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ABSTRACT 

Resilience index is proposed to be applied to evaluate the capability to recover safety performance of systems 
under severe accident of nuclear power plant. A failure probability assessment model was developed for the 
resilience evaluation of static components in nuclear power plants. This model took into consideration the effect 
of material degradation caused by low-cycle fatigue. NPP components consist of dynamic and static components, 
and this model focused on static components. Crack initiation due to fatigue damage was assumed and its depth 
was determined by the magnitude of fatigue damage. Then, crack growth was predicted for seismic loads 
consisting of a main quake and aftershocks. Finally, the failure probability was calculated for the seismic load. 
The fracture strength of the cracked component was calculated according to the fitness-for-service code, which 
took into account scatter in the flow stress. The developed model was successfully applied to a pipe of the residual 
heat removal system of a pressurized water reactor power plant. It was shown that the failure probability was 
hardly affected by the degree of fatigue damage, and that it was about 8.7  10-4 when the applied stress was 
equivalent to the maximum allowable stress for the component design. Although the crack depth had little 
influence on the fracture strength of the cracked pipe, an increase in the number of aftershocks could increase the 
probability of leakage. 
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1.  Introduction 
 
In the design of nuclear power plant (NPP) components, it is confirmed that the stress acting on 

the components does not exceed the material strength [1][2]. In order to secure further integrity of the 
components, it is important to consider the structural integrity for a load magnitude greater than that 
assumed in the design (hereafter, beyond design (BD) load). The NPP system has its own resilience for 
recovering from damage due to BD events. In order to assess the robustness of the system for the BD 
load, the failure probability of the components must be quantified. 

Although the failure strength for the BD load can be estimated in the same way as for the 
component design, additional considerations are required for operating NPPs. Since various aging 
phenomena may reduce the failure strength of NPP component subjected to long-term operation, 
reduction in the failure probability due to the aging phenomena should be taken into account. In our 
previous study [3], it was pointed out that low-cycle fatigue is a degradation phenomenon that can affect 
the failure probability of static components. Low-cycle fatigue damage may initiate a crack and reduce 
the failure strength of components. It should be noted that changes in failure strength due to low-cycle 
fatigue need not to be considered when the plant operation conditions are within those considered in the 
design. This is because the degree of accumulated low-cycle fatigue damage is monitored during plant 
operation so that the accumulated damage is smaller than that predicted in the design. However, the 
influence of low-cycle fatigue damage must be taken into account for BD conditions. 

In this study, an assessment model was developed for calculating the failure probability of static 
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components considering low-cycle fatigue damage during plant operation. This model is aimed at the 
application to resilience analyses [4] for DB conditions. The basic concept of this model has been shown 
in the previous study [4] and seismic loads were chosen as the BD conditions. Fatigue damage initiates 
a crack and the initiated crack may bring about component failure (fracture or leakage). The first step 
in assessing the failure probability was to calculate the depth of the crack caused by the low-cycle 
fatigue damage. The degree of fatigue damage is quantified using the usage factor (UF) in the plant 
design and maintenance. The component is considered to be safe when the UF is less than unity. 
However, a small crack may be initiated even when the UF is less than unity [5][6]. Therefore, in this 
model, a crack was assumed to exist regardless of the UF and the crack depth was determined using the 
postulated fatigue crack growth curve developed in our previous study [7]. Second, crack growth due 
to seismic loads was calculated. The equivalent stress intensity factor was used to predict the fatigue 
crack growth for large cyclic load caused by the BD loads. Third, the fracture strength of the 
components was calculated according to the fitness-for-service (FFS) assessment procedure prescribed 
in the FFS code for nuclear power plant components issued by the Japan Society of Mechanical 
Engineers (JSME) [8]. By considering the scatter in material strength, the failure probability of the 
components was obtained. Finally, the model was applied to calculate the failure probability of a pipe 
of the residual heat removal system, which is a key system for recovering from core damage accidents 
in various scenarios [3]. The influence of the material strength distribution and the effect of the cyclic 
load caused by aftershocks was also discussed. 
 
