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Abstract 
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Many examinations concerning the fatigue life reduction for structural materials of 
nuclear power plants in simulated LWR coolant have been performed, and the 
effects of several parameters on fatigue life reduction have been quantified in the 
time since the first paper on this subject was recognized in Japan. Based on these 
results, methods to evaluate fatigue damage for materials exposed to LWR coolant 
have been developed. The MITI Guidelines (2000) and the TENPES Guidelines 
(2002) w<:re issued for evaluating environmental fatigue damage in operating 
plants. The Environmental Fatigue Evaluation Method (EFEM) for Nuclear Power 
Plants (JSME S NFI-2006) was established in the Codes for Nuclear Power 
Generation Facilities by the JSME by reviewing the equations for the 

environmental fatigue life correction factor, Fen. and the techniques for evaluation 
based on the most up-to-date knowledge at the time. A revised version ofthe EFEM 
was drafted by incorporating updated knowledge and issued by the end of 2009. 
This paper outlines the revised JSME Codes and technical bases, and discusses the 
effects of several parameters on fatigue life reduction in such environments. 
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1. Introduction 

Since the first paper<1l was issued regarding the phenomenon that component material fatigue 
life is reduced in simulated LWR coolant, many studies on this subject have been completed and 
various factors that can reduce fatigue life have been quantitatively evaluated. The materials 
covered in the studies include carbon steels, low alloy steels, stainless steels, and nickel 
chromium iron alloys. Both PWR and BWR environments have been evaluated. Factors tested 
include strain mte ( i [o/o/s]), temperature (T [°C]), dissolved oxygen concentrations (DO 
[ppm]), sulfur contents (S [%]),flow rate (WFR [m/s]), and strain hold time. In addition, tests 
were performed with fluctuating parameters assuming actual plant transients and the 
environmental fatigue evaluation method for light water reactors has been developed based on 
the results of these studies. In September 2000, the Agency for Natural Resources and Energy of 
the then Ministry of International Tmde and Industry (MITI) issued the "Guidelines for 
Evaluating Fatigue Initiation Life Reduction in the LWR Environment." <2l These guidelines 
provided only equations to determine fatigue lives in such environments. Accordingly, the 
Thermal and Nuclear Power Engineering Society (TENPES) issued the "Guidelines on 
Environmental Fatigue Evaluation for LWR Components" (J) in 2002, which provided the 
method for applying the environmental fatigue evaluation to opemting plants. By reviewing and 
combining the MITI and TENPES guidelines, the Japan Society of Mechanical Engineers 



(JSME) established the Environmental Fatigue Evaluation Method (EFEM) for Nuclear Power 
Plants in its Codes for Nuclear Power Generation Facilities in 2006 (JSME S NFI-2006).<4

> A 
revised version of the EFEM was established by incorporating the most up-to-date 
information and issued in 2009. This paper summarizes the revised JSME Codes and 
technical bases concerning the effects of several parameters on fatigue life reduction in 
LWR environments. 

2. Environmental fatigue life correction factor, Fen 

2.1 Definition of Fen 
The environmental fatigue life correction factor, Fm is used to evaluate environmental fatigue. 

Fen is defmed as the ratio of the fatigue life in air divided by the fatigue life in water at the same 

strain amplitude, as shown in equation (1). 

F •• =NA!Nw (1) 

In equation (I), NA is the fatigue life in air at room temperature and Nw is the fatigue life in 

simulated L WR water. NA can be determined from a reference fatigue curve developed using the 

least-squares method with data obtained from strain-controlled fatigue tests conducted in Japan. 

The reference fatigue curves for carbon, low alloy, austenitic stainless steels, and nickel 

chromium iron alloys can be expressed using the following equations, respectively: 

e. = 25.7INt·490 +0.113 (Carbon steel) (2) 

e. =38.44Nt562 +0.155 

e.= 23.0Nt·457 + o.1I 

e.= I9.oN: 450 +0.118 

2.2 Fen for carbon and low alloy steels 
2.2.1 Effects of sulfur content 

(Low alloy steel) 

(Stainless steel) 

(Ni-Cr-Fe alloy) 

(3) 

(4) 

(5) 

The fatigue life of carbon and low alloy steels in hot water is dependent on the sulfur 

content within the steels. Figure I illustrates the relationship between Fen and sulfur content 

under the condition of 289°C, D0>0.7 ppm, and O.OOI %/s strain rate <5>. The plotted points in 

Figure I represent the average Fen for various levels of sulfur content in order to eliminate biased 

trends due to an unbalanced number of data points. Data on weld metals were excluded from the 

plot because those materials are apparently less sensitive to environmental effects. As shown in 

Figure I, the logarithm of Fen increases linearly with sulfur content. It was concluded that 

regarding the effects of sulfur content, there is no significant difference between carbon and low 

alloy steels, and both data sets were analyzed by a least squares fit.. The resultant line and 

equation are shown in Figure I. 

