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ARTICLE INFO ABSTRACT

Keywords: For the purpose of probabilistic fracture mechanics estimation in the field of reliability analysis of pressure
Pipe vessels and piping, a probabilistic method by using SINTAP (Structural INTegrity Assessment Procedures for
SINTAP . European Industry) is developed. Monte Carlo simulation (MCS) is applied to investigate the influence of both
zz:;ifvi?:i:ﬂ:z; the uncertainties of random parameters and inspection strategies on the failure probability (FP). A sensitivity
Inspection strategies analysis with regard to the above-mentioned aspects is conducted to identify the most significant parameters and
efficient countermeasures to reduce failure risk in specially-assumed cases. The results of this study point out that
the thickness and the inner radius of the pipe have the strongest impact on the FP of the pipe, followed by the
bending moment, weld residual stress (WRS), crack length, initial crack depth, yield strength (YS), ultimate
tensile strength (UTS), flow strength, fracture toughness, inner pressure and axial force. Compared with the
detection quality and the inspection start time, selecting an appropriate inspection interval is a more effective
method to reduce the failure risk. All these results provide a reference for the design of piping systems and guide
the selection of in-service inspection (ISI) strategies with suitable flaw-detection capabilities and inspection

frequencies.

1. Introduction

As clean energy sources, which produce low levels of greenhouse gas
emissions, are vastly demanding, nuclear power is fully qualified for this
role owing to its excellent ecological compatibility and sustainability as
well as its ability to supply stably large amounts of energy. However,
with increasing number of nuclear power plants (NPPs), their safe
operation is a growing public concern, especially after the serious con-
sequences of the Chernobyl and Fukushima incidents. Therefore, it is
significant to analyze the reliability of structural components such as
nuclear pressure vessels or piping in safety evaluations for life-time
operation of NPPs [1].

In general, there are two typical methods applied for assessing the
safety of the components, namely, the deterministic and the probabi-
listic methods. These methods focus mainly on the damage mechanisms
fatigue and stress corrosion cracking (SCC) as well as the corresponding
countermeasures, which should be taken by the operator [2]. The
advantage of the deterministic approach owes to its simplicity and the
capability of being applied relatively easily to an entire component [3].
However, the deterministic approach fails to handle with the
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inaccuracies in the input data needed for the integrity assessment, which
is likely to cause an overestimation of the genuine “risk” related to
current components operation. In brief, a purely deterministic approach
provides an incomplete picture of reality. For example, both upper
bound values of loads and lower bound values of material properties
lead to a conservative assessment. Note that the randomness or un-
certainties of the parameters should be considered for more realistic and
reasonable assessment. Therefore, it is necessary to apply probabilistic
methods to quantify safety margins in terms of FP [4]. For example, Cho
et al. developed a systematic framework to model severe accident
management guidelines into Level 2 probabilistic safety assessment of a
NPP [5]. Bui et al. established an algorithm for enhancing spatiotem-
poral resolution of probabilistic risk assessment to address emergent
safety concerns in NPPs [6]. Some probabilistic analyses have been
conducted to predict the stability of piping systems during past decades.
For example, Zhou et al. developed a probabilistic method for the
fracture analysis of pressure piping containing circumferential defects
based on the ASME (The American Society of Mechanical Engineers)
procedure [7]. Qian et al. proposed a probabilistic fracture assessment
method of piping systems based on FITNET FFS procedure [8]. Mean-
while, Fleming et al. made a progress in developing pipe failure
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Nomenclature ASME  The American Society of Mechanical Engineers
POD probability of detection
SINTAP Structural INTegrity Assessment Procedures for European FAD failure assessment diagram
Industry SIF (Kp) stress intensity factor
MCS Monte Carlo simulation PROST probabilistic structure analysis code of GRS
FP failure probability LSF limit state function
WRS weld residual stress DMW dissimilar metal weld
YS yield strength NOC normal operation condition
UTS ultimate tensile strength MV mean value
ISI in-service inspection SD standard deviation
NPP nuclear power plant CoV coefficient of variation
SCC stress corrosion crack OFAT One-factor-at-a-time

