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Abstract. The stress response of cantilever beam to non-Gaussian random base excitation is
investigated based on Monte-Carlo simulation. First, the statistical properties and spectral
characteristics of non-Gaussian random vibrations are analyzed qualitatively; and the conclusion
is that spectral method based on power spectrum density (PSD) is not applicable for non-Gaussian
random vibrations. Second, the stress response formula of cantilever beam under non-Gaussian
random base excitations is established in the time-domain, and the factors influencing the output
kurtosis are subsequently determined. Two numerical examples representing different practical
situations are analyzed in detail. The discrepancies of the stress responses to Gaussian, steady
non-Gaussian and burst non-Gaussian base excitations are analyzed in terms of root mean square
(RMS), kurtosis and fatigue damage. The transmissibility of RMS and high-kurtosis of steady
non-Gaussian random base excitation is different from that of burst non-Gaussian case. Finally,
the fatigue life corresponding to every base excitation is calculated using the rainflow method in
conjunction with the Palmgren-Miner rule. Finite element analysis is also carried out for
validation. The predicted fatigue lives corresponding to Gaussian, steady non-Gaussian and burst
non-Gaussian base excitations are compared quantitatively. Finally, in the fatigue damage point
of view, the discrepancies among the three kinds of random base excitations are summarized.

Keywords: non-Gaussian vibration, base excitation, cantilever beam, rainflow cycle, fatigue life.
1. Introduction

Normally, most random vibrations encountered in practical situations are modeled as Gaussian
processes [1]. However, many observations confirm that the random excitations do not follow
Gaussian distributions in some situations [2-7]. There are pronounced differences between the
responses of one system when subjected to Gaussian and non-Gaussian dynamic excitations with
the identical PSD [8]. Generally, conservative or incorrect results will be obtained if
non-Gaussianities are ignored during fatigue damage estimation [9, 10]. Fatigue life prediction is
notably important for the reliability design of mechanical components.

Steinwolf [8] investigated the statistical properties of the response of a
single-degree-of-freedom (SDOF) system to non-Gaussian dynamic excitations based on
numerical simulations. Grigoriu [11] proposed linear models for non-Gaussian processes; based
on the models, Grigoriu solved the linear random vibration problem with a non-Gaussian input.
Rizzi et al. [12] classified high-kurtosis non-Gaussian random vibrations into two categories based
on the nature of sample time histories: steady non-Gaussian and burst non-Gaussian random
vibrations. We follow this classification herein. The aforementioned studies on non-Gaussian
random vibrations were carried out in the time-domain. Conventionally, frequency-domain
approaches can always provide fast and elegant tools for dynamic response analysis. However,
the spectral method based on PSD is inadequate for non-Gaussian random vibration [13]. Thus,
higher-order spectra are always employed. Although the theory of higher-order spectra can
support the non-Gaussian dynamic response analysis in the frequency-domain, it is still difficult
to define a non-Gaussian process completely. Indeed, there are various types of non-Gaussian
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random loadings. Sometimes bispectra and trispectra are not sufficient for analysis, and more
higher-order spectra are required. The spectral method thus becomes increasingly complex
because higher-order spectra are computationally intensive and difficult to present. Hence,
Grigoriu got the conclusion: Monte-Carlo simulation is the only general method for estimating
state statistics for linear systems in arbitrary non-Gaussian environment [14].

