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ABSTRACT 
Recent test data indicate that the effects of the light water reactor 
(LWR) environment could significantly reduce the fatigue resistance 
of materials used in the reactor coolant pressure boundary compo
nents of operating nuclear power plants. Argonne National 
Laboratory has developed interim fatigue curves based on test data 
simulating LWR conditions, and published them in NUREG/CR-5999. 
In order to assess the significance of these interim fatigue curves, fa
tigue evaluations of a sample of the components in the reactor coolant 
pressure boundary of LWRs were performed. The sample consists of 
components from facilities designed by each of the four U.S. nuclear 
steam supply system vendors. For each facility, six locations were 
studied, including two locations on the reactor pressure vessel. In 
addition, there are older vintage plants where components of the reac
tor coolant pressure boundary were designed to codes that did not 
require an explicit fatigue analysis of the components. In order to as
sess the fatigue resistance of the older vintage plants, an evaluation 
was also conducted on selected components of three of these plants. 
This paper discusses the insights gained from the application of the 
interim fatigue curves to components of seven operating nuclear pow
er plants. 

INTRODUCTION 
Recent test data indicate that the effects of the light water reactor 
(LWR) environment could significantly reduce the fatigue resis
tance of materials used in the reactor .coolant pressure boundary 
components of operating nuclear power plants. The American So
ciety of Mechanical Engineers (ASME) Boiler & Pressure Vessel 
Code fatigue curves (ASME, 1992) used for the design of these 
components were based primarily on strain-controlled fatigue tests 
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of small, polished specimens at room temperature in air. Although 
adjustment factors were applied to the best-fit curves to account for 
effects such as size, surface finish, environment, and data scatter, 
some of the recent test data indicate that these adjustment factors 
may not have been sufficiently conservative to account for environ
mental effects. 

In a separate project funded by the United States Nuclear Regulato
ry Commission (USNRC), Argonne National Laboratory (ANL) 
has developed interim fatigue curves based on test data of small, 
polished specimens cycled to failure in water simulating LWR 
conditions, and published them in NUREG/CR-5999 (Majumdar, 
Chopra, and Shack, 1993). The data that ANL considered in devel
oping the interim curves consists of the results from tests reported 
in the open literature, and from tests conducted at ANL. The ANL 
staff determined that both temperature and oxygen affect fatigue 
life. For low-oxygen levels characteristic of pressurized water 
reactors (PWRs) and boiling water reactors (BWRs) with hydrogen 
water chemistry, environmental effects on fatigue life were reported 
to be "modest" at all temperatures and strain rates. For high-oxygen 
levels typical of BWRs without hydrogen water chemistry, NU
REG/CR-5999 reports that fatigue life decreases significantly. In 
high-oxygen environments, fatigue life depends strongly on strain 
rate and temperature. 

In order to assess the significance of the interim fatigue curves in 
NUREG/CR-5999, fatigue evaluations of a sample of the compo
nents in the reactor coolant pressure boundary were performed. The 
sample consists of components from facilities from each of the four 
U.S. nuclear steam supply system (NSSS) types". Babcock & Wil
cox (B&W), Combustion Engineering, General Electric (GE), and 
Westinghouse Electric Corporation. For each facility, six locations 
were studied, including two locations on the reactor pressure vessel. 
This paper discusses the insights gained from the application of the 
interim fatigue curves to these components. 
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In addition, there are older vintage plants where components of the 
reactor coolant pressure boundary were designed to codes, such as 
United States of America Standard (USAS) B31.1 (ASME, 1967), 
that did not require an explicit fatigue analysis of the components. 
Since the Code of Federal Regulations currently references the 
ASME Code, which includes a fatigue evaluation of the compo
nents of the reactor coolant pressure boundary (unless certain 
exemption requirements are met), there was a concern regarding the 
adequacy of the fatigue resistance of these older vintage plants. In 
order to assess the fatigue resistance of the older vintage plants, an 
evaluation was also conducted on selected components from a sam
ple of these plants. The components selected were the same as in 
the newer vintage plants. These older plants have fatigue analyses 
of the reactor pressure vessel and a few other components such as 
PWR surge lines. Therefore, the results of the reactor pressure ves
sel and available piping assessments were used to determine 
whether there is any significant difference in the impact of a change 
in the fatigue curves between the older and newer designs. Since 
some of the piping system components for these older vintage plants 
do not have existing fatigue analyses, representative fatigue analy
ses were conducted for the portions of these systems that would be 
classified as Class 1 systems by today's standards. The piping sys
tems of B&W plants were considered to be very similar to each 
other (all are 177 fuel assembly designs), and designed to the ANSI 
B31.7 Code (ASME, 1969). Therefore, evaluations were per
formed on older vintage plants from each of the remaining three 
NSSS vendors. The results of the application of the NUREG/ 
CR-5999 interim fatigue curves to components in each of the three 
older vintage plants are reported in this paper, which is a summary 
of NUREG/CR-6260 (Ware, Morton, and Nitzel, 1995). 