databases that contain the quantity and quality of information needed to
support piping system reliability evaluations [9]. Reyes-Fuentes et al.
developed a new application software, AZRUSIA, for uncertainty and
sensitivity analysis for nuclear reactors and calculated correlation co-
efficients for global sensitivity measures [10]. Because global sensitivity
analysis might be insufficient to capture the influence of the inputs on a
restricted domain of the output, Marrel et al. defined target and condi-
tional sensitivity analysis to measure respectively the influence of the
inputs on the occurrence of the critical event [11]. There are several
approaches used for PFM models. North American and Asian codes tend
to favor the elastic-plastic modeling or net section collapse models.
European regulators for a large part rely in failure assessment diagram
(FAD) methods for determining failure. We will focus on the latter
approach. We will examine the current state-of-the-art in FAD analyses
and provide no comparison between the two approaches in this paper.
Since only several parameters were addressed as random variables in
these assessments. One possible reason that only few variables were
considered as random lies on the negative side of the probabilistic
method, which is intensive, time-consuming and very complex. There-
fore, it is helpful to conduct a systematic sensitivity analysis of random
variables to identify the most important variables; this provides a su-
perior basis for the risk management and would therefore help to
maximize both safety and business performance. However, it’s worth
mentioning that for a given piping system, special attention has to be
paid to the loads because they are often the only parameters which can
be adjusted. WRSs, e.g. due to repair welding should be considered
although they are often not known to the same degree of precision as
thermal, pressure and other operation stresses. It is important thus that
the sensitivity calculations reflect this uncertainty by allowing a suitably
wide range of variation of these parameters [12]. To assure that the
results are dependent on the existence of a crack, no initiation model
will be considered in this analysis.

In addition to aforementioned assessment methods, selecting
appropriate ISI strategies is also an effective method to avoid the
occurrence of leakage and even the rupture of nuclear components. For
example, Fleming applied Markov models for evaluating risk-informed
ISI strategies for NPP piping systems [13]. Ellyln investigated the
dependence of total reliability on both periodic inspection and contin-
uous inspection programs and demonstrated the advantage in detecting
small relative flaw sizes in the initial periodic inspection [14]. Never-
theless, the probabilistic approach based on the fracture module of the
SINTAP procedure [12], which was agreed by a consortium of 17 Eu-
ropean establishments under the European Union Brite-Euram Fourth
Framework Scheme for the assessment of the integrity of structures, in
conjunction with the consideration of ISI strategies, has not yet been
comprehensively investigated.

Therefore, based on the fracture module of the SINTAP procedure
and assuming the involved parameters as random variables, this paper
aims to apply an improved probabilistic approach to predict the reli-
ability of a piping system. It is organized as follows. Section 1 is

dedicated to the introduction and to the state of the art of FAD meth-
odologies for leak and rupture failures as used in many of the European
applications for nuclear power plant piping. The SINTAP procedure is
presented in Section 2. Section 3 deals with the probabilistic models
while a presentation of the parameters is done in Section 4. Section 5 is
dedicated to case studies, in which first a sensitivity analysis is per-
formed to rank the importance of parameters affecting the failure
probability of pipes by considering fatigue. In a second part of the case
study, the effect of ISI (frequency and quality) on reducing the FP of
piping is investigated. Finally, SSC is also considered as an important
damage mechanism, thereby generating a broad base of data suitable for
developing risk-informed ISI plans. The results are discussed in Section
6. The conclusions in Section 7 close the paper.

2. Failure module of SINTAP procedure

The SINTAP procedure provides seven analysis levels (i.e. one
default level, three standard levels and three advanced levels) in the
fracture module corresponding to different input parameters. In view of
the YS mismatch between base metal and weld metal more than 10%,
Level O (default) and Level 2 (standard) are considered in this study.
Note that Level 1 will not be introduced here, as it is available for the
case where the YS mismatch is less than 10%. In the SINTAP procedure,
the FAD is used as an integrity rating as [15]:

K. =
Kic

Jeap =f (L), with (€D)]

Oapplied
L = —appried
Olimit

where frap represents the failure assessment line in FAD diagram. K; is
the ratio of the applied stress intensity factor (SIF) K to the material’s
fracture toughness Kic and L, is equal to the ratio of applied stress capplied
to the limit stress 6yim;;, which is the YS.

Fig. 1 illustrates Eq. (1). If the assessment point falls within the non-
critical region enclosed by the line of the FAD (e.g. point A in Fig. 1), the
failure of the structure does not occur even if it contains cracks. In other
words, the component is considered as safe if K; < f(L;) and this is
acceptable. Inversely, the structural component is regarded as unsafe if
K, > f(L,) e.g. points B and C in Fig. 1. Details of the FAD approach are
given in the SINTAP procedure. The shape of the function f(L,) depends
on the material properties and the “level” defined. Levels 0 and 2, which
are relevant in this paper and widely-accepted in the fracture mechanics
community, are presented below.

