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ABSTRACT 

The inspection focusing on high-risk significant parts of a piping system is known as one of effective inspection 

methodologies. In nuclear power plants, the risk is defined for its safety performance that is protection from the 

harmful effect of radiation. On the other hand, investigation into another risk concept is performed in the field of 

structural integrity. The risk concept is defined for safety performance of a passive component, such as the 

boundary performance and cooling performance, as the failure consequence. However, the failure consequence 

on the safety performance is not sufficiently considered in analyses on the risk in the structural integrity field. The 

failure consequence is assumed to lose the safety performance completely or assumed to be negligible. In this 

research, we applied the concept of performance loss function that considers both of occurrence probability and 

failure consequence to the risk analysis for the effective inspections for a piping system. Its quantitative evaluation 

method for the piping system was developed. As an example of the risk analysis for inspection, the effect of 

inspection was quantified for a piping system using the developed evaluation methodology. The effectiveness of 

inspections based on the performance loss function was demonstrated. 
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1. Introduction

Risk informed in-service inspection (RI-ISI) for a piping system of nuclear power plants is utilized 

as an effective inspection methodology in the several countries. The inspection is planned in accordance 

with RI-ISI methodologies, such as those developed by Electric Power Research Institute [1, 2] and 

Westinghouse Owners Group [3]. In the RI-ISI, a piping system is divided into several parts. The risk 

significance for the parts is evaluated. The inspections to detect cracks are carried out focusing on the 

parts of piping system of risk significant. In contrast, the inspections are not required for the parts of 

low significance. The risk significance is determined by considering both occurrence probability of a 

failure of a part of piping system caused by a crack and failure consequence on the safety performance 

of nuclear power plants. Here, the definition of failure is either break or leak in the piping system. The 

safety performance of nuclear power plants is protection from the harmful effect of radiation. The failure 

consequence on the safety performance is quantified using numerical indicators, such as conditional 

core damage probability and large early release probability, through the probabilistic risk assessment. 

It should be noted in the assessment that the failure is assumed to disable completely the safety 

performance of the piping system, such as the boundary performance or core cooling performance 

composing a part of the safety performance of nuclear power plants.  

In the structural integrity field, the investigation is carried out for another definition of the risk 

which focuses on the safety performance of a passive component including the piping system [4, 5]. As 

is obvious in a tiny leak from a piping system, failure does not always disable the safety performance 

of a passive component (e.g., boundary performance and cooling performance of piping system), but it 

degrades the safety performance by a certain level. Considering this degradation as “consequence” 

caused by a failure, the risk on safety performance of a passive component is defined by the product of 
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occurrence probability of a component failure caused by a loading event and failure consequence on 

degradation of the safety performance of the component. Minimizing this kind of risk contributes to 

reduce the risk of nuclear power plants regarding the protection from radiation. An important feature of 

the risk is the necessity of consideration for possible failure modes of the component. Each failure mode 

has unique occurrence condition. In addition, failure behavior of the component depends on the modes. 

Therefore, the failure consequence on the degradation of safety performance of the component differs 

by the failure modes. Specifically in a piping system, each of a leak and break may occur with different 

probability. Moreover, break of piping disables its safety performance whereas a leak can degrade the 

performance by a variety levels. This risk concept is utilized for the design of passive components [4-

6] and is also considered useful for the inspection for piping system. Since a crack increases the risk on 

the safety performance of the piping system, inspections focusing on significant parts in terms of this 

kind of risk concept is an effective approach as in the case of RI-ISI described in the first paragraph.  

However, the analysis has not been sufficiently performed on the risk regarding safety performance 

of a passive component including piping system. Specifically, the failure consequence is assumed to 

lose the safety performance completely or assumed to be negligible [3, 7]. As a result, the risk is simply 

represented by the occurrence probability of failure mode, or fragility curve as the function of the scale 

of loading event. Thus, regarding the inspection for piping system, the risk significant parts identified 

based on the risk analysis can be different from the actual risk significant parts. For example, buckling 

does not always disable the boundary performance of a component whereas the risk may be evaluated 

high by the assumption to lose the performance completely. For this problem, we previously proposed 

a new concept for the risk analysis on the safety performance of a passive component “the concept of 

performance-based fragility” based on the concept of fragility curve [8]. The proposed concept 

represents multiplication of the occurrence probability and the consequence on the safety performance 

regarding failure modes. Later, the concept is renamed as performance loss function concept in terms 

of more appropriate naming.  

