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1 ABSTRACT  

In the framework of the BfS-project SR 2608 the details on the estimation of leak and break frequencies in 
piping systems contained in the report on methods and data for the probabilistic safety analysis PSA (2005) 
has been updated and extended by GRS. Based on the hitherto existing regulation new methodical aspects 
were introduced. The statistical method based on the evaluation of the German operational experience for 
piping systems with different diameters was updated by the inclusion of structure reliability models based on 
fracture mechanics calculation procedures. The example of application of the statistical estimation method 
for leak and break frequencies of piping systems with a diameter of 50 mm out of the volume control system 
of a German pressurized water reactor contained in the PSA data volume was updated. To this end the 
operational experience considered so far (up to 1995) was extended with respect to cracks, leaks and breaks 
in the volume control system of German pressurized water reactors (PWR) up to the year 2006 and the 
operating time included (191 years of operation) was accordingly extended to 341 years. Under these 
conditions new calculations of leak and break frequencies have been performed and the results have been 
compared with the previous values. 
   

2 INTRODUCTION 

In accordance with § 19a of German atomic law an official manual exists for the execution of the PSA in the 
context of the safety examination. In addition of this manual the working group „probabilistic safety analyses 
for nuclear power plants” had compiled two technical documents (method and data volume PSA (2005)). 
These papers required an actualization after approximately 3 to 4 years. Chapter 4 of the data volume was 
adapted to the current conditions by science and technology with the subtask accomplished now. An 
actualization of the method volume was connected. In the context of the PSA substantial updating-relevant 
aspects were seized with reference to the determination of leak and break frequencies.  

3 DETERMINATION OF LEAK FREQUENCIES  

3.1 Basic information  

A leakage in consequence of the failure of a piping can be caused by a wall-penetrating crack, by a break or 
by leakages at a solvable connection. According to experience a piping failure arises rarely at unimpaired 
ranges of the piping, but obviously more frequently on leak-relevant positions. Examples for these places are 
flanges, connections to components, elbow unions, reductions, reinforcement for pipe brackets, banks of 
tubes in heat exchangers and dissimilar welding seams. 

Within such ranges stress enhancements exist, caused by changes in stiffness, inhomogeneous temperatures 
and flow within feeding ranges as well as by external additional loads, as e.g. bending moments or forces. 
Damages can develop then due to irregularities of the surface or by small flaws out of manufacturing in 
welding seams, which are in these ranges and were not found during the manufacture quality control either 
or were not evaluated as relevant. 
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Leak-relevant positions can be also in ranges, which are affected by local corrosion-conditioned influences 
(e.g. enrichments, deposits, condensation, protective layer disturbances). 

The following damage mechanisms are to be regarded at least:  

• cracking due to thermal or mechanical fatigue or corrosion  (e.g. stress corrosion cracking),  

• material weakening by (planar) corrosion or erosion,  

• overload (e.g. by internal pressure, temperature, malfunctioning of supports and shock    
   absorbers, water hammer, condensation impact, ignition of radiolysis gas),  

• assembly and maintenance error,  

• external effects, e.g. from assembly and transport operations, earthquake. 

Which damage causes are to be considered with the examined system depends particularly on the material, 
the dimensions, the medium and the operating conditions. So mechanical oscillations can occur particularly 
with small nominal sizes, while thermal alternating loads, e.g. as consequence of leakages of shutoff devices, 
are rather of importance with larger nominal sizes. 
 
Influences from commissioning or from longer shutdown can increase the frequency of certain damage 
causes, as e.g. from assembly and maintenance mistakes or due to corrosion. For this also application is to be 
considered of corrosion releasing aids during assembling and maintenance (e.g. chloride contamination by 
tapes and foils or lubricants). 
 
Entrance frequencies of leakages can be determined by a statistic evaluation of the operational experience. 
For the definition of the population to be included into this evaluation it is necessary to evaluate the 
comparability of the systems, materials, water chemistry, manufacture conditions and the quality of the 
experience return from the plants. 
  
