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ABSTRACT 

A maintenance concept of performance based maintenance (PBM) has been proposed by the current author. 
According to the PBM concept, inspection results are considered in determining the next inspection 
schedule. In this study, this concept was applied to fatigue degradation for stainless steel components in the 
pressurized water reactor (PWR) primary water environment. The fatigue life for the PWR water 
environment can be estimated using the fatigue life in an air environment and the parameter Fen, which 
represents the ratio of the fatigue life in the air and PWR water environments. It was shown that the fatigue 
life prediction using Fen can be replaced by the crack growth analysis using the growth rate for the PWR 
water environment. Then, the crack growth was predicted for a thermal loading assuming the growth 
occurred in the PWR water environment. It was shown that the duration until the next inspection could be 
optimized based on the inspection results together with the crack growth curve, which was referred to as 
the postulated crack growth curve (P-curve). A long operation time before the inspection resulted in a longer 
duration until the next inspection. 

INTRODUCTION 

Fatigue damage is considered in nuclear power plant component design and it is managed (i.e., monitored) 
during the plant operation. The degree of fatigue damage is quantified using the cumulative usage factor 
(CUF). The CUF is also calculated for operating plants using the number of cycles experienced during plant 
operation and the driving force (strain range) obtained by analysis as done for the component design. 
Namely, even for operating plants, the fatigue damage is estimated without observing the actual component. 

It has been said that the CUF calculation is rather conservative and no crack has been found at the 
location where the fatigue damage was assessed in the plant design. It is inevitable that the fatigue damage 
assessment tends to be conservative because the design fatigue curve used for the assessment includes 
various safety margins and the fatigue damage driving force is estimated on the safety side. The 
conservative fatigue damage assessment is preferential for the plant design. However, for plant maintenance, 
a reasonable fatigue damage assessment is required to suppress additional cost. A precise estimation of 
fatigue damage enables optimisation of the inspection or maintenance interval. 

It has been shown that the degree of fatigue damage can be quantified by crack size (Kamaya and 
Nakamura, 2015). If the small cracks were removed from the fatigue-damaged specimen, the fatigue life of 
the specimen became almost the same as that of virgin material (Kamaya and Kawakubo, 2015). If the 
fatigue damage is managed not by the CUF but by the crack size, the degree of the fatigue damage can be 
quantified accurately by the crack size determined by an inspection. Even if no crack is detected, possible 
fatigue damage can be estimated from the detection capability of the applied inspection technique. 
According to the performance based maintenance (PBM) concept, which was proposed by the current 
author (Kamaya, 2017a), the interval until the next inspection is determined by the current inspection results 
as schematically shown in Fig. 1. The residual fatigue life can be estimated from the inspection results even 
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if no crack is found. A long operation time before the inspection secures a longer interval to the next 
inspection. The damage accumulation rate used for predicting residual fatigue life is corrected using the 
operating experience: “no crack is found during long time operation”. 

In this study, the PBM concept was applied to fatigue degradation for stainless steel components in 
the pressurized water reactor (PWR) primary water environment. First, the correlation between the CUF 
and crack growth rate was discussed. Then, the fatigue crack growth was predicted for a ramp change in 
fluid temperature at a component surface. It was shown that the duration until the next inspection could be 
optimized based on the crack growth prediction together with the inspection results. 

ENVIRONMENTAL EFFECT ON FATIGUE LIFE AND CRACK GROWTH RATE 

Prediction of Fatigue Life and Crack Growth Rate 

The fatigue life is assessed by damage mechanics using the CUF in fatigue damage management, while the 
crack growth is assessed by fracture mechanics using the stress intensity factor. According to the 
NUREG/CR-6909 Rev.1 (Chopra and Gary, 2018), the fatigue life Nf(air) of stainless steel in the air 
environment is given by: 

     f airln 6.891 1.920ln 0.5 % 0.112N      (1) 

where  is strain range and given in [%]. This equation was obtained by best-fit regression of test results. 
Then, the fatigue life in the PWR water environment Nf can be determined by (Chopra and Gary, 2018): 
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Figure 1. Schematic drawing representing determination of crack growth curve by inspection 
results of no crack indication. 
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where d/dt denotes the strain rate given in [%/s]. The parameters T* and O* represent the effects of 
temperature and dissolved oxygen and values of T* = 0.9 and O* = 0.29 are given for the PWR water 
environment of 325C. As shown in Fig. 2, the minimum and maximum values of d/dt are 0.004%/s and 
7%/s, respectively. 