2.  Failure Probability Assessment Model 
 
2.1. Overview 
 

The failure probability of the components was calculated according to the procedure schematically 
shown in Fig. 1. Inputs to the model were external hazard, represented by the seismic loads, and degree 
of fatigue damage accumulated in the component, which was represented by the UF. A crack was 
postulated in the assessment. The crack depth was determined from the UF using the postulated crack 
growth curve (hereafter referred to as P-curve), which is described in detail in the next section. The 
crack was extended by seismic loads, which consisted of a main quake and aftershocks. The fracture 
strength of the cracked component was calculated according to the JSME FFS code. Then, the failure 

Fig. 1 Assessment procedure for calculating the failure probability of components 
subjected to beyond design loads. 
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probability was derived by considering the scatter in material strength in the fracture strength 
calculation. An important characteristic of the model is that the failure probability can be calculated 
using an Excel sheet without any macros. Therefore, the model can easily be combined with the 
resilience evaluation model [9]. The details of each assessment are explained in the following 
subsections. 

 
2.2. Postulated crack growth curve (P-curve) 
 

In order to determine the crack depth for a given UF, the P-curve has been developed by the present 
authors [10][11]. The UF is determined using the fatigue life obtained by fatigue tests. It has been shown 
that small cracks less than tens of micrometers in length are initiated at the early stage of fatigue tests. 
Then, for a Type 316 stainless steel at room temperature, the growth rate for small cracks was obtained 
as [12]: 

 2.8512
eq3.33 10

da
K

dN
  . (1) 

The growth rate da/dN is given in m/cycle and ΔKeq in MPa m0.5. ΔKeq is the equivalent stress intensity 
factor defined by: 

 eqK f E a    (2) 

where Δε is the applied strain range, a is the crack depth and f is the geometrical constant [12]. E is 
Young’s modulus and E = 195 GPa was applied for room temperature. The growth rates obtained using 
compact tension (CT) specimens under small scale yielding conditions are also shown in Fig. 2. The 
measured crack growth rates correlated well with ΔKeq regardless of the loading amplitude and yielding 
conditions [13]-[15]. The growth rate predicted by Eq. (1) is applicable to both high- and low-cycle 
regimes regardless of the stress and strain amplitude. The fatigue life of stainless steel correlated well 
with the strain range rather than the stress range [16]-[19]. The equivalent stress intensity factor together 
with Eq. (1) enables the crack growth for a given strain range to be predicted without considering the 
stress amplitude. 

Crack growth was predicted for a given strain range assuming an initial crack depth of 0.1 mm and 
an incubation period Ni determined by [10]: 

Fig. 2 Low- and high-cycle fatigue crack 
growth rates obtained using Type 316 
stainless steel. 
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Fig.3 Fatigue life estimated by crack growth 
analysis together with the fatigue life 
obtained by low-cycle fatigue tests. 
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The fatigue life corresponds to the sum of Ni and the number of cycles for an initiated 0.1 mm deep 
crack growing to 3 mm deep. Figure 3 shows the estimated fatigue life together with the fatigue life 
obtained by low-cycle fatigue tests [20]. The fatigue life estimated using Eqs. (1) and (3) agree well 
with that obtained experimentally. 

Figure 4 shows the change in crack depth with the number of cycles normalized by the estimated 
fatigue life N/Nf obtained for a strain range of Δε = 0.8%. N/Nf defined for the fatigue tests corresponds 
to the UF obtained for the actual component. Therefore, it is possible to determine the crack depth for 
a given UF by replacing N/Nf with UF in Fig. 4. Since the maximum crack depth for the fatigue test is 
approximately 3 mm [12], the crack depth does not exceed 3 mm when UF < 1. The curve shown in 
Fig. 4 corresponds to the P-curve. 

Most of the fatigue damage considered in the component design of nuclear power plants is brought 
about by fluid temperature fluctuations caused by changes in operating mode. The cyclic stress and 
strain due to the fluid temperature fluctuation on a component surface forms a gradient in the depth 
direction [21]. The P-curve considering the stress gradient in the crack growth prediction is also shown 
in Fig. 4 [10]. The thermal stress was calculated assuming ramp change in fluid temperature on the 
surface. The incubation period of a 0.1 mm deep crack was determined by Eq. (3) and growth prediction 
was made using Eq. (1). The crack depth obtained for the thermal load is larger than that obtained for 
the uniform stress. 

