FATIGUE DAMAGE UNDER NON-STATIONARY STOCHASTIC STRAIN

M. BILY, J. PROHACKA, $. ILLES™

Various types of non-stationary Gaussian and
Weibull strain processes were generated,
analyzed and simulated using the 1-st and
2-nd order Markovian chains. Then they were
treated by the Rain Flow Method and the
fatigue lives according three fatigue damage
accumulation hypotheses were assessed. The
results show that (a) the best algorithm of
simulation is the 2-nd order Markovian chain
and that (b) the process non-stationarities
have not a profound influence on the resul-
ting fatigue life.

Measurements of operating processes reveal that most of
them possess non-stationary properties (time-varying
mean level, variance, etc.). As this phenomenon may be
important for fatigue damage accumulation, in this paper
we shall try to elucidate two partial problems, viz.

— simulation of a non-stationary process representing an
input of a computer—controlled fatigue machine, and/or
an input of the fatigue damage accumulation hypothesis,
- estimation of the influence of some non-stationary
process properties on the resulting fatigue life.

PROBLEM FORMULATION

To run fatigue experiments or compute fatigue life under
non-stationary stochastic loading it is indispensable to
simulate (model) a non—stationary stochastic process by,
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means of a suitable algorithm. The methods developed s©o
far have one fundamental “drawback"” from the practical
point of view, viz. they require for the non-stationary
statistical characteristic(s) to be described mathemati-
cally (Cagko et al (1)). It is almost impossible, how=
ever, to identify the corresponding equations and so we
shall try to design an algorithm avoiding it. Dealing
with fatigue, the criterion of successful simulation
will be the fatigue endurance, in our case estimated
through the two—parameter Rain Flow Method and three
fatigue damage accumulation hypotheses, viz. Palmgren-—
Miner (PM), Serensen = Kogaev (SK) and Kliman (K) hypo~
theses for strain processes, resp. (Bily (2)), in order
to obtain a possible “scatter' and "mean” of computatio~=
nal results.

SOLUTION OF FORMULAZRD ZZE22m=

OLUTION OF FORMULATED PROBLEMS

From a variety of non-stationary processes two groups of
typical represenbatives were selected:
(a) Gaussian processes described by 2a probability densi-
ty function (PDF)
1
£ (x,t) = —=—— expl~ [x - p(£)17/s (0} (1
v2r s(t)

(b) three—parameter Weibull processes (covering also,
e. g Rayleigh and exponentlal processes), with a PDF

£ (x,t) = A(t)Ix - aCt)1™ e
v * exp{—A(t)[x - a(t)] L, [m(t) + 11}, (2)

where p(t) and s(t) are deterministic functions of time
t (mean value and standard deviation, resp.); ACL),
a(t), m(t) are deterministic time parameters. These
processes were simulated according to the algorithms
developed in (1) and the variation of their parameters
yielded a variety of non-stationary processes, Some of
them are characterized in Table 1. Gaussian G1 and

Weibull Wi processes were used as stationary references.

Developing and verifying various simulation algo-~
rithms, a fairly accurate method (especially in the
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Table 1- Some Variants of simulated Processes (G - Gaus-—
sian, W - Weibull, N - general non-stationary)

Variant Type Character Non-statio— Markovian
nary ch. order
Gt stat. Q‘AWAAWAVA\TI'D casmges first
non- AMA\ ramp first &
G2 stat. A u(t) second
N V\X
non- — ramp first &
G3 stat. WAC‘VAAAW u(t) second
non- |- ramp first &
8 iat MVA*\‘W u(t) second
non- - N sinusoidal
G5 stat. ~ s(t) first
non- sinusoidal
G6 stat. s(t) first
non- e ramp u(t) first
a7 stat. & sinusoi- second
—— = = dal s(t)
non- E\t]r\ ramp u(t) first
G8 stat. \ wj\ -y & sinusoi- second
— = Y BAua. dal s(t)
non- A(L) =
w2 stat. \,A/A'W“’M"‘vw\.\ =1.2t+1 first
ex in Eq. (2)
p. in :
non- /V/wv/v A(L) =
s A = + irst
e AT e,
non- ‘“"’"\ . step-wise first
W4 stat. & V=% varying second
mean
gen. {N"V stoch. first
N non- W‘ | mean & second
stat. variance
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Table 2- Comparison of Numbers of Macroblock Repetitions
to Fracture (in Thousands) for generated )
and simulated (s) Processes from Table 1 and
three Fatigue Damage Hypotheses H: st - i-st
order chain, s2 = 2-nd order chain,

Levg} H G2 a3 a8 N
%x10 g/s1/52 g/s1/52 g/s1/s2 g/s1/52

Low PM 635/209/480 733/335/510 13071057148 32003857870
£ SK 127/ 427 90 147/ 677 80 28/ 287 30 6407/ 747250
=3.6 K 185/125/235 368/2157220 987/ 967 94 10002307600

High PM 5537 29/ 65 74/ 547 58 1.5/7.0/3.5 10379.67 45
€ SK 11/5.87 13 14/ 107 11 0.371.570.6 21/2.0/7.9
=5.0 K 287 21/ 33 47/ 387 38 1.4/5.071.8 29/7.0/ 32

fatigue sense) appeared to be the Markovian chain of the
i{-st order. Fig. 1 documents this by comparing the gene-—
rated processes G1 (stationary Gaussian) and N and their
simulated pairs. Nevertheless, when the generated pro-
cesses had a time varying mean ( processes G2, 63 and
especially w4 and N), the simulation was not. so successT
ful. This discrepancy was more remarkable for low levels
than for higher ones. In order to *improve" this result
the 2-nd order Markovian chain approach was adopted ta~
king into account three ad jacent ordinate levels. The
improvement was remarkable. Considering that also other
statistical characteristics were well reproduced (diffe-
rences do not exceed 5 % and in most cases are smaller
than 1 %), this type of simulation seems to be very Ssav
tisfactory.

A very interesting conclusion can be drawn from a
general comparison of fatigue lives obtained for various
strain levels and variants of simulated processes par-—
tially documented in Table 2. Excluding W4 and N, yiel-
ding evidently longer lives, all results fall into a
relatively narrow scatter and can be approximated by one
Manson—Coffin (MC) curve (Fig. 2). Consequent.ly the PDF
shape of the non—-stationary processes examined above has
no practical influence on the fatigue life. Only the
step-wise varying mean (processes W4 and N) shifts the
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endurance to higher values. This may be, however, a
matter of plotting because such processes have higher
variances due to a jumping mean. These results are sur-—
prising but advantageous for practical analyses as most
non-stationarities need not be taken into account when
computing the fatigue life or simulating the operating
strain.

CONCLUSIONS

Investigation of various non-stationary strain stochas—
tic processes and the corresponding fatigue lives revea-
led:

- based on the fatigue life criterion the most universal
and accurate method of stochastic process simulation
seems to be the 1-st or even better, the 2-nd order
Markovian chain; the corresponding algorithm is fast so
it. can be used in real time;

- whereas the 1-st order chain is capable of reproducing
non-stationarities of the standard deviation type, re-
production of non-stationarities caused by time-
dependent mean levels require the 2-nd order chain simu-
lation algorithm;

- variation of the PDFs, time—-dependent means, variances
and other process parameters cause unessential endurance
changes which can be attributed to the standard scatter
of the MC curve, perhaps with the exception of processes
with a suddenly changing mean level; these facts are
very advantageous for the practical fatigue endurance
estimation and process simulation.
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Figure 1 Comparison of generated and simulated processes
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Figure 2 Manson—Coffin curve for non-stationary pro-
cesses investigated with its confidence intervals
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