Fatigue crack growth rate da/dN of stainless steel in the PWR water environment is prescribed in 
the ASME Boiler and Pressure Vessel Code Section XI code case N-809 by the following equations 
(Cipolla and Bamford, 2015): 

    2.250.3 0.5
o T R r s MPa m

da
C S S T K

dN
     (4) 

K f a     (5) 

where K is the stress intensity factor range and f is the geometrical constant. The parameters ST and SR 
account for the effects of temperature and stress ratio, respectively. The parameters for a fully reversed 
loading in the 325C PWR water environment are given as: ST = exp{-2516/(325+273.15)} and SR = 1. The 
constant Co = 9.10  10-9 [m/cycle] is prescribed for Type 316 stainless steel. It should be noted this Co 
value was determined conservatively. Tr denotes the rise time of the applied load. It should be noted that 
Equation (4) does not give the best-fit regression of test data, and particularly, that the value of Co value 
was determined conservatively. 

The fatigue life and crack growth rate given in the above equations can be applied for the same 
component, location and loading conditions. These equations consider the effects of the PWR water 
environment, temperature and loading rate (strain rate or rise time). However, there are several 

Figure 2. Change in the Fen with strain rate prescribed in NUREG/CR-6909 Rev.1. 
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discrepancies between the fatigue life and growth assessments as summarized in Table 1. Stress range 
(stress intensity factor range) is used to predict the crack growth rate, while strain range is used to estimate 
the fatigue life. The loading rate is represented by different parameters: strain rate and rise time. 

In order to correlate the fatigue life and crack growth rate, the crack growth equation for the elastic 
condition should be expanded to that for the elastic-plastic condition. It has been shown that the strain range 
rather than the stress range is the intrinsic fatigue damage-driving force both for fatigue life (Kamaya, 2013) 
and crack growth (Kamaya, 2015). It was shown that the stress (stress intensity factor K) can be transformed 
to strain (strain intensity factor K) by dividing by the Young’s modulus E as: 
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εK f a    .  (7) 

By using the strain intensity factor range K, it is possible to predict crack growth for a given strain range 
(Kamaya and Kawakubo, 2012). As for the loading rate, as shown in Fig. 3, the rise time can be transformed 
to the strain range if the strain range is given. 

Figure 3. Correlation between the strain rate and rise time. 

Damage approach (Sec. III) Crack approach (Sec. XI)

Approach Damage analysis by CUF Crack growth analysis

Material data Design fatigue curve (DFC) Crack growth rate

Experiment
Low-cycle fatigue tests

(Cylindrical specimen)

Crack growth test

(CT specimen) 

Driving force Strain range 
Stress range 

(Stress intensity factor)

Elastic-plastic condition Elastic-plastic Elastic (SSY condition)

Table 1: Comparison of fatigue assessment by the damage approach using CUF and 
crack growth analysis. 
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Correlation between Fatigue Life and Crack Growth Rate 

The fatigue test using Type 316 stainless steel (Kamaya and Kawakubo, 2012) revealed that a crack of 23 
m long was found when the number of cycles was about 20% of the fatigue life for a constant stress 
amplitude of 250 MPa, which was only 10 MPa larger than the fatigue limit. The incubation period was 
less than 10% of the fatigue life in the low-cycle fatigue regime (Kamaya and Kawakubo, 2012). Therefore, 
the incubation period is relatively short even in the high-cycle regime if appearance of such a small crack 
is defined as the crack initiation. This fact implies that the fatigue life can be estimated by crack growth 
prediction from a small crack without considering the incubation period before the initiation (Fatemi and 
Yang, 1998, Murakami and Miller, 2005, Carpinteri and Paggi, 2009). Actually, the low-cycle fatigue life 
has been successfully predicted by the crack growth analysis assuming an initial depth of 10 - 50 m without 
considering the initiation life (Kamaya and Kawakubo, 2012). 

The fatigue crack growth was predicted for the PWR water environment. A test using the cylindrical 
hollow specimen was assumed, in which the high-temperature water flowed through the centre bore of the 
specimen (Kamaya, 2013). The growth of a crack initiated side of the specimen bore can be predicted using 
the crack growth rate given in Equation (6). In order to correct the conservativeness included in ASME CC 
N-809, the original constant of Co was replaced with Cm = Co  0.5 by a trial and error procedure. Then,
crack growth was predicted assuming an initial semi-circular surface crack whose depth was 50 m. The
number of cycles required for the initial crack penetrating the wall thickness of 3 mm was defined as the
fatigue life. Figure 4 shows the predicted fatigue life for the rise times of 30 s, 300 s and 3,000 s. The fatigue
life predicted by the crack growth analysis corresponded well with the fatigue life predicted by Nf(air)/Fen

except in the high-cycle fatigue regime which was more than 104 cycles. Temperature transients caused by
the change in the plant operating conditions, such as start-up or shutdown, are the main source of fatigue
loading. Then, the number of cycles assumed during the plant operation is typically less than 104 cycles.