2.2.2 Effects of strain increase rate 
Figure 2 shows the relationship between Fen and strain rate ( 8 ) under a 289°C and 

D0>0.7 ppm environment <5>. To eliminate the effects of different sulfur contents in 

individual specimens, Fen for each specimen was converted to the value of which sulfur 

content was O.OI5% using equation (6). 
Fen(S=o.015%l =Fen(SJ /EXP(97.92x(S-0.0I5)) (6) 

The plots represent the average Fen for a given strain rate. As the strain rate decreases, 

Fen(S={}.OJS%) increases almost linearly in double logarithmic plot. There is little difference between 

carbon and low alloy steels. The resultant line of a least squares fit and equation are shown in 

Figure2. 

Figure 3 shows the relationship between Fen and strain rate for selected heats including data 

tested at strain rates below O.OOOI%/s<5>. Data for both carbon and low alloy steels are provided 

for different environments with higher DO (I-8 ppm) and lower DO (0.2 ppm) For both 

groups of data, Fen reaches a threshold at lower strain rates. The strain rate threshold for the 

group with greater DO is 0.000 I o/o/s, and is 0.0004o/o/s for the group with a lower DO. 

------------ ··-----------·-
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Fig. I Relation of sulfur content to Fen for carbon and low-alloy steels (average values, excluding weld metals) 
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Fig. 2 Relation of strain rate to F ents~aoJ5%J for carbon and low-alloy steels (average values) 

102 

c:: 
u."' 

101 

0 
6 
D 

0 
10° 'V 

0 

10"" 

. 'V ... 
<;1. 

---..,--, ".'V 

0 

-~----Q--- 8 
i 0 ', 

Carbon & Low-Alloy Steels 
inBWRWater 
T=289•c S DO 
- CS 0.016% 1·8 ppm 

'V - - - CS 0.016% 0.2 ppm 
· · · · LAS 0.021% 1-8 ppm 

B - -·-LAS 0.008% 0.2 ppm 

- -T - - - .o_ - - , o ~,,, £1. . -v 

S DO e, '·, , , . 0 

CS 0.016% 1 ppm 0.3% 
CS 0.016% 8 ppm 0.6% 
CS 0.016% 0.2 ppm 0.6% 
CS 0.016% 0.2 ppm 0.3% 
LAS 0.021% 1 ppm 0.3% 
LAS 0.008% 0.2 ppm 0.6% 

10"" 104 10"" 10"2 10"1 

Strain Rate 6 (%/s) 

8 

0 

10" 101 

Fig. 3 Relation of strain rate to F., for carbon and low-alloy steels (saturation at low strain rate) 

2.2.3 Effects of temperature 
Figure 4 shows the relationship between Fen(S~o.oJS%) and temperature for carbon and low alloy 

steels under the conditions of D0>0.1 ppm and 0.001 %/s strain rate. As shown in the figure, for 
temperatures between 50 and 160°C, a flat line representing Fen(S~o.oJs%)=6.0 is assumed; for 
temperatures above 160°C, the relationship is represented by the equation shown in the figure; 
and for temperatures below 50°C, a line connecting the point (50°C, Fen(S~o.oJs%)=6.0) to the 
point (0°C, Fen(S~o.oJs%;=1.0) is assumed. 
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2.2.4 Effects of dissolved oxygen concentration 
Figure 5 shows the relationship between Fenrs~o.015%J and dissolved oxygen concentrations 

for carbon and low alloy steels under the conditions of 289°C and a strain rate of 0.001 %/s <5>. 

