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ABSTRACT

STRESZCZENIE

The contribution presents the detail discussion on various problematic aspects
of utilization of both fracture mechanics based methodology and NDT technol-
ogy to conduct the assessment of failure of components. Consequently, it shows
a software tool concerning Probability of Detection — Probability of Sizing Con-
cept, which allow to bring both methodologies (Fracture Mechanics and NDT)
together and to meet in a joint approach. The contribution introduces in the
application of one software approach, which allows modeling and simulation
of real scenarios in detail, based on a variety of properties of different relevant
materials from practice.
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Praca ta przedstawia szczegélowq dyskusje na temat réznych aspektéw proble-
matyki jednoczesnego wykorzystania metodyki opartej na mechanice pekania
i technologii badan nieniszczacych (NDT) do przeprowadzania oceny i predyk-
cji uszkodzenia komponentéw. W konsekwencji, przedstawiono oprogramo-
wanie narzedziowe odnoszace si¢ do koncepcji prawdopodobienstwa wykrycia
(Probability of Detection— Probability of Sizing), ktére pozwalaja na potaczenie
obu metodologii (mechaniki pekania i NDT) i dzialanie w ramach wspolnego
podejscia. Praca przedstawia implementacje w ramach oprogramowania po-
dejécia, ktére umozliwia modelowanie i szczegdtowa symulacje rzeczywistych
sytuacji, przy uwzglednianiu wielu wlasciwosci roznych materialéw uzywanych
w praktyce.
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1. Introduction

Based - for instance - on standards like BS 7910: 2005, Guide
to Methods for Assessing the Acceptability of Flaws in Metallic
Structures, fracture mechanics experts have introduced a meth-
odology to assess failure of components taking into account the
geometry of the component and the flaw, the applied mechanical
loading, including residual stresses, and material properties. In
case of simple geometries, according to canonical co-ordinates,
like cylindrical pipes, by analytical solutions the Stress-Intensity-
Factor (SIF) can simply be calculated - so far the NDT technology
has delivered reliable information to the relevant flaw size/geom-
etry. In case of complicated geometries, numerical approaches
like FE, BE or FD have to be used. However, in order to evaluate,
under which conditions, a component due to loading, fails or not,
to answer this question, needs — besides the knowledge of the
actual mechanical stress distribution - the knowledge of material
properties. These are the Critical Stress-Intensity-Factor, K, also
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named fracture toughness, the yield Rp0.2 and the tensile strength
0, of the material of interest, which have to be known. It is trivial,
these three properties are not constant as function of position in
a component, they are statistically distributed. The distribution
functions, with mean values and standard deviation, depend on
a manifold of influence parameters. They depend basically on
the material, but also its properties changes due to manufactur-
ing and machining (casting, forging, welding, ...) and ageing in
service life (fatigue, creep, corrosion, irradiation, ...). Therefore,
the use of constant material parameters, taken from tables in text
books, can be reliable only, if worst case considerations are asked
for, which always are extremely conservative. When realistic ap-
proaches are the objective of a critical engineering assessment
then the statistical distributions have to be taken into account,
which only realistically can be determined due to a high number
of destructive tests, i.e. with a tremendous financial effort. That is
why most of component producers do not follow this expensive
approach as nearly all consensus standards, not yet are asking
for such a procedure. Only in nuclear technology we have, with
the ASME Lower Bound Fracture Toughness Curve, respectively,
the Master Curve Concept, first important and relevant steps into
stochastic scenarios.

The effort is much more enhanced if the fact is observed, that
all of our NDT techniques suffer under measurement uncertain-
ties, also following probabilistic, and not, deterministic laws.
The tool, to bring both methodologies (Fracture Mechanics and
NDT) together, to meet in a joint approach, is the Probability of
Detection - Probability of Sizing Concept which is discussed in the
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here presented contribution, based on probabilistic Monte Carlo
simulation. Modeling is also the only chance to reliably reduces
the costs by simulation to play realistic scenarios. The contribu-
tion introduces in the application of one software approach, which
stands, as one example, for many others available on the market,
and, which allows this modeling in detail, based on a variety of
properties of different relevant materials from practice.