In this research, for the risk analysis on the safety performance of a piping system used for effective 

inspections, the previously proposed general concept of performance loss function is applied to piping 

system, and its quantitative evaluation method is developed. One of the methods to measure the risk 

significance of the parts is magnitude of the effect of inspection. Thus, as an example, the effect of 

inspection is evaluated for piping system using the developed method of the performance loss function. 

The effectiveness of inspections based on the performance loss function is demonstrated. 

 

 

2.  Concept of Performance Loss Function 
The concept of performance loss function for a component [8] is represented by the product of the 

occurrence probability of failure “P” due to a loading event by the failure consequence “C”, namely P 

× C, as the function of scale of the event. As described in the introduction, a component has a variety 

of failure modes. Both the occurrence probability and the failure consequence on the safety performance 

differ by the failure modes. Therefore, they are firstly multiplied for each failure mode, and performance 

loss function must be obtained for each failure mode as shown in Eq. (1). Then, the set of performance 

loss functions for all failure modes is combined to be the performance loss function of a component 

expressed by Eq. (2). 

 

Performance loss function for failure mode i: 𝑓𝑖(𝑎) = 𝑃𝑖(𝑎) × 𝐶𝑖      (1) 

Performance loss function for a component: 𝐹(𝑎) = ∑ 𝑓𝑖(𝑎) 
𝑖      (2) 

 

Here, 𝑃𝑖(𝑎)  is occurrence probability of failure mode 𝑖  due to a loading event of scale 𝑎 . This 

corresponds to the conventional fragility curve for failure mode 𝑖. The consequence by failure mode 𝑖 
on the safety performance of the component (e.g., boundary performance or cooling performance) is 

represented by the factor 𝐶𝑖. The factor of failure consequence may include uncertainty. In such case, 

the mean value of the factor is used for the calculation of the performance loss function. 

The factor is defined as degraded level from the originally expected performance level for the 

component normalized by the originally expected performance level. Therefore, the factor can take a 

value from zero to one. The factor of zero means no impact on the safety performance and the factor of 

one means complete loss of the safety performance. The reason why the normalized factor is employed 
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to express the failure consequence is described below. Components in nuclear power plants have a 

variety types and levels of safety performance (e.g., difference in flow rate by piping systems). In 

addition, a variety of indices can be employed to measure the performance level. To unify the scale of 

failure consequence for the differences in types and levels of the performance and the employed index, 

the degraded performance level is normalized by the performance level originally expected for the 

component.  

It should be noted for some failure modes that the factor of consequence 𝐶𝑖 varies by the scale of 

the event a. For example, the leak rate and its consequence in piping system may become large as the 

scale of event becomes large. For such failure modes, the performance loss function is defined as 

described below instead of Eq. (1). Suppose that the factor of failure consequence 𝐶 is divided into 

several categories that represent the consequence from tiny to severe levels. When k categories are 

defined, each of these categories has a unique value 𝑐 of the factor of failure consequence in the order 

of 𝑐1 < 𝑐2 < ⋯ < 𝑐𝑘−1 < 𝑐𝑘. Since 𝐶 can take a value from zero to one, 𝑐1 = 0 and 𝑐𝑘 = 1. Let 

𝑝𝑗(𝑎) denotes the probability that a value of a factor of failure consequence 𝐶  is included in j-th 

category when scale of event is 𝑎. Uncertainty included in 𝐶 and variation by the scale of the event a 

are expressed by the values of 𝑝𝑗(𝑎), ( 𝑗 = 1, 2, … , 𝑘). In case that the scale of the event becomes large, 

the value of 𝑝1(𝑎) and 𝑝2(𝑎) may decrease whereas 𝑝𝑘−1(𝑎) and 𝑝𝑘(𝑎) may decrease. Thereby 

the performance loss function of the failure mode is obtained as Eq. (3). 
 

𝑓𝑖(𝑎) = ∑ (𝑝𝑗(𝑎) × 𝑐𝑗) 
𝑗        (3) 

 

It is noted that the factor of failure consequence is essentially continuous, but not discrete values of 

𝑐1, 𝑐2, … , 𝑐𝑘. Therefore, Eq. (3) is rewritten in the integration form. 
 