2.1. Level 0

According to Level O of the fracture module in the SINTAP, this level
requires the least information and causes the poorest accuracy. f(L,) is
written as [16]:
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Fig. 1. Failure assessment diagram in SINTAP.
2 -4 18 . max
(1+0523) 03 +074] L <L

f(L,)= (2
0 ifL >LM™

where

P <1 +ﬁ> 3)
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where o, and oy are UTS and YS, respectively.
2.2. Level 2

The SINTAP Level 2 analysis is implemented to deal with welding
structure, where the YS mismatch between the base metal and the weld
metal is over 10%. Specifically, the YS mismatch ratio M is defined as
M = g}id /%S Then the function f(L,) is given by Ref. [12]:

(1+0523) 03+ 0.7 ] if 1, <1

f(Ll): f(l)L:wiﬁl lfl < Lr < L:nax (4)

0 if L > L™
where yM and NM denote the pu-parameter for the effective mismatch
metal and the effective strain hardening exponent, respectively, given as

[12]:

)

NM =

EE TN TR [Ty

where F! and F2 denote the limit load of the mismatch metal and the
base metal, respectively. The values of y", 48, NW and N® can be found
in Ref. [12]. Meanwhile the maximal L, is given by Ref. [12]:

FM
Ly =T min{LPY, L0 ) )
Y

where LM"™W and LM>*B denote the maximal L, ratio of the weld metal
and the base metal, respectively. Level 2 is able to provide more details
in the region where L, > 1 than Level 0, which can obtain a more ac-
curate result.
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3. Probabilistic models

The application of deterministic fracture mechanics assessment
procedures to the prediction of fitness-for-purpose requires the use of
data that are often subject to considerable

Uncertainties. An alternative approach to pure deterministic assess-
ment is the application of structural integrity procedures such as SIN-
TAP, in combination with probabilistic methods. The SINTAP procedure
is incorporated into PROST (PRObabilistic STructural mechanics, a
computing code developed the German Gesellschaft fiir Anlagen-und
Reaktorsicherheit GmbH) to calculate the FP by the limit state func-
tion Ligr, defined by the difference between f(L;) and K., given by
Ref. [17]:

Liss=f(L,) — K ®

If Ligr < O, failure occurs. Inversely, the structure will operate safely
if Ligg > 0. The FP Pgyjjyre Of a structure can be evaluated by a multi-
dimensional integral (Eq. (9)) [17]:

Pritwre = P(Lisr < 0) = P(L.,K,)dK.dL,, 9

Lisr<0

where P(L;, K;) is the joint probability density of L, and K;. This integral
is very difficult even impossible to solve by numerical integration as
there are so many random parameters. Therefore, MCS method is
applied to predict the FP, owing to the strong capability of handling
practically every possible problem regardless of its complexity [18-20].
Based on MCS, the FP can be expressed as:

KN . 1, Lisg <0
Pfai]ure 71? ;xi with Xi = { 0, others (10)

where N is the total number of random parameter samples and x; = 1 if

N
failure is calculated for the given parameter sample, else x; = 0. >_ x; is
i=1

the total number of calculated MCS cycles resulting in Ljsp < 0.
The flow chart in Fig. 2 shows the applied procedure for the calcu-
lation of FPs.

4. Parameter definition
4.1. Determination of SIF

For a semi-elliptical internal circumferential surface crack in a cyl-
inder loaded by axial force and bending moment, as shown in Fig. 3, the
relevant stress acting normal to the crack plane, is a superposition of
stress distribution described by a fourth order polynomial as a function
of the radial coordinate [21]:

3

o=o0) =Y a2) fro<y<a an

i=0

where the co-ordinate y is defined in Fig. 3 and ¢; (i = O to 3) are co-
efficients, usually fitted to results from finite element calculations, that
define the axial stress state ¢. The SIF is [21]:
3
a 2c R; a 2c¢ R;

Ky =+/ma |:,Zo: o;F; (? 2 71) + Ou, maxFmy max <? =z 7) :| 12)
where 6y, max is the maximum bending stress, namely, the maximum
outer fibre bending stress. ¢ and oy, max are the normal stresses acting at
the prospective crack plane in the uncracked cylinder. For the bending
moment applied along the x axis, the maximum outer fibre tensile
bending stress occurs at location C as shown in Fig. 3. The coefficients F;

(i =0 to 3) and Fymax are geometry functions which are given in the
report [21] for the deepest point of the crack front (A), and at the
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Fig. 2. The flow chart of FP calculation.

Fig. 3. Part circumferential internal surface crack in a cylinder.

intersection of the crack with the free surface (B), respectively in Fig. 3
to “More details are given in Ref. [22].

