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RISK-INFORMED METHOD FOR QUALIFYING 

STRATEGIES FOR OPERATION CONTROL OF METAL  

OF SAFETY RELATED SYSTEMS OF NUCLEAR  

POWER PLANTS 
В. Скалозубов, А. Вєрінов, А. Канівець, В. Кочнєва, Д. Бундєв, Х. Хайо. Ризик-орієнтований метод кваліфікації стратегій 

експлуатаційного контролю металу систем, важливих для безпеки АЕС. Актуальним питанням забезпечення безпеки та 
ефективності експлуатації АЕС із реакторами ВВЕР є оптимізація стратегій організації експлуатаційного контролю металу 
обладнання та трубопроводів систем, важливих для безпеки АЕС. Аналіз нормативно-експлуатаційної документації та відомих 
наукових розробок показав, що питання оптимізації стратегій експлуатаційного контролю металу систем, важливих для безпеки, 
вивчені недостатньо. Відомі стратегії організації та планування експлуатаційного контролю металу систем, важливих для безпеки, 
не враховують багаторічний досвід експлуатації АЕС з ВВЕР (близько 1000 реактор-років), результати щорічного моніторингу 
технічного стану та надійності обладнання та трубопроводів систем, важливих для безпеки (у тому числі і систем безперервного 
контролю металу), а також вплив окремих систем на показники безпеки ядерних енергетичних установок та інші актуальні фактори 
надійної та безпечної експлуатації. Розроблено ризик-орієнтований метод кваліфікації модернізацій та оптимізації стратегій 
організації експлуатаційного контролю металу систем, важливих для безпеки АЕС, заснований на аналізі результатів контролю 
стану цілісності металу обладнання та систем, а також імовірності руйнування (відмови) обладнання та/або трубопроводів систем, 
важливих для безпеки. На основі розробленого ризик-орієнтованого методу кваліфікації оптимізації стратегії організації контролю 
металу обґрунтовано можливість скорочення періодичності та обсягів контролю металу трубопроводу аварійної поживної води 
парогенераторів АЕС з ВВЕР-1000. Подальші напрями розвитку практичного застосування представленого в цій роботі ризик-
орієнтованого методу розрахункової кваліфікації стратегій експлуатаційного контролю металу систем, важливих для безпеки АЕС, 
можуть бути пов'язані з проведенням експериментальної кваліфікації методу, а також удосконаленням детерміністських методів 
моделювання процесів деградації/руйнування металевих конструкцій у перехідних/аварійних режимах експлуатації ядерних 
енергетичних установок. 
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V. Skalozubov, O. Vierinov, A. Kanivets, V. Kochnieva, D. Bundiev, H. Hayo. Risk-informed method for qualifying strategies for 
operation control of metal of safety related systems of nuclear power plants. The optimization of strategies for organizing operation 
control of metal of equipment and pipelines of safety related systems of nuclear power plants is a pressing issue in ensuring the operation 
safety and efficiency of nuclear power plants with VVERs. An analysis of regulatory and operational documentation, as well as well-known 
scientific developments, showed that the optimizing strategies for operation control of metal of safety related systems have not been 
sufficiently studied. Known strategies for organizing and planning operation control of metal of safety related systems do not take into 
account many years of experience in operating nuclear power plants with VVER (about 1000 reactor-years), the results of annual monitoring 
of the technical condition and reliability of equipment and pipelines of safety related systems (including continuous metal monitoring 
systems), as well as the influence of individual systems on the safety indicators of nuclear power plants and other relevant factors of reliable 
and safe operation. A risk-informed method has been developed for qualifying modernizations and optimizing strategies for organizing 
operation control of metal of safety related systems of nuclear power plants. The method is based on an analysis of the results of monitoring 
metal integrity of equipment and systems, as well as the probability of destruction (failure) of equipment and/or pipelines of safety related 
systems. Based on the developed risk-informed method for qualifying optimization of the strategy for organizing metal monitoring, the 
possibility to reduce the control frequency and scope for metal of the emergency feedwater pipeline of steam generators of nuclear power 
plants with VVER-1000 is substantiated. Further directions for the development of the practical application of the risk-informed method 
presented in this paper for the calculation qualification of strategies for operation control of metal of safety related systems of nuclear power 
plants can be related to experimental qualification of the method, as well as the improvement of deterministic methods for modelling 
processes of degradation/destruction of metal structures in transitional/emergency operating modes of nuclear power plants. 

