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ABSTRACT 

 
According to the flaw tolerance assessment, fatigue damaged components can be used even if the 

cumulative usage factor (CUF) equals 1 when no crack is found by inspection. The interval before the next 
inspection is determined by crack growth prediction. In most cases, fatigue damage assessment is 
conservative and the degree of the conservativeness can be deduced from the operating experience, that is, 
the fact there is no crack for the component with CUF = 1. In this study, a concept performance based flaw 
tolerance (PFT) was proposed to take the operating experience into account for the future crack growth 
prediction. Longer operating time and less crack growth secure a longer interval before the next inspection. 
To apply the PFT concept, first, the fatigue assessment using the CUF was replaced with the crack growth 
analysis. The allowable number of cycles prescribed by the design fatigue curve was successfully predicted 
by the crack growth assuming an initial depth of ai = 0.3 mm and accelerated growth rate corresponding to 
a structural margin. Then, the postulated crack growth curve (P-curve) was derived for the uniform and 
thermal loading conditions. The interval before the next inspection could be determined by the P-curve 
based on the operating time before the inspection, detectable crack size of the inspection technique and 
critical size for component failure. It was shown the PFT concept was also applicable to fatigue assessment 
in the pressurized water reactor coolant environment. 
 
INTRODUCTION 

 
In the design of nuclear power plant components, fatigue damage is considered so that accumulated 

fatigue damage, which is quantified by the cumulative usage factor (CUF), does not exceed a critical value, 
that is, CUF = 1. The actual CUF accumulated during plant operation tends to be larger than that expected 
in the component design due to long term operation, environmental effect and consideration of large seismic 
loads. It has been said that the current fatigue damage assessment procedure is conservative and, to the 
author’s knowledge, no cracks have been found at any location where fatigue damage was assessed in a 
component design. Therefore, it is deduced that no crack is found even if the actual CUF exceeds the critical 
value. According to a flaw tolerance assessment procedure such as the ASME Boiler and Pressure Vessel 
Code Section XI Appendix L (Gosselin et al., 2007), even if the CUF exceeds unity, the component can be 
used when no crack is found by inspection (Gilman et al., 2015). The allowable operating period is 
determined by crack growth prediction and the critical crack size for the crack growth determined by the 
fitness-for-service (FFS) assessment procedure (ASME, 2015a). 

The primary parameters used in the fatigue damage assessment are fatigue damage driving force 
and the number of cycles. The main source of fatigue damage driving force is strain fluctuation caused by 
changes in the operating mode such as plant start-up and shutdown (Nakamura et al., 2007). Water 
temperature transient induces strain fluctuations on the component surfaces and fatigue damage. Then, the 
CUF is calculated using the allowable number of cycles given by the design fatigue curve and the number 
of cycles of strain fluctuations expected during plant operation. The CUF is calculated not only for the 
component design but also for operating plants in order to secure component integrity for long term 
operation. In the CUF calculation for operating plants, the strain amplitude is obtained in the same way as 
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done for the component design and both are summarized in Table 1. Although some implementations have 
been applied to monitor the temperature and strain transients during plant operation (Rothenhöfer and 
Manke, 2013), in most cases, the amplitude of the strain fluctuations is determined by calculations for the 
conditions postulated in the plant design even in the operation phase. On the other hand, the actual number 
of cycles of strain fluctuations is counted in the operation phase whereas that given in design conditions is 
used in the design phase. Since the calculation of strain amplitude is generally conservative, the calculated 
CUF in the operation phase tends to be conservative. This conservative strain amplitude is also used in the 
flaw tolerance assessment. 