4.2. Determination of limit load

For homogeneous pipes and welds with defects, PROST considers the
R6 [21] and FKM (Kiefner) [23] codes. Here the plastic limit stress
proposed by Kiefner et al. [24] for a circumferential semi-elliptical inner
surface cracks in a cylinder is used, wherein only a uniform stress value
is taken into account. Meanwhile, the involved variables are considered
as random variables characterized by a certain distributional function.
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4.3. Uncertainty of the mechanical properties

It is a fact that the involved parameters (mechanical properties, ge-
ometry, loads, etc.) of a structure usually show a scatter, therefore called
random parameters. In our calculation, the following parameters are
treated as random parameters:

Kic
Oy
6“
e initial crack size

e loadings during normal operating condition
e pipe geometry and size

The parameters are assumed to be independent from each other and
follow the normal distribution; e.g. the normal probability density of the
fracture toughness K¢ has the form:

_ 2
B l(K} MK[C> :| (13)
2 Ok,

where g, and ok, represents the mean value and standard deviation of
Kic, respectively. K is the SIF.

lec (x) =

1
ex
ok V21

5. Case study

A pipe in a NPP with a circumferential dissimilar metal weld (DMW)
is selected to investigate its FP when it serves under the normal oper-
ating conditions (NOCs), including the inner pressure (7.34 MPa),
temperature (290 °C), bending moment (432.6 MN mm) and axial force
(159.5 kN). Note that these values in the bracket are nominal values. In
addition, the WRS distribution calculated along the centerline (indicated
by a dark arrow in Fig. 4(a)) in the weld metal in Fig. 4(b) is considered.
It is assumed that the initial crack is located in the root center of the
DMW, which suffers axial force and bending moment caused by different
loadings as shown in Table 1. The initial crack is due to weld fabrication
and is conservatively regarded as a surface breaking defect at the inner
wall of the pipe, i.e. the crack growth is assumed to occur in the weld
metal as shown in Fig. 4(a). Note that the formation of the initial crack is
not considered but only its growth due to cyclic stress (fatigue) is taken
into account. In our calculations with PROST, we applied the SINTAP
approach to calculate fatigue crack growth, even it is not approved for
fatigue load. The random variables, i.e. pipe and crack sizes according to
Ref. [25], the fracture toughness, the YS and the UTS of weld metal and
base metal, axial force and bending moment and their distribution types,
mean values (MVs) and standard deviations (SDs) are presented in
Table 1. It is assumed that the ratio between SD and MV is 0.1. MCS
method is applied to predict the FP of the component and conduct
sensitivity analyses on the above-mentioned variables. In order to obtain
reasonable results, the MCSs are repeated by 10° times to achieve the
Lisp values. Only the mechanical properties of weld metal is considered
because the base metal has little influence on the FP when the WRS
along the centerline is considered. This has been demonstrated in our
previous publication [22].

As in Ref. [27], where a fatigue crack growth model is used in
combination with a MC method for probabilistic analysis and variance
decomposition with distribution parameter uncertainty, we also used
the Paris-law to characterize the cyclic crack growth rate [28]:

da m
Ty =CAK)" | AK > AK, 14)

where the fatigue crack growth rate coefficient C = 1 x 107!2 m/cycle,
the fatigue crack growth exponent m = 3.93 and AK is the cyclic change
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keeping their MV constant. By assuming M}, with a normal distribution
and other variables constant, similar FPs with CoVs lower than 0.5 are
obtained by considering Level 0 and Level 2. The FPs according Level
0 are lower than those according Level 2 when the CoV is larger than 0.2.
This is due to the difference between Eq. (2) and Eq. (4). In addition, it is
recommended to keep the best-estimate condition in mind when
choosing the analysis level. On one hand, in practice the choice of level
is likely to depend on other factors like the availability of materials data.
Nevertheless, from the point of view of assessing appropriate margins, it
is important that any excessive conservatisms or possible non-
conservatisms in the analysis are recognized and accounted for. On
the other hand, as the difference in o, between weld metal and base
metal is larger than 10%, selecting Level 2 can reduce conservatism.
Therefore, the Level 2 of the fracture module in SINTAP procedure is
applied in the following uncertainty sensitivity analysis.