If possible statistics should be provided regarding the number of the leak-relevant positions of a system 
and/or a nominal size class. For the determination of the frequency of an event a statistic over precursor 
events is better than a zero-error statistic for the event, (e.g. break). The correlation between the frequency of 
the precursor events and the event which has to be evaluated is to be estimated then due to the damage 
mechanisms and the potential for the introductory event. In this context leaks due to wall-penetrating cracks 
should be considered to determine break frequencies. 
 
It will exist no possible precursor events of a leakage within certain systems with very high quality standard. 
This at present essentially applies to the main piping of the pressurized and boiling water reactors, which are 
laid out on the German basis safety principles. In such cases it is possible to determine extremely small leak 
frequencies (e.g. < 10-7/a), which are clearly under the frequencies calculated from a zero-error statistics. 
 
Such analyses were accomplished by different organisations with the help of probabilistic fracture-
mechanics methods with comparable results. Usually for such piping a break preclusion is assumed.  
 
For a break preclusion beside the concept of basis safety RSK (1979), RSK (1981) a number of further 
additional measures are necessary for the qualification of piping. These principle requirements of the piping, 
together with the work procedures for the quality assurance, derived from it, were further developed and 
explained by Beliczey and Schulz (1990), Bieniussa et al. (1995), Schulz (1995), Beliczey (1995), and an 
international investigation EU Study (2000) in text form and in tabular overviews. 

3.2 Classification of the leakages 

In the following leakages are defined as a comprehensive term for wall-penetrating cracks or breaks. For the 
determination of leakage frequencies it is important in each case to define the structures the leakage 
frequencies are to be referred. 
 
Possible reference measures are:  
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• an entire system (e.g. not closable section of the emergency cooling and residual heat removal system TH,  
or  
  a simply closable section).  
• the unit of length of piping of a certain nominal size, or  
• a welding seam. 
 
The experience shows that the frequency of leakages depends on the regarded structure (e.g. straight tube, 
welding seam). Obviously leakages from cracks preferably arise in the vicinity of welding seams.  
 
The frequency of cracks is dominant at welding seams in close proximity to structural discontinuities (e.g. 
binding of a piping to a component).  
 
These considerations are important for the selection of the leak-relevant design features and positions. 
Leakages in piping can be classified according to the following criteria: 
• system (and/or function of the piping or the part of piping), 
• plant condition with occurrence of the leakage (e.g. operation conditions),  
• design feature and/or position,  
• leakage size (related to the flow cross section F of the piping), and 
• nominal size of the piping. 
 

3.3 Data base 

As ideal source for the estimation of the frequency of leakages the system dependent operational experience 
is considered. With very rare events however further considerations must be added. Because, if apart from 
the findings of the zero-error statistics no further realizations are used, a too conservative statement about the 
occurrence frequency results. 
 
Independently of it, whether on a system or on leak-relevant positions referred leakage frequencies are to be 
determined, it exists always the difficulty to know the structure of the system or the number of the leak-
relevant positions in all statistically seized plants. The determination of the leak-relevant positions can take 
place for example after study of the appropriate flow chart with the help of a plant inspection. In rare cases 
one will be able to determine these places alone from the flow plans and piping isometries. 
 
Due to the generally missing detailed knowledge of the plants considered in the statistics it is accepted that 
the number of the leak-relevant positions is in a certain system section of the plant which can be examined 
equal to the average value of this number in all plants considered for the statistics. From this principle is 
deviated only if it is known from the examined plant that there is a substantially deviation concerning the 
number of certain positions from the average. 
 
Thus for example for the not-closable part of systems such as emergency cooling and residual heat removal 
system (TH) or volume control system two leak-relevant positions are assumed per leg: one at the connection 
with the main cooling line (HKL), one at the isolation valve. 
 