 
2.3. Crack growth by seismic loads 
 

Cyclic loads caused by the seismic loads propagate the crack initiated by fatigue damage. In the 
model, crack growth due to seismic loads is estimated using the equivalent stress intensity factor. As 
mentioned, the equivalent stress intensity factor is applicable to the crack growth prediction for a large 
cyclic load exceeding the small scale yielding conditions [15]. The cyclic loadings are caused not only 
by the main quake but also by aftershocks. The strain range for calculating the equivalent stress intensity 
factor is derived from the stress range using the plastic strain correction factor Ke used for the component 
design [2]. Crack depth after the growth analysis is denoted by af and is subjected to the failure 
assessment. If af exceeds 75% of the component thickness t, the crack is judged to be a leakage failure. 

 
2.4. Failure probability 
 

The failure load of the cracked component is calculated according to the JSME FFS code. Stainless 

Fig.4 Change in crack depth with normalized number of cycles obtained for 
uniform and thermal loading conditions (P-curve). 
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steel is commonly used for nuclear power plants and the failure mode of the stainless steel assumed in 
the JSME FFS code is plastic collapse. The maximum bending load (limit load) of the cracked pipe for 
plastic collapse failure is calculated by [8]: 

 f

i

2
2sin sinf

b

S a c
P

t R



 

   
 

 (4) 

 f m

i f

1

2

a Pc

t R S
  

 
   

 
 (5) 

where c and Ri are the half crack length and the pipe inner radius, respectively. Pm is the axial load and 
Sf is the flow stress, for which the average yield and ultimate strength are applied in the JSME FFS code 
[8]. 

The applied load is assumed to be the same as the maximum peak load caused by the seismic load.  
If the applied load is larger than the limit load Pb’, the pipe is judged to have failed. In the model, the 
variations in flow stress are considered, and then the failure probability is calculated. 

 
4.  Assessment for Residual Heat Removal System 

 
The failure probability assessment model was applied to the residual heat removal (RHR) system. 

The RHR system plays an important role in the recovery from reactor core damage accidents [3]. The 
detailed assessment conditions are as follows. 

 
4.1. Geometrical, operational and material conditions 

 
The geometrical and operational conditions applied to the assessment are summarized in Table 1. 

This data corresponds to a piping system of the RHR system. The material constants used in the 
assessment were obtained from the JSME codes for material [22] and are shown in Table 2. As 
mentioned, the inputs required for deriving the failure probability are the UF and seismic loads. The 
maximum peak stress of the seismic load is represented by: 

 m b yP P S   (6) 

where Sy is the yield strength value defined in the design code [22] and  is the constant. In the design 
of Class 1 components of NPPs, the sum of the membrane stress Pm and bending stress Pb caused by 
seismic load is confirmed to be less than 2Sy [23]. Namely,  = 2 means the maximum stress condition 
considered in the component design and  > 2 corresponds to BD conditions. 

 
Table 1 Geometrical and operational conditions for RHR system 

Operation temperature 200°C 
Internal pressure: Pi 5 MPa 
Pipe material SUS304TB 
Outer diameter: Do 267.4 mm (10B) 
Thickness: t 15.1 mm (Sch 80) 

 
 

Table 2 Material strength obtained from JSME material code [22] (200°C) 
Young’s modulus: E 183 GPa 
Design stress intensity value: Sm 129 MPa 
Yield strength value: Sy 144 MPa 
Tensile strength value: Su 402 MPa 
Flow stress: Sf = (Sy + Su)/2 273 MPa 
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4.2. Crack growth analysis 
 
The initial depth a of the postulated crack was determined from the given UF using the P-curve 

shown in Fig. 4. The surface length of the crack 2c was assumed to be 2c = a. The initial crack was 
extended by the seismic loads. To calculate the equivalent stress intensity factor, the strain range 
corresponding to the applied load given by Eq. (6) was determined using the plastic strain correction 
factor Ke. In the JSME design code [2], the value of Ke is obtained by: 

 n n
e

y y

1 0.7 1 when 1
2

S S
K

S S

 
     

 
 (7) 

 y n
e

n y

2
1 2.1 1 when 1

S S
K

S S

 
    

 
 (8) 

where Sn is the range of the membrane and bending stress fluctuations and it was assumed to be 2(Sm + 
Sb). Thus, the strain range Δε is calculated by: 

 n
e

S
K

E
   . (9) 

