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Abstract

The assessment of the residual lifetime of a structure subject to fatique damage is
pursued by the development and validation of two models. They are based on the randomization
of the Paris law (COVASTOL code) and on the representation of damage rrocess as a stochastic
markovian process (RELIEF code), respectively. The comparison of the results obtained by

the two methods for a test case is presented,

The Fatigue Damage Process

The application of cyclic loading to a structure activates a mechanism of degradation of
the structural integrity and strength, consequence of an irreversible accumulation of damage.
Initial damage conditions, material properties, environmental conditions and load sequence
and intensity are the main parameters influencing the fatigue damage process. nll of the
above variables are affected by imprecisions: statistical, i.e. due to lack of information,
or physical, i.e. intrinsic to variables which can be correctly defined only in terms of
probability distributions. Furthermore, a model uncertainty has to be added, consequence of
simplifying assumptions and unknown or neglected effects or variables in any analytical for-
mulation or procedure.

The theory of stochastic processes seems consequently to ccnstitute the best approach
to the problem of assessing the reliability of a fatigue loaded component. The lifetime of
a component can be defined as the time to failure, i.e. to the moment when the proaressive
degradation of the structural characteristics gets them bevond a safe limit.

Analytically we can write the distribution of the residual lifetime as:

F(T) = 1-R(T)

R(T) being the structural reliability of the component.

Vle are speaking, of course, of subjective or Bayesian reliability, based on what is
commonly called subjective probability. This entails that the estimate of the reliability of
a particular structure changes as our state of knowledge on the structure changes. The longer
the component runs, the larger becomes the amount of collected data (continuous monitoring,
operating conditions recording, periodic inspection, etc.), and the better can our reliability
estimate be. This explains the interest in procedures enablina the up-dating of the esti-

mates on the basis of fresh data.
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structural Diagnostics

I research project has been started some vears ago at the Joint Research Centre of Ispra
aiming at the development and validation of a procedure for structural diagnostics. The resi-
dual lifetime prediction for fatigue loaded components is part of the project. While the ex-
perimentation is carried out on specimens and on pressure components, two analytical formu-
lations have been implemented: One is essentially based on the randomization of the Paris
law for fatigue crack growth prediccion, and the other is based on the representation of the
process of damage accumulation as a markovian stochastic process. These two approaches (leading
to the implementation of COVASTOL and RELIEF computer codes, respectively) takle the fatigue
phenomenon from different points of view. In fact, in the former the probabilistic model is
linked to phenomenological aspects peculiar to the fatique damage mechanism, while in the
latter no assumption is made about the elementary mechanisms causing the accumulation of
damage. Both approaches deal only with the crack propagation, starting from existing defects,

while the nucleation phase is not accounted for.

The COVASTOL Code

The computer code COVASTOL 11,2] has been developed in the framework of a more general
study on PV failure probability [3]. The code is based on the application of probabilistic
linear-elastic fracture mechanics on statistical distributions of data concerning flahs,
material properties and loading conditions of reactor PVs. It estimates the evolution of an
initial population of defects during reactor life due to fatigue propagation (for conditions
of repeated loadings) and the probability of their unstable propagation, at any time in reac-
tor life, due to emergency and faulty conditions. Parameters such as environmental conditions,
neutron embrittlement, position of the cracks, etc. are taken into account.

All the input variables are preprocessed and converted into histograms. The code is di-
vided into two parts (fatigue and failure) estimating the crack growth or the evolution of
defect size population and the rupture probability associated with each defect size, respec-

tively.

The RELIEF Code

The development of the numerical code RELIEF (Residual Life Estimation for Fatigue
Loading) being still in progress, we will present here the actual state of the code and the
plans we are considering to largely improve it.

The algorithm is based on the probabilistic model of fatigue crack growth developed by
Bogdanoff and Kozin [4,5,6,7]. The accumulation of damage is described as a discrete state-
discrete time Markoff process, where time is measured in number of duty cycles (repetitive
period of operation in the life of the component) . For duty cycles of constant severity the
process is defined by specifying the initial distribution of damage and the probability
transition matrix that describes the severity of each duty cycle.