𝑓𝑖(𝑎) = ∫ 𝑝𝑖𝑐(𝑎, 𝑐)d𝑐
1

0
       (4) 

 

Here, 𝑝𝑖𝑐(𝑎, 𝑐) denotes the occurrence probability of the factor of failure consequence c due to failure 

mode i under the condition that scale of event is a. 𝑓𝑖(𝑎) in Eq. (2) is calculated by Eq. (1) or (4). 

The image of performance loss function is illustrated in Fig. 1. The factors of failure consequence 

are multiplied with the occurrence probabilities of three types of failure modes, and the performance 

loss functions are obtained for the failure modes. The dashed line, dotted line and dashed line with dots 

indicate the performance loss function when the factors for failure modes A, B, and C are assumed 0.2 

(small impact), 0.4 (middle impact), and 1.0 (large impact), respectively. The characteristic of the 

function appears well in the failure mode A. When a failure mode with small impact occurs, the function 

takes also small value. The performance loss function of the component (i.e., the summed value of the 

functions of the failure modes) is drawn by the bold line. The failure occurrence probability of a 

component is illustrated by a thin line as the conventional fragility. Since the failure consequence is 

assumed to lose safety performance completely in the fragility, the factor of failure consequence is set 

as 1.0. Comparing the fragility and the performance loss function, the influence of consideration of 

failure consequence in performance loss function is quite clear. It should be noted that occurrence 

probability and consequence are assumed to be independent by failure modes in the performance loss 

function expressed by Eq. (2). An analyst can incorporate the dependencies as needed. Due to the 

assumption, the summed value can exceed one. This means the complete loss of safety performance of 

the component. Therefore, the maximum value of the performance loss function is limited to one.  
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Fig. 1 Concept of performance loss function 

 

3. Performance Loss Function for Piping System 
 The concept of performance loss function described in section 2 was applied to piping system. 

As the loading event to cause its failure, the earthquake was selected. Earthquake is an event with high 

risk for the safety performance of a piping system because its loading can be dominant compared with 

other types of loading. In addition, safety performance was defined as the core cooling performance 

that is a typical type of performance of a piping system in nuclear power plants. 

 

3.1 Failure mode in Piping System 
To evaluate the performance loss function for a piping system, it is important to identify the 

failure modes to be considered. According to RI-ISI [1-3] described in introduction, leak and break are 

the important failure modes from the viewpoint of inspection for crack detection. In addition, these 

failure modes are known to occur in a cracked piping system during earthquake [9-12]. Specifically, a 

crack can propagate due to fatigue caused by cyclic strain. This can result in the leak when a crack 

penetrates wall thickness of the piping system. In addition, break is a failure mode which leads to 

unstable fracture by an existing crack and excessive load. Large leak occurs at the break point. The risk 

of these failure modes can be reduced by inspection to detect and remove the crack. These failure modes 

are illustrated in Fig. 2 schematically. 

 

 
Fig. 2 Failure modes caused by a crack 

 

3.2 Concept for Performance Loss Function for Failure modes Caused by Crack 
   In accordance with the description in section 2, the concept of the performance loss function 

for leak and break were defined. 

 

3.2.1 Leak (fatigue) 
Leak during the earthquake can be caused by fatigue. Fatigue has the characteristics that state 

of failure progresses with number of loading cycles in the forms of the crack propagation. When a crack 

penetrates the wall thickness, the leak occurs. The occurrence probability of leak can be represented 

shown as the conventional fragility in Fig. 1.  

Moreover, as the crack propagates, the level of safety performance is degraded. A value of the 

factor of failure consequence in the performance loss function increases. Namely, the factor does not 
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take a unique value as in the example of Fig. 1. Figure 3 illustrates the characteristics of leak due to 

fatigue regarding the factor of failure consequence. The factor increases with number of loading cycles 

and magnitude of the cyclic loading, respectively. Thus, the performance loss function for leak is 

expressed by the form of Eq. (4). The description below focuses on the increase of the factor with 

magnitude of the cyclic loading assuming constant number of cycles shown in Fig. 3(b). 