The threshold of Fenrs9 w15%J is assumed to be 53.5 at high DO, which can be derived by 

substituting i: = 0.001%/ s in the equation shown in Figure 2. The threshold of Fen(S~o.015%J at 

low DO is assumed to be 3.28, which is derived by averaging the data on carbon and low alloy 

steels with DO ofO.Ol ppm or less. A line in the transition zone connecting the point (Fen=53.5, 
D0=0.7 ppm) to the point CFen=3.28, D0=0.02 ppm) is assumed, as expressed by the equation 

shown in Figure 5. 
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Fig. 5 Relation of DO to Fen for carbon and low-alloy steels in BWR water 

2.2.5 Effects of water flow rate 
Figure 6 shows the relationship between Fen and water flow rate for carbon steels(S),(6l. Fen 

is highly dependent on the flow rate, under high DO and high sulfur content conditions, and 

decreases as flow rate increases. However, the flow rate has little influence on Fen for materials 

with low sulfur content and/or for environment with low DO, in which conditions, Fen is 

essentially small. Accordingly, it can be concluded that the flow rate has no effect on Fen in the 

PWR water and has only a minor influence on Fen in BWR feed water, where the DO is around 

0.05ppm. Similar trends can be seen for low allow steels. The current Fen equation, which was 

formulated based on data taken at lower flow rates, consistently results in a conservative 

evaluation for high flow rate conditions. Therefore, the effects of flow rate are not considered 

applicable to carbon and low alloy steels for this evaluation. 
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Fig. 6 Relation of water flow rate to Fen for carbon steel in BWRs 

2.2.6 Effects of material strength 
The environmental fatigue tests were also performed for representative high strength 

materials to be used in the pressure boundary of L WRs, including carbon steel STS480 and low 
alloy steel SQV2B. The test results confirmed that the environmental effects are not significant 
for these high strength materials. 
2.2.7 Equation to calculate Fen for carbon and low alloy steels 

An equation to calculate Fe11 for carbon and low alloy steels derived by considering all of the 
above test results, is shown in Table 1 <5>. 

Table I Fen equations for carbon and low alloy steels 

ln(F en) =0.00822(0.n2- i"*)S "P 0" 

£*=1n(2.16) (&>2.16%/s) 
t* =ln(t) (0.0004 s t:52.16%/s,D0:50.7ppm) 

t* =ln(0.0004) (£ <0.0004%/s,DO :50.7ppm) 

£*=In{ e) (0.0001 :5£:5 2.16%/s,DO > 0.7ppm} 

£*=1n(0.0001) (£ <0.0001%/s,DO > 0.7ppm) 
S* = ln(12.32}+97 .92S 

T" = 0.0358T (T < 50°C) 

T* = In( G) (50 :5 T :5 160°C) 

T*=ln(0.398)+0.017T {T>1600C} 

0* -ln(3.28) (DO< 0.02ppm) 

0* = ln{70.79)+ 0.78531n{DO) (0.02 ~DO :5 0.7ppm) 
0* = ln(53.5} (DO > 0.7pprn} 

Fen =1.0 ( &8 S0.042%or in the case of earthquake) 

2.3 Fen for stainless steels 
2.3.1 Effects of strain increase rate 

Different equations to calculate Fe11 are applied to BWR and PWR stainless steel 
components. Figure 7 shows the relationship .between Fen and strain rate at 289°C in simulated 
BWR water <5>. Materials are classified into Type 316NG, 304, its associated weld metal, and 
cast stainless steel, and the average Fen values for individual materials are plotted for various 
strain rates. Data obtained from tests on 316NG, 304 and 304L conducted at high flow rates 
exceeding 1 m/s are plotted separately. As can be seen in the figure, average Fen values for cast 
steel and those obtained at high flow rates are greater than Fen values for non-cast steels tested in 
stagnant water. It may be possible to apply separate equations to cast steels and non-cast steels. 
However, due to difficulties in evaluating the data for high flow rates, all of the data are analyzed 
as a whole using a least squares fit to determine a trend line. The resultant line and equation are 
shown in Figure 7. 
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Fig. 7 Relation of strain rate to Fen for stainless steel in BWRs 

The relationship between Fen and strain rate is shown in Figure 8 <5> for 316NG and cast 

stainless steel (both of for which data are obtained at very low strain rates under a simulated 

BWR environment at 289°C),. In Figure 8, the trend line described in Figure 7 is also shown. 