6.2. Uncertainty sensitivity analysis

A two-step process is employed to quantify the uncertainties in the
FPs. A sensitivity study is conducted first to identify those uncertainties
with the greatest effect on the results, and then a quantitative uncer-

G. Mao et al.
Fig. 4. Schematic illustration of straight pipe with a DMW weld.
Table 1
Main random variables used in the assessment [26].
Parameters Distribution =~ Mean Standard
value deviation
Fracture toughness ~ Base metal SA- Normal 289 28.9
Kic (MPa: \/m) 508 Gr.2 CL1
Weld metal 82/ Normal 337 33.7
182
YS 6y (MPa) Base metal SA- Normal 293.2 29.3
508 Gr.2 CL.1
Weld metal 82/ Normal 326.2 32.6
182
UTS 6, (MPa) Base metal SA- Normal 551.6 55.1
508 Gr.2 CL.1
Weld metal 82/ Normal 594.2 59.4
182
Initial crack size Depth a (mm) Normal 1 0.1
Full length 2¢ Normal 96 9.6
(mm)
Pipe size Thickness t Normal 28 2.8
(mm)
Outer diameter Normal 374 37.4
D, (mm)
Bending moment M;, (MNemm) Normal 432.6 43.2
Force F, (kN) Normal 159.5 15.9
Pressure in NOC p (MPa) Normal 7.34 0.734

in the SIF. Note that the fatigue crack growth rate % is zero if AK is below
the threshold value AKy, (15.8 MPa-y/m). 30000 cycles of the bending
moment and axial force are applied.

6. Results and discussion

In this analysis, a failure event is defined as a through-wall crack
leading to a leakage. As the formation of a through-wall crack is a pre-
cursor event for the occurrence of a pipe breaks, the prevention of pipe
leaks will also avoid pipe breaks. In the following, a sensitivity analysis
is conducted to reveal the influence of variables and the effect of in-
spection strategies on the FP.

6.1. FPs obtained by different SINTAP levels

Regarding the uncertainty degree of random variables, a coefficient
of variation (CoV) is defined by the following formula,

cov=2, (15)
"
where ¢ is the standard deviation (SD) and y is the mean value (MV).

In a sensitivity analysis, the FP of the component shown in Fig. 4(a)
for different CoVs of variables is computed by changing their SD and

tainty analysis that addresses the most critical parameters is identified
by the sensitivity calculations. The one-factor-at-a-time (OFAT) method,
that is, selecting a base parameter setting and varying one parameter at a
time while keeping all other parameters fixed, is applied to conduct the
sensitivity analysis. The advantage of the OFAT method lies in the
possibility to examine the model response over a wide range for each
parameter [29], which can easily detect the contribution to the FP from
each corresponding parameter.

6.2.1. Influence of standard deviation on the FP

In order to reveal the dependence of FPs on the SD from each
parameter, every parameter’s CoV varies from 0 to 0.5 by setting
different SDs, provided that all other parameters’ CoVs are kept con-
stant, 0.1. Note that this analysis aims to be applied for a fleet plant. As a
result, the FP is 3% for all variables when the CoV is at 0.1, as shown in
Fig. 5(b). Fig. 5(b) also shows that the FP increases with increasing CoV
and SD. In terms of the reason for higher FPs, it is likely that the larger
SDs of random variables enhance more Lisr to drop within the failure
area, where the unacceptable condition is marked by point C in Fig. 1.
The FP increases from 0.45% to 27.25% as the CoV(r;) increases from
0 to 0.5 in Fig. 5(b). Since CoV(t) and CoV(r;) are independent, their
influence on the FP is similar. Regarding the FP influenced by SDs of the
initial crack size, it is depicted in the inset in Fig. 5(b) that the FP only
increases from 3% to around 5% with CoV(2c) and CoV(ap) larger than
0.3. In addition, the FP is not impacted significantly by the SDs of ma-
terials’ properties, i.e. SD(oy), SD(cy,) SD(of) and SD(Kc) nor to those of
some loadings, i.e. SD(p) and SD(F). However, the FP is on a large scale
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Fig. 5. (a) FP as a function of CoV (M},) with Level 0 and Level 2. (b) Effect of
CoV by changing the SD of each variable on the FP.

influenced by SDs of other loadings, including SD(WRS) and SD(Mp,).
The FP increases from 2.8% to 8.95% and from 2.05% to 15.9% as the
CoV(WRS) and CoV(My) increase from 0 to 0.5, respectively. This im-
plies that reducing SD(Mj,) is more effective than reducing SD(WRS) to
decrease the FP in this case.

Based on the analysis above, it is apparent that the FP of the
component in this case is more sensitive to the SD of t, r;, My and WRS
than that of 2c, ag, oy, 6y, o1, Kic, p and F. Therefore, it is vital to explore
their MVs to estimate the FP of this component more reasonably.