Although studies concerning the responses of SDOF systems subjected to non-Gaussian
random loadings have been presented, most mechanical structures in engineering are continuous
systems with infinite degrees of freedom (DOFs). The dynamic behaviors of continuous systems
are different from those of SDOF systems. Furthermore, lots of mechanical structures are
subjected to non-Gaussian base excitations in engineering field, such as the vibrations of some
components on automobile. In this study, theoretical analysis and Monte-Carlo simulation
calculations are conducted to treat a cantilever beam under non-Gaussian random base excitations.
First, the stress response formula is derived in the time-domain. Based on this formula, the factors
influencing the response kurtosis are determined. The differences in the stress processes
corresponding to Gaussian, steady non-Gaussian and burst non-Gaussian base excitations with
identical PSD are compared in terms of RMS and kurtosis. For stress time histories, the rainflow
counting method is selected [15] to extract the loading cycles. Finally, the fatigue lives are
calculated based on the linear Miner rule [16, 17]. The predicted fatigue lives corresponding to
Gaussian, steady non-Gaussian and burst non-Gaussian base excitations are compared
quantitatively for two typical situations.

2. Non-Gaussian random vibrations

Theoretically, the statistics those can define the non-Gaussianity of stochastic processes are
higher-order moments, {M,(ty,...,Tp_1)} or higher-order cumulants, {C,(tq,..,Tn_1)}
n =3, ..., o [18]. Higher-order moments and cumulants are multivariate functions of time lags
{t4, ..., Tn_1}. The estimations, expressions and applications of higher-order moments and/or
cumulants are intractable problems, and computational errors may easily be introduced. The
complexity inhibits the applications of these constructs to the dynamic response analysis of
non-Gaussian vibrations. For simplicity, the zero-lag third-order moment M;3(0,0) and
fourth-order moment M, (0,0,0) are always used as substitutes for zero-mean random vibrations.
Normalizing M4(0,0) and M,(0,0,0) by the third and fourth powers of the RMS, g, respectively,
yields the so called skewness S and kurtosis K [13]:

M
5= Ms00) 0
0z
K- M, (0;0,0). 2)
0z

For a Gaussian process, S =0 and K = 3.
The skewness S and kurtosis K of zero-mean vibration signal can be evaluated from the
sample time history z(t), as follows:

11,7
SEM (3)
a3 ’
17,7
KEM )
oy ’

where T is the time duration. This study focuses on symmetrically distributed high-kurtosis
vibrations, for which § =0 and K > 3.
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According to Rouillard [4, 19] and Rizzi [12], non-Gaussian random vibrations encountered
in engineering practice can be roughly classified into two categories: the “steady” type, in which
the high-excursion peaks are distributed uniformly over time, as shown in Fig. 1(b); and the
“burst” type, in which the high-excursion peaks emerge in clusters over time, as shown in Fig. 1(c).
The non-normality of burst non-Gaussian random vibration is attributed to its nonstationary over
short durations. However, from long duration point of view, burst non-Gaussian random loadings
are always treated as stationary processes [2]. A comparison of standardized Gaussian, steady
non-Gaussian and burst non-Gaussian vibration signals with the identical PSD is shown in Fig. 1.

5
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Fig. 1. Three types of random loadings with the identical PSD: a) Gaussian; b) steady non-Gaussian;
¢) burst non-Gaussian; d) PSD

3. Dynamic stress response analysis
3.1. Modal analysis

The subject of this study is the Euler-Bernoulli beam. The stress response of the beam is
directly related to the displacement response. Modal analysis is the basis of displacement response
calculation. For the constant-section cantilever beam, the n-th bending mode shape is expressed
as follows:

W, (x) = sinf,,x — sinhfB,x — a, (cosp,x — coshfB,x), (5)

where x denotes the position along the axial direction, as shown in Fig. 2. 8,,l = D,, is a constant
for specified n, and [ is the length of the beam. a, = (sinD,, + sinhD,)/(cosD,, + coshD,,),
where ‘sinh’ and ‘cosh’ denote the hyperbolic sine function and hyperbolic cosine function,
respectively. The modal frequency corresponding to W, is:
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El
pAl*’

w, = (BxD* (6)

where E is the elastic modulus, I is the moment of inertia of the cross-section, p is the density of
the material and A is the cross-sectional area. The n-th mode shape W, (x) satisfies the following
equation [20]:

d*W, (x
W() — W2p AW (). ™

3.2. Displacement response

A schematic view of the cantilever beam subjected to non-Gaussian random base excitation
ang(t), is shown in Fig. 2 where ayg(t) is acceleration signal. For stress response analysis, only
the calculation of relative motion is needed. And in this sense, the dynamic system shown in Fig. 2
is equivalent to that show in Fig. 3 in light of the theory of base excitation [20]. The distributed
load shown in Fig. 3 is determined by the distributed mass of the beam, dm(x) and the
non-Gaussian base excitation ayg(t). And dm(x) in Fig. 4 is defined as follows:

dm(x) = pAdx. (3)