Data for 316NG are not saturated at 0.00004o/c/s, however this was determined to be the 

threshold for strain (the same value as for PWRs). This value was chosen since it is closest to the 

lowest average strain rate at a transient, and even if it is assumed that the strain rate is saturated 

at 0.00004o/c/s, it would not significantly influence the result. 
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Fig. 8 Relation of strain rate to Fen for stainless steel in BWRs (saturation at low strain rate) 

Figure 9 shows the relationship between Fe11 and strain rate for stainless steels in a 

simulated PWR environment at 325°C <5>. Materials are classified into Type 316, 304, its 

associated weld metal, and cast stainless steel and the average Fe11 values for individual 

materials at various strain rates are plotted. As shown in this figure, there is no significant 

difference among the materials, although Fe11 for SUS304 is slightly higher and that for weld 

metals is slightly lower. Therefore, the data were analyzed as a whole using a least squares fit 

to determine a trend line. The resultant line and equation are shown in Figure 9. 

Figure I 0 shows the relationship between Fe11 and strain rate in a simulated PWR 

environment for cast and non-cast stainless steels for which test data at very low strain rates have 

been obtained <5>. In Figure! 0, the trend line in Figure 9 is also shown. As can be seen in the 

figure, the threshold for lower strain rates for non-cast stainless steel is 0.0004o/c/s and that for 

cast stainless steel is 0.00004o/c/s. 
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Fig. 9 Relation of strain rate to Fen for stainless steel in PWRs 
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2.3.2 Effects oftemperature 
The relationship between Fen and temperature in a simulated BWR environment is shown 

in Figure II <s>. The trend line in Figure II was not obtained using a least squares fit of the data, 

but was derived by connecting the Fen value (9.14), which was obtained by substituting 

i: = O.OOI %/ s into the BWR trend line at 289°C (shown in Figure 7) to the point, Fen =I at 

0°C. The equation for the trend line is shown in Figure II. 
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Fig. II Relation of temperature to F.., for stainless steel in BWRs 
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Figure 12 shows the relationship between Fen and temperature in a simulated PWR 
environment<5>. The trend line in Figure 12 is derived by connecting the Fen value (14.76), which 
was obtained by substituting & = 0.001%/ s into the PWR trend line at 325°C (shown in 
Figure 9) to the point, Fen =1 at 0°C. The equation for the trend line is shown in Figure 12. 
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Fig. 12 Relation of temperature to F.., for stainless steel in PWRs 

2.3.3 Effects of dissolved oxygen concentration 
The effect of dissolved oxygen concentration on F.,, for stainless steels was not clearly seen 

in either the simulated BWR or PWR environments. Accordingly, it is concluded that the effect 
of dissolved oxygen concentration on stainless steels is negligible in this evaluation. 
2.3.4 Effects of water flow rate 

Figure 13 shows the relationship between Fen and water flow rate in the simulated BWR 
environment for three types of stainless steels (5, 

6>. Contrary to carbon steels, Fen for stainless 
steels becomes larger at higher flow rates (indicating that the life of stainless steel decreases 
under higher flow rates). The extent of increase in Fen at high flow rates depends on the material 
with the largest increase being for SUS304. With a large dispersion in the data it is impossible to 
quantify a dependency on the flow rate. Therefore, as described in the above section 2.3.1 
"Effects of strain increase rate", three averaged Fen values at a strain rate ofO.OOl o/./s and a high 
flow rate exceeding lm/s for the three types of stainless steels are incorporated into the data set 
This is used to determine the relationship between F., and strain rate. 
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Fig. 13 Relation of water flow rate to Fen for stainless steel in BWRs 

As shown in Figure 14, Fen is not dependent on the flow rate in the PWR environment <5>. 
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Fig. I 4 Relation of water flow rate to Fen for stainless steel in PWRs 

2.3.5 Effects of sensitization 
There is no significant difference in Fen between sensitized and solution-treated SUS304 

base metal in the simulated BWR environment, and thus it is concluded that the sensitization has 
no effect on Fen in the BWR environment. In addition, the results of many fatigue tests for 
thermally-aged materials have shown that there is not a significant dependence of thermal ageing 
on the fatigue life for most of the tested materials. 
2.3.6 Equation to calculate Fen for stainless steels 

An equation to calculate Fe11 for stainless steels derived considering the above test results, is 
shown in Table 2 <5>. 