In this study, in order to achieve a reasonable flaw tolerance assessment by eliminating the 
conservativeness in the strain assessment, the performance based flaw tolerance (PFT) concept is proposed. 
The conservative strain amplitude is corrected using operating experience. The fact that no crack is found 
in the component of CUF = 1 implies that the fatigue damage driving force is not as large as that estimated 
in the plant design. This fact is considered in the crack growth prediction in the PFT concept. In order to 
apply the PFT concept, the current fatigue assessment procedure using the CUF was transformed to that 
based on crack growth prediction. As schematically shown in Figure 1, the fatigue damage is assessed using 
the CUF in design and operation phases whereas the crack growth prediction is applied in the flaw tolerance 
assessment. Since the CUF is a conceptual parameter, it is difficult to determine the CUF value of an actual 
component. For example, it is difficult to say what the CUF value is for a component which has a 1 mm 
deep fatigue crack. Also, it is not clear what happens when the realistic CUF reaches the critical value. In 
a previous study using stainless steel (Kamaya and Kawakubo, 2012a), it was found that the incubation 
period before initiation of a small crack, with a length less than 20 micrometres, was negligibly small 
compared with the total fatigue life. The fatigue life could be predicted as the number of cycles necessary 
for the small crack to grow to a critical size for specimen failure. By applying crack growth assessment, it 
is possible to identify the degree of fatigue damage from the crack size. Moreover, even when no crack is 

Figure 1. A schematic drawing representing the fatigue assessment procedure for design, operation and 
flaw tolerance. The crack growth assessment is applied to all phases in the PFT concept. 

Design phase
Operation phase

(current approach)
Operation phase

(PFT)

Strain amplitude Calculation Calculation Actual

Number of cycles Design requirement Actual Actual

Table 1: Fatigue damage assessments for design and operation phases 
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found by inspection, possible fatigue damage can be estimated from the detection capability of the 
inspection technique. Then, by using the identified fatigue damage and the number of cycles, the fatigue 
damage driving force can be estimated. 

In this paper, first, the basic idea of the fatigue assessment by the crack growth prediction was 
reviewed. Second, the PFT concept was proposed. Then, the PFT concept was applied to assess the fatigue 
damage accumulated in a pipe subjected to cyclic thermal loading. Finally, applicability of the PFT concept 
to the fatigue assessment in the pressurized water reactor (PWR) coolant environment was discussed. 

 
FATIGUE ASSESSMENT BY CRACK GROWTH PREDICTION 

 
In order to obtain a correlation between crack size and degree of fatigue damage, crack initiation 

and growth behaviors were observed during fatigue tests using solution heat-treated Type 316 stainless steel 
in a room temperature laboratory environment (Kamaya, 2017). The tests were conducted for round-bar 
specimens of 10 mm diameter using a controlled strain range Δε of 0.6%, 1.2% or 2.0%. The numbers of 
cycles to failure (fatigue life) Nf were 41,500, 5,937 and 1,495 cycles, respectively. 

Changes in length on the specimen surface of the primary crack, which caused specimen failure, 
were obtained by periodical replica investigations as shown in Figure 2. The number of cycles was 
normalized by the fatigue life N/Nf. The cracks were observed at a relatively early stage of the fatigue tests 
and grew continuously. The initial crack lengths were 12.5 μm, 41.2 μm and 130.6 μm for Δε = 0.6%, 1.2% 
and 2.0%, respectively. These cracks were observed at N/Nf = 0.096, 0.085 and 0.478, respectively. The 
surface roughness was enhanced for a relatively large strain range and that made it difficult to observe small 
cracks for Δε = 2.0%. It was concluded that the incubation period before crack initiation was relatively 
short: less than N/Nf < 0.1. The primary cracks grew without retardation and no coalescence was observed. 