NUREG/CR-5999 INTERIM FATIGUE CURVES 

A summary of the figures for design in the NUREG/CR-5999 inter
im fatigue curves is presented in Table 1. Although the caption in 
Figure 8 of NUREG/CR-5999 does not state that the curves are also 
for low-alloy steels, it was assumed that these curves were applica
ble for low-alloy steels. There are no curves for Alloy 600 in 
NUREG/CR-5999; therefore, Figure 13 was assumed to be appli
cable for Alloy 600 since the ASME Code uses the same design 
fatigue curves for austenitic stainless and Alloy 600 steels. 

The exact sulfur contents of the steels used in the components stu
died in this project were not known. However, the maximum sulfur 
contents (wt%) for some typical carbon and low-alloy steels are: 

SA-302 Grades A through D 0.040 
SA-533 Types A through D 0.040 
SA-106 Grades A through C 0.058 
SA-508 Classes 1 through 3 0.025 
SA-333 Grade 6 0.058. 

Since the NUREG/CR-5999 definition of low sulfur is below 0.008 
wt%, it is doubtful that current LWR components were made from 
low-sulfur carbon or low-alloy steels; therefore, NUREG/ 
CR-5999 Figure 11 was not used in this study. 

The values of the moduli of elasticity used to convert strain to stress 
in developing the NUREG/CR-5999 curves was the same as in the 
current version of the ASME Code; that is, 30 x 10 6 psi (2.07 x 10' l 

Pa) for carbon and low-alloy steels, and 28.3 x 10 6 psi (1.95 x 10 1 1 

Pa) for austenitic stainless steel. 

Figures 1 through 5 show that the factor of increase (of the cumula
tive usage factor (CUF) calculated using NUREG/CR-5999 rather 
than ASME Code design fatigue curves) depends on the alternating 
stress intensity. From Figure 1 for stainless steel and Alloy 600, the 
factor of increase is about 11 for low alternating stress intensities, 
increasing to a factor of 17 at about 63 ksi (434 MPa), and then de
ceasing to a factor of 6 at 160 ksi (1100 MPa). For carbon and 
low-alloy steels in low-oxygen environments, the maximum factor 
of increase is only about 2.75 at 55 ksi (379 MPa) (Figure 2). For 
carbon and low-alloy steels in high-oxygen environments at satu
rated (0.001%/s) strain rates, the maximum factors of increase are 
about 13,30, and 55 at temperatures of 200,250, and 288°C, respec
tively (Figures 3 through 5). The lowest maximum increase of 
about 3.5 occurs at high strain rates (0.1%/s) at 200°C. 