Table 2 Fen equations for austenitic stainless steels 

ln{Fen)=(C-t•)T" 

C=0.992 (BWR) 
C=3.910 (PWR) 
t• =ln{2.69) (BWR :t >2.69%/s) 
s*=ln(49.9) (PWR:i>49.9%/s) 

i* =ln(i} (BWR: 0.00004 S i S2.69%1s) 
(PWR not Cast: 0.0004 ~ i ::> 49.9%/ s) 
(PWR Cast : 0.00004 ::> i ::;; 49.9%/ s) 

i*=ln(o_0004) (PWR not cast: i <0.0004%/s) 

E*=ln(0.00004) (BWR, PWR Cast: i; <0.00004%/s) 

'r = 0Jl00969T (BWR) 
T*=0.000182T (PWRTS325°C) 
T" = 0.254 (PWR: T>325°C) 
Fen =1.0 ( &8 ::> 0.11%orin the case of earthquake) 

2.4 Fen for nickel chromium iron alloy 
2.4.1 Effects of strain increase rate 

For nickel chromium iron alloys it is necessary to adopt different Fe11 equations for the BWR 
and PWR environments. Figure 15 shows the relationship between Fe11 and strain rate for nickel 
chromium iron alloy in a simulated BWR environment at 289°C <5>. The data for Alloy 600 
conventional, Alloy 600 modified with higher SCC resistance, and type 182 weld metal are 
plotted separately in this figure. Since no clear differences were observed in the behavior of 
these materials, it was determined that the data could again be analyzed as a whole. Although 
there is relatively large scatter in the data, the line and equation shown in the figure were derived 
using a least squares fit. The slope of this line is significantly less than that for other materials, 
which suggests that the fatigue life of nickel chromium iron alloy is less sensitive to the BWR 
environment. 

--------------



u..iii 10° 

Ni-Cr-Fe Alloy 
in BWR Water 

r= 2s9•c 

o 600BM Conv 
b. 6008M +Nb 
o 182WM 

6 

10'1 l....w'---~~uL_~~.uL~~.u.o~...~~uuL~~u..o.uJ 

104 10-3 10'2 10'1 10° 101 

Strain Rate i: (%/s) 

Fig. 15 Relation of strain rate to Fen for Ni-Cr-Fe alloys in BWRs 

Figure 16 shows the relationship between F., and strain rate for nickel chromium iron alloys 
in a simulated PWR environment (Sl_ The data for Alloy 600 base metal, type 132 weld metal, 
Alloy 690 base metal and type 152 weld metal are plotted separately in the figure. Both Alloy 
600 and Alloy 690 are less sensitive to the PWR environment, although there is a slight 
difference between these materials. It was determined that the data could be analyzed as a single 
sample set. The line and equation shown in Figure 16 were obtained by analyzing all test data 
using a least squares fit. The threshold for lower strain rates was set at 0.00004%/s for BWRs 
and 0.0004o/.Js for PWRs respectively-similar to those of rolled stainless steel since the amount 
of data was insufficient to perform the analysis. 
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Fig. 16 Relation of strain rate to Fen for Ni-Cr-Fe alloys in PWRs 

2.4.2 Effects oftemperature 
Figure 17 shows the relationship between F., and temperature for nickel chromium iron 

alloys in LWR water at a strain rate of0.001o/.Js<5>. Since a limited amount of data was obtained 
from fatigue tests at different temperatures, it is difficult to identify the relationship between F., 
and temperature. Therefore, a logarithmic linear relationship between F., and temperature is 
assumed (similar to stainless steels), and straight lines connecting the average F., values at 
289°C for BWRs and at 325°C for PWRs to the point (0°C, F.,=1.0) are plotted. The figure also 
shows the relationship between F., and temperature for austenitic stainless steel in simulated 
PWR and BWR environments. 
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Fig. 17 Relation of temperature to Fen for Ni-Cr-Fe alloys in LWR water 

2.4.3 Effects of dissolved oxygen concentration 
It has been confirmed that Fe11 for nickel chromium iron alloys does not depend on the 

dissolved oxygen concentration. 
2.4.4 Equation to calculate Fen for nickel chromium iron alloys 

An equation to calculate Fe11 for nickel chromium iron alloys, derived considering the above 
test results, is shown in Table 3 <5>. 