The crack growth rates were identified from the slope of each segment connecting adjacent points 
of the lines shown in Figure 2. The growth rate to the depth direction da/dN was obtained by assuming the 
ratio of the depth a to the surface length 2c to be a/2c = 0.5 (Kamaya, 2013a). Figure 3 shows the 
relationship between the crack growth rates da/dN and the equivalent stress intensity factor (ΔKeq), which 
is defined by (Kamaya and Nakamura, 2013): 

  eq 25 CK f E a    (1) 

where E(25°C) is Young’s modulus at 25°C and E(25°C) = 195 GPa was used. The geometrical correction factor 
f was obtained by Kamaya and Kawakubo (2012b). ΔεE(25°C) is equivalent to the stress intensity used for 

Figure 2. Changes in crack surface length obtained 
by strain-controlled fatigue tests and that 
obtained by crack growth prediction 
assuming initial depth of 50 µm. 
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Figure 3. Relationship between the equivalent 
stress intensify factor range (ΔKeq) and 
crack growth rate obtained for various 
loading conditions. 
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the ordinate of the design fatigue curve (ASME, 2015b). If no inelastic strain is included in Δε, the ΔKeq is 
equal to the stress intensity factor. The crack growth rates obtained for various loading conditions (Kamaya 
and Kawakubo, 2012a) including those obtained from Figure 2 seemed to be represented by a single curve. 
It has been shown that the fatigue life of stainless steel correlated better with the strain range than with the 
stress range (Jaske and O'Donnell,1977; Colin and Fatemi, 2010; Kamaya and Kawakubo, 2015). The 
fatigue life for component design is prescribed for the strain range (ASME, 2015b; Chopra and Shack, 
2007). Since the fatigue life corresponded to the number of cycles for the small crack growing to the critical 
size and the fatigue life correlated well with the strain range, it is reasonable for the crack growth driving 
force to be represented by the parameter using the strain range. The good correlation in the growth rate and 
ΔKeq implies that the driving force for growth can be represented by the ΔKeq regardless of high- and low-
cycle fatigue regimes. The regression of all data shown in Figure 3 has been obtained by Kamaya (2017) 
as: 

  2.76
12

eq
m 5.06 10 MPa mcycle

da
K

dN
        

 (2) 

It should be noted that fatigue crack growth for the so-called small scale yielding condition also can be 
predicted by Equation 2 using stress intensity factor instead of ΔKeq. 

The results shown in Figure 2 demonstrated that the fatigue life almost corresponded to the number 
of cycles for a small crack growing to a critical size for specimen failure. The critical size was about 3 mm 
in depth (Kamaya, 2013a). Then, the number of cycles was calculated for a small crack growing to 3 mm 
in depth. The initial crack depth ai was set to 20 μm, 50 μm or 100 μm. The growth rate was calculated 
using Equation 2 for a given strain range. The obtained number of cycles, which is denoted as Np, and 
fatigue lives obtained by the strain-controlled fatigue test using the same material (Kawakubo and Kamaya, 
2011) are compared in Figure 4. The growth prediction with ai = 50 μm was in good agreement with the 
fatigue life obtained by the fatigue tests except the high-cycle regime near the fatigue limit. The fatigue life 
treated in component design mainly belongs to the low-cycle fatigue regime. Thus, the damage assessment 
using CUF can be replaced by the crack growth prediction. 

The change in crack length with the normalized fatigue life obtained by the growth prediction is 
indicated by the red line in Figure 2. It should be noted that the curve did not depend on the applied strain 
range. The obtained curve agreed well with the test results. By using the curve shown in Figure 2, it is 
possible to estimate the CUF from the crack length identified by inspection. If a 2 mm length crack is 
detected, the residual life is deduced to be less than 0.1Nf. 

Figure. 4 Fatigue lives estimated by crack 
growth prediction and those obtained by 
the low-cycle fatigue tests. 

