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ABSTRACT 
 
     In recent years, the German npp Philippsburg has implemented a comprehensive aging management that is applied 
to all safety relevant systems, structures and components (ssc). As a major task of aging management, the quality status 
of every ssc has to be assessed regularly.  
     Regarding important mechanical components, one of the inputs to this assessment is the fatigue usage. In Germany, 
fatigue monitoring systems were introduced in the 1980’s. With such systems the knowledge of the real loads 
(especially of the local load transients) was extended. As a consequence, either the specified load histories were verified 
or the load specifications had to be updated. In the latter case, the fatigue analysis results that were based on these 
specified load histories had to be re-analyzed, too. 
     As part of aging management, the actual fatigue status is determined combining plant documentation (in this case the 
fatigue analysis results held in a special plant documentation system) and the monitoring results regularly (at least once 
a year). Usually the load cases are identified first and then their partial fatigue usage factors are summarized using the 
number of cycles determined by monitoring. However, relevant new (i.e. not specified) transients are analyzed and 
assessed. Thus it can be demonstrated that all fatigue usage factors are below limits. 
     With this procedure – as part of aging management – a technical basis for life extension of npp’s is provided.  
     In the paper, the scope of aging management is summarized. Then the practical procedure to determine actual fatigue 
usage is shown using examples of components in the Philippsburg bwr.  
 
 
 
INTRODUCTION 
 
     The German nuclear power plant KKP 1 (Philippsburg) has implemented a comprehensive aging management that is 
–on the technical sector- applied to all safety relevant systems, structures and components (ssc): 

- mechanical systems and components, 
- electrical systems and components and ssc’s of instrumentation and control, 
- structures and components of the building, 

including auxiliary material (like lubricants etc.). On the basis of an appropriate quality of the safety relevant ssc’s (as a 
starting point) the sum of the measures applied in operation (like surveillance and maintenance) must meet the main 
goal of aging management:  

- control of possible aging phenomena. 
     With the aging management implemented the utility is able to assess the quality status of every ssc regularly. Thus 
existing reserves (safety margin) can be demonstrated at every stage of operation and if necessary it can be reacted in 
time. On this basis a possible life extension of the plant should be reduced to a formal action. 
     However, in Germany life extension is not (yet) a topic but aging management as an additional shell regarding safety 
is used in the chain of arguments to withdraw the shutdown decision of nuclear power plants.  
     In this paper, the concept of aging management of KKP 1 is summarized concentrating on mechanical systems and 
components. Within this aging management KKP 1 has introduced appropriate procedures and tools. Two examples are 
discussed: 

- a software tool for management of knowledge, 
- monitoring of loads of the main systems 

and the combined use of both:  
- assessment of actual fatigue usage.  
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AGING MANAGEMENT PROCESS AS IMPLEMENTED IN KKP 1 
 
     Depending on the demands, safety relevant ssc’s must have an adequate quality status (with a sufficiently high safety 
margin). Within the aging management process this quality of components and systems in operation has to be assessed 
and verified regularly. As the effort of this assessment depends on the demands on the ssc’s, it is appropriate to 
introduce groups of ssc’s related to these demands. Regarding mechanical components, three groups can be defined: 

• grp. 1:  Integrity concept (guarantee integrity of ssc’s) 
• grp. 2:  Preventive maintenance (maintain initial quality) 
• grp. 3:  Failure orientated maintenance (re-establish initial quality) 

     Regarding the first group of ssc’s (integrity concept), major failures must be prevented in any case (leak-before-
break). This first group contains all the systems and components whose integrity is extremely important for the safety of 
the plant, see examples in Fig. 1 (most ssc’s of this group are part of the pressure boundary within the containment): 

- YD reactor pressure vessel  
- RA main steam lines incl. pressure relief lines 
- TJ02 steam supply line 
- RA06 auxiliary steam support line 
- RL feedwater piping 
- TH residual heat removal system 
- TC reactor water cleanup system 
- TC03 head spray cooling line 
- TK core spray system 

     To guarantee integrity, possible damage (aging) mechanisms have to be controlled / minimized following a 
consequent procedure like the one that is given by the German nuclear code KTA 3201.4. In KKP 1, the key task of this 
procedure is an extensive monitoring and control of the causes of damage (e.g. loads, water chemistry) and – as a 
redundant measure – monitoring of the results of damage (e.g. using non destructive testing - ndt). 
 