The more safety-relevant a system section is, the rather one will be able to trust on the fact that leakage 
occurrences of all sizes were described in the usual operational experience documents. Thus one will be able 
to consult the international operational experience (USA, Japan, France)  for larger parts than DN 15  e.g. for 
breaks of not closable piping in the main cooling cycle. 
 
Naturally only the plants with similar materials are to be considered. A restriction on the zero-error statistics 
in the not closable sections of German plants would be too conservative. 
 

3.4 Methodology for the determination of leak- and break frequencies by means of operating evaluation 
and statistic procedures  

For the nominal diameter range 50 ≤ DN ≤ 150 the frequency of a wall-penetrating crack (leakage) is given 
through (Thomas formula (1981)): 
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LD  Number of the leak-relevant positions,  
D=DN Nominal diameter,  
tD  Wall thickness of the piping with diameter D,  
x  Exponent with values within the range 2 to 3. 
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TD  Actual operation time,  
NL,D  Number of the arisen leakages (diameter D) 
 
In the nominal diameter range 25 ≤ DN ≤ 250 the break frequency is estimated according to: 

DN/,/ LB 52=!!  (3)  

The evaluation of austenitic piping under fatigue load by Beliczey and Schulz (1990) serves as basis. For DN 
< 50 as far as possible a direct statistic evaluation of leak and of break occurrences takes place. For primary 
cycle systems with 150 < DN < 250 the leakage frequency corresponds to the same as for DN 150.  
 
For primary cycle systems with DN ≥ 250, without HKL, during basis-safety principle the following is valid: 
The break frequency per leak relevant position � B is smaller than 10-7/a for small systems (LD< 10). � B is 
smaller than 10-8/a for large systems. For HKL the break frequency � B is small (<10-7/a) related to the entire 
line. 
 
In order to consider the uncertainties during the definition of certain input data, distributions are to be 
considered for certain input values. These distributions determine the range for the uncertainty of the result. 
 

3.5 Example of use for determination of leak- and break frequencies by means of operating evaluation and 
statistic procedures 

As example the determination of the frequency of a break in the volume control system (TA) is described for 
a German PWR. 
 
First an adjustment of the example from the existing PSA data volume took place via a new evaluation of the 
operational experience. The operating experience was extended from so far 191 years (until 1995) on to now 
341 years (until 2006). With these updated data the leak and break frequencies were calculated new.  
 
Table 1 gives an overview of the number of leak-relevant positions of the TA-system for 14 PWR divided 
into three groups A, B and C with structurally similar plants broken down into the operating conditions 
hot/cold. Group of A covers 5 plants, B 8 plants and C is represented by only one plant. The range of the 
operational experience until 2006 amounts to 151 years (A), 153 years (B) and 37 years (C). 
 

Table 1. Overview of the number of leak-relevant positions of the TA-system. 
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DN A 

cold 

A 

hot 

B 

cold 

B 

hot 

C 

cold 

C 

hot 

100 10 7 11 1 - - 

80 50 2 70 36 3 - 

50 23 20 36 36 88 30 

25 43 15 92 45 33 3 

15 62 4 119 20 125 24 

 
 
Table 2 shows the results of the new evaluation of the operational experience for the volume control system 
of German PWRs. The reference time amounted to so far 191 years and with the new data now 341 years. 
 

Table 2. Results of the new evaluation of the operational experience for the volume control system 

 

DN Number of 

events (until 

2006) 

Number of leaks as 

break precursor 

(status PSA (2005)) 

Number of leaks as 

break precursor (new 

evaluation) 

15 6 2 4 

25 11 6 6 

50 8 2 7 

80 3 1 2 

100 5 - 1 

Sum 33 11 20 

 
 
 
Based on the methodology described in chapter 3.4 the break frequency per leak relevant position in the 
piping range DN 50 was calculated. Table 3 shows the results of the new calculation of the example 
compared to the results given in PSA (2005). 
 