SELECTION OF COMPONENTS FOR ANALYSIS 

The components chosen for the evaluation of the five PWR plants 
[B&W, Combustion Engineering (one older vintage and one newer 
vintage), and Westinghouse (one older vintage and one newer vin
tage)] are as follows: 

1. Reactor vessel shell and lower head 
2. Reactor vessel inlet and outlet nozzles 
3. Pressurizer surge line (including hot leg and pressurizer 

nozzles) 
4. Reactor coolant piping charging system nozzle 
5. Reactor coolant piping safety injection nozzle 
6. Residual heat removal (RHR) system Class 1 piping. 

The terminology used above is for Westinghouse plants. The first 
three components are the same for Combustion Engineering and 
B&W plants, but the latter three components for the three PWR nu
clear steam supply system (NSSS) vendors are different either 
simply in name or in the routing of die piping. For cases where there 
is no direct one-for-one correspondence, the location that most 
nearly corresponded to the Westinghouse component was chosen. 

The components chosen for the evaluation of the two BWR plants 
[General Electric (one older vintage BWR/4 and one newer vintage 
BWR/6)] are as follows: 

1. Reactor vessel shell and lower head 
2. Reactor vessel feedwater nozzle 
3. Reactor recirculation piping (including inlet and outlet 

nozzles) 
4. Core spray line reactor vessel nozzle and associated Class 

1 piping 
5. RHR Class 1 piping 
6. Feedwater line Class 1 piping. 
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Table 1. Applicable figures from NUREG/CR-5999. 

NUREG/CR-5999 figure 
number 

type of steel oxygen content 
(ppb) 

temperature (°C) strain rate (%/s) sulfur 
content 

8 Carbon >100 200, 250, 288 0.1,0.01,0.001 high 

10 Carbon and 
low-alloy 

<100 all all all 

11 Carbon and 
low-alloy 

>100 all all low 

13 Austenitic 
stainless 

all all all all 

For both PWR and BWR plants, these components are not necessar
ily the locations with the highest design CUFs in the plant, but were 
chosen to give a representative overview of components that had 
higher CUFs and/or were important from a risk perspective. For ex
ample, the reactor vessel shell/lower head region was chosen for its 
risk importance. 

APPLICATION OF NUREG/CR-5999 FATIGUE 
CURVES 
NUREG/CR-5999 includes one fatigue curve for stainless steel, 
but several curves for carbon/low-alloy steels which are based on 
the sulfur content of the steel and the oxygen level in the coolant. 
For the five PWR plants, the curves for high-sulfur steel and a low-
oxygen environment (typical for PWRs) were used. For the two 
BWR plants, the curves for high-sulfur steel and a high-oxygen en
vironment were used. The high-oxygen (greater than 100 ppm) 
environment considered in the selected curves is consistent with the 
water chemistry in BWRs without hydrogen water chemistry. Nei
ther of the two BWR plants evaluated have used hydrogen water 
chemistry. 

Interior and Exterior Surfaces. The highest CUFs for compo
nents in the seven plants evaluated in this fatigue assessment study 
generally occur on the interior surfaces which experience the full ef
fects of thermal shocks from fluid temperature changes. In a few 
cases the highest CUF was found to occur on the exterior surface 
(because of stress concentration effects), and in other cases no dif
ferentiation between interior and exterior surfaces was made in the 
licensee's calculations. Since it is expected that the interior surfaces 
will be more affected by environmental conditions than the exterior 
surfaces because of their direct contact with the reactor coolant and 
higher thermal shock stresses, the CUFs for the interior surfaces 
were chosen for evaluations. 

Cladding. The interiors of LWR reactor vessels and nozzles made 
of carbon/low-alloy steel are clad with stainless steel. Table 
NB-3217-1 of the ASME Code classifies the cladding stresses in
tensities due to differential expansions as peak stresses. Some 
BWRs have had the cladding removed from feedwater nozzle areas 
so that the low-alloy steel is in direct contact with the reactor cool
ant. BWR carbon steel piping is in direct contact with the reactor 
coolant. Although the carbon/low-alloy steel components that are 

clad do not directly contact the reactor coolant, they are subjected 
to high temperatures. 