Fig. 2. Schematic view of cantilever beam subjected to non-Gaussian random base excitation

Distributed load
e /] )~ ]

Fig. 3. Equivalent dynamic system to that shown in Fig. 2 for stress response analysis

According to Fig. 3 and Eq. (5), the generalized force corresponding to the n-th mode is:

l
Q) = f fro Co W, () dx. ©
0

Because the distributed load fyg (%, t) can be recognized to be applied on the central line of
constant section beam, as shown in Fig. 3, then the generalized forces corresponding to torsional
modes are all equal to zero. Based on the mode superposition method, the transverse displacement
at position X is:
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WD) = ) Wy()4a(0) (10)

n=1

where q,,(t) is the generalized displacement corresponding to W, (x). The differential equation of
the cantilever beam is:

0*w(x,t t
El w(x )+pA *w(x,t)

o~ o = a0, (an

Substituting Eq. (10) into Eq. (11), results in:

d*w,
Elz ) n(t>+pAZW(> DO _ o) (12)

According to Eq. (7), Eq. (12) can be rewritten as follows:

[oe] [oe] 2
S @i a0 + Y w0 i) e t) (13)
n=1 n=1

pA

Based on the orthogonality condition, and multiplying Eq. (13) by W, (x), m =1, 2, ..., o
and integrating over [0, [] results in:

d*q, (1)
dt?

1
+ wrzlqn(t) = MQn(t)r (14)

where b,, = |[W,(x)||3 = [ 01 W% (x)dx is a normalized parameter. Eq. (14) can be treated as the

forced vibration differential equation of an undamped SDOF system. q,(t) is obtained by a
convolution integral:

t
0 = >z GuDsinan(e = )i (1s)

The transient response driven by the initial condition is neglected. Introducing n-th modal
damping ratio {,, into Eq. (15) yields:

1 t
() =—— f Qn (e ~nont=Dsinw ™ (¢ — 7)d, (16)
pAb,w, " Jo
where w(® = w,,(1 — ¢2)'/ is the n-th resonant frequency.

By substituting Eq. (16) into Eq. (10), the dynamic displacement response can be expressed as
follows:

[ee]

w(x, t) =Z [Wn(x)m f Qn (D)e~nont=Dsine @ (¢ — 1)dr|. (17)

n=1

Note that the contribution of the n-th mode to the displacement response decreases with the
increase of modal frequency w,,. Normally, accounting for the first three or first four modes can
always guarantee accuracy. In this study, the first four modes are taken into consideration. The
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parameters {3, } in Eq. (5) satisfy [21]:
Bl = 1.8751, B,l =4.6941, B3l =7.8548, B,l =10.9955. (18)

By taking only the first four modes into consideration, Eq. (17) can be rewritten as follows:
w(x, t) = [W (x) ——— @ f Q, (D)e~5nont=Dsine@ (¢ — 7)dr|. (19)

3.3. Stress response

The dynamic bending stress at position x is associated with the bend radius. The maximum
bending stress occurs at the surface of the beam. For fatigue analysis, the maximum bending
normal stress at position x is expressed as follows:

Eh

O'(X, t) = m, (20)

where h is the thickness of the beam (as shown in Fig. 2) and v(x, t) denotes the bend radius of
the beam at position x and instant t. The bend radius is defined by the following equation:

d?*w(x, t)
1 _ dx2
v(x, t) - dw(x, £) 213/2 21
[1 + () ]
Substituting Eq. (21) into Eq. (20), the dynamic stress response is expressed as follows:
2
gp 3w t) ‘;’i’; t)
o(x,t) = (O 32 (22)
2 [1 +(25Y) ]
Substituting Eq. (19) into Eq. (22) produces:
AW, (x 1 ¢ _ )
ERYE_, [ d;;z( ) |, G (@e et Dsinw” (t - r)dr]
t) = p nwn
o(x,t) = (23)

2

21372
1+ ( 1, o) ” L [ 0u@eentDsingl e - T)d‘r) ]
n“n

Note that the expression for the stress response (Eq. (23)) is more complex than that for the
displacement response (Eq. (19)). Based on Eq. (23), we can analyze the factors influencing the
output kurtosis for a given mechanical structure. These factors mainly include the non-Gaussian
character (steady or burst), input kurtosis, input bandwidth, modal damping ratio. In this study,
attention has been focused on the following three factors: non-Gaussian character, input kurtosis
and input bandwidth, as illustrated in the following examples.

4. Numerical examples

A cantilever beam made of aluminium alloy, Al 2024-T3, is selected as the object in the
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following two numerical examples. The parameters of the material are listed in Table 1. The
dimensions are [ = 500 mm, b = 20 mm, and h = 2 mm.

Table 1. The mechanical properties of Al 2024-T3
Elastic modulus (GPa) | Poisson ratio | Ultimate stress (MPa) | Density (kg/m?)
68 0.33 438 2770

The first four mode shapes can be calculated from Eq. (5). The modal frequencies are derived
theoretically (Eq. (6)) and obtained with finite element analysis (FEA) software. The results are
listed in Table 2. The differences between the theoretical results and those from FEA software are
negligible. The theoretical results are adopted in this study for the completeness of the theoretical
analysis, but for complex structures, the FEA software can offer a good substitute.

Table 2. The first four mode frequencies of the cantilever beam

Modal frequency (Hz)
Method First Second Third Fourth
Theoretical 6.41 40.16 112.36 219.69
FEA 6.42 40.25 112.71 220.93

From Eq. (14), the generalized differential equation of the n-th mode can be equivalent to the
equation of an SDOF system. The generalized impulse response functions (IRFs) of the first four
modes are shown in Fig. 4(a). The frequency response function (FRF) is obtained by summing the
IRFs and conducting the Fourier transformation, as shown in Fig. 4(b). The modal damping ratio
is assumed to be {;,, = 0.02 based on the properties of Al 2024-T3.

0.2 First-order 0.05 Second-order G Third-order 0.01 Fourth-order
0.1 0.01 0.005
20 0 0 0
-0.1 -0.01 -0.005
-0.05 -0.01
-0.2 -0.02
-0.015
01 3 5 7 0 0.5 1 1.5 0 0.2 0.4 0 0.1 0.2
Time (s) Time (s) Time (s) Time (s)
a)
-1
0.0 10
10”
I~ 0.04 Linear scale Semi-log scale
[ 3
0.02 10
0 107
0 100 200 300 0 50 100 150 200 250 300
Frequency (Hz) Frequency (Hz)
b)

Fig. 4. The IRFs and FRF of the cantilever beam: a) IRFs of the first four modes; b) FRF on linear scale
and semi-log scale, respectively

4.1. Input base excitations

Two numerical examples representing different practical situations are provided. For each
example, the input base excitations are Gaussian, steady non-Gaussian and burst non-Gaussian
random vibrations with the identical PSD. The input PSDs for the two examples are shown in
Fig. 5(a) and Fig. 5(b), respectively. As shown, the input bandwidth in the first example covers
the first four modal frequencies, and that in the second example is located between the second and
third modal frequencies. These two examples represent two typical situations encountered in
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engineering practice. In the first example, the RMS value of the three kinds of base excitations is
50 m/s? (5 g). In the second example, the input RMS value is 300 m/s? (30 g). The input kurtosis
values are Kj,, = {4, 6, 8, 10} for the non-Gaussian random excitations in these two examples.
Thus, one Gaussian, four steady non-Gaussian and four burst non-Gaussian base excitations will
be analyzed in each example. Additionally, if the vibration is in vertical direction, the stress
induced by gravity should be taken into consideration. But in this study, we will just focus on the
normal situation to study the response behavior of linear structure under non-Gaussian base
excitations.

