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'Abstract: The stationary gaussian hypothesis is usually used to
estimate the vibration fatigue life of structures. However, in actual
engineering, the dynamic response of the structure usually
exhibits non-stationary and non-gaussian, especially under harsh
working condition or changing environment. The structural
vibration fatigue life is closely related to the dynamic response
characteristics, especially with respect to the structural response
kurtosis used to characterize the non-Gaussian characteristics. In
this paper, the influence of non-stationary and non-Gaussian
random excitation on structural response kurtosis was studied by
means of simulation and experiment. Firstly, by the means of
simulating, the transmission law of excitation-response kurtosis
was studied from three aspects, including system damping ratio,
excitation frequency bandwidth, and excitation non-stationary
characteristics. Then, the response kurtosis law was verified by
the test results of cantilever vibration stress response. The results
show that when the excitation is a stationary gaussian random
load, the damping ratio and the excitation frequency bandwidth
have no effect on the response kurtosis, and the response is
approximately Gaussian distribution. When the excitation is
stationary non-gaussian and non-stationary non-gaussian random
load, if the damping ratio of the system is large, the response
kurtosis is mainly affected by the damping ratio; If the damping

ratio of the system is small, the frequency bandwidth and
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non-stationarity of the excitation have significant effects on the
response kurtosis. The research results can provide support for
predicting the vibration response and fatigue life of engineering
structures under complex non-stationary non-gaussian random
loads.

Keywords: Non-Stationary * Non-Gaussian ¢ Structural response

kurtosis * Random vibration

1 Introduction

Vibration refers to the reciprocating motion of the
structure near its equilibrium position. Any mechanical
system may vibrate as long as it has elasticity and inertia.
The influence of vibration environment and system
dynamic characteristics on system response should be
considered comprehensively in structural vibration
response analysis. In engineering, it is assumed that the
vibration environment is stationary gaussian (S-G), but
many structural components are subjected to non-stationary
non-gaussian (NS-NG) random loads in actual operation.
Especially in vehicle transportation, marine equipment,
aerospace and other fields, a large number of vibration
fatigue failure problems have fully demonstrated that it is
of great significance to carry out special research on
structural vibration response under non-stationary and
non-gaussian random excitation [1-4]. In addition, from the
perspective of environmental test standards [5-7], some
countries have gradually paid attention to the difference
between non-stationary non-gaussian load and stationary
Gaussian load on structural reliability and fatigue life.
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Based on recent work [8-10], the non-gaussian
characteristics of structural stress response is the key
problem to determine the random vibration fatigue life, so
the kurtosis transfer law between excitation and response
should be analyzed in random vibration response analysis.

Many scholars have studied this problem. Rizzi [11]
studied the response laws of different non-gaussian
excitation systems, but the research was limited to
stationary non-gaussian processes. Wu [12] studied the
acceleration response of the cantilever beam structure
under the vibration excitation of ultra-gaussian, which did
not involve the effect of system damping ratio. Morikawa
et al. [13] proposed an extreme response statistics
estimation method of single degrees of freedom system
under the action of non-stationary gaussian white noise.
Based on Hermite transformation model, Gao [14]
researched the non-gaussian extremum response of offshore
structures, and proposed the spectral analysis method of
modal coupling. Quan [15] carried out wind tunnel test to
study the probability density distribution characteristics of
cross wind acceleration response. Based on the root mean
square (RMS)-cycles of the acceleration, Wang [16] studied
the non-gaussian acceleration random vibration model, but
did not consider the effect of non-gaussian excitation with
different bandwidth on the response. Su [17] researched the
response of non-stationary fluctuating wind field to
buffeting of bridge structure. Scott Karen [18] studied the
application of Karhunen-Loeve extended method in solving
the response of multi degree of freedom system under
non-stationary gaussian vibration load. In recent years,
Capponi and Palmieri et al. [19-20] have researched the
non-stationary and non-gaussian vibration fatigue, but the
coupling effect between non-stationary and non-gaussian,
as well as the influence of random excitation bandwidth
and structure characteristics on the response non-gaussian
characteristics have not been considered. Yang [21]
discussed the non-gaussian response process of automobile
suspension spring and the vibration fatigue life of parts.
Based on the explicit time domain method, Helu Yu [22]
analyzed the non-stationary random vibration of vehicle
bridge system excited by random track irregularity.