Fracture mechanics as part of theoretical mechanics and es-
pecially elasticity theory started with developments early in the
19th century combined with names of scientists like Kolosov
1908/1909 [1], Ingles 1913 [2], Griffith 1921 [3], Westergaard
1939 [4], Sneddon 1946 [5], Irvin 1949 and 1957 [6,7], Dugdale
1960 [8], Burdekin and Stone 1966 [9], Rice 1968 [10], Heald,
Spink, and Worthington, 1972 [11], Dowling and Townley, 1975
[12], and, Wallin, 1991 [13].

Kolosov [1], in the former USSR, was the first, who has used
the calculus of complex-valued, so-called analytical, functions
to describe on their basis elasticity problems. These functions
fulfil the Cauchy-Riemann differential equations which implic-
itly ask for their Real- and Imaginary Function parts, to be real
valued potential function, i.e., fulfilling Laplace’ equation. The
calculus, later by Westergaard [4] was further developed to the
theory of the complex-valued stress functions ®(x1, x2), which
are the generalized tool, to find at that time analytical solutions
describing the stress enhancement in the vicinity of cracks, sim-
ply modeled as ellipses, assumed in elastic, plane, thin sheets
under boundary loads in the infinite. The stress functions ® are
solutions of the Bi-Harmonic Differential equation:

AAD =0 1

what can be verified by calculation, when certain important
presumptions are fulfilled, which are:

The balance of moments and forces in a volume element and
in the thermal equilibrium: Y F., = Y.F.. = 0 (balance of forces);
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Hooke’ law as materials law (under plane strain or plane stress
conditions)
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E is Young’ module and v is Poisson’ ratio, and the so-called
Compatibility Conditions which are the mathematical, neces-
sary and sufficient conditions that the existence of a unique
deformation or strain field in an elastic body is guaranteed, when
the body is exposed to a continuous single valued displacement
field.

In 2-D plane strain problems, which here are of interest, the
strain-displacement relations are:
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which, by further differentiation, results in the compatibility

condition (5).
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From (5) follows that only a plane displacement field u(x , x,)
is compatible with a plane strain field, and by calculation, with
(2) and Hooke’ law (3), u(x,, x,) is a solution of (1).

It was Sneddon [5], who, based on Westergaard’ complex-
valued stress function in plane polar coordinates, translated the
origin of the coordinate system, in the position of the crack tip,
and developed an approximation in the case, that the distance
r from the tip is small, compared with the half crack length
a (r << a). In his formulas (6) a typical factor occur (oVma).
By comparing the manifold of existing analytical solutions in
cases of degenerating the ellipses to spheres [1] or infinite small
slits [3], [6], Irvin [7] was able to show, that all of them, when
investigated near the crack tip, show this factor, which he called
Similarity Parameter. This parameter is nothing else, as the Stress
Intensity Factor (SIF), which was firstly introduced in use, with
his approach and terminology. Furthermore, the mathematical
singularity in case of r = 0 at the crack-tip position, was found
in each of these solutions.
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This singularity really cannot exist, because a real material an-
swers with plastic deformation if the stress is larger than the
yield strength. This is true, in the case of linear elastic (brittle)
materials too, even if the plastic zone here is very small, restricted
immediately on the crack-tip vicinity.

It was Griffith, who found, that failure loads observed at brittle
materials were tremendous smaller than predicted by theories
describing the separation of atomic bonds. In other words: on
one hand, there are additionally to the observed individual crack,
numerous other microscopic imperfections in the material. And,
on the other hand, a certain amount of stored potential energy is
consumed by another effect than only driving a crack to failure.
Griffith’ conclusion, based on the law of energy preservation,
was, that crack propagation can only happen if the amount of
potential energy, stored in the specimen, which is released by
crack propagation, is larger than the amount of energy, which is
consumed by increasing the crack surface. If the external loads
are fixed, they do not perform any work. The change of the
potential energy is therefore the decrease of the stored elastic
energy in the body. Griffith found an excellent agreement of his
approach, in case of brittle material, i.e. glass.

Griffith’ result was ignored up to the work of Irvin [6, 7] in
the early 1950s because most of the used material was metal and
ductile and surface energy increase, predicted by Griffith, was
too high. Even more, the mathematical singularity at the crack
tip was not real, as the materials have developed a plastic zone.

