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ABSTRACT Based on small sample of fatigue test data, a new method to obtain p-S-N curve for fatigue
reliability analysis using non-intrusive polynomial chaos (NIPC) is proposed to lower test cost. Parameter C
in Basquin S-N model is regarded as random variable. Samples of C are calculated through inverse analysis
based on small sample of fatigue test life. Then non-intrusive polynomial chaos expansions of C with respect
to fatigue life are constituted under different stress levels. Statistics of C can be calculated directly by
polynomial coefficients. A fast large-sample of C can be obtained based on NIPC and probability distribution
type can be determined through EDF test. Then samples of C under the stress levels can be obtained and
substituted into S-N model to calculate corresponding fatigue life samples. The fatigue life under different
reliabilities are calculated for fitting p-S-N curve. Fatigue test of Al 2024-T3 plate with hole is performed.
p-S-N curves are obtained by proposed method and compared with that obtained by linear regression based
on least square method. Almost all relative errors are less than 5%, which show that the proposed method
can predict p-S-N curve effectively.

INDEX TERMS Fatigue reliability analysis, non-intrusive polynomial chaos, p-S-N curve, small sample,

Basquin S-N model, aluminium alloy 2024-T3.

I. INTRODUCTION

Metal are widely used as primary load-carrying components
in engineering structure [1]. Fatigue damage caused by cyclic
loading in long-term working period is one main failure mode
of metal components [2], which is still the focus of safety and
reliability study [3]-[6]. Researchers have proposed various
fatigue damage and life prediction models [7]. The studies
were focus on deterministic life prediction before 1990s. The
most classic and still widely used models are S-N model and
Palmgren-Miner rule [8], [9].

Numerous fatigue test data show fatigue life has great
dispersion, which is caused by randomly distributed micro-
scopic defects and uncertainty of workpiece process. Fatigue
reliability design becomes more significant in engineering
structure design. p-S-N curve is the most straightforward
way, which can predict fatigue life for given reliability under
constant amplitude loading. In general, p-S-N curve is fitted
by linear regression and maximum likelihood method based
on groups of fatigue test data [10], which is time-consuming
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and costly. In many pratical situations, only fewer samples
of fatigue test life are avaiable. In such circumstances, many
studies that focus on small sample based technique to lower
time and test cost are carried out [11]-[14]. Gao et al. [15]
proposed a method for obtaining P-S-N curves under the
condition of small sample from a perspective of geometry.
Based on the failure trajectory concept and backwards statisti-
cal inference technique, Xie et al. [16] designed experimental
programs to fit P-S-N curve with a small number of test data.
Xiong and Shenoi [17] proposed two new randomized models
of time-dependent processes for estimating the P-a-t and
P-S-N curves.

In recent decades, approximate response surface method,
based on spectral representation of the uncertainty, developed
rapidly. Non-intrusive polynomial chaos method is the rep-
resentative one. It has been widely applied in computional
fluid mechanics and reliability analysis [18]-[20], because
probability properties of output response can be obtained
accurately with smaller smaple size of input random variables
in comparison to Monte Carlo [21].

The contribution of this paper distinguishes from publica-
tions in previous paragraph. The study is based on Basquin
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S-N model, which is randomized by regarding model param-
eter C as random variable. To lower test cost, non-intrusive
polynomial chaos method is used to calculate statistical char-
acteristics of C.

The paper is organized as follows: basic formulas for non-
intrusive polynomial chaos are briefly introduced in section 2.
Algorithm framework to randomize Basquin S-N model and
predict p-S-N curve are given in section 3. Validation of
proposed method through fatigue test data of Al 2024-T3
plate with hole is provided in section 4. We summarize the
paper and draw conclusions in section 5.

Il. NON-INTRUSIVE POLYNOMIAL CHAOS METHOD FOR
STOCHASTIC ANALYSIS

The polynomial chaos method [21], [22], based on the spec-
tral representation of the uncertainty, provides a random func-
tion with an approximate response surface with respect to
its control random variables, the advantage of which is that
statistic characteristics of random function can be obtained
with smaller sample of input random variables.