EIZ (4, 10) (254, 10)
(\l\
<8
E A FRF (dimensionless)
[
Lo
0 50 100 150 200 250 300
Frequency (Hz)
a)
x10° 3 3
60, 3x10%) (90, 3x10
%N 3 (60, ) (90, )
N/-\
<, 2 . .
¥ RF (dimensionless)
s ! —
Z2 o
0 50 100 150 200 250 300
Frequency (Hz)
b)

Fig. 5. The PSDs of the random base excitations: a) example 1; b) example 2
4.2. Example 1

The PSD of the Gaussian and non-Gaussian random base excitations is shown in Fig. 5(a). The
frequency range covers the first four modal frequencies. The stress responses are derived based
on Eq. (23). Although, we can calculate the stress response at any location of the beam from
Eq. (23), for fatigue analysis, we just need concern the point where the max stress response occurs.
It is clear that the max stress point is the fixed end of the cantilever beam. The stress concentration
factor at the fixed end of the beam is 1.3694 based on the analysis with FEA software. Then, the
response statistics can be estimated from the calculated stress time histories. The output stress
RMS and kurtosis at the fixed end to every random excitation are compared in Fig. 6(a) and
Fig. 6(b), respectively.

As shown in Fig. 6(a), the output stress RMS values corresponding to Gaussian, steady
non-Gaussian and burst non-Gaussian base excitations are approximately consistent disregarding
non-normalities of the non-Gaussian inputs. Additionally, the output RMS values hardly change
with the increase of the input kurtosis values, Kj,, for the non-Gaussian loadings. And the small
fluctuations of output RMS values along Kj, can be attributed to the statistical error from the
excitations itself with limited time duration.

As shown in Fig. 6(b), the output stress kurtosis values K, ; corresponding to Gaussian, steady
non-Gaussian and burst non-Gaussian base excitations are different. The K,,; value to Gaussian
excitation approaches three. However, K,,; values to steady non-Gaussian excitations are
somewhat less than three, regardless of the fact that the input kurtosis values, Kj, is larger than
three. The high-kurtosis diminished from input base excitation to output stress response because
the input bandwidth covers the first four peaks of the FRF (Fig. 5(a)), where the first is dominant,
and it functions as a filter. After being filtered, the output stress responses tend to sinusoidal curves
whose kurtosis is 1.5. For the burst non-Gaussian random base excitations, the output kurtosis
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Koyt 1s larger than three but less than the input value K;,. The attenuation of the kurtosis is due to
that the linear superposition during the response derivation has smoothed the local non-stationary
in the burst non-Gaussian vibrations. However, the kurtosis can transfer to some extent.
Phenomenologically, the conclusion is that the non-Gaussian property will attenuate from
non-Gaussian (steady and burst) base excitations to stress responses when the input bandwidth
covers the modal frequencies.