Irvin discussed the total thermodynamic energy G dissipated
due to crack growth, which is the sum of increasing of the sur-
face energy (2y; factor 2 because of the two surfaces in the crack,
y-surface energy [0 2ma]/E’; E=Young modulus E in case of
plane stress- and E’=E/(1-v?) under plane strain-conditions) and
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an energy part consumed by the ductile material to increase the
plastic zone, named G .

In the case of the important Crack-Opening-I-mode of frac-
ture and linear elastic materials (neglecting G ), he found the
relationship:

G=K?2/F (7)

With this approach Irvin found also the experimental access
to estimate the Critical Stress Intensity Factor KIC under plane
strain conditions in the linear elastic fracture mechanics.

Dougdale [8], with his strip yield model, then in his approach,
taking the plastic zone into account, by virtually enlarging the
geometric crack-length a to a + a , where a_has the dimension
of the plastic zone in x-direction. According his approach, in
the stress function, the mathematical singularity at y = 0 and x
= a should be compensated by the new introduced singularity
aty=0and x = a + a_. Then the material, macroscopically, acts
again linear elastic. Following this idea, he was able to describe
the size of the plastic zone approximately to:

ap = /8 % (Ki/ Yp)?, Yp — Yield strength (8)

According to Burdekin’ and Stone” approach [9], the meas-
urement of §, the CTOD (Crack-Tip-Opening-Displacement)
-technique was introduced, to estimate the Critical Stress-
Intensity-Factor, i.e. the fracture toughness:

CTOD =3 =K/ (E Yy} 9)

The procedure, how to measure CTOD in an incremental-
stress/load-increase test up to the critical-one, by using a clip-
gage (knife-edge-strain gage) and calculate from the measured
crack-mouth opening the crack-tip-opening in case of the critical
load, was regulated by defining standard testing procedures and
test specimens of which the geometry has to observe restrictions,
because of the geometry dependence.

Based on the approach of Rice [10] the so called J-Integral
was introduced, as he found in case of elastic plastic materials
(non-linear materials) a generalized energy release approach.
Based on the yield strip model stress function he found a Path-
Independent-Energy Integral, called J, of which the calculation,
nowadays, is part of every actually available fracture mechanics
software. In the case of linear elastic material consistently J is
in conformance with G of (7); in the elastic-plastic (non-linear)
case, a relationship to the CTOD is found:

J=Y, x CTOD (10)

Heald, Spink and Worthington [11] analyzed the displacement
v in y-direction at the crack-tip behind a plastically deformed
material and its contribution to a crack-opening § = 2v.

They found:

3=2v= 8% Y, X In (sec [%D; sec (x) = 1/cos(x) (11)

By introducing an Effective Stress Intensity Factor K .= VU E)
and taking into account that J = (Yp §), then, by simple calcula-
tion, follows:

_ |(savg L A § g 2 P
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To account for real structural components, the Yield strength
is replaced by the strength for plastic collapse, identified with the
flow stress o, = (YP +0,,,)/2. The ratios K _and S_are defined:

Kr= KI / chf and Sr=c/ Glow (13)

UTS

By calculation follows:

Ke= S
nlen(sec[z Sr]) (14)

the so-called 2-Criteria Approach, which defines the FAD, the
Failure-Assessment Diagram, on which we concentrate in the
next chapters and which at first was introduced by Dowling and
Townley in 1975 [12].

Series of codes, guidelines and standards exist describing the
technical rules to destructively determining the relevant material
properties. Only the most important should be mentioned here:

« ASTM E1820, 2009 - Standard Test Method for
Measurement of Fracture Toughness. Determination of J,
CTOD, and K,

« ASTM E1921, - Test Method for Determination of
Reference Temperature TO for Ferritic Steels in the
Transition Region,

o BS 7448 Part 1, 1991 - Fracture Mechanics Toughness
Tests, Methods for Determination of Klc, critical CTOD
and J-values for metallic Materials,

o BS 7448 Part 2, 1997 - similar as Part 1, but for Metallic
Welds,

« BS 7910, 2005 - Guide to Methods for Assessing the
Acceptability of Flaws in Metallic Structures,

« API 579, 2007 - Recommended Practice for Fitness for
Service, 2nd edition.

A most modern approach, to characterize the brittle-to-ductile
transition of martensitic/bainitic steels used in pressure vessels
and pipes in nuclear power plants, goes back to K. Wallin [13],
who found an engineering procedure, to describe the statisti-
cal scatter in the J-Integral if specimens are tested as function
of temperature, by assuming a Weibull Statistic. However, the
technique delivers no access to the toughness value, but to the
transition temperature T,.