The Fen can be derived from the crack growth analysis for a given strain range. As mentioned, the 
strain range has to be given to determine the strain rate from the rise time. Figure 5 shows the Fen obtained 
by crack growth analysis for the strain ranges of  = 0.6%, 1.2% and 2.0% together with that given in 
NUREG/Cr-6909 Rev.1. The crack growth analysis could simulate the Fen given in NUREG/Cr-6909 Rev.1. 
The upper limit value of Fen = 12.8 (at strain rate of 0.0004%/s) is given in NUREG/Cr-6909 Rev.1. On the 

Figure 5. Fen parameters obtained by crack 
growth analysis. 
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predicted by Nf(air)/Fen and that predicted by 
crack growth analysis. 
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other hand, the crack growth rate prescribed in ASME CC N-807 has an upper limit of TR
0.3 = 20 (Tr 

22,000s), which corresponds to the strain rate of 0.000055%/s and Fen of 27 for the case of  = 1.2%. 
Based on the above discussion, it can be concluded that, the fatigue damage assessment using the 

CUF can be replaced with the crack growth analysis. The reduction in fatigue life due to the PWR water 
environment can be considered by Equation (6) without using Fen. 

CRACK GROWTH FOR THERMAL LOADING 

The thermal stress is brought about by the change in fluid temperature during plant operation. The change 
in the fluid temperature causes temperature fluctuation on the surfaces of components. To simulate the 
thermal loading, here, a ramp change of fluid temperature was assumed as shown in Fig. 6. The temperature 
was linearly changed from Tm to Tm–ΔTf with a transient time of Tr. Figure 7 shows the thermal stress 
obtained assuming the plate thickness of w = 20 mm. The stress range was normalized by: 

f

1
G

E T





  


. (8) 

The values of Young’s modulus E, Poisson’s ratio  and other constants used for the analyses are 
shown in Table 2 assuming a stainless steel plate (Kamaya, 2014). No membrane constraint was assumed 
for the stress calculation (Kamaya, 2014). Only elastic deformation was assumed in the analysis for a given 
temperature distribution. It has been shown that, for thermal loading, the strain range obtained by an elastic 
analysis was the same as that obtained by an elastic-plastic analysis (Kamaya and Miyoshi, 2017). The 
stress range  means the maximum range of stress during the analysis. The stress range that appeared on 
the surface depended on the rise time. A shorter rise time resulted in a larger stress range. A larger heat 

Figure 6. Analysed model for thermal loading caused by ramp change in fluid temperature. 
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Table 2: Constants used for thermal stress analyses. 

Density  Specific heat: c 3.85 106 [J/m3K]

Heat conduction coefficient:  15.86 [W/mK]

Young’s modulus: E 195000 [MPa]

Poison’s ratio:  0.3

Heat expansion coefficient:  1.64 10-5 [1/K]
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transfer coefficient caused a larger stress range. Figure 8 shows the stress distribution in the depth direction 
when the stress at the surface had the maximum value. The stress showed a gradient in the depth diction. 

The crack growth analyses were performed considering the stress gradient for an initial crack, whose 
depth was 50 μm and aspect ratio was a/c = 1.0. The stress intensity factors at the deepest and surface points 
of the semi-elliptical surface crack were calculated by the weight function method (Shen and Glinka, 1991) 
for the stress distribution at each time. Then, the maximum stress intensity factor during the temperature 
transient was used for the crack growth analyses. The same crack growth rate as used for Fig. 4 was applied. 
Figure 9 shows the change in crack depth for conditions of Tr = 300 s and  = 1.2% on the surface. The 
crack growth for uniform stress, which had the same magnitude as at the surface, is also shown. The crack 
growth was relatively slow for the thermal loading. As shown in Fig. 10, the change in aspect ratio a/c 
indicated that the crack tended to grow in the surface direction rather than the depth direction. 

Stainless steel components do not fail in an instable ductile crack propagation manner, for which 
fracture toughness was taken as the material constant, because stainless steel exhibits good ductility even 

Figure 7. Change in normalized thermal 
stress range ΔG with rise time Tr. 
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Figure 8. Stress distribution in the depth direction 
obtained when the stress on the surface 
showed the maximum value. 

