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Abstract. Since the Fukushima Dai-ichi accident, the importance of “system safety” has been recognized anew. 
Particularly, system safety assessment of plants in operation from the various degradation perspectives, 
specifically, transition of time is very important.  Accordingly, assessment on degradation will focus on the 
degradation of functions with passing of time, combined with the changes in the safety standards and concept of 
safety.  Reliability assessment will be made on the consolidation of important functions, and not on individual 
components.  The boundary function of the system will be one of the focus of this study.  For the purpose of 
reliability assessment on the system by evaluating and quantifying the damage (or rupture) risk of piping – 
method for confirming the integrity of the system through the assessment on the damage (rupture) risk of the 
system when an external force caused by an earthquake is applied (the system is sound if the damage (rupture) 
risk is small) was examined on the basis of the prediction results for each of the parts in pipe wall thinning. In 
the next phase, the prediction results will be verified by tests, whereby, the improvement in reliability will be 
confirmed, and a combined assessment will be made in relation to the degradation factors of other systems. 
“System safety” assessment method of plants in operation will be developed in a manner where a comprehensive 
assessment on the safety of the entire plant can be made.  Specifically, the changes in the conditions, such as 
material degradations that degrade performance will be assessed on the entire system. Whereby, the risk caused 
by functional failure (damage) due to degradation will be regarded as the total of risk in the assessment.  A 
framework on safety assessment will be structured, where the degree of safety will be measured by functional 
degradation, taking into consideration the changes made in the safety standards up to present.   

1. Introduction 

This study will deal with the basic concept of “system safety” and a concrete assessment method will be 
developed and proposed. “System safety” of nuclear power plants and safety assessment index for ageing plant 
will be developed. The overall assessment framework is shown in Fig. 1. 

The functions related to the safety assessment index of ageing plants are basically: a) boundary function; b) 
cooling function; c) control function. The degradation process of major systems in ageing plants, leading to basic 
failures will be assessed on the basis of these functions.  Specifically, the relationship between material 
degradation characteristics and functional maintenance will be examined to identify degradation assessment 
index, and then the results will be compiled appropriately as maintenance indexes. Accordingly, 
countermeasures against rupture, damage, as well as leakage, related to the maintenance of the boundary for 
radioactive materials containment function will be focused, and thereby, the definition standards of functional 
failure and the concept and the quantification of degradation will be examined.   

In addition, the safety assessment results of ageing plants will be compared against the design safety assessment, 
whereby, the validity of the index (plant records) instrumental for maintenance will be verified.  
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Fig. 1  Basic Concept of System Safety Assessment of Plants in Operation  

 
2. Pipe Wall Thinning Phenomena 

2.1 Significance of Functional Degradation and Effects of the Integration of Prediction and 
Inspection 

Pipe wall thinning phenomena will be discussed as an example for examining system safety framework. As a 
valid method of maintaining reliability, the influence of pipe wall thinning phenomena on functional assessment 
will be assessed by comparing degradation prediction against management value (of degradation phenomena) of 
monitored data.  Thereby, whether the combined assessment of prediction and monitoring is valid for reliability 
maintenance will be confirmed. 

Pipe wall thinning event occurred back in 1986, when Unit 2 of the Surry Plant experienced piping rupture.  
Since then, sufficient measures have been taken on piping wall thinning of plants worldwide through enhanced 
inspections.   However, a rupture accident in the secondary piping system occurred in Unit 3 of Mihama Plant on 
Aug. 9th, 2004.  As such, the importance of pressure boundary function where the overlook of the phenomenon 
will lead to serious accidents has been recognized anew.  In view of the theoretic prediction techniques which is 
yet incomplete, it should be dealt in a balanced manner with supporting results of inspections. (refer Fig. 2) 

The degradation process of pipe wall thinning phenomenon in plants of long-tem operation is assessed to be 
relatively slow.  However, with ageing, the range and the number of degradation cases is expected to expand in 
the piping systems, and neglecting degradation management will lead to severe accidents.  Particularly, in Japan, 
where earthquakes occur frequently, the possibilities of excessive loads caused by earthquakes leading to rupture 
accidents are high.   Therefore, safety assessment method of wall thinning of the piping systems in the event of 
earthquakes should be appropriately established.  Accordingly, together with the enhancement of  management 
techniques centered on inspections, a comprehensive integrity assessment method of the piping system including 
seismic safety evaluation of pipe wall thinning, will be formulated.   

 

 

 

 

 

①

①

②

②

③

A BB

CC

BB

BB

Safety limit

Safety Design Standard

Looser 
standard

Uncertainty in Safety 
(variability)

Operation

Design

Operation Starts

Functional  
degradation

Tighter Standard

Optimized  
standard

Less 
reliable

More uncertain
Reliability
of functional 
maintenance

Reciprocal to 
Functional Damage Risk

Changes in the 
concept of safety 
standard

Safety Aassessment
Standard of Plants 
in Operation

Reliability Assessmenet on Functional Maintenance at a given time after start of operation

Enhanced reliability and 
reduction of uncertainty 
through re-assessment 
and inspection

Passage of time

Safety assessment of plants in operation 
will be based on combination of safety 
design standard, and A, B, C stage, 
where criteria have changed

A:  structure & material not specified at design stage; these are 
determined at start of operation  which will enhance reliability

B: latest knowledge/expertise will improve analyses & 
phenomena clarification,  subsequently to reduction of safety limit

C: Reduction of uncertainty/imporvement of  reliability

What time in point 
is the standard 
time of start of 
operation?