80
3
_ 60 -)‘(— |
[} | ‘
[~™
20l ! 2
o 40 : %  Gaussian 5 \ *¥  Gaussian
;Eg | ——&— Steady non-Gau } —&— Steady non-Gau
20 : —&— Burst non-Gau 1 } —&— Burst non-Gau
| \
oL— ol
2 4 6 8 10 2 4 6 8 10
Ki, Kin
a) b)

Fig. 6. Output RMS and kurtosis values corresponding to Gaussian, steady non-Gaussian and burst
non-Gaussian base excitations with different input kurtosis in example 1: a) RMS; b) kurtosis

4.3. Example 2

The PSD of the Gaussian and non-Gaussian random base excitations is shown in Fig. 5(b), and
the bandwidth is located between the second and third modal frequencies. The stress responses
are derived based on Eq. (23). The stress concentration factor at the fixed end of the beam is
1.3694 as mentioned in subsection 4.3. The output stress RMS and kurtosis at the fixed end to
every random excitation are compared in Fig. 7(a) and Fig. 7(b), respectively.

As shown in Fig. 7(a), the output stress RMS values corresponding to Gaussian, steady
non-Gaussian and burst non-Gaussian base excitations are very different. The variation of output
RMS is very different from that in example 1. This is attributed to the change of input bandwidth.
The output RMS values corresponding to burst non-Gaussian excitations are much larger than
those from Gaussian and steady non-Gaussian cases. The interesting phenomenon is that the
output stress RMS values corresponding to steady non-Gaussian excitations are smaller than that
from Gaussian case in this example.

As shown in Fig. 7(b), the output kurtosis values to Gaussian, steady non-Gaussian and burst
non-Gaussian base excitations are different. To all the base excitations, the output kurtosis values,
Koyt are greater than three. This is different from the usual assumption that Gaussian input results
in Gaussian output. The output kurtosis values K, to steady non-Gaussian random excitations
are smaller than that to Gaussian excitation. However, the output kurtosis values K, to the burst
non-Gaussian excitations are larger than the Gaussian case. Furthermore, for any kind of
non-Gaussian excitation, the output kurtosis values change irregularly along the axis of input
kurtosis Kj,. Finally for this example, the conclusion is that the stress responses to Gaussian,
steady non-Gaussian and burst non-Gaussian random base excitations may be very different in the
respect of RMS value and kurtosis value. The burst non-Gaussian base excitations can excite
greater stress responses than Gaussian and steady non-Gaussian ones. And it is more destructive.
Meanwhile, for steady non-Gaussian based excitations, higher kurtosis does not mean higher
output RMS value, higher output kurtosis value and more destructive power.
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Fig. 7. Output RMS and kurtosis values corresponding to Gaussian, steady non-Gaussian and burst
non-Gaussian base excitations with different input kurtosis in example 2: a) RMS; b) kurtosis

4.4. Fatigue life calculation

The calculated stress response time histories in example 1 and example 2 are used to calculate
the fatigue damage of the cantilever beam under different kinds of base excitations. The toolbox
WAFO [22] is used to deal with the time histories. Meanwhile the finite element analysis using
MSC.Patran and Nastran is carried out as well for comparison, as shown in Fig. 8. In this study,
the rainflow cycle counting method [15] and linear damage accumulation rule [16, 17] are adopted.

1.82+007)

Patran 2010 24-Dec-13 19:41 11 1 B8+007)
Fringe: Load1. Al:Time = 0.05. Stress Tensor. . 3 Component, (NON-LAYERED) 1.34+007|
Deform: Load1. Al Time = 0.05, Displacements, Translational. 1.09+007]

852+008
6.08+006

3.65+006
1.22+006)
-1.22+008]
-3.65+006)
-6.08+006]
-8.52+006)

-1.09+007
-1.34+007
-1.68+007
-1.82+007|
defauli_Fringe
Max 1.82+007 @Nd 41
Min -1 82+007 @Nd 52
defautt_Deformation
Max 1.16-002 @Nd 1

Fig. 8. The finite element analysis model of the cantilever beam under acceleration base excitation

To predict the fatigue life of the beam, we have estimated the S-N curve of Al 2024-T3 material
from constant fatigue test data in three stress levels and it is:

NS63* = 9.4016 x 10*°, (24)

Additionally, according to the research of Benasciutti [1], the rainflow cycles under fatigue
limit can still accelerate the fatigue process during random fatigue damage procedure. This
assumption is adopted herein. We have calculated the fatigue lives of the cantilever beam
according to the stress responses from theoretical calculation and FEA software, respectively.

