final
accelerated fatigue life [8].

4.4. Comparison of damage before and after the acceleration.
Owing to the large number of notch elements, the most
dangerous notch element in the simulation analysis is se-
lected to list the fatigue damage calculation results. The
simulated cumulative damages before and after the accel-
eration are compared to the test original fatigue life. The
relative error of the calculation is shown in Table 3. The
comparative analysis shows that, using the simulation
method of uniaxial harmonic response, the calculated
original fatigue life is close to the test original fatigue life; the
relative error is 15.7%. The relative error between the
simulated accelerated cumulative damage and test cumu-
lative damage (calculated at D = 1) is 20.5%. With the
uniaxial harmonic response method to calculate the cu-
mulative damage, the accelerated damage of the dangerous
element is larger than the original damage. The error is
related to the calculation method of the original fatigue life
and linear accumulation of damage and is within the al-
lowable range, which verifies the effectiveness of the
accelerated method used in this study.

5. Bench test verification

5.1. Original fatigue life vibration test. As shown in the
previous sections, the input contains Gaussian and non-
Gaussian excitations. To obtain the original fatigue life of the
specimen under the mixed excitation, i.e. to obtain the FDS
cycle times representing the whole life, the original fatigue
life test was carried out. The test table layout and specimen
number are shown in Figures 15 and 16

Firstly, non-Gaussian excitations were applied to the
notched aluminum alloy specimen in the form of a

Shock and Vibration

0.001 £ ~.
1E-4
9]
o0
<
g 1E-5
<
L
=}
2 1E-6
<
=%
1E-7
1E,8 1 1 1 1 1 1
0 10000 20000 30000 40000 50000 60000
Notch hazard unit
— b=4 b=6
---b=5 --b=7

FIGURE 14: Damage comparison by the harmonic response method
(change in acceleration parameter (b)).

time-domain waveform representation, and then Gaussian
PSD excitations with different effective values are applied
until the fracture of the specimen, and the fracture time is
recorded. The duration of non-Gaussian vibration is 44min,
while the RMS valid values of the Gaussian PSD excitation
were 2.55g and 8g. The original fatigue life test results are
listed in Table 4.

The average original fatigue life of the aluminum alloy
notched specimen was 42095 s. The purpose of the original
fatigue life vibration test is to obtain the fatigue life of
aluminum alloy notched specimens under Gaussian and
non-Gaussian mixed excitation, so as to calculate the
number of cycles of FDS which represents the whole life.

5.2. Vibration endurance acceleration test. To further verify
the effectiveness of the random vibration excitation accel-
eration method used in this study, uniaxial original spec-
trum time-domain simulation tests and vibration endurance
acceleration tests were carried out. A group of six aluminum
alloy notch specimens were tested. Strain gauges were pasted
near the notches on the upper surface of the specimens,
strain responses were measured, and accelerometers were
installed on the shaking table to compare the consistency of
input and output excitations. In this experiment, six uni-
directional strain gauges and two accelerometers were used
in a total of 12 channels. Using the crack time as a reference,
the failure time of the specimen was recorded and the strain
was measured. The test table is arranged as shown in Fig-
ure 17. The fracture fatigue life of specimens was recorded
and the measured strain cumulative life was calculated
according to the strain signal, as shown in Table 5. The
relative errors of test (calculated by preset equivalent ac-
celeration time and crack initiation fatigue life) and the
relative errors of simulation (calculated by measured strain
cumulative life and simulation cumulative life) were cal-
culated. At the same time, the mean values of the absolute
relative errors were computed. Finally, calculate the fre-
quency domain characteristics of the stress signal at the
dangerous point of each specimen and compare the relative
error between the mean value of test life and the mean value
of simulation life, as shown in Table 6.
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TaBLE 3: Comparison of cumulative damages before and after the acceleration (b = 5)
Hazard unit 3711194
Emulation Test
. Original cumulative damage Accelerated cumulative damage Original damage

Cumulative damage 0.8431 1.205 1
Relative error/% 15.7 20.5 /

. . Original cumulative life Accelerated cumulative life Original fatigue life
Fatigue life (h) 13.868 0.83 11.693

FIGURE 16: Original fatigue life test sample number.
TaBLE 4: Original fatigue life test results
Mission profile
Test specimen Non-Gaussian task segment (s) Gaussian task section (s) Total time
number Take- . . . Gaussian excitation Gaussian excitation (s)
off Climb Flat flight Descent Landing (2.559) (89)

Y1_1 32 240 1493 864 16 34200 4140 40985
Y1 2 32 240 1493 864 16 34200 6600 43445
Y1 3 32 240 1493 864 16 34200 4860 41705
Y1 4 32 240 1493 864 16 34200 4080 40925
Y1.5 32 240 1493 864 16 34200 4740 41585
Y1 6 32 240 1493 864 16 34200 7080 43925
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J_#1~6 Specimens
FIGURE 17: Sample number of the vibration endurance accelerated test.
TaBLE 5: Comparison of the accelerated fatigue life between the bench test and simulation
Test Preset equivalent Crack initiation Measured strain S1mul§tlog Relative Relative error/
piece acceleration time (min) fatigue life (min) cumulative life (min) cumulative life error/% (test) %
(min) (simulation)