6.2.2. Influence of mean value on the FP

The uncertainty sensitivity is also investigated by adjusting the MV
of each parameter from —50% to 50%, provided that other parameters
are kept unchanged and all CoVs are set to 0.1. Taking Mp, as an example,
the MV and SD of M, are multiplied by ten influential factors (i.e. 0.5,
0.6, 0.7, 0.8, 0.9, 1.1, 1.2, 1.3, 1.4 and 1.5), while other parameters
remain constant. Fig. 6(a) displays the effect of varying the parameters
on the FP. Apparently, the FP decreases with increasing the MVs of ¢, r;
and WRS. However, the FP increases with increasing the MV of My, and
varies little with the influential factors for My, less than 0.9. The FP also
increases with increasing the MVs of p, ag, 2c and F, as shown in Fig. 6
(b). The tiny FP contribution from p and F is attributed to the smaller
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stress caused by p and F compared with M}, Therefore, the FP in this case
is most affected by the MV of the thickness t and the inner diameter r; of
the pipe, followed by My, WRS, p, ag, 2¢, of and F. This finding is similar
to the influence of SDs of main parameters, Therefore, a sequence of t, r,
My, WRS, p, ag, 2¢, of and F should be prioritized to reduce the FP by
considering their MVs. As mentioned in Egs. (8)-(10), the FP distribu-
tion is related to Ly gg. The Ligr distribution along the MVs of all variables
is displayed in Fig. 6(c). In accordance with the variation trend of FPs in
Fig. 6(a), the LSF increases by increasing the MV of t, rj, WRS, o etc., but
decreases with increasing the MV of My, p and F. As a secondary stress,
the WRS mainly act as a compressive stress shown in Fig. 4(b), so the
reducing mean value of WRS is beneficial for the reduction of FP. When
the MV of WRS is increased, the contribution to the FP is limited due to
large bending moment. Note that only primary loadings can be adjusted
in a given pipe system to reduce the FP. Moreover, the influence of p and
F on the sensitivity of the FP would be increased if their MV would be
higher or near the critical value.

6.2.3. Influence of CoV on the FP

As described above, the CoVs are obtained by changing SD and
maintaining MV constant. In this part, the dependence of the FP on the
CoVs that are obtained by changing MV and keep SD constant is also
clarified. One CoV corresponds to two situations:

(1) change SD and keep MV unchanged, as shown by solid dots in
Fig. 7.

(2) change MV and keep SD unchanged, as shown by hollow dots in
Fig. 7.

Despite the same CoV, a big difference of the FP between these two
situations can be observed. In terms of M}, as shown by red lines in Fig. 7,
the FP increases with increasing CoVs obtained by increasing SDs but
keeping MV a constant. On the contrary, the FP decreases with
increasing CoVs obtained by reducing MV but keeping SD a constant.
This difference is ascribed to the change in the overlapping region of
different probability distributions caused by changing SD and MV.
Therefore, both the SD and the MV of parameters should be considered
in order to reduce the FP, which agrees well with the results presented in
Ref. [7].
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Fig. 7. Effect of CoV on the FP (Note: different CoVs are obtained by either

changing SD but keeping MV a constant or changing MV but keeping SD
a constant).
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6.3. Influence of inspection strategies on the FP

A sensitivity study during the design and operation of piping com-
ponents can help to find (efficient) ways to reduce risks related with
structural failures. The failure risks obtained in the previous section
were determined with no provision made for inspection. If ISI takes
place, the FP will depend upon the inspection strategies. As demon-
strated by a case in Ref. [30], the uncertainties of damage mechanisms
play a minor role, while the inspection strategy is a key point.

6.3.1. FP variation by considering fatigue

This section presents the results of parametric calculations to predict
the effects of ISI frequency and quality on reducing the FP of the straight
pipe with a DMW as shown in Fig. 4(a). As one important goal of IS, the
selected strategies should ensure reliable detection of degradation
before through-wall cracks result in leaks and thereby provide desired
reductions in FPs. Therefore, the inspection during the whole operation
time is considered by assuming the detection quality (i.e. poor, good and
advanced) at given inspection intervals of 1, 5 and 10 years and
assuming the inspection start time of the 1st, the 5th and the 10th year,
giving 3 x 3 x 3 = 27 strategies, as shown in Table 2. Note that the ISI is
assumed to be done at the end of the operation year, e.g. the strategy 1
means that, based on the poor detection quality, the inspection is con-
ducted at the end of the first year and is repeated yearly. In case a flaw is
detected, the component is assumed to be repaired to prevent the
occurrence of a leak or a failure and multiple inspections are assumed to
be independent of each other. Three different POD curves are selected to
investigate its effect on the FP. The POD is given as a function of the
crack depth and the resultant POD curves are compared in Fig. 8(a) [31].
Higher POD results from the detection with higher quality, wherein the
poor POD can only reach around 60% in a wide range of crack depth.