Figure 5. Schematic drawing representing the 
determination of crack growth curve by 
inspection results. 
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PERFORMANCE BASED FLAW TOLERANCE CONCEPT 

 
It is expected that no crack is found by inspection for components of CUF =1 because the current 

fatigue damage assessment is conservative. Since the design fatigue curve was determined using fatigue 
life obtained for small specimens, a 3 mm deep crack would be found if the realistic CUF reaches unity. 
The fact that no crack is found by an inspection with the detection capability less than 3 mm implies that 
the realistic CUF does not reach the critical value. This means that the strain amplitude is not as large as 
that estimated in component design. In the PFT concept, the future crack growth is predicted based on 
operating experience, that is, no crack is found by the inspection. From the inspection result, a possible 
crack growth curve can be deduced as schematically shown in Figure 5. Although actual crack size is not 
identified by the inspection, the maximum crack size can be determined from the detectability of the 
inspection technique applied. Then, it is possible to draw a crack growth curve so that the curve paths 
through the detectable crack size and current time. This curve is referred to as the postulated fatigue crack 
growth curve (P-curve) (Kamaya and Nakamura, 2013) in this study. Crack growth during future operation 
is deduced from the P-curve. 

The above discussion was made based on the fatigue test results. On the other hand, the fatigue 
damage is assessed using the design fatigue curve (DFC) which includes various structural factors and 
safety margins. Therefore, the crack growth prediction using the growth rate obtained by the fatigue tests 
does not directly correspond to the CUF. The DFC of stainless steels is drawn by considering margins for 
effects of data scatter, component size, surface finish, loading history and so on. Details of the factors are 
given in Table 2 (Chopra and Shack, 2007). Chopra and Shack (2007) concluded that the DFC should be 
drawn by reducing the best-fit regression by a factor of 2 on stress (strain) and by 12 on cycles, whichever 
is more conservative. In order to estimate the DFC by the crack growth prediction, these margins of 2 and 
12 have to be assigned to the crack initiation (initial size) and growth rate. Then, in the author’s previous 
study (Kamaya, 2017), the margins for crack initiation and growth were determined as follows. Since the 
surface finish affects the incubation period or initial crack size and has little influence on the crack growth, 
the margin for the surface finish should be considered for the initiation. The size effect was also assigned 
to the initiation because the effect was considered for incorporating the difference in the risk volume for 
crack initiation. The chance of a larger crack initiation is deduced to be larger for actual components than 
the small specimens used in fatigue tests. On the other hand, the loading history effect was assigned to the 
growth because it takes account of the change in growth rate due to variable loading and the influence of 
growth for a small strain range less than the fatigue limit. The material variability and data scatter were 
considered for both initiation and growth. Then, as summarized in Table 2, the factor of 12 was divided 
into 5 for initiation and 2.4 for growth. 

Table 2: Subfactors considered in fatigue life 
of stainless steels. 

Figure 6 Prediction of DFC by crack growth 
prediction for various initial depth ai 
values.
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The crack growth prediction was made using the crack growth rate for stainless steels in air 
environment prescribed in the JSME (Japan Society of Mechanical Engineers) FFS code (JSME, 2012), 
which is referred to as FFS growth rate. The FFS growth rate for fully-reversed load is given by: 

    3.3
3

JSME
m 10 18.61 10 MPa mcycle

HV K         
 (3) 

where H is the constant determined by the temperature and H = 9.95 for 25°C was used. The DFC was 
estimated by crack growth prediction using the growth rate of V(JSME)  2.4. Figure 6 shows the estimated 
fatigue life Np and DFC. The initial depth of ai = 300 μm gives good estimation, although ai = 50μm was 
applied for predicting the fatigue life obtained by the fatigue tests. The increase in the initial depth 
corresponds to the margins for the initiation. Thus, the fatigue damage assessment using CUF is replaced 
with the crack growth prediction using ai = 300 μm and growth rate of V(JSME)  2.4. 