1 60 67 42.708 51.8 11.67 21.29

2 60 52 34.43 51.9 -13.33 50.74

3 60 73 49.524 49.8 21.67 0.56

4 60 63 34.776 49.8 5.00 43.20

5 60 68 47.436 51.7 13.33 8.99

6 60 82 86.9 51.7 36.67 -40.51
mean 60 67.5 49.296 51.117 16.95 27.55

TaBLE 6: Calculation of frequency domain characteristics of stress signal and comparison of fatigue life between test and simulation

. 3711194
Hazard unit
S1 S2 S3 S4 S5 S6
Oth spectral moment 196.09 125.96 123.77 172.51 204.07 39.07
1th spectral moment 6.58¢e3 4.33¢3 4.35e3 5.78e3 6.88e3 1.41e3
2nd spectral moment 2.65e5 2.12e5 2.82e5 2.9¢5 2.96e5 1.03e5
4th spectral moment 9.33e9 1.35e10 1.35el1 1.81ell 1.37el0 7.79¢10
Peaks per second 187.47 252.82 692.49 790.19 215.6 868.05
Upward mean crossings per second 36.8 41.06 47.69 41.03 38.1 51.44
Irregularity factor 0.1963 0.1624 0.0689 0.0519 0.1767 0.0593
Fatigue life (min) Simulation Test Relative error/%
51.117 67.5 24.27

Through the bench vibration tests and finite-element
simulation, and the comparison of all kinds of fatigue life,
the accelerated fatigue life in the bench test is slightly larger
than the preset equivalent accelerated fatigue life. The av-
erage accelerated fatigue life is 67.5 min, while the relative
error with respect to the preset equivalent acceleration fa-
tigue life is 16.95%. The average relative error between the
measured strain accumulation and accelerated fatigue life of
the finite-element simulation is 27.55%. The causes of the
error are the difference of finite element model and the
difference of fatigue calculation methods. In the bench test
and finite-element simulation, the average relative error is
within the allowable limit. The effectiveness of the non-
Gaussian acceleration method and accuracy of the finite-
element accelerated fatigue life simulation method were
verified.

5.3. Acceleration ideal factor calculation. The acceleration
ideal factor is used to define the acceleration effect. The ideal
acceleration factor is equal to the failure fatigue life of
specimens divided by the equivalent acceleration time. A
closer acceleration ideal factor to 1 implies a better accel-
eration effect. An acceleration ideal factor >> 1 indicates that
the acceleration excitation does not reflect the long-life
operation of the equipment within the effective time. If the
acceleration ideal factor is close to 0, the acceleration is
excessive. The calculation of the ideal acceleration factor is
shown in Figure 18. The ideal factor of the test acceleration is
slightly larger than the simulation result owing to the cu-
mulative results of strain damage, which is related to the
temperature change in the test and control accuracy of the
shaking table. The randomness of the test is relatively large.
The average acceleration ideal factor is 1.125, indicating that
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FIGURE 18: Comparison of ideal factors of the bench test and
simulation acceleration.

the acceleration is not excessive. The excitation can reflect
the total service life of the specimen at a specified time.

6. Conclusion

In this study, an acceleration method to address non-
Gaussian excitation is proposed based on the fatigue damage
spectrum theory. The aluminum alloy notched specimen is
designed and the bench test and finite element simulation
are carried out at the same time to verify the effectiveness of
the method.

(1) The calculation formulas of fatigue damage spectrum
under Gaussian excitation and non-Gaussian exci-
tation are derived, and the calculation flow chart of
fatigue damage spectrum by acceleration excitation
rain flow counting method is drawn. Simultaneously
A discrimination method for non-Gaussian excita-
tion was proposed and the kurtosis and skewness of
each task segment were calculated. The Gaussian
distribution characteristics of each task segment
were tested and an amplitude distribution map was
drawn. The Flat Flying 2 mission segment corre-
sponded to a Gaussian excitation, while the rest of
the task segment to a non-Gaussian excitation.

(2) The effects of different FDS methods on the ac-
celeration spectra were analyzed. The simplified
Rayleigh method was most suitable for the calcu-
lation of a large number of data points. The Dirlik
calculation accuracy was highest. The rain flow
counting method was suitable for non-Gaussian
loads. The acceleration effect was best when the
acceleration parameter was b = 5 and the equivalent
acceleration time was 1 h.

(3) The finite-element model of the aluminum alloy
notched specimen and tooling was established. The
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stress concentration factor was 5.3. The fatigue lives
before and after the acceleration were calculated by
the uniaxial harmonic response method and com-
pared to the original test life. The simulation results
showed that the relative error of the original cu-
mulative damage of the dangerous element was
15.7%. 'The relative error of the accelerated cumu-
lative damage was 20.5%. The changes in the ac-
celeration parameters revealed that a higher bled to a
larger accelerated cumulative damage.

(4) The original fatigue life vibration test and accelerated
fatigue life test were carried out respectively. The
bench test results of the original fatigue life show that
the number of non-Gaussian FDS cycles is 1, and the
number of Gaussian FDS cycles is 23.8 and 11.46
respectively. The bench test results of accelerated
fatigue life show that the relative error of fatigue life
before and after acceleration is less than 16.95%, and
the relative error of test and simulation is 24.27%.
The failure time of the specimen accelerated from
approximately 12 h to 1 h; the acceleration ratio
reached 12. The acceleration method can process the
signal with non-Gaussian and Gaussian excitations
into an accelerated PSD as a bench test-simulation
input. The purpose of this study was to provide a
reference for the compilation of the load spectrum
and vibration endurance acceleration test of other
equipment in aviation.
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