 

  

(a) Constant load, increasing cycles  (b) Constant cycles, increasing load 

Fig. 3 Characteristics of leak regarding the factor of failure consequence 

 

3.2.2 Break 
Break of a cracked piping system occurs as the result of unstable crack extension or plastic 

collapse of the piping system. For the occurrence of break, the crack size is the important factor in 

addition to loading condition. As the crack size becomes large, crack extension force increases and 

structure strength decreases due to reduction of ligament. It is noted about the break during earthquake 

that the crack size becomes large due to fatigue crack propagation explained above. Thus, occurrence 

probability of break in the performance loss function needs to be evaluated considering the influence of 

crack propagation during earthquake. Break is the most severe failure mode for a piping system. Thus, 

the factor of failure consequence is anticipated to take a certain high value. The performance loss 

function is expressed by the form of Eq. (1). 

 

4. Evaluation methodology 
4.1 Leak 

Firstly, we discuss how leak occurs and the core cooling performance is degraded. As explained 

in 3.2.1, fatigue crack propagation occurs during earthquake which results in a local boundary failure 

to leak. The leak flow passes through a crack. Crack opening area (COA) is an important factor for leak 

rate. COA largely depends on the crack size. Once COA is determined, leak rate is determined by the 

pressure loss in the flow path and pressure differential, and so on. The above discussion is almost the 

same as leak before break evaluation [13]. The leak reduces the flow rate of main flow path for the core 

cooling. As a result, the cooling performance is degraded. In accordance with the causal relationship, 

the evaluation methodology is described below. 

 

4.1.1 Crack growth analysis 
Firstly, a certain size of crack is postulated. Fatigue crack growth analysis is performed for the 

crack. Based on the analysis result, the occurrence of leak and crack size after the earthquake are 

determined. By considering the relevant uncertainties, occurrence probability is obtained in the form of 

the conventional fragility shown in Fig.1. In addition, data on the size of through-wall cracks are 

obtained with uncertainties. The data on size of through-wall cracks are represented by relationship 

between crack size and its existing probability. The procedure to develop the relationship is described 

below. 

Firstly, the concept of the fragility analysis in the civil and architecture field [14] is described as a 

reference information. Building subjected to earthquake is damaged by a variety of magnitudes, such 

as peeling, cracking, and collapse. The damage of the building is divided into categories from small 

damage to large damage. Giving occurrence conditions to the damage categories, fragility is estimated 

as schematically illustrated in Fig. 4 (a) considering relevant uncertainties. In the figure, “small damage 
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-” means that damage category larger than and equal to “small”. 

Considering the similarity between the damage categories of building and the size of through-wall 

crack, by dividing the crack size into categories, existing probability can be evaluated per crack size 

category. As an example, three kinds of categories (i.e., crack size categories small, middle, and large) 

are defined. In this case, the probability to satisfy the condition of each category is evaluated like the 

result shown in Fig.4 (b). In the figure, “small crack -” means that existing probability of crack with 

size larger than and equal to “small”. Namely, the category of “small crack -” includes middle crack 

and large crack redundantly in addition to small crack.  

Next, the probabilities in Fig.4(b) are converted to the existing probabilities corresponding to the 

categories as shown in Fig.5 by excluding the redundancy. Since the crack size becomes large as 

increase in loading, the existing probability of small crack category increases at small loading. When 

the loading further increases, the category proceeds from small to middle crack. Thereby, the existing 

probability of middle crack category increases whereas that of small crack category decreases. That is, 

existing probability of a certain category can present decremental tendency. It should be noted that the 

actual data on crack size with uncertainty is not discrete as in the examples, but continuous. In the case 

of tiny division of crack size, the relationship between the crack size and its existing probability can be 

estimated. 

 

    
(a)Occurrence probability for damage of building    (b)Existing probability for crack size 

Fig.4 Occurrence probability for damage category 

 

 
Fig. 5 Existing probability of each crack size category 

 

4.1.2 Safety performance degradation and factor of failure consequence 

The factor of failure consequence on the core cooling performance for a certain crack size is 

evaluated by utilizing the approach for the well-known leak-before-break analysis [13]. Firstly, 

considering the crack size, COA should be evaluated based on the load conditions and material strength. 

Considering the COA, the leak rate is evaluated. Considering the leak rate, the main flow rate after the 

failure occurrence is calculated. The flow rate reduction is normalized by the expected flow rate. The 

normalized flow rate reduction is the factor of failure consequence.  