4.4.1. Fatigue life calculation in example 1

For example 1, the estimated fatigue lives corresponding to different base excitations are
tabulated in Table 3. The fatigue life corresponding to Gaussian random base excitation is listed
in the last column. The results of steady non-Gaussian random base excitations with different input
kurtosis values are listed in the second column and the italicized numbers in parentheses indicate
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the ratios to Gaussian fatigue life. In the fourth column, the fatigue lives corresponding to burst
non-Gaussian base excitations are presented.

Generally, the fatigue life decreases with the increase of the input kurtosis for steady
non-Gaussian and burst non-Gaussian cases. When the input kurtosis K;j, = 10, the fatigue lives
to steady non-Gaussian and burst non-Gaussian random base excitations are approximately 70 %
and 60 % that corresponding to the Gaussian loading, respectively. This phenomenon is
noteworthy in practice. If non-Gaussianity is neglected, the spectral methods based solely on PSD
will overestimate the fatigue life, which is dangerous and fatal in engineering practice. In general,
the burst non-Gaussian excitation is more destructive than the steady one based on the data in
Table 3.

Meanwhile, the predicted fatigue lives to the entire random base excitations in example 1 based
on FEA are tabulated in Table 4. Good agreement is observed between the theoretical results and
FEA results.

Table 3. Calculated fatigue lives of random base excitations in example 1
K. Fatigue life (second)
! Steady non-Gaussian Burst non-Gaussian Gaussian
4 | 6.2482x103 | (0.9493) | 5.3937x10° | (0.8195)
6 | 6.1307x10° | (0.9315) | 4.1810x105 | (0.6352)
8 | 5.2126x10° | (0.7920 | 1.7071x10° | (0.2594)
10 | 4.4560x10° | (0.6770) | 3.9007x10° | (0.5927)

6.5816x10°

Table 4. Fatigue lives from FEA of random base excitations in example 1
Fatigue life (second)

Steady non-Gaussian Burst non-Gaussian Gaussian

4 | 6.3343x10% | (1.0726) | 5.3959%x10° | (0.9137)

6 | 5.7993x10° | (0.9820) | 4.4475%x105 | (0.7531)

8 | 4.8379x10° | (0.8192) | 1.7386x10° | (0.2944)

10 | 4.2951x10° | (0.7273) | 4.2219x10° | (0.7149)

5.9056x10°

4.4.2. Fatigue life prediction in example 2

For example 2, the estimated fatigue lives corresponding to different base excitations are
tabulated in Table 5. The fatigue life corresponding to Gaussian random base excitation is listed
in the last column. The results corresponding to steady non-Gaussian random loadings are listed
in the second column, and the italicized numbers in parentheses indicate the ratios to Gaussian
fatigue life. In the fourth column, the results corresponding to burst non-Gaussian loadings are
presented.

Table 5. Calculated fatigue lives of random base excitations in example 2
K. Fatigue life (second)
! Steady non-Gaussian Burst non-Gaussian Gaussian
4 | 1.6676x107 | (2.3944) | 4.1049%x10° | (0.0589)
6 | 6.3439x10° | (0.9109) | 1.5755%x105 | (0.0226)
8 | 6.7284x107 | (9.6609) | 2.5468x10° | (0.0366)
10 | 5.1902x107 | (7.4523) | 1.9021x10* | (0.0027)