 

 
Fig. 1: Schematic drawing of BWR KKP 1 - examples for components of group 1 and group 2 

 
 
     The second group (preventive maintenance) contains all other safety relevant mechanical ssc’s. These systems and 
components are built in with redundancy; therefore malfunctions or failures may happen as long as these are singular 
incidents and the consequences (like follow-up failures) can be managed. However, intensive care has to be taken that 
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there are no “common mode” failures, i.e. failures in more than one redundancy. The major part of the systems in this 
group is located adjacent to the group 1 system parts (in the “reactor building”): 

- RA main steam lines 
- RL feedwater piping 
- TC reactor water cleanup system 
- TH residual heat removal system 
- TJ high pressure injection system 
- TK core spray system 
- TM makeup system 
- YT emergency shut down system 
- TK core flooding system 
- TG fuel element cooling pond cleaning and cooling system 
- TF USUS cooling system 
-  containment air supply system  

     The primary goal for the components in this group is to maintain the quality status (integrity and function), i.e. to 
keep consequences of possible damage mechanisms under control and thus minimize the possibility of a failure. To 
maintain quality, inspections, tests and maintenance are performed regularly (time dependant) or based on monitoring 
of relevant parameters (predictive). These procedures are summarized under “preventive maintenance”. 
     The majority of mechanical components and systems in a power plant is classified as not safety relevant. Failures 
and malfunctions can be accepted. For this group 3 of ssc’s it is sufficient to perform maintenance on demand, i.e. if a 
failure is detected. 
 

 
Fig. 2: Examples for actions within the aging management process 

 
 
     As stated above in KKP 1 the mechanical components and systems that are relevant to the safety are classified into 
group 1 and 2. The quality of these ssc’s is guaranteed (group 1) / maintained (group 2) by adequate surveillance 
methods (group 1: monitoring of the causes, regular evaluation and assessment and redundant monitoring of the 
consequences of possible damage mechanisms; group 2: predictive maintenance incl. function testing). For both groups 
of ssc’s, in addition to the control of (known) damage mechanisms, all significant plant data (e.g. reports of failures, 
work orders) and the reports from other plants (incl. exchange of knowledge) are assessed regularly in order to be 
prepared for new damage mechanisms (and to prevent/control them consequently). Aging management is a (continuous) 
process, part of it is shown in Fig. 2. 
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COMPUTER BASED DOCUMENTATION 
 
     As shown in Fig. 2, one key element of aging management is the management of knowledge. Generally, the 
documentation requirements of nuclear power plants in Germany are extensive. On this basis all data, drawings, reports, 
certificates, work orders etc. are kept in the standard plant documentation system (mostly on paper), starting from the 
very beginning of the plant design. Even the change in knowledge is documented in this system (e.g. letters / papers/ 
reports on incidents in own and other utilities).  
     Usually, it may take a while to retrieve the necessary (actual) data from this detailed archive, especially for ssc’s that 
have undergone some modifications during the period of operation (KKP 1: about 30 years).  
     Within a modern (aging) management system “quick” access to relevant data is necessary. Therefore, to make 
data / document retrieval and maintenance faster and independent from personnel, a computer based documentation 
system named COMSY (Condition Oriented ageing and life Monitoring SYstem [1]) was introduced in KKP 1. This 
system was tailored to suit the KKP demands (see Fig. 3). Starting with the systems and components of group 1 - and 
subsequently group 2 to cover all safety relevant mechanical ssc’s - all necessary documents listed in the archive were 
compiled and put into the database of COMSY, e.g.: 

- isometric drawings 
- detailed drawings 
- parts lists 
- support documentation 
- stress analysis reports 
- inspection reports 
- etc. 

New data sheets were made for (parts of) systems and components and for their support structures. Within the scope of 
this work the conformity and the completeness of the documents were checked. 
 