None of the analyses for clad components supplied by the licensees 
included a fatigue analysis of the cladding, consistent with standard 
industry practice. None of the components on older vintage plants 
(for which no licensee analyses were required and for which the 
INEL staff conducted fatigue analyses) were clad. Consequently, 
the effect of the NUREG/CR-5999 interim fatigue curves was cal
culated for the carbon/low-alloy steel base metal material on the 
interior surfaces of components with cladding, but not for the clad
ding, for which no information was available. Although 
NUREG/CR-5999 makes no differentiation between the environ
mental effects caused by temperature and by contact with reactor 
coolant for either carbon/low-alloy steel in low oxygen environ
ments or for stainless steel, it is expected that the temperature effect 
is significant. 

For the ASME Code fatigue curves, the fatigue usage for the base 
metal under the cladding is greater than for the cladding for compa
rable stress intensity levels because the fatigue life for stainless steel 
is several times that of carbon/low allow steel [for example, 2000 
allowable cycles for carbon low alloy steel versus 10,000 cycles for 
stainless steel at 64 ksi 416 MPa)]. Thus for ASME Code analyses 
it is reasonable to neglect fatigue of the cladding and compute the 
CUF of the base metal. However, for PWR components the allow
able cycles using the NUREG/CR-5999 interim fatigue curves are 
587 cycles for stainless steel and 744 cycles for carbon/low-alloy 
steel at 64 ksi (416 MPa). Therefore, it appears that analyses of clad 
PWR components performed to NUREG/CR-5999 interim fatigue 
curves should investigate the effects of fatigue for the cladding. A 
fatigue crack in the cladding could propagate into the base metal. 

Life Extension. The effect of extending the plant license life to 60 
years was calculated by multiplying the CUF by 1.5. For cases 
where the CUF for a 60-year design life using the NUREG/ 
CR-5999 interim fatigue curves exceeded the ASME Boiler and 
Pressure Vessel Code, Section III, allowable value of 1.0, an evalua
tion was made to remove conservative assumptions in the licensee's 
analyses, where justifiable, and a revised CUF was calculated using 
the methods in the latest (1992) edition of the ASME Code. [The 
1989 edition of the Code was the last edition officially endorsed by 
the USNRC, but the 1992 and 1989 editions are essentially identical 
with respect to fatigue calculations.] Various editions of the ASME 



Code were used in the licensee' fatigue analyses for component or 
system qualification depending upon when the calculations were 
performed. 

Extent of Licensee Calculation Review. No attempt was made to 
check or to recalculate the alternating stresses reported in the licens
ee's design fatigue calculations. In most, if not all, cases there was 
more than one location on an individual component where the CUF 
would exceed 1.0 using the NUREG/CR-5999 interim fatigue 
curves. In these cases only the location with the highest CUF was 
evaluated. Once sufficiently conservative assumptions had been re
moved to reduce the CUF below 1.0 for 60 years, no attempt was 
made to repeat the exercise for the remaining locations with rela
tively high design CUFs. 

Applicable Temperature and Strain Rate Values. NUREG/ 
CR-5999 includes interim fatigue curves for high-oxygen 
environments that include temperature and strain rate effects. 
These curves would be easily applicable if the transients in nuclear 
power plants occurred at constant temperatures and strain rates. 
However, the fatigue cycles occur over temperature ranges from as 
low as about 32 to as high as about 600°F (0 to 315°C), and NUREG/ 
CR-5999 does not give guidance on how to apply the curves to 
transients with varying temperatures and strain rates. The analyst 
is faced with the questions of whether to use the maximum tempera
ture during the transient, the average temperature during the 
transient, or try to determine the temperature at the time that the 
maximum stress occurs. This is further complicated by the fact that 
the maximum and minimum stress intensities may occur at a low 
temperature, for example, less than 200°C; but at some time during 
the transient between the minimum and maximum stress intensities, 
the temperature reaches 550°F. The most conservative approach 
would be to use the highest operating temperature of the compo
nent. On the other hand, one could use the temperature of the 
component at the times of highest stress. The approach was to use 
the maximum temperature calculated for the times of maximum and 
minimum stresses, if known; otherwise, the maximum temperature 
for the load pair was used. 