From the above research status, the influence of the
non-stationary non-gaussian characteristics of random
excitation and dynamic characteristics on the response
kurtosis of the system have not been studied systematically.
The theoretical background of the random process is
introduced in Section 2. Taking the single degree of
freedom system as the research object, the influence of
non-stationary non-gaussian random excitation on the
response kurtosis is researched based on simulation in

Section 3. The applicability of the kurtosis transfer law
between excitation and response is verified by experiments
in Section 4.

2 Theoretical Background

Although random vibration can not be described by the
deterministic function of time, it has certain statistical
regularity on the whole, so it can be described by statistical
method [23]. According to whether the overall statistical
characteristics change with time, the stochastic process can
be divided into stationary random process and
non-stationary random process. The following two aspects
are the representation of stationary random process and the
solution of non-stationary index.

2.1 Stationary Random Process

For stationary random processes x(f), mean value u
standard deviation oy root mean square (RMS) y, are used
to characterize in time domain. Where covers both static
and dynamic components of random vibration amplitude,
the root mean square value y, is often used to represent the
magnitude of signal energy.

#, = E[x(®)] M
o, =\E[(x() - 1,)’] 2
v, =V E[X*(1)] 3

Where E(-) denotes mathematical expectation. The
autocorrelation function R.(f,t+7) represent as the
mathematical expectation of [x(¢)-x(#+7)]. For stationary
random processes with ergodic states, the autocorrelation
function Ry(¢,¢+7) is only concerned with time difference 7 .

R _(t,t+7)=E[x(?) - x(t+7)], “)

R, (t.)=R,(r) = lim %J.Orx(t) o, (5)

At the same time, the power spectral density (PSD) Su(f)
is usually used to describe stationary random processes in
frequency domain, which just constitutes a pair of Fourier
transform with the autocorrelation function Ry.(,¢+7).

L ope 2 fr
s.(f)= ;L R, (v)e*"dz (6)
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R.(0)=[ 278, (f)e"""df (7

According to the probability density distribution of
amplitude, random process can be divided into gaussian
random process and non-gaussian random process. The
probability density function p(x) of gaussian distribution
satisfies the form of Eq. (8). The i-order central moment M;
can describe the numerical characteristics of probability
density function of random process.

M, = [T 100 = 1)1 p(x,t)dx ©)

Generally, the characteristics of non-gaussian probability
density distribution were described by kurtosis K, (Eq.
(10))and skewness Sk (Eq. (11)). Skewness Sk characterizes
the asymmetry of probability density function curve, Si#0
means that it does not obey symmetric distribution.
Kurtosis Ky represents the sharpness of the peak and the
width of the tail of the probability density function curve.
K>3 means that the signal is denser near the mean value
and the probability of extremum is higher, which is
compared with gaussian distribution [24].

M M
K =—%="4 10
‘M ot (10)
_ M3 _M3
S, = Mj/z ——03 (11)

2.2 Non-Stationary Index

Although there is no unified and clear quantitative
representation theory for non-stationary random processes,
the non-stationary type of ‘root mean square value’ can be
quantitatively characterized. The ‘Run-Test’, which belong
to nonparametric statistical test method, can be used to
check whether the sequence containing only two values
conforms to the random hypothesis, and identify the
process non-stationary without assuming that the tested
data obey a specific probability distribution [25].