 
FATIGUE ASSESSMENT FOR THERMAL LOADING 

 
The PFT concept was applied to the fatigue caused by temperature transients, which are the main 

source of fatigue damage for nuclear power plant components. To draw the P-curve for the thermal loading, 
the crack growth was predicted for the model shown in Figure 7. The fluid temperature was assumed to 
decrease linearly from Tm to TmTf with a transient time of ts. The change in the stress in the depth direction 
can be obtained analytically (Jones and Lewis, 1995; Kamaya, 2014a) and the stress intensify factor for a 
semi-elliptical crack on a plate, having a thickness w of 20 mm, was obtained using the weight function 
method (Shen and Glinka, 1991).  The stress intensify factors were calculated assuming the stainless steel 
constants shown in Table 3. Then, the maximum stress intensify factor Kmax was calculated during the 
thermal transient. Figure 8 shows the Kmax normalized by Ko, which is defined by: 

Figure 8. Change in the maximum stress intensity factor normalized by Ko for various a/c values 
and Kmax/Ko values predicted by Eqs. (5) and (6) (H = 5,000 W/m2K, ts = 1,000 s). 

Figure 7. Analyzed model for thermal loading caused 
by linear change in fluid temperature. 
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  o max 0zK f a   (4) 

where σmax(z=0) is the maximum stress at the surface. Ko corresponds to the stress intensity factor obtained 
for a uniform stress having a magnitude of σmax(z=0). Kmax is identical to Ko regardless of the crack depth for 
a uniform cyclic stress. The decrease in Kmax/Ko with crack depth indicates the crack growth deriving force 
decreases as the crack deepens. 

The change in Kmax/Ko with the normalized crack depth a/w did not depend on fluid temperature 
range ΔT and thermal conductivity and it was almost the same for various heat transfer coefficients H and 
transient times ts (Kamaya, 2017), while the values of H = 5,000 W/m2K and ts = 1,000 s were applied for 
Figure 8. The Kmax/Ko at the deepest point depended on crack shape a/c, while almost the same Kmax/Ko was 
obtained at the surface point. In order to predict the change in Kmax/Ko with crack depth, the following 
equations have been proposed by Kamaya (2017). 

                               
0.8

max

o

1 0.41 0.98
K a a

K c w
      
  

          (For the deepest point) (5) 

1.2

max

o

1 0.55
K a

K w
    
 

                     (For the surface point) (6) 

These equations provide almost the upper bound of the analysed value. 
Growth of a surface crack was simulated for thermal and uniform loadings using the growth rate 

of V(JSME)  2.4. The ΔK was calculated as ΔK = 2Kmax considering a reversed load caused by a trapezoidal 
waveform of the fluid temperature fluctuation (Kamaya, 2014b). The depth of ai = 300 μm and aspect ratio 
of a/c = 1.0 were assumed as initial conditions. ΔK was calculated for every 5 μm of growth in the depth 
direction. Then, the growths in the surface and depth directions were calculated.  

Figure 9 shows the change in crack depth with the normalized number of cycles N/Nf. These P-
curves were not dependent on ΔT and strain range and less dependent on heat transfer coefficients and 
transient time ts. Moreover, the curves did not depend on the proportionality constant in the crack growth 
equation, which is 10H  18.61  103 in Equation 3. The type of loading (thermal or uniform loading) and 
the exponential constant in the crack growth equation, which is 3.3 in Equation 3, affect the P-curve shape. 
The crack growth curve for the thermal loading was more moderate, which means that the curve inclination 

Figure 9. Crack growth curves (P-curves) obtained 
assuming initial depth of ai = 300 µm and 
a/c = 1 

Figure 10. Changes in aspect ratio during 
fatigue crack growth prediction. 
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at the end of fatigue life was relatively small. Therefore, as shown in Figure 5, the residual life secured after 
an inspection was longer for the thermal loading than that for the uniform loading. 

The change in aspect ratio during the crack growth is shown in Figure 10. The difference in the 
aspect ratio was significant between the thermal and uniform loadings. The aspect ratio for the uniform 
loading was about 0.9 for a well-developed semi-elliptical surface crack. The aspect ratio for the thermal 
loading was close to that of the uniform loading when the crack depth was small. However, it decreased as 
the crack depth increased because the growth in the depth direction was suppressed due to the stress gradient. 