Use of the three strain rate curves presents the same challenges as 
the temperature curves. In plant operation the strain rate is not 
constant. For each stress cycle there are strain rates for the increas
ing tensile portion, for the decreasing tensile portion, for the 
increasing compressive portion, and for the deceasing compressive 
portion. Since it is believed that the major fatigue damage occurs 
during the increasing tensile portion of the stress cycle, the average 
strain rate from the initiation of the stress cycle to the maximum ten
sile stress was used to determine the strain rate. None of the 
calculations that the vendors supplied included strain rates. The 
strain rate can be estimated using ASME Code NB-3200 methods, 
although this is time-consuming. Another complication is that the 
stress calculations do not include strains, only elastically computed 
stresses. The adjustment for plastic strain is by the simplified-elas
tic-plastic method using the Ke factor. In some cases, sufficient 
information was provided to determine the difference in the peak 
stress intensity between the initiation of the stress cycle and the time 
of maximum stress. The strain rate was estimated by dividing this 
value by the modulus of elasticity and the time, and multiplying by 
the K 6 factor. Multiplication by the K e factor was included to con

vert the elasticially computed peak stress intensity to a strain in 
which both elastic and plastic components are represented. 

The strain rate is even more difficult to determine using ASME 
Code NB-3650 (piping) analysis methods,. Sometimes the stress 
terms in ASME Code NB-3600 equations 10 through 13 are calcu
lated at different times and the maximum values are added together. 
For the piping cases where there was insufficient information to de
termine the strain rate (without reperforming the thermal analyses), 
the saturated curves were used for the CUF calculations. This is 
conservative as the higher strain rate curves would lower the CUFs. 
In a few cases sufficient information was provided to estimate a 
strain rate by using the alternating stress intensity divided by the 
time to maximum stress intensity and the modulus of elasticity. 

To get representative strain rates for the cases where times were not 
reported, the times for the maximum through-wall temperature dif
ferences to occur in the thermal analyses were used for piping and 
nozzles. For cases where large thermal shocks are applied to piping 
and nozzles, the maximum through-wall temperature differences 
occur at about 30 to 45 seconds into the transient, but most of the 
temperature difference has occurred by about 10 to 15 seconds. 
Therefore, 30 seconds was chosen as a representative time for the 
buildup of the tensile portion of the stress cycle during thermal 
shocks. 

Fatigue Monitoring. No fatigue monitoring had been performed 
on most of these systems. Results of monitoring for thermal stratifi
cation was included in all five PWR plants' surge line analyses. 
Surge line monitoring was performed on two of the plants eva
luated, whereas the other plants used information from owners 
group monitoring by the NSSS vendor on similar plants. The ther
mal stratification fatigue monitoring results were complicated and 
no attempt was made to reduce conservative assumptions 
associated with the monitoring results. The only change that was 
made was to reduce the number of stratification cycles based on the 
ratio of the anticipated number of heatups/cooldowns to the design 
basis number. The anticipated numbers of cycles for some of the 
charging and safety injection nozzle transients for the newer vintage 
Combustion Engineering plant were based on the fatigue monitor
ing results. Although the CUF for the safety injection nozzle was 
slightly above 1.0 for 60 years using the NUREG/CR-5999 curves, 
no actual monitoring transients were used to remove conservative 
assumptions because the licensee stated that the algorithm used in 
the fatigue monitoring system was not comparable with how the 
system was actually being operated and needed to be changed. 

Potential Adjustments to Licensees' Calculations 
that Might Reduce the CUF 
If the CUF for a component exceeded 1.0 using the NUREG/ 
CR-5999 interim fatigue curves, potential changes that could be 
made to reduce the CUF were sought. The changes fall into two 
broad categories, conservative assumptions made by the analyst or 
Code changes that have been made since the edition of the Code of 
record for plants. The following list describes these potential con
servative assumptions. The first eight were applied in the study, if 
needed to reduce the CUF. 