Firstly, the analysis signal is divided according to the
same time window width. Afterwards, the change of the
same statistical characteristics relative to the whole signal
is calculated for each time window. According to the
relationship between the statistical characteristics of the
window signal and the test conditions, a value is assigned

to each window. For example, ecach observation is
classified into one of two categories and is represented by
the symbol ‘+’ or °-’. The total number of observations
was N. Firstly, the number of ‘+’ N; and the number of ‘-’
N, were calculated. Then, the total ‘run’ number » was
evaluated. Finally, the nonstationary index y was solved.
For a large sample, which both N; and N, are greater than
10, the number of "run" r is a random variable with
normal distribution. Therefore, the normal distribution
random variable Z can be calculated as below [26].

r—u,
O

r

Z= (12)

Where mean 4 and variance o can be represented by
N; 1 and Nz.

2N,N,
=124 13
He="— (13)
0'2 _ 2N1N2(2N1N2 _N)
' N*(N-1)

(14)

In order to keep the process stationary, the "run" number
r must fall at the level of significance a within the
confidence interval determined as below.

(15)

He _Zl—a/ZGr <r< H, +Za/20—r

When taking into consideration of significance level
0=5%, Zi-ur=Z4»~2. Consequently, if the ‘run’ number
falls within the confidence interval, the signal can be
considered to be stationary, otherwise the signal is not.
Then, the non-stationary index y can be calculated.

r— 4,
O

r

(16)

When 7y is close to 0, it represents a stationary process.
And considering the significance level a=5%, when
0<y<2, it can be considered as a stationary process, when
y>>2, it can not be considered as a stationary process [27].

The non-stationary index is highly sensitive to the time
window width. Generally, it is required to calculate the
root mean square value of the vibration process in a
relatively narrow time window. The appropriate time
window width is related to the impulse response period of
the system, which can be defined as the time when the
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amplitude decreases to 10% of the initial value [28]. Since
vibration fatigue research is mainly focused on specific
systems, therefore the criterion can be used to measure the
non-stationary index of excitation and response at the
same time. The optimal window width T, is expressed as,

T~ In10 z0.37 (17
275 f, </,
Where ¢ and f, represents the damping ratio and natural
frequency of the system respectively.

3  Simulation Analysis of Non-Stationary
Non-Gaussian Random Vibration Response

In this section, the amplitude modulation method of beta
distribution used to simulate
non-stationary non-gaussian random signal as system
excitation [27]. Taking a single degree-of-freedom
mass-spring-damping system as an example, assumed that
the mass m=1Kg and the natural frequency f,=200Hz
remain unchanged, the displacement response was obtained
by applying displacement excitation, the effects of system
damping ratio, excitation frequency bandwidth and
non-stationary excitation signal on the transmission law of
excitation response kurtosis have been investigated.

random number was

3.1 Simulation Model

As shown in Figure 1, a single degree-of-freedom
(SDOF) system model under the foundation excitation is
established, which consists of base, damping, spring and
mass block.

m T (1)
k |J|-_| c

S

tx0

Figure 1 SDOF mass-spring-damping system model

The inertial force is opposite to the acceleration direction,
f, =—my. The damping force is opposite to the velocity
direction, f; =—cy . When the spring stiffness satisfies the
linear condition, which elastic force f, =—ky, the single

degree of freedom system can be simplified as a linear
model, which was expressed in differential equation of
motion as below.

my () +cy(t) + ky(1) = cx (1) + kx(7) (18)

Moreover, Eq. (18) can be indicated like:

PO +AT PO +A7° [ 9(8) = A fCx(0) +4n” 2 x(2)
(19)

Where { and f represent the damping ratio and natural
frequency of SDOF system respectively.

C
— 20
Ly s (20)
1 |k
f=2”\/; 21

3.2 Influence of Damping Ratio on Response Kurtosis
According to the resonance frequency of the system,

different random excitation signals were generated by flat

displacement power spectrum PSD1 (Figure 2).
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Figure 2 Displacement power spectral density under random
excitation (PSD1)

Firstly, as shown in Figure 3, under different damping
ratio, the responses kurtosis of stationary gaussian random
excitation were around 3, which were generally close to
gaussian distribution. Secondly, as shown in Figure 4, the
system responses of stationary non-gaussian random
excitation were not necessarily gaussian distribution, but
depend on the damping ratio ¢ When {<0.01, the response
was close to gaussian distribution. When the damping ratio
¢ increases, the response tended to be non-gaussian
distribution.
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Figure 3 Kurtosis of system response under stationary gaussian
random excitation and different damping ratio