Figure 9. The crack growth curve for stainless steel 
in PWR water environment obtained for 
thermal and uniform stresses. 

Figure 10. Change in crack shape (aspect 
ratio a/c) obtained by the crack 
growth analyses. 
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at high temperature (Machida et al., 2014). Therefore, leakage caused by crack penetration is the most 
possible failure mode. Then, in this analysis, the critical condition for fatigue failure was assumed as the 
crack depth of 10 mm. Figure 11 shows the fatigue life for various rise times. The fatigue life was shortest 
when the rise time was about 12 s. As shown in Fig. 7, a shorter rise time caused a larger stress range, while, 
as predicted by Equation (4), a shorter rise time resulted in a slower growth rate. The two competitive 
effects resulted in the shortest fatigue life for the rise time of 12 s. A slower strain rate results in a larger 
Fen, which causes a shorter fatigue life. However, for the stress loading, a slower strain rate does not always 
cause critical fatigue damage. 

PBM CONCEPT FOR DETERMINING INSPECTION INTERVAL 

Figure 12 takes the normalized number of cycles N/Nf from Fig. 9. The initial and final depths were 50 μm 
and 10 mm, respectively. It was shown that the change in crack depth plotted for N/Nf was completely 
identical for different temperature changes ΔTf and strain ranges (Kamaya, 2017b). It was also shown that 

Figure 11. Fatigue life estimated by the crack 
growth analysis for thermal loading of 
various rise times. 
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the curve was not affected by the crack growth rate when the exponential constant, which was 2.25 in 
Equation (4), was the same. Furthermore, the curve was almost the same for different rise times and heat 
transfer coefficients (Kamaya, 2017b). Namely, the curve was the same even if there were errors in 
estimating the crack growth driving force (stress and strain range) and in the crack growth rate (for the same 
exponential constant 2.25). The curve expressed for N/Nf is referred to as the postulated crack growth curve 
(P-curve), which was used for applying the PBM concept. 

By using the P-curve, the residual life after the inspection can be predicted as (Nf/N − 1) × P, where 
P corresponds to the operating period. Namely, it can be said that the residual fatigue life is (1/0.616−1)  
10 years when a 2 mm deep crack is found after operation for 10 years. Even if no crack is found, it is 
possible to say that the next inspection should be carried out within 0.623  10 years when the detection 
capability of the inspection is 2 mm. This assumes that a crack whose depth is less than 2 mm exists even 
after the inspection and it can grow during the following operation period. The allowable interval depends 
on the detection capability of the inspection as shown in Fig. 13. A smaller detection capability increases 
the time until the next inspection. Application of a more sophisticated inspection technique which can detect 
smaller cracks secures a longer inspection interval. The interval of inspection also depends on the operating 
period before the inspection. A longer operating period enables a longer interval for the same detection 
capability as shown in Fig. 14. The longer operation time without crack detection can be interpreted as 
showing that the crack growth rate or crack growth driving force is low enough to secure a longer interval. 
If the detection capability of the inspection is 2 mm, the interval before the next inspection can be longer 
than 24 years for plants that have an operating period of more than 40 years. Namely, the plant can operate 
more than 60 years without any inspection if no crack is found at an inspection performed at 40 years. 

Once the P-curve has been obtained, the PBM concept does not require detailed crack growth 
analysis. It is assumed that accuracy of the crack growth prediction is improved by the inspection results, 
which are a kind of operating experience. The inspection interval can be optimized by the operating 
experience accumulated during long time operation. The crack growth is predicted not by a material test 
but by the performance during plant operation. 

CONCLUSIONS 

In general, in-service inspections have been carried out according to the rules, which were determined prior 
to the plant operation. And for most of the rules, frequency and location were determined empirically. Such 
a maintenance scheme is referred to as time based maintenance (TBM). Inspections by the TBM concept 
are preformed regardless of the plant conditions. The condition based maintenance (CBM) approach also 
has been applied for some components as an alternative to the TBM approach. Conditions of the 
components can be monitored by various measurements for such items as vibration and local temperature. 
If the fatigue damage is monitored, the time period until the next inspection can be determined based on 
the monitored fatigue damage. The PBM can be another option for a maintenance strategy. The PBM is 
suited to relatively old plants for which their long term operating experience can be utilized to optimise the 
inspection schedule. In this study, it was shown that the PBM concept was applicable to assessing fatigue 
damage in the PWR water environment. 
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