 

 3 

 

 

 

 

 

 

 

 

 

 

Fig.2  Deterioration and Failure Management on Uncertain Phenomena as Pipe Wall Thinning 

 

2.2 Basic Physical Phenomenon of Pipe Wall Thinning    

Based on the latest knowledge and expertise in Japan and abroad, the cause factors of pipe wall thinning 
phenomena are analyzed and organized as follows – “corrosion”, a chemical action accelerated by water flow; 
and “erosion”, caused by mechanical action of the fluid force, such as particles suspended in droplets and 
cavitations, etc.  The generally expected phenomenon related to piping systems are classified.  

Of the above, the major factor is called FAC, or flow-accelerated corrosion.  This is a phenomenon in which 
corrosion is accelerated by the flow velocity in single-phase flow and in two-phase flow, where liquid film is 
formulated. FAC is caused by disturbed flow at changes in the flow geometry (such as elbow bends, hammer 
heads, and orifices, etc.).  This is generally explained as a mechanism in which oxide layer on a metal surface 
dissolves in fast flowing water.  

The fact that corrosion acceleration diminishes with higher proportion of chrome content is recognized, and FAC 
can be effectively controlled by using corrosion-resistant materials such as stainless steel or low-alloy steel.   
Past studies have shown that the FAC rate can also be halted through water control, by keeping water pH above 
9.5, and by injecting oxygen.   

Other types of degradation in pipe wall thinning are such as “liquid droplet impact erosion”, “flashing erosion” 
and “cavitation erosion”, which will not be discussed in this study, as possibilities for these cases to cause 
rupture accidents are very small.   

Currently, pipe wall thinning management in nuclear power plants in Japan is conducted based on domestic and 
overseas operation experiences, with large weight placed on testing and inspections. 

 

2.3 Functional Degradation Phenomena  in Operating Plants from the Viewpoint of Structural Integrity     

As pipe wall thinning is a complex phenomena and its prediction not yet very precise, its management needs to 
be combined with inspection and testing. (refer Fig. 2)  

On the other hand, as shown in Fig.3, there are other various degradation phenomena related to structural 
integrity.  However, non of the phenomena are accurately predictable.  Integrity assessment based on 
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degradation prediction can be appropriately conducted by implementing the concept of damage risk assessment 
together with the results of testing and inspections. 

In addition, as pipe wall thinning event requires long-term management due to the gradual process of 
degradation, and because of the increase in the volume of testing management, the following points must be 
considered in the study.  1) Understanding the accurate status of pipe wall thinning under long-term operation;  
2) establishment of pipe wall thinning inspection, replacement and repair plans; and 3) studies to clarify pipe 
wall thinning mechanism. 

 

 

 

 

 

 

 

 

 

 

Fig.3 Pipe Wall Thinning Management Concept on Characteristics of Aging Phenomena  

Hazards, which is a very important aspect in integrity assessment, has been dealt with in the safety assessment of 
internal events. However, hazards caused by earthquakes should be dealt with as important external events, 
particularly in a country like Japan, where earthquakes occurrence is frequent.  With the disasters of the Chuetsu-
oki Earthquake and Great East Japan Earthquake (Off the Pacific Coast of Tohoku Earthquake), the integrity 
assessment on major degradation events, such as pipe wall thinning, etc. of ageing plants is an issue yet to be 
resolved. 

There are many types of piping, ranging from those with higher level of importance to general ones in power 
plants, and a standardized method for appropriate assessment needs to be established. 

Seismic safety assessment has be stipulated based on the predictions on pipe wall thinning, and other 
degradation events.  Pipe wall thinning is an important piping degradation factor and close collaboration is 
required for a prompt establishment of the standards.  For the improvement of reliability on pipe wall thinning 
management, following efforts must be made - clarification of the pipe wall thinning mechanism; and 
establishment of seismic assessment criteria for pipe wall thinning, in addition to the enhancement of testing and 
inspection technique and verification of pipe wall thinning assessment technique. 

 

3. Objectives of R&D on Pipe Wall Thinning and Results in Resolving Pipe Wall Thinning Issue 

3.1 Technical Challenges on the Clarification of Pipe Wall Thinning Issue    

As mentioned above, with a major change in the environment, issues to be resolved and target objectives are  
now clear. 
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Fig.4 Relationship of Themes in Pipe Wall Thinning and Seismic Assessment Project  

As shown in the diagram, there are three technical challenges to be addressed: first, “understanding the 
phenomena”; second, “management of the phenomena”; and third, “countermeasures against earthquakes”. 