Define & ={&,..., &,} is a set of standard orthogonal
random variables. Random function ¢ can be expanded as a
truncated series of polynomials,

Npe—1
o Y Cyn(®) ey

k=0
where N, is number of terms in polynomial chaos expansion,
which is also the minimum number of samples required to
determine coefficient Cy. Eq. (1) indicates that random func-
tion ¢ can be decomposed into deterministic and stochastic
components. The expansion coefficients Cy are deterministic
components, and the basis functions ¥ ( &) denote stochastic

components. Number of terms N, can be given by [19],

» +n)!
p'n!

where p is the order of polynomial chaos and n denotes the
number of random variables in &.

Npe = )

TABLE 1. Some continuous probability distributions and corresponding
polynomial basis.

Distribution Basis Weight function Support
2 —
Gaussian Hermite e*% [ ©, +OO]
Gamma Laguerre x‘e™™ [0,4<0]
Uniform Legendre 1 [-1,1]
i,\’
Poisson Charlier —_ x=0,1,...
x!
Exponential Laguerre e [0,+0]

To improve convergence of polynomial chaos expansion,
basis function ¥ ( &) should be chosen according to Askey
rule [23] such that their orthogonal weight function matches
the probability density function of random variables &. The
polynomial basis for some commonly used continuous prob-
ability distributions are listed in Table 1.
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In engineering application, each set of samples of
& ={&1,..., &} can lead to a corresponding response ¢.
Enough accurate statistics of ¢ can be achieved while the
order of polynomial chaos is no less than 3 [19]. With the
left side of Eq. (1) obtained from experiment or the solutions
of deterministic evaluations at the chosen random points, a
linear system of equations can be obtained:

Yo o) ¥1 o) - YUn,—1 (60) €0
Yo (1) Y161 - Yn,—1 (61) c1

CNpe—1

v (%0)
¢ (§1)

Yo &) V1 En) - Yyt Enr)

3

@ (Em)
where M is no less than N.. The above linear equations are
calculated using a single linear least squares solution. Based
on the polynomial coefficients, the statistic characteristics,
such as the mean, variance, skewness and kurtosis, of the
random response ¢ can be achieved. The mean of the random
response ¢ is given by,

=
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The variance of the random response ¢ is given by,
Npe—1
oy =3 G{vwie) )
k=1
Similarly, the skewness, which represents quality or condition
of being skew, can be calculated by,
E(x—E @)’

o3
Npc Npc szr
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(6)
The kurtosis, which is a measure of the concentration of a
distribution around its mean, can be calculated by,
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where,
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The calculus results show that the statistics are related with
coefficients of polynomial chaos and weight function of
polynomial basis. The weight function of polynomial basis
contains probabilistic properties of random variables, which
is reason that NIPC can calculate statistics based on small
sample of random variables.

IIl. RANDOMIZATION METHOD OF S-N MODEL
Basquin S-N model [8] is most widely used to predict middle
fatigue life for metallic materials, which is written as,

s".N=C (10)

where § is stress amplitude, N is fatigue life, m and C
are model parameters. Eq. (10) can be written in terms of
logarithm,

IgN = —mlgS +1gC (11)

Fatigue life has great dispersion under given stress ampli-
tude loading, and is always thought to obey lognormal dis-
tribution. It is reasonable to regard parameter of S-N model
as random variable. In this paper, we regard C as random
variable to present randomness of fatigue life while m is
still material constant, which can be determined by fitting
mean value of fatigue life through Eq. (11) in advance. One
sample of 1gC can be obtained for one fatigue test life through
Eq. (11). In the view of statistics, numerous samples of
fatigue test life are needed to obtain probabilistic properties of
lgC with enough accuracy. Non-intrusive polynomial chaos
method introduced in Section 2 is used to lower test cost in
this study. Now we will use non-intrusive polynomial chaos to
establish stochastic analysis framework on the basis of small
sample of fatigue test life.

For our problem, the random functions ¢ in Eq. (1) is
the S-N model parameter IgC, and the random variables
& ={&,..., &} are one-dimensional, because there is only
one random variable, i.e. fatigue life N, which is assumed
to obey lognormal distribution in this study. As listed in
Table 1, there is no direct polynomial basis for lognormal
distribution. So we should calculate the logarithm of fatigue
life N in advance, which obeys normal distribution. Then
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TABLE 2. Fatigue test results under constant amplitude loading.