—k— ¢-0.001

— M (=0.002

12 e (=0.004

- Z k —4— ¢=0.008
v s M =001
X 10 & o 0 (=002
20 oo
g 5 2 B P g w_w();v c:o.os
= —*— - (=0.1

P _w -

2 - =02
g ] ¥ ¢-04
L B _ %= O - -0

Excitation kurtosis Km

Figure 4 Under stationary non-gaussian random excitation,
kurtosis of system response with different damping ratio

3.3 Influence of Excitation Frequency Bandwidth on
Response Kurtosis

According to the PSD1 (Figure 2), keep the power
spectral density unchanged, taking the natural frequency of
the system (f,=200Hz) as the center frequency, four
different frequency bandwidths were considered (Table 1).

Table 1 Four kinds of random excitation signals with different
PSD bandwidth

NO.  Frequency range/(Hz) Bandwidth/(Hz)  PSD level/(m*/Hz)
PSDI  150-250 100 0.01
PSD2  163.5-237.5 75 0.01
PSD3  175-225 50 0.01
PSD4  187.5-212.5 25 0.01

Firstly, as shown in Figure 5, the responses kurtosis was
approximately 3, which was gaussian distribution. When

the damping ratio was very low ({=0.001), the responses
kurtosis was slightly different under different frequency
bandwidth. However, when the damping ratio of the system
increased gradually, the PSD frequency bandwidth of the
excitation signal had little effect on the response kurtosis.

6r

——%—— 100Hz
—— 75Hz
50Hz

—4— 250z

out

[
T

I
T

Response kurtosis K

107! 10
Damping ratio

Figure 5 Under stationary gaussian random excitation, kurtosis
of system response with different damping ratio and frequency
bandwidth

Secondly, based on the results in Section 3.2 (Figure 4),
when the damping ratio was low, the response kurtosis
under stationary non-gaussian random excitation tended to
be gaussian distribution. Therefore, two different damping
ratios (0.001, 0.1) have been considered. For low damping
ratio ((=0.001), the responses kurtosis was still close to 3
(Figure 6(a)), which were gaussian distribution. For high
damping ratio ({=0.1), the responses kurtosis was close to
the excitation kurtosis as the excitation frequency
bandwidth decreases (Figure 6(b)). Therefore, only when
the damping ratio is relatively high, the frequency
bandwidth of the excitation signal will affect the response
kurtosis.

_ 121 —k—100Hz _ [—%—to0Hz
2 —l—75Hz g2 | —m—75Hz
< 10 50Hz = 50Hz
. é . +25Hz % +25HZ
5 3
i =
2 6 4
£ =
Q. 2,
7] 4 :
2 2
6 8 10 6 8 10
Excitation kurtosis K. Excitation kurtosis K.
(a) =0.001 (b)(=0.1

Figure 6 Under stationary non-gaussian random excitation,
kurtosis of system response with different frequency bandwidth
and two damping ratio (0.001, 0.1)
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3.4 Influence of Excitation Non-stationary on
Response Kurtosis

Four groups of non-stationary non-gaussian random
excitation signals with different non-stationary degrees
were generated according to the PSD1 with 100Hz
bandwidth (Figure 2). According to the time window Ty =
0.1s, the non-stationary index of each group of signals were
obtained by ‘Run-Test” method. According to the plots in
Figure 7, it can be seen that the non-stationary index of
signals from group A to D increases gradually.

—3§—— Group A

Group C

—l— Group B + Group D

¥
d
=]

Non-stationary index

5 6 7 8 9 10
Excitation kurtosis Km

Figure 7 Non-stationary index test results for group A-D

Firstly, taking the non-stationary group D as an example,
the response kurtosis of non-stationary non-gaussian
random excitation under different damping ratios were
studied. As shown in Figure 8, the response kurtosis was
greater than 4, which was obviously non-gaussian
distribution. Compared with the stationary non-gaussian
excitation (Figure 4), when > 0.002, the response kurtosis
of non-stationary non-gaussian excitation were greater than
that of stationary non-gaussian excitation. When the
damping ratio increased, the response kurtosis was
approximately equal to the excitation kurtosis.