As described in 4.1.1, crack size includes uncertainty and is represented by the relationship 

between crack size and its existing probability. Thus, the factor of failure consequence also contained 

uncertainty. By the same approach as the case of crack size, the relationship between values of the factor 
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and its occurrence probability can be evaluated. That is, the factor of failure consequence can be divided 

into number of categories. Assuming three kinds of categories small, middle, and large for failure 

consequence as an example, occurrence probability for each category can be evaluated as schematically 

shown in Fig.6 (a) using the approach of the first paragraph based on the crack size shown in Fig.5. In 

addition, the representative value of the factor can be given for each category independent of magnitude 

of loading shown in the example of Fig.6 (b). It should be noted again that the actual failure consequence 

is essentially continuous. By dividing into infinitesimal categories, the relationship between the factor 

of failure consequence and its occurrence probability can be estimated. 

 

 

 
(a)Occurrence probability             (b)Factor of failure consequence 

Fig. 6 Occurrence probability and factor of failure consequence for each category 
 

4.1.3 Performance loss function 
Performance loss function of leak 𝑓𝐿(𝐿, 𝑁)  is calculated by Eq. (5) in accordance with the 

definition of Eq. (3). 

 

𝑓L(𝐿, 𝑁) = ∑ (𝑝𝐿𝑗(𝐿, 𝑁) × 𝑐𝑗) 
𝑗      (5) 

 

Here, 𝑗  means the name of category defined for the factor of failure consequence. 𝑐𝑗  is the 

representative value of factor of failure consequence for category j. 𝑝𝑗(𝐿, 𝑁)  is the occurrence 

probability of category j under the condition of loading L and number of loading cycles N. Considering 

the case of Fig. 6, the performance loss function is evaluated as shown in Fig.7. The increase in the 

factor of failure consequence against magnitude of loading is expressed by increase in occurrence 

probability of category with higher consequence. As described above, the value of factor of failure 

consequence is continuous. Thus, Eq. (5) is converted to continuous form expressed by Eq. (6). 

 

𝑓L(𝐿, 𝑁) = ∫ 𝑝Lc(𝐿, 𝑁, 𝑐)
1

0
d𝑐     (6) 

 

 
Fig. 7 Performance loss function 

 

4.2 Break 
Break is regarded as a catastrophic failure mode because of its unstable crack extension behavior 

and large boundary failure. Thus, the factor of failure consequence can be set as high value, such as 1.0.  
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Performance loss function of break 𝑓B(𝐿) is calculated by using occurrence probability of break 𝑃B as 

follows. 

𝑓B(𝐿) = 𝑃B(𝐿) × 1.0                                       (7) 

 

4.3 Performance loss function for a cracked piping 
Based on Eqs. (6) and (7), the performance loss function for a cracked piping is finally obtained as 

Eq. (8).  

 

Performance loss function: 𝐹(𝐿, 𝑁) = ∫ 𝑝Lc(𝐿, 𝑁, 𝑐)
1

0
dc + 𝑃B(𝐿)       (8) 

 

5. Example Analysis of the Effect of Inspection 
Using the developed performance loss function, the effect of inspection was quantified. Regarding 

the types of inspection, the post-earthquake inspection [15] explained below was focused. 

When an excessive earthquake occurs, a piping system can fail via the modes, such as leak or break 

due to fatigue described above. Even if failure does not occur, a crack due to fatigue can occur. The 

crack increases the risk of core cooling performance in subsequent operation. Therefore, after the 

occurrence of an excessive earthquake, parts of a piping system, such as elbows, are inspected to detect 

the crack. If cracks are detected, countermeasures such as repair and replacement are performed as 

necessary. 

 

5.1 Analysis Target 
The analysis target of a piping system is shown in Fig. 8. The piping system consisted of straight 

pipes and elbows. The geometry and performance level were specified by referring to those of high-

pressure injection system of PWR. The elbow to be evaluated was rounded in red. The outer diameter 

and thickness were 114.3 mm and 14 mm, respectively. Curvature radius was 150 mm. The length of 

straight pipes was written in Fig.8. The unit of the length was mm. 15 MPa of internal pressure was 

considered. The material was stainless steel.  

To apply in-plane bending moment due to dead weight at the elbow, the additional mass of 1000 

kg was set at the position apart from the straight pipe. In addition, seismic acceleration was considered 

in the direction so that in-plane bending moment was applied to the elbow. The direction of shaking the 

piping system was also illustrated in Fig. 8. The seismic acceleration consisted of constant amplitude 

sine waves with 300 cycles. Consequently, bending moment from dead weight and seismic acceleration 

was applied to the elbow. The amplitude of acceleration was varied for the evaluation of occurrence 

probability and factor of failure consequence of the failure modes. 

