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Abstract.  Many nuclear plants are making commitments to implement fatigue monitoring systems in 
support of license renewal.  Current fatigue monitoring systems use the methodology of ASME Code 
Subarticle NB-3200, which is a design code intended to compute a bounding cumulative usage factor 
(CUF).  The first generation of fatigue monitoring software utilized a simplified, single stress term 
assumption and classical stress cycle-counting methods that take order into account such as Rainflow 
or Ordered Overall Range counting.  Recently, the NRC has indicated in Regulatory Issue Summary 
2008-30 that any fatigue analyses in support of License Renewal should use ASME Code Section III 
methodologies considering all six stress components.  In addition, fatigue calculations for the license 
renewal term are required to consider the effects of environment.  The implementation of a six stress 
term NB-3200 fatigue calculation to a Boiling Water Reactor (BWR) feedwater nozzle, including 
environmental effects, is the topic of this paper.  Differences in results between the advanced 
methodology and the simplified methodology are discussed. 
 

1. Introduction 

The methodology implemented in this paper is discussed in detail in the EPRI report entitled, Stress-
Based Fatigue Monitoring [1].  The reader is encouraged to review the detailed methodology outlined 
in the EPRI report.  Some important differences between the simplified single stress term methodology 
and the newly developed advanced six stress term methodology will be briefly outlined.  A benchmark 
is performed to compare the two different methodologies.  Finally, the Environmentally Assisted 
Fatigue (EAF) results of the newer methodology will be presented. 

 

2. Differences Between Simplified and Advanced Stress Based Fatigue Monitoring 

ASME Section III, Subarticle NB-3200 establishes criteria to demonstrate the “suitability of a 
component for specified service loadings involving cyclic application of loads and thermal 
conditions.”  Stress based fatigue methodology is performed in accordance with NB-3222.4(e) in both 
the simplified and advanced approach to stress based fatigue monitoring.  The major differences 
between the two techniques are outlined in the following subsections. 

 

2.1. Range of Primary Plus Secondary Stress Intensity, Sn 

In the simplified stress based fatigue monitoring methodology, a conservative approach is taken to 
calculate Sn.  The value of Sn used to evaluate the plastic penalty factor, Ke, per the ASME Code is 
conservatively always assumed to be a percentage of peak stress, Sp.  This methodology invariably 
leads to a conservative calculation of Ke as a bounding percentage has to be implemented such that all 
possibilities are conservatively accounted for. 

In the advanced approach to stress based fatigue monitoring, a Green’s function with a through wall 
stress distribution is implemented.  Stress linearization is performed at each time step using a through-



wall stress distribution that is assumed to be based on either a Lagrange Polynomial or a Piece-Wise 
Linear fit.  This leads to a much more accurate calculation of Sn for each stress state than the bounding 
value assumed in the simplified methodology. 

 

2.2. Allowable Stress, Sm 

The allowable stress Sm is used to calculate the Ke factor.  A single value of Sm is implemented in the 
simplified stress based fatigue methodology.  This leads to the analyst having to establish a value that 
will be conservative for all situations. 

In the advanced methodology, Sm is a variable based on temperature.  This allows a more accurate 
determination of Sm for each calculated stress state.  

 

2.3. Eratio, Ecurve/Eanalysis 

Before determining the allowable number of cycles per the ASME Code fatigue curve, the computed 
alternating stress, Salt, still needs to be adjusted by the ratio of Ecurve divided by Eanalysis.  In the 
simplified methodology, a single, conservative value of Eanalysis is used.  In the advanced methodology, 
the value of Eanalysis is determined based on the temperatures during the stress cycle. 

 

2.4. Single Stress Term Versus Six Stress Terms 

In the simplified methodology a single stress term is used to determine the alternating stress.  This 
sometimes requires a great deal of judgment by an expert fatigue analyst to ensure that the results will 
be conservative in all situations. 

In the advanced methodology all six stress components are used in accordance with NB-3216.2, which 
is a more general procedure and applicable to all cases.  Using all six stress components minimizes 
analyst judgment and ensures compliance with the ASME Code.  

 

3. Benchmark Comparison 

A comparison between the previously employed simplified methodology and the newly developed 
advanced methodology is performed.  The input parameters for the comparison are presented and 
stress and fatigue results are compared.  The comparison is performed for a BWR feedwater nozzle 
which has a stainless steel inlay on the safe end.  Figure 1 shows the finite element model of the safe 
end and Figure 2 shows the thermal response after a thermal shock is applied to create a Green’s 
function. 

 



Figure 1.  Finite Element Model of Feedwater Nozzle Safe End 
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Figure 2.  Feedwater Nozzle Safe End Thermal Response 
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3.1. Material Properties For Benchmark Comparison 

As outlined in Sections 2.2 and 2.3, two important differences between the simplified and advanced 
methodology involve material properties used in the analysis.  The temperature dependent material 
properties for the advanced methodology are presented in Table 1.  The simplified approach 
conservatively uses bounding values of 25,300 ksi at 600°F for E and 16.95 ksi at 550°F for Sm. 