Table3 Fen equations for Ni-Cr-Fe alloys 

ln(Fen)=(C-s*)P 
C::(U12 (BWR) 
C=:2.94 (PWR} 
i*=ln(0.894) (BWR :£>0.894%/s) 

i"=ln(19.0) {PWR: s >19.0%/s) 
s"=ln{i) (BWR :0.00004 ~i ~0.894%/s) 

(PWR :0.0004 ~ t ~ 19.0%/ s) 

i:* = ln(0.00004) {BWR: i < 0.00004%/ s) 

li'"=ln(0.0004) (PWR :&<0.0004%/s} 

T*=0.000343T (BWR) 
T* = 0.000397T (PWR) 
Fen=1.0 (&8 :S;0.11%or in the case of earthquake) 

3. Evaluation of F,11 during actual transients 

3.1 Evaluation of Fen under inconsistent conditions 
The equations to calculate Fe11 are provided assuming consistent conditions are maintained. 

However, under an actual transient strain rates and temperatures fluctuate. Fe11 may be calculated 
for a fatigue test by increasing strain rates in a stepwise manner, as shown in Figure 18, by using 
an F.,, equation used in the constant strain rate test according to one of the following three 
models (Fe11ca1): 

(1) Mean strain rate model 
(2) Time-based integral model 

F., weighted with the loading time is integrated. The method, which was proposed by 
Mehta <8>, can be expressed by Equation (7) shown below: 

Fen,tbt = (1 I tr,th) r• {Fen (t)}dt (7) 

(3) Strain-based integral model 



Fen for individual strain rates weighted with strain gains is integrated. The method, which 

was proposed by Kishida et al.<9l and Higuchi et al.<10l can be expressed by Equation (8) shown 

below. This is called the modified rate approach. 

(8) 

t 
Fig. 18 A sample of strain wave for a 2-step strain rate change fatigue test 

Calculated results are compared with Fe111est for carbon steels in a simulated BWR 
environment in Figure 19 (7l. 

The results calculated using the time-based integral model show few variations, even under 

different conditions. In particular, the calculated results in the range with small strain changes at 

lower strain rates are excessively conservative. The strain-based integral model shows the best 

correlation with the test results. The results calculated by the mean strain rate model are located 

between those calculated using the strain-based or time-based methods. Considering these 

results, the modified rate approach is suitable for calculating F.,. and the mean strain rate model 

enables a simplified evaluation and provides conservative results. Similar results have been 

observed for stainless steels. During a transient at an actual plant, temperatures, dissolved 

oxygen concentration, and strain rate may change. Several fatigue tests have been conducted in 

simulated BWR and PWR environments while changing temperatures, strain rates and other 

conditions (II. 12>. Considering the results of these tests, it is concluded that the modified rate 

approach is suitable for evaluating Fen under any conditions. 
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Fig. 19 Comparison ofF en,sb;, Fen,tbi and F en,asr for carbon steel in BWRs 

3.2 Evaluation of Fen considering the effects of strain holding 
In the BWR environment, the fatigue life of materials is reduced due to strain holding at the 

peak stress intensity (local maximum value) (Bl. The relationship between Fen and strain hold 

time is shown for carbon steels, low alloy steels, and stainless steels in Figures 20-22, 

·~-------------~· ··-· ···--·-----llli!I!-1$&11··· 



respectively. In these figures, the test results under the strain holding at the peak, peak minus 
0.03% and peak minus 0.06% are also shown. 
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Fig. 20 Relation of hold time to Fen for carbon steel in BWRs 

SQV2A(S=0.021%) T= 289'c 
in BWR Water DO= 1 ppm 

& = 0.3% 

1 0
2 without hold 11 

B _ <~:o~4"~"\ ....... ~ <1 

0 0 0 8 0 

~ 
u.. 101 

0 
without hold H 0 ;:,. 0 

;:,. (0.4%/ s}\ 0 0 0 {J 
-·0-·-·- -·-·-·o-·-·-\-·0·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·--·-·-·-·-·-·-·---

0 

i-(%/s) 

0 0.4 
11 0.1 
D 0.0 

&Oils) 
<> 0.01 
v 0.004 
<l 0.001 

• Hold at Peak-0.06% 
() Hold at Peak-0,03% 

Open: Hold at Peak (0.3%) 

10
1 

10
2 

Hold Time t (sec) 

Fig. 21 Relation of hold time to Fen for low alloy steel in BWRs 
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Fig. 22 Relation of hold time to Fen for stainless steel in BWRs 

On the plots for carbon and low alloy steels, the dotted lines represents Fen at a strain rate of 
0.004o/w's without holding, and the dotted and dashed lines represents Fen at a strain rate of 
0.4o/w's without holding. On the plot for stainless steels, the dotted line represents Fen at a strain 
rate of 0.004o/IW's without holding. In each case, Fen increases due to strain holding at the peak. 
For carbon and low alloy steels, fatigue life reduction becomes negligible at a strain rate of 

----·-------·--------- -·--·--·---- --1® 



0.004o/cJs or lower. Conversely, fatigue life reduction is significant for stainless steels even at 
lower strain rates, and does not become saturated as the strain holding time becomes longer. 