Group S/MPa Test life
22226, 23435, 22135, 23410, 23752, 22651,
A 88.59 23067, 24808
B 5278 164457, 189686, 180280, 187271, 227964,
’ 199233, 155843, 178365
c 33.47 931175, 1017854, 1065166, 1069414,
’ 1188311, 1257910, 772159, 792045
D 70.97 47271, 52777, 50778, 47325, 52663, 53352,

55004, 52272

polynomial chaos expansion can be established with Hermit
orthogonal polynomial basis. The samples of fatigue life
N{Ni, Na,..., N} with an appropriate sample size(no less
than N,) are obtained by fatigue test under some constant
amplitude loading. The corresponding samples of 1gC{ 1gC1,
1gCs,...,lgCy} are calculated through Eq. (11). Then, the
coefficients {Co, C1, ..., Cnpc—1} of the polynomial chaos
expansion for 1gC are achieved by solving Eq. (3). At this
point, the polynomial chaos expansion for the random func-
tion 1gC with respect to random variable N is constituted.
The statistics of 1gC, such as the mean, variance, skewness
and kurtosis, can be calculated directly from the polynomial
coefficients.

Only the statistics are not enough. The distribution type is
also needed to determine. It can be seen from Eq. (11) that
IgN is linearly related to 1gC. In the view of probabilistic
properties of normal distribution, it is reasonable to assume
lgC also obeys normal distribution. Besides, a fast large-
sample of the parameter 1gC can be achieved based on the
NIPC response surface at a significantly lower computational
cost. Then probabilistic distribution type of 1gC can also be
determined by EDF test [24]. EDF test is more effective than
x? test, especially for small sample. We will primarily do
the EDF test of normal distribution for 1gC. The analysis
process of non-intrusive polynomial chaos approach used for
stochastic analysis is given in Fig.1.

Once probabilistic properties of IgC are achieved, big
sample of which can be easily obtained. One sample of 1gC
represents one ‘specimen’. Substituting samples of 1gC into
S-N model Eq. (11), we can get samples of fatigue life, and
fatigue life under different reliabilities can be calculated for
fitting p-S-N curve.

IV. VALIDATION OF PROPOSED METHOD

In general, p-S-N curve for metallic material is obtained by
fatigue test of simply standard specimen, such as standard
coupon or plate with a hole. In this section, fatigue test of
aluminum alloy 2024-T3 plate with hole, which is represen-
tative component in engineering structure, under 4 groups of
constant amplitude stress loading are performed. Stress ratio
R = 0.06. Test machine is Instron 8802. The specimens
are shown in Fig.2. The fractured specimens are illustrated
in Fig.3. Test results are listed in Table 2, where the stress
amplitude is nominal.
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Analyze results

Calculate statistic characteristics of 1gC
by Eq. (4) and Eq. (5)

Do the fast large-sample study and

EDF test based on NIPC response

Constitute the NIPC response surface
4 N R .
Determine random variables Choose polynomial base (Hermit) and
(logarithm of life) and their > expand random function (IgC)
distribution types
N J/ ¢
Calculate random function using Achieve samples of random variable
deterministic procedure (Eq. (11)) < (small sample of fatigue test life)
Y .
Calculate coefficients of polynomial by Constitute approximate response
Eq.(3) > surface for random function (1gC)
-

surface to achieve probability
distribution of 1IgC

FIGURE 1. Stochastic analysis process of NIPC method.

250

FIGURE 2. Configuration of specimen.

FIGURE 3. The fractured specimens.

The minimum number of specimens to constitute NIPC is
Npe = 4 under each stress amplitude, which is calculated
by Eq. (2) with number of random variable n = 1 and
polynomial expansion order p = 3. We make 2 plans to verify
proposed method. All of the 8 test lives in each group are used
to constitute NIPC in plan 1. Only the first 4 test lives in each
group are used to constitute NIPC in plan 2.

For plan 1, the NIPC of 1gC with respect to logarithm of
fatigue life are constituted under 4 groups. The statistics mean
and standard deviation of 1gC are calculated and listed in
Table 3. A fast large-sampling of 1gC is performed based on
NIPC. The EDF tests of normal distribution for 1gC based
on large-sampling are achieved and results are also listed in
Table 3, where / means passing the EDF test with 95% confi-
dence. It can’t be rejected that 1gC obeys normal distribution.
So 1gC is regarded as normal distribution random variable.

Now big sample of 1gC under each stress level can be
obtained by random sampling. The sample size is 5000 in
this paper. Substitute samples of 1gC into Eq. (11) to calculate
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TABLE 3. Statistics of IgC and EDF test results (plan 1).