The geometrical constant f for the equivalent stress intensity factor was set to 0.82, which 
corresponds to the geometrical constant for a circumferential inner surface crack of a/t = 0.2 [7]. Then, 
the crack growth rate is calculated by: 

  3.312
eq2.93 10

da
K

dN
  . (10) 

This equation corresponds to the fatigue crack growth rate in an air environment at 200°C given in the 
JSME FFS code appendix E-2-10 [8]. The stress ratio R was assumed to be R = −1. The number of 
cycles caused by the main quake was assumed to be 60 [24]. Also, the same number of cycles and 
magnitude of cyclic loads were applied for a single aftershock. Namely, two aftershocks caused 120 

Fig. 5 Change in crack depth with applied load 
(UF = 1). 

Fig. 6 Fracture probability calculated by the 
JSME FFS code. 
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cycles of crack growth in addition to 60 cycles by the main quake. The crack was extended in the depth 
direction while the surface length was kept at 2c = a. 

Figure 5 shows the change in crack depth after growth by the seismic loads. The UF was assumed 
to be UF = 1. Namely, the crack depth before the growth analysis was 3 mm. The crack depth af became 
deeper as the applied load was increased. The depth was af = 3.68 mm when the applied load was 2Sy 
without considering aftershocks. The depth became af = 6.12 mm when two aftershocks were 
considered. If the crack depth af exceeded 75% of the pipe wall thickness, which was t = 15.1 mm, the 
crack was judged to penetrate the wall thickness. This is an engineering treatment in the structural 
integrity assessment of cracked pipes [8]. 

 
4.3. Fracture analyses 

 
If the applied bending stress Pb exceeds the limit load Pb’, the pipe is judged to have failed due to 

plastic collapse. The material parameter determining the limit load is the flow stress Sf. In the 
assessment, the variation in flow stress was considered. The magnitude of the variation was represented 
by COV (coefficient of variation: standard deviation/mean value). The values of Sy and Su were 
determined by multiplying the test results by 0.885 for a conservative design [2]. If the variation 
between Sy, Su and the test results corresponds to 3σ of the normal distribution, the COV for Sy and Su 
is (1 − 0.885)/3 = 0.038. The FFS code of API (American Petroleum Institute) [25] states that the 
minimum yield strength used for the assessment should be 69 MPa lower than the yield strength 
obtained by material tests. If 69 MPa corresponds to 3σ, the COV for flow stress is 69/(3  273) = 0.084. 
Then, in this model, the COV and mean value of the flow stress were assumed to be 0.1 and 273/0.885 
= 308.5, respectively. 

Figure 6 shows the change in fracture probability with crack depth. The minimum flow stress 
required for a given crack depth and applied bending stress can be derived using Eqs. (4) and (5). The 
membrane stress was assumed to be caused by internal pressure, which was half the hoop stress 0.5Pi 
 Rm/t. The fracture probability was calculated as the cumulative probability for Sf. As shown in Fig. 6, 
the fracture probability greatly depended on the applied load and hardly depended on the crack depth. 
The limit load largely depends on the net section area, which is the uncracked area on the cracked cross 
section. The change in net section area due to crack growth was not significant and had little influence 
on the change in limit load. The failure probability was about 0.1% regardless of the crack depth when 
the bending stress of Pb = 2Sy was applied. 

Fig. 7 Change in failure probability with applied 
load obtained for UF = 1.0 and 0.5 
 (No. of aftershocks = 0). 

Fig. 8 Change in failure probability with applied 
load obtained for various COVs 
(UF = 1, No. of aftershocks = 0). 
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4.4. Analysis results 

 
The fracture probability was obtained for the crack depth as shown in Fig. 6. On the other hand, 

the crack depth af was obtained by the crack growth analysis for the seismic loads. Then, by using af 
for the fracture probability calculation shown in Fig. 6, the failure probability (probability of leakage or 
fracture) was obtained as shown in Fig. 7, for which growth by aftershocks was not considered. The 
failure probability greatly depended on the magnitude of applied load and was about 8.7  10–4 when 
Pm + Pb = 2Sy. The failure probabilities obtained for UF = 1.0 and 0.5 were almost identical. The initial 
depth used for UF = 0.5 was 0.158 mm, which was obtained for the uniform loading conditions shown 
in Fig. 4, whereas it was 3 mm for UF = 1. Although the initial depth of UF = 0.5 was much less than 
that of UF = 1, the failure probability was almost the same. Since the fracture probability hardly 
depended on the crack depth as shown in Fig. 6, the failure probability had little dependency on the UF. 
In the analyses shown in Fig. 7, the crack depth af did not reach 0.75t. 