When the strain rate is maintained slightly below the peak and thermal transients are taken 
into account, no fatigue life reduction is observed even though tensile stresses corresponding to 
the yield point remain. It can be concluded that under normal thermal transient conditions, it is 
not necessary to consider fatigue life reduction due to strain holding. Considering the above 
results, it was determined that for calculating the reduction in fatigue life due to strain holding, if 
the peak stress intensity to be used in the fatigue life evaluation is equal to that during operation 
at rated power output and the strain increases to a peak value and then is retained, the strain rate 
shall be treated as follows: 
• Carbon and low alloy steels: Strain rates above 0.004o/cJs are treated as a strain rate of 

0.004%1s/ 
• Stainless steels: The strain rate is set at 0.00004o/cJs. 
• Nickel chromium iron alloys: Reduction in fatigue life due to strain holding is not considered. 

No fatigue life reduction due to strain holding was observed under a PWR environment, as 
shown in Figure 23 <13>. 
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Fig. 23 Relation of hold time to Fen for stainless steel in PWRs 

4. Codes for Nuclear Power Generation Facilities - Environmental Fatigue 
Evaluation Method for Nuclear Power Plants-

4.1 General 
The Codes specify a fatigue evaluation method that accounts for the influence of 

environmental effects found in structures exposed to light water reactor cooling water, including 
PWR secondary system water. The Codes apply to materials such as carbon steels, low allow 
steels, austenitic stainless steels and nickel chromium iron alloys, which are used for light water 
reactors (and are authorized for use by the JSME Rules on Materials for Nuclear Facilities 
(JSME S NJI-2008)) . The Codes are applicable to a range of temperature and water chemistry 
conditions consistent with LWR design and operating conditions. The Codes do not specifically 
mention at which stage they should be applied (i.e., plant design, construction or maintenance). 
4.2 Methods to evaluate environmental effects 

Cumulative fatigue usage factors in the air are calculated using the methods specified in 
existing Codes. The cumulative fatigue usage factor in the environment, Ue,b is expressed by 
Equation (9) below: 

n 

U en = U X Fen = L U; X Fen,i 
i=I 

··--·--------·-·-----·-·------------·------------------·-------------·------·----

(9) 



In Equation (9), U; refers to the cumulative fatigue usage factor in the ith stress cycle out of 
n total cycles; and F.,~; is Fen during the ith stress cycle and is determined for individual materials 
as a function of strain rate, tempemture, dissolved oxygen concentration and other parameters. 

It is known that environmental effects disappear at small strain amplitudes (I, 
5>. Based on 

this understanding, the threshold of strain amplitude is set at 0.042% for carbon steels, which is 
equal to the strain amplitude at 106 cycles in the current design fatigue curve. Similarly, the 
threshold is set at 0.11% for stainless steels and nickel chromium iron alloys, which is equal to 
the strain amplitude at the fatigue limit. Below these values, environmental effects need not be 
considered. 

Environmental effects disappear at high strain rates, as mentioned in the section regarding 
the effects of strain rate. Fatigue evaluation of thermal transient events is normally required to 
consider environmental effects because strain rates are low during such events. However, 
seismic loading cycles are excluded from the environmental fatigue evaluation because seismic 
load cycles are characterized by high strain rates of short duration. 
4.3 Method to calculate environmental fatigue correction factor Fen 

To calculate F.,, the range in which strain during a transient increases in a continuous manner 
is divided into severn! time segments, and calculations are performed for each segment. Three 
methods to determine F.,, are available: 
(1) Factor multiplication method 

The factor multiplication method performs the evaluation in the simplest and most 
conservative manner according to the design conditions of the location subject to the evaluation. 
In the calculation, the lower threshold of strain rote, maximum service tempemture of the 
concerned location and expected maximum dissolved oxygen concentration are used. 
(2) Simplified method 

To perform an evaluation using the simplified method, Fe,~simp,A and Fe,~simp,B are calculated 
respectively for two transients (A and B), which constitute the stress cycle used in the calculation 
of a fatigue usage factor. As shown in Figure 24, the time segments evaluated for each transient 
are those where strain is increasing the (&n;,,-> Cmax) •• After defining the strain rate, average strain 
rate, maximum service temperature and maximum dissolved oxygen concentration in these 
segments, Fe,~simp.A and Fe,~simp,B are calculated. 