The flow rate to represent the cooling performance expected for the piping system was set as 150 

m3/h. Reduction of flow rate from this value was considered at the calculation of the factor of the failure 

consequence.  

 
Fig. 8 Piping system for the analysis 

 

5.2 Consideration of Inspection 
 The effect of the post-earthquake inspection was analyzed by comparing the performance loss 
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functions assuming the existence of cracks with different size. One of the assumed cracks had 13.9 mm 

depth, just before leak occurs. If a crack penetrates wall thickness and leak occurs, the leak would be 

detected. The part is repaired or replaced. Thus, this is the maximum crack size that can remain in the 

pipe after an earthquake. The other crack had 3 mm depth. It was specified based on the crack depth 

which is difficult to detect with the probability of 100% [16]. This is the maximum crack size that can 

remain after the inspection. The half-length of these cracks was set so that aspect ratio became 0.4 [13]. 

Therefore, the half-length was set to 34.6 mm for the former crack and 7.5 mm for the latter crack. 

These cracks had the longitudinal orientation. The location of these cracks was assumed to be the side 

of the elbow, which is typical location of a fatigue crack.  

 

5.3 Analysis Method  

The performance loss function was evaluated using the methodology developed in section 4 based 

on Monte Carlo method considering the uncertainties included in the analysis conditions. Leak and 

break were considered as the failure modes caused by the cracks at the elbow of the piping system.  

The evaluation consisted of the three steps: (i) crack growth analysis, (ii) evaluation of COA, and 

(iii) calculation of leak rate passing through the crack. The detailed methods for the evaluation were 

described below. 

The crack growth analysis due to fatigue was performed to determine the occurrence of leak and 

the crack length after the earthquake. Crack growth rate for excessive cyclic load was calculated by the 

following equations using J-integral [17]. Eq. (9) represents the crack growth rate for fatigue. Eq. (10) 

represents the ductile crack extension. 

 
d𝑎

d𝑁
= 5 × 102 × 𝐶′∆𝐽1.5

       (9) 

d𝑎

d𝑁
= (

𝐽max

3.36
)

1

0.32
− (

𝐽max−1

3.36
)

1

0.32
       (10) 

 

Here, 
𝑑𝑎

𝑑𝑁
 is crack growth rate in mm/cycle at a loading cycle. 𝐶′ is random variable expressed by the 

lognormal distribution. Logarithmic mean value was set as -29.45. Logarithmic standard deviation was 

set as 0.25. ∆𝐽 is the J-integral range at the loading cycle. 𝐽max is maximum value of J-integral during 

the loading cycle. 𝐽max−1 is the maximum value of J-integral before the loading cycle.  

Regarding the J-integral value for an elbow, since the existing solutions are intended to be used for 

leak before break analysis, their applicable ranges are limited to a crack with short length that may cause 

a small leak [18-20]. Thus, the J-integral solution for a straight pipe was applied instead, and the 

distributed hoop strain at the crack tips was used for the calculation of J-integral value for each cycle. 

The hoop strain was obtained from a dynamic elastic-plastic time history analysis for the piping system. 

As a reference, the hoop strain at the flank center (i.e., the largest hoop strain in the elbow) is presented 

in Fig. 9. The hoop strain was specified to decrease along with the longitudinal direction from the center 

to edges considering the obtained strain distribution at the elbow.  

In the crack growth analysis, the crack transition among the three kinds of shape illustrated in Fig. 

10 was considered by referring to the leak before break analysis [21]. The applied J-integral solution 

depended on the crack shape. Before the occurrence of leak, the crack has semi-elliptical shape at the 

inner surface shown as the 1st shape in the figure. For the crack shape, the J-integral solution for 

longitudinal surface crack at the straight pipe [22] was applied. When the crack depth reached wall 

thickness of 14mm, leak was determined to occur, and the crack transformed to non-idealized through-

wall crack shown as the 2nd shape in the figure. The non-idealized crack has smaller length at outer 

surface than inner surface. Just after the leak occurrence, the crack length at the inner surface took the 

same value as that of semi-elliptical surface crack just before the leak occurrence. On the other hand, 

the crack length at the outer surface took smaller value either quarter of crack length at the inner surface 