Fig. 8(b), (c) and 8(d) show the cumulative leak probabilities for 60-
year of operation as functions of inspection strategies. Fig. 8(b) depicts
the FPs with inspection strategies 1 to 9 based on the POD with poor
quality. It is observed that the FP increases very fast from zero to 1%
within the first five years and remains stable after reaching a maximum
value of 3% after approximately 20 years. When compared with the case
of no-inspection, the reliability of this pipe is improved significantly in

Table 2
Inspection strategies applied to the component.

Strategy Detection quality Inspection interval Inspection start time
1 Poor 1 1
2 1 5
3 1 10
4 5 1
5 5 5
6 5 10
7 10 1
8 10

9 10 10
10 Good 1 1
11 1 5
12 1 10
13 5 1
14 5 5
15 5 10
16 10 1
17 10

18 10 10
19 Advanced 1 1
20 1 5
21 1 10
22 5 1
23 5

24 5 10
25 10

26 10

27 10 10
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Fig. 8. (a) Probability of detection as a function of the relative crack depth, (b) Cumulative leak probability based on poor POD curves, (¢) Cumulative leak
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probabilities with respect to three POD curves and inspection schedules 2, 5, 8, 11, 14, 17, 20, 23 and 26 over 60 years plant operation.

strategies 1, 4 and 7 due to the smallest ISI interval, i.e. 1 year. Fig. 8(c)
displays the results obtained by considering different POD curves in
conjunction with different intervals. The results in Fig. 8(c) do not
indicate large differences in predicted FPs as a function of POD (only
good and advanced). In other words, the detection with either good or
advanced quality makes a similar contribution to reduce the FPs. In
addition, the FP based on the ISI interval of 5 years and poor detection
quality keeps close to that based on the intervals of 10 years but good or
advanced detection quality, which indicates that the reliability of the
pipe is guaranteed by ISI with only low quality but higher frequency. By
considering the POD curves with either good or advanced quality, the FP
improves tenfold when the ISI interval increases from 1 year to 5 years.
However, the FP does not increase significantly when the ISI interval
increases from 5 years to 10 years. This also demonstrates that it is more
effective to decrease the inspection interval than to increase its quality
to reduce the FPs. Therefore, an advanced detection capability does not
offset the impact of an untimely inspection.

Although 27 ISI strategies for pipes are assumed, it is apparent that
some strategies are not realistic, e.g. the strategies with yearly inspec-
tion, because e.g. in NPPs, the ISI is usually performed during the
planned power outages. Therefore, we fix the interval of 5 years and take
different start times and different detection qualities into consideration.
As shown in Fig. 8(d), the FP obtained from poor detection is the highest,
regardless of various start times. When the detection with either good or
advanced quality is applied, the FP with the start time at the 1st year or
the 5th year is lower than that with the start time at the 10th year,
indicating that the leakage probably occurs in the range of the 5th and

the 10th year. This can also be illustrated by the observation that the FP
obtained from the detection with advanced quality is lower than that
based on good quality, regardless of the start time, e.g. at the 1st year or
the 5th year. Hence, the largest reduction (one order of magnitude) of
the failure probability is predicted for the ISI with “advanced” POD and
an inspection interval of one year. This conclusion agrees well with the
calculations by Khaleel et al. that high-quality ISIs can be effective in
reducing leak and break probabilities, particularly if the inspections
were performed relatively frequently [14].

6.3.2. Influence of SCC on FP

Because the postulated degradation mechanism of the analyzed
piping weld is fatigue, the cumulative leak probabilities in Fig. 8 are
apparently small although different POD curves and inspection sched-
ules are considered. Since SCC is a very important degradation mecha-
nism, it is considered in the following to investigate the cumulative leak
probabilities of this piping system, wherein all inspection strategies in
Table 2 are reconsidered. Here we assume and apply the Nulife Alloy82
crack growth model for weld metals [32,33]:
da

5 A k'S

7 (16)

where K; is the SIF calculated in Eq. (12), the pre-factor A (mm/s) is set
as 1.2 x 107 [22].