6.9645%x10°

It can be observed that the fatigue lives to the burst non-Gaussian random loadings are much
smaller than that to the Gaussian random base excitation. However, for steady non-Gaussian
random excitation, the fatigue lives are larger than that of Gaussian case. This can be reflected
from the output stress RMS values, as shown in Fig. 7(a). When the input kurtosis Kj, = 10, the
fatigue life of the burst non-Gaussian excitation is smaller than 4 % that of the Gaussian loading.
While for the steady non-Gaussian excitation with K;, = 10, the fatigue life is above 7 times of
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that to Gaussian case. These results indicate that the higher kurtosis value does not mean higher
destructive power. Under the condition described in this example, if non-normalities are ignored,
great errors will be introduced both for steady non-Gaussian and burst non-Gaussian cases. In
addition, the fatigue lives corresponding to steady non-Gaussian and burst non-Gaussian base
excitations are very different. And the burst non-Gaussian base excitation is more destructive than
the steady one with identical PSD and kurtosis. This result discloses that the burst non-Gaussian
cannot be equated to steady non-Gaussian process during fatigue analysis in practice.

Meanwhile, the predicted fatigue lives corresponding to all the random excitations in
example 2 based on FEA are tabulated in Table 6. Good agreement is observed between the
theoretical results and FEA results.

Table 6. Fatigue lives from FEA of random base excitations in example 2
K Fatigue life (second)
! Steady non-Gaussian Burst non-Gaussian Gaussian
4 | 1.8824x107 | (2.5847) | 5.1417x10° | (0.0706)
6 | 1.3358x107 | (1.8342) | 5.3893x10° | (0.0740)
8 | 5.5296x107 | (7.5926) | 2.7020x10° | (0.0371)
10 | 4.0698x107 | (5.5881) | 1.6532x10° | (0.0227)

7.2829x109

5. Conclusions

Non-Gaussian random vibrations exist extensively throughout actual environments. These
random vibrations can be roughly classified into two categories: steady one and burst one.
Non-Gaussian random processes are various, and the spectral method based on PSD cannot obtain
reasonable results. Using the cantilever beam as the object, we systematically investigated the
stress responses and fatigue lives of a beam under Gaussian and non-Gaussian random base
excitations. And comparisons are carried out extensively. Based on the results of this study, the
following conclusions can be drawn.

1) The dynamic stress response analysis model for non-Gaussian random base excitations is
established. The factors affecting the output kurtosis values are determined as: non-Gaussian
characters (steady or burst), input kurtosis values, input bandwidth, and modal damping ratios.

2) When the input PSD covers the modal frequencies, the output stress RMS values
corresponding to Gaussian, steady non-Gaussian and burst non-Gaussian random loadings are
approximately consistent to one another. And in this condition, the non-Gaussian property will
attenuate from non-Gaussian (steady and burst) base excitations to stress responses, especially for
steady case. Furthermore, the non-Gaussian (steady and burst) base excitations are more
destructive than the Gaussian one with the identical PSD.

3) When the input PSD locates between two adjacent modal frequencies, the output stress
RMS values corresponding to Gaussian, steady non-Gaussian and burst non-Gaussian random
loadings are very different. The output RMS values to burst non-Gaussian random base excitations
are greater than that to Gaussian case with the same PSD. However, for steady non-Gaussian base
excitations, the output RMS values are smaller than that to Gaussian case. The output kurtosis
values for non-Gaussian (steady and burst) base excitations are irregularly changed with the input
kurtosis. Furthermore, in this situation, the burst non-Gaussian base excitations are much more
destructive than the Gaussian one. However, the steady non-Gaussian excitations are less
destructive than the Gaussian one.

4) Overall, for non-Gaussian base excitations, the steady one is very different from the burst
one. Higher input kurtosis does not mean higher output kurtosis and higher destructive power than
Gaussian base excitation during non-Gaussian vibration analysis. Generally, the burst
non-Gaussian base excitation is more destructive than the steady non-Gaussian and Gaussian cases.
But for steady non-Gaussian case, the comparative relationship is uncertainty. This discloses that
the burst non-Gaussian vibrations cannot be equated to steady non-Gaussian process, and
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non-Gaussian vibrations cannot be equated to Gaussian ones during fatigue analysis in
engineering practice.
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