Given a stationary process of transition matrix P and absorbing state b (i.e. state of
damage corresponding to failure), the damage after x cycles, represented by:

p_={p (1), ..., P_(b)} (1
X X X

where Px(j) is the probability that, after x cycles, the damage is at level j, can be given
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by:

x
p, = p,lp]
where Po is the damage distribution at time x=0.
The residual life distribution, at time x and with reference to absorbing state b, can

be expressed by:

P(x,b) = px(b) x = 1,2, 453

The theoretical background having been treated elsewhere [4-7], we just want to evidence that
in the above approach no assumptions or physical models are required on the mechanism of
damage accumulation, the only assumptions being relative to the markovian nature of the
process.

The parameters of the model are estimated on the basis of the classic nlumes of inter-
mingling sample functions a vs N (i.e. crack size vs number of cycles) [8], which means by
data coming from stationary stochastic processes. Nevertheless, the RELIEF code can also
handle the case of fatigue damage accumulation consequent to duty cycles of different inten-
sities by segmenting it into a sequence of stationary markovian processes. Fig. 1 shows a
block diagram of the code.

B data bank of model parameters for different loading conditions is.organized by the
code through the INPUT routine, which operates on the basis of the experimental data coming
from stationary processes. The ELAB routine executes the sequential logical steps concerning
the management of a given loading history. Routines INSCO, BOGD and ADAPT carry on specific
functions concerning the research of process parameters in the data bank, the implementation
of the markovian algorithm and the passage of intermediate information from one stationary
process to the following one, respectively. The code can supply, at any time during loading
history, the estimates of the probability distributions of defects and life time to failure.

More details in the code can be found in Arman [9].

A Test Case

At the present state of development of the RELIEF code, a simple test case has been con-
sidered in order to compare damage distributions computed by COVASTOL and RELIEF codes at
the end of the same loading history. The same nopulation of experimental data has been
sampled to obtain the input data bank for the two codes.

The load history was constituted by three transients, causing on the wall (200 mm thick)
of an SA 533 steel vessel stresses of 250 MPa, 220 MPa and 180 MPa, respectively, with
R = Cmin/omax equal zero. The number of cycles was 5,000 for the first transient and 10,000
for each of the two others. The existence of a buried ellyptical defect has been assumed:
2a = 9 mm; 2b = 72 mm; distance of the centre from wall inner surface = 90 mm. Fig. 2 shows
the histogram and the polygon of the crack dimensions, after fatigue crack propagation,
obtained by COVASTOL and RELIEF code, respectively; the agreement is good. The case was cha-
racterized by a rather limited dispersion of data on material properties, whereas the pre-
sence of highly scattered data seems to have different effects on the two approaches: tests

are being made.
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Conclusions

At its present stage of development, the RELIET code can be considered as the initial
result of a more complex analytical tool which should be able to progressively improve the
accuracy of the estimates and gradually reduce, during the operation of a component, the
discrepancy between prediction and reality.

It is our intention to introduce up-dating procedures allowing the recalculation of
the parameters of the model on the basis of fresh information coming up during operational
periodic inspections, continuous monitoring, etc.

Crack size, position and orientation, stress field, material properties, environmental
conditions are imperfectly or imprecisely known so that any a-priori estimate of future da-
mage accumulation is largely uncertain: from that the need of using up-dating methods.

Among them, the semi-markovian B model [10] , taking into account the covariances of
the holding times between different crack sizes, seems worth to be considered.

The final version of RELIEF code will be validated by a series of fatique tests on spe-

cimens and on pressure components (1:5 scale models of PUR pressure vessels) .
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Flg. 1 « Block diagram of the RELIEF computer code
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Fig. 2 - Crack dimensions, estimated by COVASTOL and
RELIEF codes, as resulting after the applica-
tion of three transients (total N of cycles:
25,000)
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