 

 
Fig. 3: Tailoring of the database COMSY and verification of the data 

 
 
     If necessary, the data were verified on site. Deviations were assessed and the documentation was updated. As a result 
of this comprehensive project both the COMSY database and the (paper) archive incorporate the same actual / verified 
data resp. documentation.  
     Now, using the COMSY software system all relevant data and documents (actual and history) of safety relevant ssc’s 
can be accessed easily and immediately (Fig. 4). 
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Fig. 4: Addressing of systems and components and examples for data sheets 

 
 
EXTENSIVE MONITORING OF RELEVANT LOADS  
 
     The quality status of a component in operation (safety, remaining life) is determined by the real operation history 
(from the initial startup testing the plant to the actual date). As environmental effects are negligible in the important 
main systems (achieved by using appropriate water chemistry and materials), the mechanical and thermal loads in 
operation are the most important damage mechanisms in German bwr´s. Therefore, a “fatigue” monitoring system has 
already been introduced in KKP 1 in the late 1980’s and successively expanded. Today, especially for the ssc’s listed in 
group 1 of aging management (integrity concept), extensive monitoring of the loads is performed using global (plant 
instrumentation) and local (specially applied transducers) measurement points. One example of a thermal transient at 
the feedwater piping is shown in Fig. 5. 
     The measurement and evaluation system is named IMAS (Integrity MAnagement System [2]); it is not only capable 
to monitor quasi-static load transients but also dynamic loads. Relevant dynamic loads have to be excluded. This is 
verified by temporary dynamic monitoring (e.g. after larger refurbishments). 
     The results of these monitoring measures and those of the monitoring of the water chemistry are evaluated and 
assessed regularly.  
     As part of the evaluations, the load cases are identified and compared to plant experience. If there are relevant new 
(i.e. not specified) transients these are analyzed and assessed separately. On this basis operation parameters and 
procedures can be modified in collaboration with the system experts to prevent extensive loads and / or the locations 
and the test intervals of non destructive testing can for example be optimized. In some systems “new” transients were 
discovered and, as a consequence, the load specifications had to be updated. In this case, the stress analysis and the 
fatigue analysis results that were based on these specified load histories had to be re-analyzed, too. 
     The load cycles are analyzed and classified using the “rainflow” analysis method, both for each operation cycle and 
for the entire period of monitoring; an example is given in Fig. 6. Thus realistic load cycle amplitudes and numbers of 
load cycles are provided to be assessed in fatigue analysis. 
     With the introduction of such systems and procedures the knowledge of the real loads (especially of the local load 
transients) was extended. 
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Fig. 5: Measured transients at a feedwater piping 

 
 

 
Fig. 6: Number of temperature cycles at the feedwater piping from 1989 to 2005 (evaluated using “rainflow” algorithm) 
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number of temperature cycles in classes of ± 20 K 

measurement
location unit 20 40 60 80 100 120 140 160 180 200 220 240 260

RL18 top °C 1228 80 14 5 4 2 2 4 12 24

bottom °C 329 45 13 7 2 1 3 7 30 2

stratification K 56 2 1 1

RL28 top °C 1348 78 11 4 4 1 6 5 10 21

bottom °C 319 47 8 4 3 2 5 7 24 4

stratification K 53 7 6

RL38 top °C 949 117 26 14 8 9 9 8 11 24

bottom °C 1017 103 28 14 5 10 6 14 17 14

stratification K 168 23 10 7 1

RL48 top °C 1107 111 30 10 8 8 8 4 15 19

bottom °C 499 91 26 12 5 6 6 10 30

stratification K 272 34 12 6 2

1989 - 2005
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FATIGUE ASSESSMENT / ACTUAL FATIGUE USAGE 
 
     As part of the evaluations within aging management, the actual fatigue status is determined combining plant 
documentation and the monitoring results regularly (at least once a year). The following data and reports are available 
in detail and have to be regarded:  

- Specification of load transients in design phase (data/report out of COMSY); example see Tab. 1 
- Piping system structure analysis (out of COMSY) 
- Fatigue analysis of design phase (out of COMSY) 
- Documentation of load cases and load cycles in operation history (KKP 1 protocols – manual counting) 
- IMAS - accumulated load cycles of operation phase (history) 

On the basis of these resources there are several ways to perform fatigue analysis: 
a) It has to be verified that the specified load cases are conservative; then the number of cycles for each load case 

is counted and related to the specified number of cycles. 
b) It has to be verified that the specified load cases are conservative; the number of load cycles is determined by 

monitoring and related to the calculated fatigue usage via the specified number of cycles. 
c) From the results of monitoring, typical load transients are extracted and their partial fatigue usage is calculated. 