Group u o D, e A
A 11.9539 0.0163 03718V  0.0296V  0.2243
B 11.9779 0.0506 04296\ 0.0301Y 02015V
C 11.9408 0.0765 0.4770V 0.0411V 02757V
D 11.9304 0.0251 0.7061V 0.0751V 0.4817V

TABLE 4. Predicted life N for different reliabilities by NIPC (plan 1).

Reliability p
Group 95% 75% 50% 5%
A 21858 22679 23267 24769
B 152407 170487 184304 222878
C 751774 888313 997574 1323741
D 47445 50167 52151 57324

TABLE 5. Fitted m and IgC for different reliabilities (plan 1).

Traditional Proposed method Relative error/%
P method
m 1gC m 1gC Om Jigc
0.95 3.654 11.453 3.657 11.460 0.082 0.061
0.75 3.797 11.746 3.795 11.744 -0.053 -0.017
0.5 3.897 11.950 3.892 11.942 -0.128 -0.067
0.05 4.140 12.447 4.127 12.425 -0.314 -0.177

samples of fatigue life. Then fatigue life under different reli-
abilities can be achieved by statistical analysis. Results are
listed in Table 4.

my, and 1gC,, coefficients of p-S-N curve under different
reliabilities p, can be fitted by least square method with cor-
responding fatigue life in Table 4. Results are listed in Table
5. Besides, traditional method uses all test fatigue lives to fit
p-S-N curve. m, and 1gC,, obtained by traditional method are
also listed in Table 5.

Based on results in Table 5, the logarithmic p-S-N curve is
illustrated in Fig.4, where scatters are test fatigue lives.

For plan 2, NIPC can also be constituted with sample size
Npe = 4 in the same way. Fatigue life N under different
reliabilities are predicted and listed in Table 6.

The fitted m, and 1gC, are listed in Table 7. It can be
seen that almost all relative errors are less than 5%, which
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FIGURE 4. Fitted p — S — N curves by proposed method and traditional
method (plan 1).

TABLE 6. Predicted life N for different reliabilities by NIPC (plan 2).

Reliabili

Group 95% 75% ty[570% 5%
A 21766 22427 22897 24088
B 161754 172245 179936 200162
C 914865 974719 1018616 1134133
D 45209 47641 49408 53998

TABLE 7. Fitted m and IgC for different reliabilities (plan 2).

Traditional
P method
m lgC m lgC Om Oigc
0.95 3.654 11.453 3.890 11.893 6.459 3.842

Proposed method Relative error/%

0.75 3.797 11.746 3.921 11.970 3.266 1.907
0.5 3.897 11.950 3.943 12.025 1.180 0.627
0.05 4.140 12.447 3.996 12.156 -3.478 -2.338
21 T T T T T
=——proposed method,p=95%
2L =-=traditional method,p=95% }
''''' proposed method,p=5%
1.9+ ===traditional method,p=5% H
1.8 1
wn
o
1.7+ 1
1.6r 1
1.5r 1
14— : - : -
4 4.5 5 5.5 6 6.5
IgN

FIGURE 5. Fitted p — S — N curves by proposed method and traditional
method (plan 2).

is acceptable in engineering. The logarithmic p-S-N curve is
illustrated in Fig.5.

Compare results obtained by 2 plans. The p-S-N curves
are more accurate when the samples used to constitute NIPC
are closer to population. Besides, it should be noticed that
the two-parameter Basquin model studied in this paper is
always applied for middle fatigue life. For long fatigue life, it
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is suggested to use bilinear Basquin model. The segmented
p-S-N curve can be fitted independently by the proposed
method.

V. CONCLUSIONS

In this paper, Basquin S-N model is randomized by regarding
model parameter 1gC as random vaiable. For the purpose of
lowering test cost, non-intrusive polynomial chaos method
is implemented to obtain statistical characheristics of 1gC.
The fast large-sample of IgC is achieved based on constituted
NIPC response surface at significantly lower computational
cost. Then distribution type of IgC are determined by EDF
test.

4 groups of fatigue test of Al 2024-T3 plate with hole
are performed. Two plans of sample size are designed to
constitute NIPC and obtain p-S-N curves under different
reliabilities. The results comparision with traditional method
show that the proposed randomization method of S-N model
based on small sample of fatigue test life is effective. p-S-
N curve can be obtained based on small smaple by proposed
method.
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