=

—¥—— ¢=0.001
N —— ¢=0.002
512 g ¢=0.004
< —0— ¢=0.008
2 10 27 001
£ s D ¢=0.02
2 8 -~ (=0.04
P / ceoee oo ¢=0.08
£ 6 - — ¥— -(=0.1
oy ' — -l— -¢=02
& =04
— 44— -¢08

Excitation kurtosis Km

Figure 8 Under non-stationary non-gaussian random excitation,
kurtosis of system response with different damping ratio

Secondly, two different damping ratios (0.001, 0.1) were
considered for group A-D. As shown in Figure 9(a), for low
damping ratio ({=0.001), the lower the non-stationary index
of the excitation signal (group A), the closer the response
kurtosis were to Gaussian distribution. As shown in Figure
9(b), for high damping ratio ((=0.1), the response kurtosis
was approximately equal to the excitation kurtosis.

12 12
— —=¥k— - Group A ’
s10F — -M— - Group B =10 2
MC Group C kc /#
) — —’— - Group D @ A
i sl ¥
=] / 5 /(
& ’ = %%
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é e \‘ % e e — —=¥— - Group A
= ’ = — -l — - Group B
L )
~ %\ B ~ Group C
% '/ B — @— -GropD
" ) " .
10 6 8 10
Exc1tat10n kurtosis Km Excitation kurtosis Klrl
(a) =0.001 (b)¢=0.1

Figure 9 Under non-stationary non-gaussian random excitation ,
kurtosis of system response with different degrees of
non-stationary and two damping ratio (0.001, 0.1)

Thirdly, based on four different frequency bandwidths
(Table 1), non-stationary non-gaussian random excitation
signals with similar non-stationary index were generated.
Through the ‘Run-Test’, the non-stationary index of each
group was obtained. As shown in Figure 10, the
non-stationary index of each group was all in the range of
[2,4].

——— Group A-100Hz
——l—— Group A-75Hz
Group A-50Hz

+ Group A-25Hz

6l

Non-stationary index 7

Excitation kurtosis Kin

Figure 10 Non-stationary index test results for different
frequency bandwidth

Three damping ratios (0.001, 0.01, 0.1) have been
considered. As shown in Figure 11(a), when the damping
ratio was low ((=0.001), the frequency bandwidth of the
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excitation signal had little effect on the response kurtosis,
which is close to 3. When the damping ratio was moderate
(¢=0.01), as shown in Figure 11(b), the frequency
bandwidth has an unordered effect on the response
kurtosis, which were non-gaussian distribution. When the
damping ratio was high ({(=0.1), as shown in Figure 11(c),
the frequency bandwidth of the excitation signal had little
effect on the response kurtosis, which were approximately
equal to the excitation kurtosis.
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Figure 11 Under non-stationary non-gaussian random excitation,

kurtosis of system response with different frequency bandwidth
and three damping ratios (0.001, 0.01, 0.1)

4 Experimental Verification

4.1 Test Preparation

The V-notch cantilever beam was selected in the test,
and the geometric dimensions are shown in Figure 12.
The material of specimen was aluminum alloy 6061-T6,
of what maximum tensile strength is 310.26MPa.