Fig. 9 summarizes the FPs based on 27 strategies after 60-year service
of the component with the consideration of SCC. Apparently, the ISI with
the poor detection quality result in higher leak probabilities, whereas
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Fig. 9. Cumulative leak probabilities with respect to 27 inspection sceneries
after 60-year service of the component.

such with good and advanced quality lead to similar lower leak proba-
bilities, regardless of the start time and the interval. In other words, the
inspections with “good” and “advanced” POD enhances the reliability. If
the inspection starts from the end of the 10th year, the influence of in-
tervals on the FP is negligible for a detection with either good or
advanced quality but is larger for the ISI with poor quality. The FP is
increased by the detection with poor quality more than enlarging the
intervals, if the first inspection starts later, i.e. the 10th year. In this vein,
the detection with good or even advanced quality is able to compensate
for the consequence due to less frequent inspections at earlier time; this
is in agreement with the results in literature that a periodic inspection
with appropriate intervals can work as efficiently as a continuous in-
spection [14]. However, less frequent inspection can lead to higher
cumulative leak probabilities when the first inspection starts at the end
of the 1st year or the 5th year regardless of the detection quality. It
appears that even for “advanced” POD, frequent inspections are required
to achieve significant reductions in FPs. With the application of “good”
and “advanced” POD curves, the earlier inspection coupled with higher
inspection frequencies (i.e. strategies 16, 17, 25 and 26) acts more
efficiently to reduce the FPs compared with the first inspection at the
end of 10th year with higher inspection frequencies (i.e. strategies 12,
15, 21 and 24). Therefore, frequent and early inspections (e.g. one in-
spection per year) can provide considerable reductions in FPs.

In order to scale the contributions from different factors, i.e. POD
quality, the inspection start time and the inspection interval, to the FP,
the Pearson, Spearman and Kendall rank correlation coefficients be-
tween every factor and every FP yield the influence of the individual
factors on the FP. More details about these three correlations are pre-
sented in Refs. [10,34]. The 27 matrixes, corresponding to all strategies
in Table 2 were defined as follows:

[Q:Sil]

where Q; (i =1, 2 and 3) represents the detection quality, i.e. poor, good
and advanced. S; (j = 1, 5 and 10) and I, (m = 1, 5 and 10) denotes
different start times and different intervals, respectively. For example,
the matrix below is used to calculate the correlation coefficient between
the FP and intervals with the poor detection and with the inspection start
at the end of the 5th operation year.

O S I
Ql SS 15
Ql SS IlO

It is found that all Spearman and Kendall correlation coefficients are
1, but the Pearson correlation coefficient varies with different strategies
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as shown in Fig. 10. One possible reason for this difference is that both
Spearman and Kendall correlation are non-parametric methods but
Pearson correlation aims to measure the strength of a linear association
between variables. Fig. 10(a), (b) and (c) depict the correlation co-
efficients of the “POD quality and FP”, “inspection start time and FP” and
“inspection interval and FP”, respectively. Apparently, the lowest
average coefficient in Fig. 10(a) illustrates that the FP is less sensitive to
the POD quality compared with either the start time or the interval. By
considering the results in Fig. 10(b) and (c), we conclude that both the
start time and the interval should be considered more to reduce the FP,
because the correlation coefficients in these two situations are very
close. Meanwhile, we infer that selecting the appropriate inspection
interval can be the most effective approach to reduce failure risk.

7. Conclusions

A probabilistic method for the fracture assessment of a pipe by using
SINTAP procedure has been applied in this paper. The sensitivity of the
calculated FP as a function of the uncertainties of the involved random
parameters and the ISI strategies are investigated to figure out the most
significant influencing parameters concerning the component failure.
For the analyzed case, the following conclusions are drawn:

(1) The FP increases with standard deviations of all involved pa-
rameters, wherein the FP is more sensitive to the standard devi-
ation of the thickness t, the inner diameter r;, bending moment M},
and WRS than to that of the crack length 2c, the initial crack
depth ag, YS oy, UTS oy, flow strength oy, fracture toughness Kic,
inner pressure p and the axial force F. Meanwhile, the FP is most
affected by the mean value of t and r; of the pipe, followed by My,
WRS, p, ag, 2¢, of and F.

(2) The FP varies differently with a certain CoV due to the change in
the overlapping region of different probability distributions
caused by changing standard deviations and mean values.
Therefore, both the standard deviations and the mean values of
the parameters should be taken into consideration in order to
assess the FPs. During the practical maintenance of piping, care
must be taken on different parameters. However, normally only
primary loadings can be adjusted in a given pipe system to reduce
the failure risk.

(3) Selecting the appropriate inspection interval is more effective to
reduce the failure risk than increasing the detection quality or
reducing the start time.
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Fig. 10. Pearson correlation coefficient between inspection strategies and the
leak probability.
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All these results may help to lay focus on the important parameters in
the design as well in the operation phase (e.g. adjustment of inspection
interval) of a component to reduce failure risk. As the code (PROST)
used in our analyses only considers single defects in a piping system, an
optimization of coding is desirable to deal with multiple defects. Since
only a single case was investigated in this paper, care should be taken of
in the future work by considering several cases concurrently.
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