Figure 8 shows the change in failure probability for different variations in flow stress obtained for 
UF = 1. A larger scatter in flow stress resulted in a higher failure probability. This implies that the 
variation in material strength should be suppressed in order to reduce the failure probability. 

The change in failure probability with a different number of aftershocks is shown in Fig. 9 for UF 
= 1. The number of aftershocks had little influence on the failure probability when Pm + Pb was less 
than 2Sy. The failure probability for larger applied stress increased abruptly when the number of 
aftershocks was one or two. This was due to crack penetration of the wall thickness. The crack depth 
after the growth analysis became larger than 0.75t when the number of cycles was large. 

 
5. Discussion 

 
As mentioned, the failure probability calculation by the developed model can be performed on an 

Excel sheet without any macros. Figure 10 shows the Excel sheet for calculating the failure probability. 
The red characters indicate values to be given by the user. In other words, these parameters can be 
changed arbitrarily. The failure probability is derived for each applied load Pm + Pb. Crack growth by 
seismic load can be calculated using a single equation when the geometrical constant f for calculating 
the equivalent stress intensity factor is a fixed value regardless of the crack depth [5]. Then, for 
simplicity, the fixed value of f = 0.82 was used in this study. 

It should be noted that stress corrosion cracking (SCC) is also a major degradation phenomenon 
that occurs in NPP components. Therefore, cracking due to SCC may reduce the fracture strength of the 

Fig. 9 Change in failure probability with applied load obtained for 
various number of aftershocks (UF = 1). 
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component. The magnitude of damage induced by SCC can also be represented by the crack depth as 
in the case for fatigue damage, so it is relatively easy to take the effect of SCC into account in the failure 
probability assessment model. Since SCC is not generally initiated in the stainless steel pipes of 
pressurized water reactor NPPs, the effect of SCC was not considered in this study. It should be noted 
that efforts to prevent SCC are taken in the component design, whereas accumulation of fatigue damage 
is assumed. Therefore, if SCC is successfully prevented, it need not be considered in the failure 
probability assessment model. 

 
6. Conclusion 

 
In order to calculate the failure probability for the resilience evaluation of NPP static components, 

failure probability assessment model was developed. This model could consider material degradation 
due to low-cycle fatigue damage accumulated during plant operation. The magnitude of the fatigue 
damage was quantified by the crack depth using the P-curve together with the UF. After the analysis of 
growth due to the seismic loads, the crack was subjected to fracture strength assessment according to 
the JSME FFS code. Then, the failure probability of the component was quantified. This model was 
successfully applied to the RHR system, which is the key system in various scenarios for recovering 
from core damage accidents. The failure probability was about 8.7  10–4 when Pm + Pb = 2Sy, which 
corresponded to the maximum stress considered in the design. A larger scatter in the flow stress resulted 
in a higher failure probability. It was revealed that the failure probability was hardly affected by the 
magnitude of UF. Although the initial crack depth and crack growth due to seismic loads had little 
influence on the failure probability, the increase in the number of aftershocks increased the failure 
probability because the crack penetrated the wall thickness during the aftershocks. 

Fig. 10 Excel file for calculating failure probability. 

UF 1 Crack growth analysis Pipe geometry Fracture assessment
Initial size 3 mm Do 267.4 mm SF 1

Material Properties a/c 1 t 15.1 mm
E 183 Gpa Temperature 200 ℃ Rm/t 8.354 Flow stress
Sy 144 MPa da/dt 1.6E-10 Pi 5 MPa Mean 308.5 MPa
Su 402 MPa D 2.9E-12 -9.803 Pm 20.89 MPa COV 0.1 30.85
σf 273 MPa ｍ 3.3

f 0.82
No. of after quakes 1
No.of cycles 60

10
Pm+Pb Sn Sn/2Sy Ke Δε(%) af(mm) c(mm) 2θ(de a/t β M limitσf Probability

144 288 1.0000 1.000 0.157 3.01 3.01 2.90 0.199 1.462 1.3 97.5 3.99E-12
288 576 2.0000 2.050 0.645 3.68 3.68 3.55 0.243 1.461 1.3 211.9 8.69E-04
360 720 2.5000 2.260 0.889 5.91 5.91 5.71 0.391 1.455 1.3 270.8 1.11E-01