These typical transients are counted and thus the total fatigue usage factor is summarized. 
The effort needed increases from method a) to c). 
     Method a) was used before the introduction of monitoring systems. During the initial startup checks of the plant the 
specified load case transients were verified by temporary measurements. In the following years, the number of cycles 
for each load case was counted and related to the specified number of cycles. This method gave only a rough figure of 
the actual fatigue usage. 
     Method b) is usually used in KKP 1. First, the load cases during operation are identified using the results of 
monitoring (column 1 of Tab. 1). Then, it is demonstrated that the measured temperature span of typical load cases like 
“startup from zero to nominal power” is covered conservatively by the specified value (columns 2and 3 of Tab. 1); in 
fact the temperature span often is significantly lower than specified. Similarly it is shown that the specified gradient of 
temperature changes is conservative. If this is verified the (partial) fatigue usage calculated on the basis of specified 
loads is still conservative.  
 
 

Tab. 1: Feedwater system of KKP 1 – specified load cases and number of cycles 
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[°C] T [K] (40 years of 
operation)

startup 
from zero to nominal load 17/215 ca. 200 140

shutdown 
from nominal load to zero 215/17 ca. 200 265

fast shutdown (reactor trip)
from nominal load 215/17 ca. 200 400

startup 
after fast shutdown 17/215 ca. 200 485

failure of main heat sink 215/17 ca. 200 80

turbine trip from nominal load 215/17 ca. 200 400

startup after turbine trip 17/215 ca. 200 400

failure of HP-pre-heater 215/129 86 y

restart of HP-pre-heater 129/215 86 100

load ramp declining 
(100%-15%) 215/155 60 10 5

load ramp rising 
(15%-100%) 155/215 60 10 5

load case
min/max 

temperature of 
transient

temperature span 
of transient

specified number 
of cycles

10 5
10 5 

x 
60 K

140 
full cycles

1020
 x 
200 K

480 
(rounded)

400

100
100 
x 
86 K

startups & 
shutdowns

number of cycles
x

temperature span

combined to cycles 40 years
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     The “rainflow” analysis of the measured temperature histories gives the numbers of cycles (for classes of 
temperature spans), ref. to example of the feedwater system in Fig. 6. To allow comparison, the specified load cases can 
be paired to up/down cycles as shown in Tab. 1 (column 5 – example feedwater system, too). For the feedwater system 
the specified number of cycles with a span of 200 K is about 1020 (see Tab. 1, column 6). Fig. 6 demonstrates that there 
are only few measured cycles with a span of 200 K in the time between 1989 and 2005. For a very conservative 
estimation of the fatigue usage all cycles >=140 K have been added (sum at RL38: 52 cycles in 16 years) and 
extrapolated to 40 years (that gives about 130 cycles at RL38). This number can be related to 1020 cycles of the 
specification.  
     This relation leads to the conclusion, that the actual fatigue usage of the feedwater piping system is far below the 
calculated value (from design analysis: 0.53); no further action is necessary. 
     In some cases the simplified fatigue calculations give results that exceed allowable limits, i.e. the usage factor is >1. 
In these cases method c) is appropriate. Using more realistic model transients, realistic numbers of cycles and – if 
necessary – more detailed calculations (even elastic-plastic FEM calculations) it is proven that there are no real fatigue 
problems in KKP.  
 
CONCLUSIONS 
 
Within the procedures of aging management in KKP 1 the documentation is held in the software system COMSY. This 
provides a quick and reliable retrieval of data and reports, etc. It is an ideal tool to store knowledge and it is independent 
of the memory of any persons. The data and reports from COMSY and the results of monitoring out of the IMAS 
system are used to determine realistic fatigue usage factors (Fig. 7). Fatigue usage is one of the main inputs to the 
assessment of the quality status of safety relevant components.  
 

 
Fig. 7: Examples for tools and procedures to reach the goal: plant life time extension 
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