Keywords: qualification, operational control of metal 
 
Introduction 
The results of the safety analysis of Ukrainian nuclear power plants (NPPs) with VVER-type nu-

clear reactors found that leaks of pipelines of safety related systems (SRS) are the dominant group of 
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accidents for ensuring safety. Therefore, regulatory and operational documentation determines the 
necessary requirements for methods and strategies for organizing operational control of metal (OCM) 
of SRS. 

However, the organization of SRS OCM in full during the process of scheduled preventive repair 
(SPR) of power units can significantly increase the SPR duration, and accordingly reduce the operat-
ing efficiency of the NPP. Therefore, a pressing issue in the NPP operation is the scientifically 
grounded (qualified) optimization of strategies for SRS OCM, which consists of the maximum permis-
sible reduction in OCM scopes while ensuring the necessary conditions for safe operation. To solve 
these problems, it is necessary to develop methods for qualifying modernization of strategies for SRS 
OCM that determines the relevance and purpose of the presented work. 

Literature review and problem statement 
The work [1] defines the general requirements for the SRS maintenance and inspection. The op-

timization of OCM strategies was not considered in this work. 
The work [2] considers the issues of optimizing NPP SPRs. However, the issues of optimizing 

the OCM during the SPR process were also not considered. 
The work [3] defines the general requirements for the organization of technical maintenance, re-

pair and inspection of SRS at NPPs with VVER. However, issues of optimizing strategies for SRS 
OCM were also not considered. 

The standard program for periodic monitoring of the condition of the base metal, welded joints 
and surfacing of equipment and pipelines of NPPs with VVER [4] defines methods and ways for real-
izing SRS OCM during SPR. Issues of optimizing the organization of SRS OCM were also not con-
sidered in this work. 

The work [5] considers the issues of predicting the conditions of fatigue failure of metals and al-
loys. The optimization of metal control strategies has not been sufficiently studied in this work. 

The work [6] analyses known probabilistic methods for substantiating the possibility of modern-
izing strategies for maintenance, scheduled repairs, monitoring and testing of SRS. 

As a result of the analysis, it was recognized that methods based on assessments of the impact of 
modernization on the probability of nuclear accidents are not acceptable for optimizing strategies for 
SRS OCM. 

Thus, an urgent issue is the development of a method for qualifying strategies for SRS OCM 
at NPPs. 

The purpose of the study is to develop a method for qualifying strategies for SRS OCM at NPPs 
based on a risk-informed approach. 

The purpose of the work determines the solution of the following tasks: 
1. Basic provisions of the qualification method; 
2. Analysis of qualification results. 
Basic provisions of the qualification method  
The distribution of defects in the metal of pipelines and welded joints is random. However, 

thanks to periodic inspections and existing patterns of crack growth, it is possible to predict the distri-
bution of the number of defects by size depending on time. The number of defects in the pipeline met-
al per unit of weld length or weight is estimated according to statistics. 

The distribution of the number of defects by their size a is described by the Weibull dependence, 
with the distribution density: 

 1( ) exp
m

mm al a a −  
= − θ θ 

,  

where θ is the distribution scale parameter, m is a shape parameter characterizing the spread in values 
of a. 

The dependence graph is shown in Fig. 1. 
Depending on the control method and ways, a different probability of detecting defects can be 

provided. For any method, there is a limitation on the size of the detected defect – the size of the de-
fect that cannot be detected by this method. The probability of detecting a defect depending on its size 
is described by the relationship: 
 0( ) 1 exp ( )w a a a= − λ − ,  
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where а0 is the limiting smallest size of the detected defect, depending on the sensitivity of the control 
method, λ is constant. Additional probability 1 – w(a) is the probability that a defect of a given size 
will not be detected during inspection. 