Fen,simp of a stress cycle is calculated using Equation (10), below. The larger of Fe,~simp.A 
and Fen,simp,B , is used in the equation. 

F _ = Fen,simp,A X (emax,A -8min,A) + Fen,stm,B X (emax,B -emin,B) 

en,stmp ( & max,A - & min, A ) + ( & max.B - & min,B ) 
(10) 

(3) Detailed method 
To perform an evaluation using the detailed method, Fe,~simp.A and F.,~simp,B are calculated 

for two transients (A and B), which constitute the stress cycle used in the calculation of a fatigue 
usage factor .. As shown in Figure 24, the range where strains continuously increase (em;n-> &max) 

are divided into m-number segments to be evaluated .. The average strain rate, maximum metal 
temperature at the wetted section, and maximum dissolved oxygen concentration for each 
segment are used to calculate Fen,simp.A and Fen,simp,B· Fe,~det during each transient is calculated 
using Equation (11) below: 

m /18 
Fen,det = L Fen,k k 

k=l &max -&min 
(11) 

Although the detailed method is most complicated to calculate F.,, it can reduce excessive 
conservativeness. 

The Codes specifY different evaluation methods for vessels, pipes, pumps, valves and core 
internals. The largest difference between the evaluation methods among the components is the 
methods used to calculate strain rates. If the stress analysis according to time. histories is 

------------------------- -------- ---------------~-------------------------· --------~··~0~·111111 



performed, strain rates are calculated from the results of the stress analysis. If not, as in the case 
for pipes, strain rates are calculated according to the following procedure: 

First, the bending moment term (M) and the temperature difference terms (11Th 11T2, and 
Ta- Th) of Equation (12) are evaluated to determine which is dominant. If the M term is 
dominant, the strain rate is assumed to be equal to the linearized strain rate of the "startup" 
transient. If one of the temperature difference terms (11T1, 11T2, or Ta- Th) is dominant, the 
strain rate is obtained based on the assumption that the strains increase linearly from the 
minimum to the maximum value. In this case, these minimum and maximum strain values are of 
the most dominant term among the terms 11Th 11T2> and Ta- Th for the transient being evaluated. 

K 1C1P0D0 K 2C2M;, K3EaltJ.~I I I Ealll.Tzl (12) 
S = + + + K3C3Eab a"T" -abTb + ---
P~ ,z~ 1 ~ ~ 

P M I1T1 Ta- Tb 11T2 

Refer to the article PPB-3532 in the Rules on Design and Construction for Nuclear Power 
Plants (JSME S NC1) (!4

) for the defmitions of symbols in Equation (12). 

5. Conclusion 

In its 2006 Codes for Nuclear Power Generation Facilities (JSME S NF1) in 2006, the 
Japan Society of Mechanical Engineers (JSME) established an Environmental Fatigue 
Evaluation Method (EFEM) for Nuclear Power Plants describing the methods to evaluate fatigue 
life of components in contact with L WR cooling water. In 2009, the JSME S NF1 Codes were 
revised. This paper presents an outline of the Codes and their technical basis. 

• The environmental fatigue life correction factor F., is used in the evaluation of environmental 
fatigue, F., is determined for individual materials as a function of different factors. 

• The Codes specifY three types of evaluation methods: the factor multiplication method, the 
simplified method, and the detailed method. Any of these methods may be selected for use 
arbitrarily. In addition, conditions which do not require the consideration of environmental 
effects are specified. 

• For carbon and low alloy steels, F., is defined in as a function of strain rate, temperature, 
dissolved oxygen concentration and sulfur content. 

• For stainless steels and nickel chromium iron alloys, F., is defined in as a function of strain 
rate and temperature. 

• The modified rate approach method is specified to evaluate environmental effects under 
conditions of changing strain rates, temperatures and dissolved oxygen concentrations. 

• A reduction of fatigue life due to high water flow rates is considered for stainless steels in a 
BWR environment. 

• A reduction of fatigue life due to strain holding is considered for carbon steels, low alloy steels and 
stainless steels in a BWR environment 
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