In “understanding the phenomena”, the pipe wall thinning mechanism will be clarified, and subsequently, a 
prediction method will be proposed, through which a simulation code will be developed in a manner that will 
summarize the mechanism.  Factors pertaining to pipe wall thinning mechanism will be classified, where the 
effects of each elements in the areas of “material”, “environment” and “system and structure” will be examined. 
The results will lead to the clarification of the pipe wall thinning mechanism, through which a simulation model 
of enhanced prediction accuracy will be developed, which will greatly improve the prediction accuracy of all 
pipe wall thinning events.  

“Management of the phenomena” relates directly with system safety assessment of plants in operation, which is  
the most important issue in this study. Currently, phenomena management is focused mainly on inspection. 
However, inspection method needs to be upgraded and its procedures simplified.  Further, functional assessment 
of phenomena management on the entire plant will be made in order to establish a method of ensuring reliability 
on functional maintenance. 

“Countermeasures against earthquakes” - in view of the high volume of piping systems, a simplified method of 
seismic safety assessment of pipe wall thinning,  applicable to all types of piping will be developed. 

 

3.2 Results of Research and Development    

3.2.1 Clarification of the Mechanism of FAC Phenomena    

On the basis of mechanism analysis assumption as shown in Fig. 5, the mechanism of FAC phenomena has been 
clarified.  Susceptibility to corrosion is determined by water and material elements, whereby, it is important to 
create a database on the results of susceptibility experiments conducted.  In this study, a system on solubility 
prediction of materials under various types of corrosion/erosion has been developed, and significant elements 
that influence thinning rate, such as  chrome in materials, and pH in water chemistry, has been focused in the 
development of a database.  On the other hand, the flow element is controlled by mass transfer coefficient which 
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is dependent on the flow velocity and flow turbulence.   Studies have shown that this is dependent on turbulence 
near the pipe wall shown in the flow distribution in the piping, which is controlled by the routing of the piping 
system.  

 

Fig.5 Procedures for local wall thinning rate due to FAC 

 3.1.2 Establishment of Prediction Method    

Based on the mechanism clarified above, a simulation code for pipe wall thinning due to FAC has been 
developed.  The calculation results of pipe wall thinning process of actual plants using the simulation code was 
used to compare against actual measured values. Whereby, it was confirmed that the prediction accuracy of the 
calculated results obtained through the analyses of pipe wall thinning of major piping systems of BWR and PWR 
(although some errors) is between 0.5 to 2 times as compared to the measured values.  

3.1.3 Development of Seismic Safety Assessment Method for Pipe Wall Thinning    

3.1.3.1  Development of Simplified Assessment method    

By using the design stage assessment method and by applying the assessment standard by JSME (Japan Society 
of Mechanical Engineers; a, b methods shown below), a seismic safety assessment method for evaluating pipe 
wall thinning model of ageing plants has been established. 
a. pipe wall thinning on entire piping  
b. pipe wall thinning on target assessment range 

Under the above conditions, analyses have shown that the boundary regarding the integrity of piping is 
confirmed, even if the impact of design earthquake ground motion is loaded on the pipes of wall thinning at a 
given time.  
 

 

 

 

 

 

 

 

Fig.6  Modeling of Wall Thinning Pipe for Seismic Evaluation of Piping System 
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3.1.3.2  Integrity Assessment Through Prediction Simulation of  Pipe Wall Thinning    

From system safety perspective, degradation events such as wall thinning, thermal fatigue and SCC of major 
piping systems, will be integrated for a quantitative assessment on the degradation of boundary maintenance 
functions, which is the target of this study. The degradation  assessment on wall thinning is a part of such 
assessment. Risk assessment model on the failure of the boundary functions is shown in Fig. 7, where earthquake 
ground motion is loaded at a given time when a combined degradation of the boundary functions of piping 
systems occur.  The simulation code developed for pipe wall thinning has made possible the quantitative 
prediction of wall thinning combined with reliability assessment on wall thinning; and accordingly, the risk 
assessment on the failure of the boundary functions can be made along with the probability distribution of the 
load impact of seismic ground motion.  Thereby, probability assessment of rupture incidents through risk 
assessment is now feasible. 

Fig.7   Simulation Model on Seismic Integrity Evaluation by Pipe Thinning, Thermal Fatigue and SCC 

 

4. Conclusion 

� In this study, a framework on system safety assessment on the functional degradations of plants in operation 
was formulated. 
 

� The pipe wall thinning events, particularly, the FAC mechanism has been virtually clarified, and the 
prediction simulation model created has attained an accuracy of 0.5 to 2 time against the measured values.  
 

� Pipe wall thinning assessment codes by computational simulation analysis method have been developed.  
 

� System safety assessment method on external events caused by earthquake ground motion has been applied 
in the assessment of pipe wall thinning, and an assessment method on the structural integrity with focus on 
boundary function has been established.  Thereby, a simplified assessment method on the pipe wall thinning 
influence on the integrity of structure when earthquake occurs was developed and standardized. As seismic 
assessment on piping system involve large volumes, further examination of a more simplified method is 
necessary. 
 

� Review model for the assessment methodology of system safety for operating plants has been developed by 
modelling functional degradation for pipe wall thinning. 
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