or two times of wall thickness. J integral values at the crack tips of the inner and outer surfaces were 

calculated by calibrating the J integral value for idealized through-wall crack with rectangular shape by 

referring to the crack growth analysis approach [21]. The J-integral value at inner surface was calibrated 

to smaller value than that for idealized through-wall crack whereas that at outer surface was calibrated 

to larger one. The J-integral value of the idealized through-wall crack was calculated by using the 
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solution for straight pipe with a longitudinal through-wall crack [22]. Because of the calibration, the 

difference of crack length between inner and outer surfaces became small. When the crack length at the 

outer surface became the same as that at the inner surface, the through-wall crack was treated to be the 

idealized shape shown as the 3rd shape in the figure. For the idealized through-wall crack, the J-integral 

solution for the straight pipe was applied as explained above. 

 

 
Fig. 9 Strain range at the elbow from the response analysis 

 

 
Fig. 10 Crack transition considered in the crack growth analysis 

 
 

After the crack length after the earthquake is evaluated, the crack opening displacement δ and COA 

were calculated by Eqs. (11) and (12) [23]. These equations are for the flat plate with a crack at the 

center, in which strain distribution is like an elbow. 

 

𝛿＝
4𝑏𝜎m

𝐸
×

𝐸𝜀ref

𝜎ref
× 𝐻2        (11) 

COA =
𝜋𝑏𝛿

2
       (12) 

 

Here, b is half-length of through-wall crack at inner surface in mm, E is Young’s modulus of 195000 

MPa. 𝜎ref and 𝜀ref are reference stress and strain. 𝜎m is the membrane stress in MPa, and the hoop 
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membrane stress caused by internal pressure was considered. 𝐻2 is the coefficient to calibrate crack 

opening displacement value for the non-idealized crack [21] shown as the 2nd shape in Fig. 10. For 

idealized through-wall crack, the value of 𝐻2 was set as one. 

The leak rate 𝐺 in m3/h was calculated by Bernoulli's principal considering pressure loss due to 

rough wall friction and entrance of narrow flow pass described in the research on leak before break [24] 

using Eq.(13). 

 

𝐺＝COA ×
√

2(𝑃in−𝑃out)

𝜌(1+
1

𝐶𝐷
2 +𝜆

𝑡

𝐷𝐻
)

      (13) 

 

Here, 𝑃in and 𝑃out are the internal pressure and back pressure, respectively. 𝐶𝐷=0.95 is the discharge 

coefficient to calculate the pressure loss at entrance of flow path formed by the crack. 𝐷𝐻 is hydraulic 

diameter based on the geometry of flow path. λ is a friction coefficient for the flow path with rough 

wall. The value varies by the hydraulic diameter, and approximate value was 0.1 here.  

The factor of failure consequence 𝐶𝐿  can be calculated by using leak rate 𝐺  by Eq. (14) in 

accordance with the definition [8]. 

 

𝐶𝐿 =
𝑀𝑎𝑥(𝑞𝑒𝑥−(𝑞0−𝐺),0)

𝑞𝑒𝑥
       (14) 

 

Here, 𝑞0 is the flow rate in case of no failure, 𝑞ex is the flow rate expected to the piping system for 

the purpose of core cooling. In the evaluation, 𝑞0 was assumed to equal to 𝑞ex, and these values were 

set as 150 m3/h. Thus, the factor was simply calculated by dividing leak rate by 150 m3/h. 

 Regarding the break, occurrence probability is evaluated based on the crack size after 

propagation of earthquake. The criterion of break for a longitudinal crack expressed by Eq. (15) [13] 

was used. 

 

𝜎𝜃 =
𝜎𝑓

𝑀
       𝑀 = √1 + (

1.61

𝑅𝑡
) 𝑏2     (15) 

 

𝜎𝜃 is the hoop stress to break, R is mean radius of a pipe, t is thickness of pipe. 𝜎𝑓 is flow stress 

calculated as the average of yield stress and ultimate strength. Yield stress and ultimate strength were 

taken as the random variables following to lognormal distribution. Their median values are 232 MPa 

and 586 MPa, respectively. Both standard deviations were set as 0.07. b is the half-length of through-

wall crack at inner surface.  