2. PVrisk

This chapter is an introduction in the software PVrisk [14]
developed theoretically by D. Cioclov and compiled as software
by J. Kurz in the Fraunhofer Institute for NDT in Saarbriicken,
Germany. The software is an example, for comparable software
products available in the market. However, a special feature is
given by the integration of randomness, concerning the geo-
metrical parameters of a crack, i.e,, its crack size can scatter ac-
cording to statistical distributions, as well as the randomness
can be in the material data. The randomness is introduced due
to Monte Carlo simulation. This fact allows the calculation of the
POE i.e,, the probability of failure. An absolute new and a unique
feature in such type of software is the introduction of the use of
Non-destructive Testing (NDT). This is done by introducing the
concept of the POD, i.e., the probability of detection, a terminol-
ogy which goes back to the NASA in US and W. Rummel as
a pioneer [15]. In PVrisk theoretically assumed POD-models
can be applied, to virtually study the advantage of POD, but,
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POD-curves based on experimentally determined NDT result
can be implemented after data fitting [16, 17] into PVrisk too.

2.1 The principle of Failure Assessment

The assessment of the failure risk of a load-carrying structural
component is based on the analysis of the component state, tak-
ing into account the initial strength of the material and the pro-
duction technology used in the manufacturing process, as well as
the types of flaws which may be pre-existent or generated during
operation. The local states of the material, its microstructure and
the state of stress/strain in the regions with irregularities have to
be taken into account. The analysis of these regions must con-
sider the applied NDT and especially its capacity to distinguish
between a crack- and a no-crack-signal.

For metals, in the case of a deterministic approach, this ends
with a prediction either of failure or non-failure [18, 19]. The
method was first developed for such deterministic analyses and
is a recognized tool for failure analysis and in many standards
available today, as mentioned in chapter 1. However, realistic
discussions make consideration of the reliability of the data in-
vestigation necessary. This succeeds, if the statistical fuzziness or
uncertainty is integrated into the failure assessment by the use
of Monte Carlo simulations, based on probability distribution
functions. The result of the probabilistic analysis is, therefore,
a statement about the probability of failure (POF) of which -
so far the consequences are known - the risk of failure can be
calculated. Figure 1 shows a FAD (Strip Yield Model), as one of
two possible, which can be used in PVrisk.

The abscissae Sr and ordinates Kr are introduced in accord-
ance with formulae (15) and (16):

K=K /K]C (15)

Si =Gt/ 6t of =(Gy+ours)/2 (16)

Here, K is the stress intensity factor, K is the fracture tough-
ness of the material and o__ is the reference stress, which can be
a superposition of the membrane stress 0™, a bending stress
o® . and a residual stress Q. o, is the yield strength (R, 0.2%
yield limit) and o, is the tensile strength (R ).
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Fig. 1. Failure assessment diagram (FAD) - the failure bounding curve
is shown
Rys. 1. Krzywa zniszczenia FAD (Failure assessment diagram)

The stress intensity factor (SIF) is made up of two parts. The
first part is influenced by the load-induced stresses (primary
stresses) and the second part takes residual stresses (secondary
stresses) into account (Equations (17) to (19)):

Ki-KP K® 17)

KiP= (Fsir™ x €™ x 6%+ Fsie® x k° x %) x V(xb) (18)
Ki®=Fgir™ x Qm + Fsir® x Qb) x \/(ﬂ’.b) (19)
Here, F_ ™ is the geometry-dependent correction factor (see

also as example equation (6)), taking the membrane loads into
account, and F " is the corresponding correction factor when
bending loads are applied. Weld seams can be accounted for,
through the correction factors km (membrane loads) and kb
(bending loads), as well as through the residual stresses (Q_,
Q,)- The b in the term V(nib) is the crack size — in the geometry
module, the crack depth b.

In the FAD, the analysis is based on obtaining a value-pair
(S, K). Here, K _is a characteristic for the brittleness and S_for
the ductility of a material state situation. The bounding curve
(failure curve) shown in Figure 1 is derived by elastic-plastic
theoretical considerations according to [20], where, in Equation
(20), Sr is varied in the interval [0, 1] to find, respectively, the
K, values:

Kr=Sr/~ {(8/n2) In [sec[(n/2) Sr]} (20)

Development of the formula see equations (11) to (14).