In the flaw tolerance assessment, the interval before the next inspection is determined from the 
crack growth prediction. The component can be used only while a postulated crack does not exceed the 
allowable crack size determined by FFS assessment. In the PFT concept, the interval is determined as the 
residual life obtained by the P-curve as noted in Figure 5. The interval depends on the detection capability 
of the inspection technique and the crack growth curve (P-curve). Additionally, the operating period before 

Figure 11. Intervals before the next inspection 
predicted from the P-curve. 

Figure 12. Intervals before the next inspection 
predicted from the P-curve for various 
detectable crack depths (thermal loading). 
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Figure 15. Intervals before the next inspection 
predicted from the P-curves for air and 
PWR water environments. 
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the inspection is an important factor for determining the interval. Since the ordinate of the P-curve is 
expressed by N/Nf, a longer operation time results in a longer interval. Then, in Figure 11, the inspection 
interval was calculated assuming the detectable crack depth to be 2 mm. The inspection interval varied 
depending on the critical depth for failure af. In the case of thermal loading and af = 10 mm, the interval 
before the next inspection was more than 20 years if the plant has been operated more than 40 years. The 
interval became about 9 years for uniform loading. Figure 12 shows the interval for thermal loading for 
various detectable crack sizes. A smaller detectable size resulted in a longer interval. A longer operation 
time before reaching CUF = 1 meant a smaller strain amplitude. A smaller crack depth at CUF = 1 implied 
less strain amplitude. The PFT allowed the operating experience (plant performance) to be reflected onto 
the future inspection program. 

 
EFFECT OF PWR WATER ENVIRONMENT 

 
The P-curve and inspection interval were calculated assuming fatigue crack growth in the PWR 

water environment. The JSME FFS code (2012) prescribes the fatigue growth rate in the PWR water 
environment of 325C for a fully reversed load with the rise time of 1000 s as: 

    3.0
11

JSME_PWR
m 5.513 10 MPa mcycleV K        

 (7) 

It has been shown that the reduction in the fatigue life in the PWR water environment is brought about not 
by the enhanced crack initiation but by accelerated crack growth (Kamaya, 2013b). The reduction in the 
fatigue life could be estimated by considering an accelerated crack growth rate assuming the same initial 
depth (Kamaya, 2013b). Then, the P-curve for the PWR water environment was calculated using the 
accelerated growth rate, which corresponded to Equation 7, assuming the same initial depth of ai = 300 μm. 
Figures 14 and 15 show the P-curves and intervals before the next inspection, respectively. The P-curves 
were more moderate for the PWR water environment.  It should be noted again that the P-curve shape 
depends only on the exponential constant, which is 3.0 in Equation 7. Therefore, the curve shape difference 
between the air and PWR water environments emanated from the difference in the exponential constant. 
The smaller exponential constant (3.0) than that for air (3.3) caused moderate crack growth. The interval 
before the next inspection became longer for the PWR water environment. 

 
CONCLUSION 

 
In this study, a concept of performance based flaw tolerance (PFT) was proposed in order to achieve 

a reasonable flaw tolerance assessment considering operating experience. The longer operating time and 
smaller crack growth before the inspection allow a longer interval before the next inspection. To apply the 
PFT concept, the fatigue assessment using the CUF was replaced with the crack growth prediction. The 
allowable number of cycles prescribed by the DFC was successfully predicted by the crack growth 
assuming an initial depth of ai = 300 μm and an accelerated growth rate considering a structural margin of 
2.4. Then, the postulated crack growth curve (P-curve) was derived for the uniform and thermal loading 
conditions. Use of the P-curve made it possible to show the interval before the next inspection from the 
operating time before the inspection, detectable crack size of the inspection technique and critical size. It 
was demonstrated that this concept is applicable to the fatigue assessment in the PWR water environment. 
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