Table 3. Comparison of the new calculated results of the example to the results given in PSA (2005)  
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Measures for the break 
frequency distribution λB 

for DN 50 

Former 
example in 
PSA (2005) 

New 
calculation  

λB,5 (5%-quantile) 2·10-6 4·10-6 

λB,50 (50%-quantile) 7·10-6 1·10-5 

λB,95 (95%-quantile) 3·10-5 4·10-5 

Expected value 1·10-5 1·10-5 

 

The results show that the calculated break frequencies have not changed significantly due to the evaluation 
of extended operational experience. 

3.6 Disadvantages of the methodology 

� the specification of leak-relevant positions is very complex and not well-defined, 
� the interpretation of the leakages as break precursor requires a large experience in fracture-mechanics and  
   knowledge about the system,  
� the result within a system section can be differentiated not further (e.g. regarding possible different loads  
   for different positions). 
 
These disadvantages are the reason for the coupling of the methodology with structural reliability models. 
 

3.7 Structural reliability models 

The described methodology which is based on statistics is not suitable for possible leak-relevant special 
characteristics (e.g. concerning the loading of pipes). Here the use of structural reliability models would be 
necessary. 
 
With the structural reliability programs today it is possible to calculate the quantitative probabilities of leaks 
and breaks dependent on the position (e.g. for a certain welding seam) for certain damage mechanisms.  
 
One proceeds as follows. For the substantial input distributions are identified. From this e.g. by Monte Carlo 
procedures a multiplicity of parameter combinations is randomly determined. With the help of fracture-
mechanics procedures the time-dependent growth of an initial crack for the respective parameter 
combination is determined. Altogether one receives thereby a prognosis of the damage development of 
certain defect geometries under the loads which are to be expected. 
 
Sections of a system can be differentiated regarding their failure relevance for the determination of the time 
and position dependent probability of leakage by the employment of the structural reliability programs. The 
probabilistic computation models are well suitable for the calculation of leak and break probabilities of 
piping and to determine trends quantitatively concerning the change of influence parameters. 
 
Restrictions are seen in particular concerning the accuracy of absolute leak and break probabilities. The 
results depend partly strongly on the uncertainties during the definition of distributions for relevant input 
parameters. In this context parameters such as crack geometry, expected loads and those for the 
characterisation of the damage mechanisms play a substantial role. 
 
A systematic comparison of different structural reliability programs was made in the fraimwork of the 
European Union project NURBIM (2004). Beside one US American, English and Swedish program, the 
structural reliability program PROST developed by GRS (Grebner et. al. (2004)) participated in this 
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comparison. The evaluation of the results shows that all programs show the expected trends in the probability 
of leakage with variation of the input parameters. The probabilities of leakage of the different codes agree 
well for the piping geometries considered. 

4 CONCLUSIONS  

In the context of the BfS-project SR 2608 data for the determination of leak and break frequencies in piping 
were updated and supplemented in the method and data volume of the probabilistic safety analysis by GRS. 
Based on chapter 4 in the data volume of PSA (2005) two new chapters were compiled. A new chapter 
includes the methodical aspects (method volume). The other one serves as an application orientated chapter 
in the data volume. The statistic methodology is based on the evaluation of the German operational 
experience for piping of different nominal diameters.  
 
At present the example of use for the estimation of leak and break frequencies for piping ranges of the 
nominal size DN 50 in the volume control system of a pressurized water reactor, contained in the data 
volume, was likewise updated.  
 
The expansion of the operational experience amounts in comparison to the preceding volume an extension 
from originally approx. 191 reactor years on now 341 reactor years. Under these new boundary conditions 
new computations of the leak and break frequencies were accomplished. The results show that the calculated 
break frequencies have not changed significantly due to the evaluation of extended operational experience. A 
further development of the methodology took place via an inclusion of structural reliability models based on 
fracture-mechanics computation methods.  
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