Xin Zeng et al.
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Figure 12 Structure and size of specimen (unit: mm)

The shaking table test adopts the loading mode of
foundation excitation. In order to meet the requirement of
four specimens in each vibration test, it was necessary to
design a fixture to hold four specimens in the same way.
The fixture consisted of a base and two battens. The base
was fixed on the shaking table by six bolts, and each
specimen was fixed between the base and the battens by
two bolts. For the sake of accelerating the fatigue process
of the specimen, the counterweight bolt was installed at
the through hole of the cantilever end of each specimen.
The schematic diagram of counterweight bolt installation
and signal acquisition channel is shown in Figure 13. The
first-order natural frequency of specimen was 26.01Hz,
which was carried out by the sine sweep frequency test.

b R
Acceleration excitation signal |-
control channel |

Counterweight bolt
—

Acceleration response signal

| N/

W Stress response signal
" acquisition channel |~

ceeleration excitation signal
’ acquisition channel /
s i

Figure 13 Schematic diagram of signal acquisition channel

4.2 Test Profile

In order to research the influence of non-stationary and
non-gaussian characteristics of random excitation on the
kurtosis of vibration stress response, five groups of tests
(A-E) have been designed. The frequency range of each
test profile includes the first-order natural frequency to
ensure the resonance of the specimen in the vibration test.

Group A: Based on the stationary gaussian (S-G)
random excitation Al, the PSD level was changed, as
shown in Table 2.
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Table 2 Profile of test group A

Bandwidth PSDlevel RMS Kaurtosis

NO- ey agme) i)

Al S-G 10-110 0.02 1.41 3
A2 S-G 10-110 0.04 2.00 3
A3 S-G 10-110 0.05 2.24 3
A4 S-G 10-110 0.06 2.45 3
AS S-G 10-110 0.08 2.83 3

Group B: Based on the stationary gaussian random
excitation B1(A3), the kurtosis value was changed, as
shown in Table 3.

Table 3 Profile of test group B

Bandwidth PSDlevel RMS  Kurtosis

NO.— Type /(Hz) (Hz)  Ag)
BI(A3) SG  10-110 0.05 224 3
B2 S-NG  10-110 0.05 224 5
B3 S-NG  10-110 0.05 224

Group C: Based on the stationary non-gaussian (S-NG)
random excitation C1(B2), the frequency bandwidth was
changed, as shown in Table 4.

Table 4 Profile of test group C

Bandwidth PSDlevel RMS  Kurtosis

NO- ey (gMz) /(@)
CI(A3) S-NG 10-110 0.05 2.24 5
C2 S-NG 10-85 0.05 1.94 5
C3 S-NG 10-60 0.05 1.58 5
C4 S-NG  20-30 0.05 0.71 5
Table 5 Profile of test group D
Band- PSD level RMS  Kurtosis
NO. Type  width combination (g)
/(Hz) /(g*/Hz)
DI(A3,B1) S-G  10-110 0.05 224 3
D2 NS-G  10-110  0.06-0.04 2.24 3
D3 NS-G  10-110  0.07-0.03 2.24 3
D4 NS-G 10-110  0.08-0.02 2.24 3

Group D: Based on the stationary gaussian random
excitation D1(A3, B1), keeping the frequency bandwidth
unchanged, permutation and combination in time domain
were carried out with different PSD levels, as shown in
Table 5. Through time domain and frequency domain
analysis of group D, as shown in Figure 14, it can be seen
that although DI to D4 show different non-stationary
characteristics in time domain, they all have the same
shape of power spectral density in frequency domain, and
the overall root mean square values were equal.
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Figure 14 Time domain and frequency domain diagrams of

acceleration excitation for test group D

Table 6 Profile of test group D

Bandwidth PSD level combination Kurtosis
NO. Type N
/(Hz) /(g*/Hz)
E1(D3) NS-G 10-110 0.07-0.03
E2 NS-NG 10-110 0.07-0.03
E3 NS-NG 10-110 0.07-0.03

Group E: Based on non-stationary gaussian (NS-G)
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random excitation E1(D3), kurtosis value was changed, as
shown in Table 6.