The control effectiveness can be assessed by the probability of detecting defects of a certain size, 
for example, according to the probability of detecting defects with the size equal to the wall thickness 
of a given pipeline. Fig. 2 shows the dependences w(a) and 1 – w(a) at different control efficiency E, 
which was set according to the probability of detecting a defect with the size equal to the thickness of 
the pipeline wall. 
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Fig. 1. Distribution of the number of defects  

by their size 
Fig. 2. Probability of detecting a defect depending  

on its size 

Experience in control of metal [7–10] allows us to obtain the actual distribution of the number of 
detected defects, described by the empirical relationship: 

 0 0( ) {1 exp[ ( )]} atn

AN a a a а а
a

= − −α − ≥ . (1) 

The coefficients in the equation are determined with the control method and the characteristics of 
the controlled metal. 

Normalizing the existing distribution (1), it is possible to obtain the distribution of detected de-
fects by their sizes: 

 

0

( )( )
( )

a

a

N aP a
N a da

=

∫
.  

Based on the distribution of detected defects and the probability of their detecting with the ap-
plied control method, the initial distribution of defects before inspection can be obtained. However, it 
is impossible to obtain such a distribution by simply dividing the listed distributions, since the proba-
bility of detecting a defect is limited to the range а > a0. 

We propose, given the form of the equation describing the initial distribution of defects, to select 
the coefficients included in it so that the distribution of detected defects is calculated using the equa-
tion: 
 ( ) ( ) ( )d a l a w a= . (2) 

Normalizing the existing distribution (2), it is possible to obtain the distribution of detected de-
fects by their sizes: 

 

0

( )( )
( )d

a

a

d aD a
d a a

=

∫
,  

which should be as close as possible to the distribution P(a) obtained with statistical data on control 
experience. A comparison of these distributions is shown in Fig. 3. 
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As a result, not only the initial distribution of 
defects can be obtained, but also the predicted distri-
bution of defects after inspection: 

( ) ( )(1 ( ))B a L a w a= − , 

where 

0

( )( )
( )d

ka

l aL a
l a a

=

∫
. 

For comparison, Fig. 4 shows the initial distri-
bution of defects L(a) and the distribution of defects 
after inspection B(a) with different efficiency. 

During the time before the next inspection, the 
pipeline metal will experience N loading cycles. Ac-

cepting the linear growth of a crack as a base model, depending on its initial size, it is possible to de-
termine the final size of the crack for a given point in time. 

The kinetic equation for crack growth (Paris–
Erdogan equation) has the form: 

 d ( )
d

na C K
N
= ∆ ,  (3) 

where С і n are constants, ΔK is the change in 
stress intensity factor during one loading cycle. 
According to [5], ΔK is defined as K a∆ = ∆σ π , 
where Δσ is the voltage range per cycle. 

In accordance with equation (3), the number 
of cycles at which a crack reaches size ak can be 
found from the dependence: 

 
0

d ,
( )

ka

n
a

aN
C a

=
∆σ π∫  (4) 

where а0 is initial crack size; ак is final crack size. 
Integrating expression (4) and making the re-

placement /2

1
n nA

C
=

∆σ π
, we obtain: 

 
0

1 1 2 22 2
0 2 2

0
2

d 22 2
2 2 2

k

n n
a n n

k
kn

a

a aa AN A A a a
n n na

− − − − 
  = = − + = −  − − −    

∫ ,  

whence for 2
2

n−
α =  (n ≠ 2) we get: 

 0( )k
AN a aα α= − −
α

.    (5) 

Having solved equation (5) for ak, we obtain: 

 
0 k

N a a
A

α αα
− = − ,    0k

Na a
A

α α α
= + ,    

1

0k
Na a
A

αα α = + 
 

,  
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Fig. 3. Comparison of distributions of detected 
defects by their sizes based on calculated data  

D(a) and control experience P(a) 
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1
0( ( ) )n

ka a C Nα α= + α σ π . 
Depending on the number of loading cycles 

before the next inspection, the crack size at the 
time of inspection will be obtained for its any ini-
tial size. For example, for а = 3 and N = 2.5·105, 
we get aN = 4.6. 

Thus, the current sizes of the defects can be 
determined with the initial size of the defect and 
taking into account the growth of the defect after a 
certain number of loading cycles. The correspond-
ing dependences for different numbers of loading 
cycles during the interval between controls are 
presented in Fig. 5. 

Analysis of qualification results 
An example of using a risk-informed method 

for optimizing metal control of an emergency 
steam generator feedwater pipeline is given below. 