100 200 0.6944 1.000 0.109 3.00 3.00 2.90 0.199 1.462 1.3 62.7 8.03E-16
110 220 0.7639 1.000 0.120 3.00 3.00 2.90 0.199 1.462 1.3 70.6 6.20E-15
120 240 0.8333 1.000 0.131 3.00 3.00 2.90 0.199 1.462 1.3 78.5 4.49E-14
130 260 0.9028 1.000 0.142 3.00 3.00 2.90 0.199 1.462 1.3 86.4 3.05E-13
140 280 0.9722 1.000 0.153 3.00 3.00 2.90 0.199 1.462 1.3 94.3 1.94E-12
150 300 1.0417 1.084 0.178 3.01 3.01 2.91 0.199 1.462 1.3 102.3 1.16E-11
160 320 1.1111 1.210 0.212 3.01 3.01 2.91 0.200 1.462 1.3 110.2 6.47E-11
170 340 1.1806 1.321 0.245 3.02 3.02 2.92 0.200 1.462 1.3 118.1 3.39E-10
180 360 1.2500 1.420 0.279 3.04 3.04 2.93 0.201 1.462 1.3 126.0 1.67E-09
190 380 1.3194 1.508 0.313 3.05 3.05 2.95 0.202 1.462 1.3 134.0 7.69E-09
200 400 1.3889 1.588 0.347 3.08 3.08 2.97 0.204 1.462 1.3 141.9 3.33E-08
210 420 1.4583 1.660 0.381 3.10 3.10 3.00 0.206 1.462 1.3 149.8 1.35E-07
220 440 1.5278 1.725 0.415 3.14 3.14 3.03 0.208 1.462 1.3 157.8 5.15E-07
230 460 1.5972 1.785 0.449 3.18 3.18 3.07 0.211 1.462 1.3 165.7 1.84E-06
240 480 1.6667 1.840 0.483 3.23 3.23 3.12 0.214 1.462 1.3 173.6 6.18E-06
250 500 1.7361 1.890 0.517 3.30 3.30 3.18 0.218 1.461 1.3 181.6 1.95E-05
260 520 1.8056 1.937 0.550 3.37 3.37 3.26 0.223 1.461 1.3 189.5 5.77E-05
270 540 1.8750 1.980 0.584 3.46 3.46 3.35 0.229 1.461 1.3 197.5 1.61E-04
280 560 1.9444 2.020 0.618 3.57 3.57 3.45 0.237 1.461 1.3 205.5 4.21E-04
290 580 2.0139 2.057 0.652 3.70 3.70 3.58 0.245 1.461 1.3 213.5 1.04E-03
300 600 2.0833 2.092 0.686 3.86 3.86 3.73 0.256 1.460 1.3 221.5 2.40E-03
310 620 2.1528 2.125 0.720 4.05 4.05 3.91 0.268 1.460 1.3 229.5 5.25E-03
320 640 2.2222 2.155 0.754 4.28 4.28 4.14 0.284 1.459 1.3 237.6 1.08E-02
330 660 2.2917 2.184 0.788 4.56 4.56 4.41 0.302 1.459 1.3 245.8 2.10E-02
340 680 2.3611 2.211 0.821 4.91 4.91 4.75 0.325 1.458 1.3 254.0 3.86E-02
350 700 2.4306 2.236 0.855 5.35 5.35 5.17 0.354 1.456 1.3 262.3 6.72E-02
360 720 2.5000 2.260 0.889 5.91 5.91 5.71 0.391 1.455 1.3 270.8 1.11E-01
370 740 2.5694 2.283 0.923 6.64 6.64 6.41 0.439 1.452 1.2 279.6 1.75E-01
380 760 2.6389 2.304 0.957 7.61 7.61 7.35 0.504 1.448 1.2 288.9 2.63E-01
390 780 2.7083 2.325 0.991 8.97 8.97 8.67 0.594 1.442 1.2 299.1 3.80E-01
400 800 2.7778 2.344 1.025 10.95 10.95 10.58 0.725 1.431 1.2 311.2 5.35E-01
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