4.3  Analysis of Structural Stress Response Test
Results

The stress signals at the fracture notch under each test
section have been collected and analyzed to verify the
random vibration response law from the aspects of
excitation / response non-stationary index, stress response
RMS value, stress response kurtosis, etc. Since the
maximum frequency of excitation is 110Hz, the sampling
frequency is 500Hz and the sampling time is 150s
according to Nyquist sampling law. Owning to the
damping ratio of ordinary aluminum alloy plates is
generally 0.01 to 0.03 [29], the damping ratio of
this section (=0.015.
Thereupon, the width of non-stationary test time window
Tw = 1s was determined, according to Eq. (17).

specimens was assumed in

4.3.1 Stress response test results of test group A

From the non-stationary test results (Table 7), both the
acceleration excitation and stress response of group A
were stationary. The results of stress response are shown
in Table 8. With the increase of PSD level, the kurtosis of
stress responses was around 3, which were close to
gaussian distribution. Moreover, there is a linear
relationship between PSD magnitude and RMS value of
stress response.

Table 7 Comparison of non-stationary test results of
acceleration excitation and stress response in group A

Tw Acceleration Stress
NO. Type Ku
/(s) Indexy Assess Indexy Assess
Al S-G 3 1 0.80 S 0.51 S
A2 S-G 3 1 0.09 S 0.89 S
A3 S-G 3 1 0.44 S 1.80 S
A4 S-G 3 1 0.50 S 1.37 S
AS S-G 3 1 0.14 S 1.88 S

Table 8 Comparison of stress response characteristics of test
group A

were stationary. The results of stress response are shown
in Table 10. First, although the kurtosis of excitation was
different, the RMS value of stress response were basically
unchanged due to the same PSD level of excitation.
Second, with the increase of the excitation kurtosis, the
kurtosis of the stress response increases slightly, but it
was still close to gaussian, indicating that the damping of
the specimen was relatively small, which is consistent
with the law in Figure 4.

Table 9 Comparison of non-stationary test results of
acceleration excitation and stress response in group B

Tw Acceleration Stress
NO. Type Ku
/(s) Indexy Assess Indexy Assess
B1(A3) S-G 3 1 0.44 S 1.80 S
B2 S-NG 5 1 1.56 S 0.04 S
B3 S-NG 7 1 0.15 S 0.44 S

Table 10 Comparison of stress response characteristics of test
group B

NO. Type Accelera'tion Stress Stress' Time
kurtosis RMS/(MPa)  kurtosis  span/(s)
B1(A3) S-G 3 30.80 3.41 150
B2 S-NG 5 29.59 3.77 150
B3 S-NG 7 30.90 3.83 150

NO. Type PSD level Stress Stress Time
/(g¥/Hz) RMS/(MPa) kurtosis span/(s)

Al S-G  0.02 17.47 291 150

A2 S-G  0.04 26.36 3.19 150

A3 S-G  0.05 30.80 341 150

Ad S-G  0.06 33.73 3.14 150

A5 S-G  0.08 45.08 3.30 150

4.3.2 Stress response test results of test group B
From the non-stationary test results (Table 9), both the
acceleration excitation and stress response of group B

4.3.3 Stress response test results of test group C

From the non-stationary test results (Table 11), both the
acceleration excitation and stress response of group C are
stationary. The results of stress response are shown in
Table 12. First, although the RMS value of acceleration
excitation decreases, the RMS value of stress response
basically remains unchanged, which indicates that the
RMS value of stress response is mainly related to the
level of the power spectral density curve of acceleration
excitation at the first-order modal frequency of the
specimen, However, it is not closely related to the
frequency bandwidth of the excitation. Second, with the
decrease of the excitation frequency bandwidth, the
response kurtosis increases and approaches to the
non-gaussian distribution, which is consistent with the
law in Figure 6.

Table 11 Comparison of non-stationary test results of
acceleration excitation and stress response in group C

Tw Acceleration Stress
NO. Type Ku
/(s) Indexy Assess Indexy Assess
CI(B2) S-NG 5 1 1.56 S 0.04 S
C2 S-NG 5 1 0.66 S 0.31 S
C3 S-NG 5 1 1.05 S 0.86 S
C4 S-NG 5 1 0.78 S 0.74 S
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Table 12 Comparison of stress response characteristics of test
group C

Band-  Acceleration  Stress Stress Time

NO. Type width RMS RMS kurtosis  span
/(Hz) /(g) /(MPa) /(s)
CI(B2) S-NG 10-110 2.24 29.59 3.77 150
C2 S-NG  10-85 1.94 30.75 3.81 150
C3 S-NG 10-60 1.58 30.45 4.06 150
C4 S-NG 20-30 0.71 29.21 4.62 150

compared with the non-stationary gaussian random
excitation E1(D3), the stress response kurtosis value of
the non-stationary non-gaussian random excitation(E3)
was higher, which is consistent with Figure 8.