Initial data 
The name of the pipeline is the emergency 

feedwater pipeline to the VVER-1000 steam gen-
erator. 

Operating parameters are Р = 8 МPа, Т = 300 °С. 
The working medium is 2nd circuit water. 
Material is Steel 20. 
Pipeline diameter is 108 mm. 
Wall thickness is 8 mm. 
Pipeline group according to DNAOP 0.04-1.05-90 (PNAE G-7-008-89) “Rules of arrangement 

and safe operation of equipment and pipelines for nuclear facilities” is В. 
Category of welded joints according to PNAE G-7-010-89 “Equipment and pipelines of nuclear 

power units. Welding and alloying joints. Rules of control” is IIIа. 
The permissible number of loading cycles [N0] is calculated in accordance with PNAE G-7-002-

86 “Rules of strength calculation for equipment and pipelines of nuclear power plants”. For this pipe-
line, [N0] = 1.321·104 cycles were obtained. 

The distribution of the number of defects by their size is shown in Fig. 6. 
The probability of detecting a defect depending on its size is shown in Fig. 7 (at E = 0.999 and 

a0 = 0.5). 
The distribution of the number of detected defects (at A = 234 mmn; n = 1.37; a0 = 0.5; 

α = 0.08 mm-1) is shown in Fig. 8. 
Normalizing the found distribution, we obtain the distribution of detected defects by their sizes: 

 

0

( )( )
( )d

a

a

N aP a
N a a

=

∫
.  

For a0 = 0.5, we obtain the distribution shown in Fig. 9. 
Predicted distribution of defects after inspection: 

 ( ) ( )(1 ( ))B a L a w a= − , where 

0

( )( )
( )d

ka

l aL a
l a a

=

∫
.  

Accepting ak = 2 mm and control efficiency E = 0.999, we obtain the distribution shown in 
Fig. 10. 

A current defect size chart depending on the initial size and number of loading cycles is shown in 
Fig. 11. 
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Fig. 9. Distribution of the number of detected defects 
after normalization 
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Fig. 11. Current sizes of defects depending on the 

initial size and number of loading cycles  
at η = 0/ [ ]N N  

The proportion of defects with sizes ranging from marginal to critical at the time after the last in-
spection is calculated using the equation: 

 

кр

пр

0

( )d

( )
( )d

N

N

N

a

N N
a
a

N N

B a a

P N
B a a

=
∫

∫
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Accepting кр
Na = 8 mm, we obtain the distribu-

tion P(N) shown in Fig. 12. 
The pipeline in question is modelled during a 

probabilistic safety analysis, so the consequences 
of its failure are assessed as having high impact 
significance. Based on the calculated data at differ-
ent control frequencies and, accordingly, different 
values of the parameter η, a risk matrix is formed, 
shown in Fig. 13. The matrix cell, which corre-
sponds to the risk category assessment found for 
options calculated at all values η is highlighted 
in Fig. 13. 

With a more realistic (less conservative) ap-
proach to assessing consequences using Fussel-
Vesely PSA significance indicators regarding risk 
increase/decrease (see, for example, [6]), this con-
trol of this pipeline generally falls into the low risk area. In this case, a strategy of reducing frequency 
and scope in relation to design (regulatory) metal control programs is acceptable. 
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Fig. 13. A risk matrix 

Conclusion 
1. The optimization of strategies for organizing operation control of metal of equipment and pipe-

lines of safety related systems of nuclear power plants is a pressing issue in ensuring the operation 
safety and efficiency of nuclear power plants with VVERs. An analysis of regulatory and operational 
documentation, as well as well-known scientific developments, showed that the optimizing strategies 
for operation control of metal of safety related systems have not been sufficiently studied. 

2. A risk-informed method has been developed for qualifying modernizations and optimizing 
strategies for organizing operation control of metal of safety related systems of nuclear power plants. 
The method is based on an analysis of the results of monitoring metal integrity of equipment and sys-
tems, as well as the probability of destruction (failure) of equipment and/or pipelines of safety related 
systems. 

3. Based on the developed risk-informed method for qualifying optimization of the strategy for 
organizing metal monitoring, the possibility to reduce the control frequency and scope for metal of the 
emergency feedwater pipeline of steam generators of nuclear power plants with VVER-1000 is sub-
stantiated. 
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