 

Table 1.  Temperature Dependent Material Properties for Advanced Methodology 

Temperature, °F E, ksi Sm, ksi 

70 28,300 20.0 

100 28,100 20.0 

200 27,600 20.0 

300 27,000 20.0 

400 26,500 18.7 

500 25,800 17.5 

600 25,300 16.4 

 

3.2. Transient Analyzed 

A typical shutdown and startup sequence is analyzed in this benchmark evaluation as it is a common 
transient and the nozzle experiences fairly severe temperature shocks during portions of the shutdown 
and startup transient.  The transient analyzed is from data collected at an operating BWR.  Since the 
temperature at the nozzle is not monitored, various flows and temperatures entering the feedwater 
system are used to calculate the temperature at the nozzle.  Temperature and pressure data for analysis 
are presented in Figure 3. 

 

Figure 3.  Typical Shutdown Startup Sequence for Analysis 

 

 



3.3. Detailed Stress Results 

The detailed stress results from running the typical shutdown and startup sequence are presented in 
Figure 4 for the simplified methodology and in Figure 5 for the advanced methodology.  As can be 
seen from the figures, the stress results are very similar.  This is expected for a nozzle safe end for 
which the shear stresses will be small. 

 

 

Figure 4.  Simplified Methodology Stress Results 

 

 

Figure 5.  Advanced Methodology Stress Results 

 

 

 

 



3.4. Fatigue Results 

The detailed fatigue results from running the typical shutdown and startup sequence are presented in 
Table 2 for the simplified methodology and in Table 3 for the advanced methodology.  As can be seen 
from the figures, the fatigue results for the advanced methodology are significantly lower than for the 
simplified methodology.  This is expected due to the conservative nature of the simplified 
methodology.   

 

Table 2.  Fatigue Results for Simplified Methodology 

 

 

Table 3.  Fatigue Results for Advanced Methodology 

Sp, ksi Sn, ksi Ke Salt, ksi Usage 

26.71 16.22 1.000 14.39 2.200e-08 

39.77 19.80 1.000 20.76 3.350e-07 

146.27 63.44 1.569 124.27 0.001148 

   Usage = 0.001148 

 

As seen from the results presented in Tables 2 and 3, there is a significant benefit to the more 
advanced methodology.  The stress range (165.969 ksi versus 146.27 ksi), primary plus secondary 
stress, Ke (2.965 versus 1.569), and therefore Salt and the resulting usage are all lower for the advanced 
methodology.  While the conservatism associated with the single stress term methodology could be 
tolerated in the past, with the inclusion of EAF less conservatism can be tolerated. 



 

3.5. Environmentally Assisted Fatigue 

In addition to the advancements made in stress and fatigue calculation, the advanced methodology can 
also perform environmentally assisted fatigue analysis.  The methodology for including EAF is based 
on the latest consensus from EPRI’s Environmental Fatigue Expert Panel and specified in detail in the 
non-proprietary EPRI report [1].  Including EAF into the SBF monitoring allows for the most detailed 
calculation possible.  The results for this analysis are shown in Table 4. 

 

Table 4.  EAF Results for Advanced Methodology 

Sp, ksi Sn, ksi Ke Salt, ksi Usage Fen Uen 

26.71 16.22 1.000 14.39 9.353e-08 3.554 3.324e-07 

39.77 19.80 1.000 20.76 2.086e-06 2.345 4.890e-06 

146.27 63.44 1.569 124.27 0.001440 3.554 0.005119 

   Usage = 0.001442 3.553 0.005124 

 

4. Conclusions 

While the simplified methodology employed in the past is conservative and generally acceptable for a 
BWR feedwater nozzle safe end location without a more refined analysis, when EAF is included into 
fatigue calculations the added conservatism can create challenges for components to remain within 
allowable usage.  The advanced methodology developed and demonstrated here helps to reduce 
conservatism associated with a simplified approach and does it in a robust manner.  Use of the 
advanced methodology eliminates a great deal of engineering judgment previously required with the 
simplified methodology associated with the stress transfer function logic.  This makes for a robust 
technology that is more accurate and repeatable and performs in strict accordance with ASME Code 
Section III fatigue methodology.  Greater accuracy and reduced conservatism as compared to previous 
technology allows for components to be qualified during the period of extended operation, even with 
EAF effects included. 



[1]  Stress-Based Fatigue Monitoring: Methodology for Fatigue Monitoring of Class 1 Nuclear 
Components in a Reactor Water Environment.  EPRI, Palo Alto, CA: 2011. 1022876. 