Table 15 Comparison of non-stationary test results of
acceleration excitation and stress response in group E

4.3.4 Stress response test results of test group D

From the non-stationary test results (Table 13), group D
non-stationary acceleration excitation will lead to
non-stationary stress response. The results of stress
response are shown in Table 14. Firstly, with the increase
of non-stationary index of excitation (RMS value
fluctuation amplitude), the RMS value of stress response
increased slightly. Secondly, the kurtosis of the stress
response gradually increased, especially when the RMS
fluctuation was very significant (D4). Thirdly, compared
with the results of test group B (Table 10), the kurtosis of
the stress response presents
characteristics.

obvious mnon-gaussian

Table 13 Comparison of non-stationary test results of
acceleration excitation and stress response in group D

Tw Acceleration Stress
NO. Type Ku
/(s) Indexy Assess Indexy Assess
E1(D3) NS-G 3 1 6.39 S 3.19 S
E2 NS-NG 5 1 6.17 NS 4.75 NS
E3 NS-NG 7 1 2.37 NS 4.40 NS

Table 16 Comparison of stress response characteristics of test
group E

PSD level Stress Stress Time
NO. Type combination RMS kurtosis span
/(g*/Hz) /(MPa) /(s)
EI(D3) NS-G 0.07-0.03 30.97 3.52 150
E2 NS-NG  0.07-0.03 29.68 3.96 150
D3 NS-NG  0.07-0.03 29.84 4.73 150

T Acceleration Stress
NO. Type Ku / (:; Index  Assess Index  Assess
Y
DI1(A3,B1) S-G 3 1 0.44 S 1.80 S
D2 NS-G 3 1 5.73 NS 3.57 NS
D3 NS-G 3 1 6.39 NS 3.19 NS
D4 NS-G 3 1 7.99 NS 7.01 NS

Table 14 Comparison of stress response characteristics of test
group D

PSD level Stress Stress Time
NO. Type combination RMS kurtosis span
/(g*/Hz) /(MPa) /(s)
D1(A3,B1) S-G 0.05 30.80 341 150
D2 NS-G  0.06-0.04 30.05 3.26 150
D3 NS-G  0.07-0.03 30.97 3.52 150
D4 NS-G  0.08-0.02 31.57 4.58 150

4.3.5 Stress response test results of test group E

From the non-stationary test results (Table 15), group E
non-stationary acceleration excitation will lead to
non-stationary stress response. The stress response results
are shown in Table 16. Firstly, when the kurtosis of
non-stationary excitation increased, the RMS value of
stress response were basically unchanged. Secondly,

5 Conclusions

The influence of non-stationary and non-gaussian
characteristics of random vibration on structural vibration
response were researched by means of simulation and
experiment, which can provide support for predicting the
vibration response and fatigue life of engineering structures
under complex non-stationary and non-gaussian random
loads. The main research conclusions are below:

(1) When the excitation is a stationary gaussian random
load, the damping ratio and the excitation frequency
bandwidth have no effect on the response kurtosis, and the
response is approximately gaussian distribution.

(2) When the excitation is stationary non-gaussian and
non-stationary non-gaussian random loads, if the damping
ratio of the system is relatively high, the response kurtosis
is mainly affected by the damping ratio,

(3) When the excitation is stationary non-gaussian and
non-stationary non-gaussian random loads, if the damping
ratio of the system is relatively low, the frequency
bandwidth and non-stationarity of the excitation have
significant effects on the response kurtosis.

The research results can provide support for predicting
the vibration response and fatigue life of engineering
structures under complex non-stationary and non-gaussian
random loads.
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