 

5.4 Analysis results 
Figure 11 (a) shows the results of the occurrence probabilities for leak and break against 

magnitude of acceleration. Regarding the results for the crack just before leak (i.e., before inspection), 

occurrence probability of leak increases to one at low magnitude of acceleration. Uncertainty in crack 

growth rate did not affect the occurrence probability of leak because the crack soon propagated wall 

thickness to cause the leak. Regarding break, a very long length of crack was required to cause. As a 

result, its occurrence probability increases around 60 m/s2, much higher than the case of leak. On the 

other hand, in the case of crack that can exist after inspection, the occurrence probabilities of leak and 

break increases to one at the almost same magnitude of acceleration. The reason can be explained as 

follows. In the analysis, only 300 loading cycles were considered. Thus, a large amount of crack growth 

is required per loading cycle for the crack with 3 mm depth leading to the leak occurrence. In addition, 

since crack growth rate depends on the crack size, crack size becomes large exponentially against 

loading cycle. Therefore, the crack propagates rapidly after the leak occurrence to become long length 

to cause break. As a result, there is the small difference in the acceleration between the occurrences of 

leak and break. 

 Figure 11(b) shows the occurrence probabilities of failure of piping system. Here, occurrence 

of failure means occurrence of leak or break. The acceleration level of failure occurrence is 1m/s2 for 
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crack just before leak whereas 60 m/s2 for crack that can exist after inspection. Namely, owing to the 

inspection, the acceleration to failure expected to be improved around 60 m/s2 at maximum. 

Figure 12 shows the results of the factor of failure consequence of leak. Due to the small strain 

range shown in Fig. 9, the crack just before leak did not propagate much in length direction when the 

acceleration was lower than 50m/s2. Thus, the factor of failure consequence took the tiny value. On the 

other hand, when acceleration was greater than 50m/s2, the factor of failure consequence took large 

value due to crack propagation by large strain range. The factor for the crack that can exist after 

inspection shows the same tendency. In addition, because of the assumption regarding the strain 

distribution that the strain amplitude decreased as the crack tip was apart from the center of the elbow, 

the values of crack length were saturated regarding the two cracks. 

 Figure 13 shows that the performance loss function evaluated for the two cracks. Regarding the 

crack just before leak, the value of performance loss function took tiny value because of the small failure 

consequence when the acceleration was lower than 50m/s2. Comparing the two performance loss 

functions, the acceleration for the risk increase is expected to be improved by around 10m/s2 at 

maximum by the inspection. Compared with the occurrence probability of failure (i.e., the conventional 

fragility), the effect of inspection was evaluated small. This difference in the effect of inspection was 

caused by the consideration of failure consequence. Especially, for beyond design basis events, failure 

with small consequence on the performance is not important based on the risk concept. Inspection based 

on the conventional fragility may result in the inspection to prevent such failure, which does not reduce 

the risk. The developed performance loss function can provide the risk for importance of inspection 

from the viewpoint of the safety performance of a passive component including piping system. 

 

 
           (a)Failure modes                   (b)Failure of piping system 

Fig. 11 Result of occurrence probability 

 

 
Fig.12 Result of mean value of factor of failure consequence 
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Fig. 13 Result of performance loss function 

 

6.  Conclusion 
The inspection focusing on risk high significant parts of piping system is considered one of the 

effective approaches to reduce the risk in nuclear power plants. Generally, the risk is defined for the 

safety performance of the nuclear power plants, namely protection from harmful radiation. On the other 

hand, in the structural integrity field, investigation is carried out for another risk definition that focuses 

on the safety performance of a passive component. In the research, for the analysis of the risk of safety 

performance of piping system used for the effective inspections, the performance loss function concept 

to represent the risk was applied to a piping system subjected to earthquakes. In addition, the 

quantitative evaluation methodology was developed. As a result, the following conclusions were 

obtained. 

The performance loss function considers the failure modes of leak and break caused by fatigue 

crack propagation. Regarding leak, probability distribution of factor of failure consequence is estimated 

based on the leak before break analysis approach considering relevant uncertainties. The performance 

loss function is obtained as the integral of probability distribution with regard to the factor. Regarding 

break, the factor of consequence can be assumed unity because it is a catastrophic failure mode to avoid 

in any situation. Thus, the performance loss function is equal to the occurrence probability of break. 

From the quantitative analysis result, by using the developed performance loss function, the importance 

of inspection can be evaluated in terms of risk of the cooling performance of piping system. The analysis 

result is expected to be used for more effective inspection considering a beyond design basis event. 
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