Failure assessment can be provided by evaluation of the posi-
tion of the point pair (S, K ) in the FAD. A position in the area
formed by the bounding curve and the coordinate axes in the
FAD obviously indicates no failure. If the point pair lies on the
bounding curve, or is outside of it, a failure occur.

2.2 Geometry Module

The model of a semi-elliptical crack of length 2a, with a =
10 mm and depth b = 5 mm, is chosen here for the crack ge-
ometries in the following, oriented in the axial direction and
precisely positioned symmetrically in the middle position of
the cylinder, assumed with length 2L = 2000 mm, thickness t =
20 mm and outer radius R, = 200 mm. Several, different crack
models are implemented into PVrisk. The actual model has the
advantage that a semi-analytic formulae exist, to calculate the
stress intensity factor (SIF). If the crack geometry is assumed
to be distributed according to a statistical distribution function,
this also has to be defined in the geometry module. In the case of
crack-like defects, the length and depth values can be normally
distributed, log normally distributed or distributed according to
a Weibull distribution.

It should be mentioned here, that extensive destructive statistical
investigations must be performed for a given component geometry,
in order to determine the distribution (frequency) of defect sizes,
which, for instance, remain in the component after production. In
order to achieve a reliable statistical result, usually some thousand
metallographic micrographs must be produced and examined.
Only then the type of distribution function can reliably be de-
termined with mathematical methods. Early publications in the
field, historically speaking, have already studied this problem [21,
22]. Here, the probabilities of different NDT techniques detecting
surface-breaking cracks have already been discussed. Even if an
automated NDT technique is applied [22], where the human factor
influence is low, the uncertainty in the NDT performance is not
only a problem when the crack size is small and near the physical
limit of detectability. Larger defects can also be missed by NDT
(“the evidence of absence is not the absence of evidence” [23]).
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2.3 Material Module

The material properties must be defined in the material module.
These are the values as shown in Figure 2 for the yield strength,
the tensile strength and the fracture toughness as fixed values
in the case of a deterministic evaluation. This module is also the
input window for the statistical parameters, if a probabilistic ap-
proach is performed (middle part of Figure 3, left-hand side, here
anormal, Gauss distribution). Distribution functions according
to a normal distribution, a log normal distribution or a Weibull
distribution can be selected. However, as already mentioned in
the previous paragraph - when we discussed the case of the crack
geometry distribution functions - a high number of destructive
tests must also be performed here, in order to predict the type of
the material parameter distribution and its statistical scatter.
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Fig. 2.The material module, screenshot of the GUI
Rys. 2. Widok interfejsu GUI modutu materialowego

The background to discuss here a material state, called <re-
covery annealed>, reflects the fact, that this material, by heat
treatment at the last applied stress relieve annealing temperature,
can be fully recovered, bringing the Cu particles again in solid
solution.

Tab. 1.The steel WB36 in the states <recovery annealed> and <ther-
mally aged>
Tab. 1.Stal WB36 w stanach <wyzarzanie wtérne> i <starzenie
termiczne>

microstructure  |Yp in MPa| UT in MPa |KlIc = Kc in MPa Vm
<recovery annealed>| 553+11 667+13 141+2.08
<thermally aged>
at 350 °C for 57.000 h 661+13.22| 776+15.52 96+36

In the case-studies discussed later, the copper alloyed steel 15
NiCuMo Nb 5 (WB36) which is applied for piping and vessels
in German power plants is studied in detail [24]. This mate-
rial is prone for thermal ageing due to Cu-precipitates in the
nanometer range, when exposed at service temperatures of 350

°C and higher, for a duration, as usual within one service period,
0f 57.000 h. In the <thermal aged> state, a shift of the ductile to
brittle temperature (Charpy test) of about 70 °C can be observed.
Table 1 summarizes the material properties in the microstruc-
ture states <recovery annealed> and <thermally aged>.

So far only values of Charpy energy for toughness are avail-
able (Fig. 3), these values can be converted in PVrisk by using
model-based assumptions into a fracture toughness value, here,
of Klc = 141 MPaVm (in the software abbreviated with Kc). In

31

the destructive examinations [24] mentioned above, the scatter
of the data in terms of a standard deviation in case of the <re-
covery annealed material> was very small in the range of +2 %.
These values were used in the following sensitivity analyses. Both
deterministic and probabilistic approaches were applied. In the
case of the probabilistic assessment, 106 trials (oppertunities)
were assumed for the Monte Carlo simulation. The load is as-
sumed as inner pressure when the cylinder is closed at both
ends.
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Fig. 3. Charpy Test Results of WB 36
Rys. 3. Wyniki testowania mlotem Charpyego stali WB36

2.4 Deterministic approach

Table 2 documents the development of the load (inner pres-
sure) to failure, in both of the material microstructures if a, the
half crack length, is increasing as well as the crack depth b. The
thermally aged material with degradation shows lower crack size
values to failure, i.e. when the limiting curve is reached. However,
the differences are not very large. It seems to be, that the higher
strengths values compensate the lower toughness.

Tab. 2.The steel WB36 in the states <recovery annealed> and <ther-
mally aged>
Tab. 2.Stal WB36 w stanach <wyzarzanie wtérne> i <starzenie
termiczne>

microstructure Half critical crack | Critical crack |  Stress to
length ain mm |depth b in mm |failure in MPa
<recovery 23 18 175
annealed>
<thermally
aged> at 350 °C 22 17 17.7
for 57.000 h

Tab. 3.The steel WB36 in the state <thermally aged>, but reduced wall
thickness

Tab. 3. Stal WB36 w stanie <starzenie termiczne>, przy zredukowanej
grubodci $ciany

Critically half crack | Critically crack |Stress applied |Wall thickness
lengthainmm | depthb in mm in MPa in mm
22.2 17.0 17.5 20
17.4 12.1 17.5 15
12.5 7.2 17.5 10

A question was asked: What happens, if we reduce the wall
thickness from 20 mm to 15 mm and then 10 mm ? Table 3 give

the answer.

We learn, the material fails earlier, i.e., smaller critical crack
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sizes are obtained.
If we continuously now increase the pressure, the critical crack
size to failure is further reduced. Table 4 documents the result.

Tab. 4.The steel WB36 in the state <thermally aged>, but with en-
hanced pressure

Tab. 4. Stal WB36 w stanie <starzenie termiczne>, przy zwigkszonym
ci$nieniu

Critically half Critically crack | Wall thickness t Internal
crack length d ! . .
- epth b in mm in mm pressure in MPa
ain mm
12.5 7.2 10 17.5
12 6.5 10 20
11.2 5.7 10 23
10.9 54 10 24
10.7 5.1 10 25

2.5 Probabilistic approach

PVrisk allows using mixed modes (deterministic and probabil-
istic parameters) for analyzing different scenarios [24, 25]. So, for
instance, the crack geometry can be taken as deterministically given
(a=10 mm, b = 5 mm, wall thickness t = 10 mm) and the material
parameters are allowed to vary statistically, for instance according
to a Gauss distribution as shown in Figure 2. In Table 5 the result in
case of the <thermally aged> microstructure is presented:

Tab. 5.POF in 10° trials, the scatter in toughness as influence param-
eter was reduced

Tab. 5.POF po 10° prébach, rozrzut w twardoséci jako parametru
wplywu zostal zredukowany

POF - Pressure in MPa
.1 . R Scatter Klc
Probability of | - primary circuit .
X . o . . in MPa x
Failure in 10° | service pressure in Vm
trials a Nuclear PWR
8.3 x10% 15 96 + 36
Microstructure| 7-8 X10° 15 96 +35.2
<thermally 7.5 x10? 15 96 £ 34.4
aged> 6x107 15 96 + 32
at 350 °C 5
for 57.000 h 2 x10 15 96 + 24
7 x1073 15 96 + 20
1x103 15 96 £ 16
2.9 x10° 15 96 £ 12
5x10° 15 96 £ 11
0 - safe 15 96+ 8

We learn, that the reduction of the scattering in toughness has
a tremendous influence on the POE.

The NDT concept, by using models for the probability of de-
tection (POD), will be discussed in the following. A quantitative
consideration of NDT methods in assessment procedures requires
quantitative statements about the reliability of the applied NDT
method. The determination of the probability of detection (POD)
is one possibility to quantify the probability to detect a specific
flaw with a NDT method. Details about the POD concept can be
found in [16, 17]. The POD is expressed in form of a cumulative
distribution function. This concept is represented by different
usable models within PVrisk. As well as for material parameters,
realistic scattering values should be taken also for POD results
from evaluation of real cracks in their geometrical sizes. The dif-
ferences between results gained with real and artificial cracks can

be exemplarily found in [26]. If no data is available, conservative
assumptions should be taken, for a first run.

PVrisk allows simulating the POD in different models repre-
senting different approaches to map the detectability. We will
discuss here only one of these models, the use of an asymptotic
power law, according to Cioclov [27] (Figure 4).

. "

Flaw Size s

Fig. 4. Assymptotic power law to model the POD
Rys. 4.Asymptota modelu krzywej POD

In Table 6 the parameters A, A1, a0 and al are defined, describ-
ing the model and its quality to reliably detect a crack-like defect.
By reducing the values of a0 and al, as well as by increasing the
value of Al, the POD is improved. In the aerospace industry,
based on the damage tolerance design principle, the parameter
al has a special meaning. The value here is called a90/95 and
gives the defect size, for instance the crack length of a crack
penetrating the wall of the airplane hull [28], at which the POD
reaches 90% with 95% confidence.

Tab. 6. POD models according to an asymptotic power law
Tab. 6. Modele POD

POD model A A a,in mm a, in mm
POD1 1 0.9 2 3
POD2 1 0.9 1 2
POD3 1 0.9 1 1.5
POD4 1 0.5 1

In Table 7 the result of the application of the different POD mod-
els is discussed. The material is the <thermally aged> WB36 with
a Gauss distributed crack geometry amean =10 mm and bmean =5
mm, and scatter in the data Aa =2 mm, Ab = 1 mm, wall thickness
t = 10 mm, internal pressure p = 15 MPa. The material properties
scatter according the Gauss distributions of Figure 2.

Tab. 7. Material properties and crack sizes are Gauss distributed
Tab. 7.Wlasciwoséci materialu i rozmiary wady o rozktadzie Gaussa

POD model | Number of failures | POF Probability of Failure
No POD 7100 in 10*¢ 7.1x10°
POD1 195in 10* 1.95 x10*
POD2 132in 10* 1.32 x10*
POD3 127 in 10* 1.27 x10*
POD4 60 in 10*° 6 x10°

Obviously, an enhanced POD reduces the number of failures.
However, a further realistic enhancement in reduction of the POF
can only be achieved, not by enhancing POD, but, if and only if,
the mean values of a and b are reduced, for instance, to amean =
8 mm, bmean = 2 mm, and the scatter to Aa = 1 mm, Ab = 0.5
mm. Then a POF-value POF = 2 x10-5 can be obtained, i.e., only
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a number of 20 remaining failures in 106 opportunities.

3.Conclusion

Obviously, PVrisk is an elegant tool to simulate inspection tri-
als of NDT. As the software allows deterministic as well as proba-
bilistic approaches, a wide parameter study can be performed
taking into account the variation of geometrical and material
data. As the most sensitive parameter concerning the probability
for failure, the fracture toughness absolute (deterministic ap-
proach) or mean value (probabilistic approach) as well as its
scatter (standard deviation) can be identified.

As the fracture toughness values are a result of destructive
tests more of these tests have to be performed by steel as well
as component producers to evaluate the scatter in these data for
each really safety relevant component form and applied steel
grade, and not, to utilize values “sometimes” determined in
laboratory and published in tables. Whereas the prediction of
strength properties at some real production goods by NDT in
steel industry, more and more, becomes to be the today state
of the art [29], this is not yet the case with fracture toughness.
Therefore, it has to be the objective of material characterization
asa NDT task in the future to develop correlations between NDT
quantities and toughness properties, in order to predict at the
component locally toughness by NDT in in-service inspection
strategies.

The sensitivity analysis here performed was based on material
properties values, taken at ambient temperature, and not at ele-
vated service temperatures, where toughness is in the upper shelf
regime and much higher. Therefore, the results are extremely
conservative, However, the critical crack sizes here obtained
as result of the studies are no real problem to be detected by
enhanced NDT. The inner pressure, in most of the simulations
have been assumed higher than service pressure. The conclusion
is: Our components are designed with high safety margins.
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