1. Correct CUF calculation. Did the analyst correctly determine 
the number of allowable cycles from the alternating stresses? In 
some cases errors were found using the incorrect fatigue curve. 



2. Detailed load pairs. Were a number of load pairs conservatively 
enveloped by the worst case load pair? By separating the enveloped 
load pair with the overall combined number of cycles into more de
tailed load pairs, each with its own set of cycles, the CUF can 
sometimes be significantly reduced. 

3. Stress concentration factor/fatigue strength reduction factor 
(SCF/FSRF). Were conservative fatigue strength reduction factors 
(or stress concentration factors) and stress indices for piping used? 
In some cases the highest SCF for the entire component was applied 
to all locations on the component rather than just at the affected 
location. 

4. S m value. Was the Kg value computed using a conservative S m 

value? In many cases the analyst used the S m value at the design 
temperature in calculating Kg. Note 3 of ASME Code Figure 
NB-3222-1 states that the S m value at the maximum temperature 
experienced during the transient can be used, or if no mechanical 
loads contribute to the secondary stress, then the average S m value 
at the high and low temperatures during the transient can be used to 
determine 3S m . 

5. Material property changes. Did the values of the modulus of 
elasticity, coefficient of thermal expansion, or S m change from the 
ASME Code edition identified with the design basis calculations to 
the current Code edition? For example, in some later Code editions 
the coefficient of thermal expansion has been reduced, which will 
in turn reduce thermal stresses. 

6. Fatigue curve modulus of elasticity value. Did the modulus of 
elasticity (E) on the fatigue curve change from the ASME Code edi
tion identified with the design basis calculations to the current Code 
edition? For example the 1965 edition of the Code did not require 
an adjustment for the modulus of elasticity. In the Winter 1982 ad
denda the value on the stainless steel/Alloy 600 curve was changed 
from 26.0 x 10 6 to 28.3 x 10 6 psi (1.79 x 10 1 1 to 1.95 x 10 1 1 Pa). 

7. Code analysis changes. Did fatigue requirements change from 
the ASME Code edition of record for the design basis calculations 
to the current Code edition? For example the ATi term was elimi
nated from the NB-3600 primary plus secondary stress equation 
(Equation 10) for piping in the 1977 edition, Summer 1979 addenda 
of the Code. A corresponding change was made to Table 
NB-3217-2. 

8. Actual cycles. Based on the actual cycles that the plant has expe
rienced to date, are the numbers of cycles extrapolated to 40 years 
less than the numbers of design basis cycles? 

9. High temperature rates. The design transients specify a 
100°F/h heatup/cooldown rate. However, actual transients seldom 
approach this rate. The use of equivalent partial cycles based on 
rates or temperature differences, or redefinitionof the number of ex
trapolated cycles based on rates/differences can reduce the CUF. 

10. Detailed stress modeling. Early analyses of vessels and 
nozzles used the interaction method to analyze for stress. Older and 
even some recent (as a cost saving measure) nozzle analyses have 
treated the nozzle as apiping branch connection (that is, a NB-3600 
analysis) rather than performing a detailed finite element analysis 
of the nozzle (that is, a NB-3200 analysis). A modern finite element 
elastic analysis can give more accurate stress results and can reduce 
the CUF. 

11. Conservative thermal parameters. Several conservative as
sumptions have been used in thermal analyses, such as high 
(bounding) heat transfer coefficients and step changes in fluid tem
perature. 

12. Time-phasing of stresses. In piping analyses, the maximums 
of the ATj, AT2 and T a - Tj, terms are often used to compute the pri
mary plus secondary and peak stress intensity ranges. However, the 
time phasing of these terms may be such that the maximums occur 
at different times. By using the values for all three terms at the same 
times, the stress intensity ranges may be less. Furthermore, the pri
mary plus secondary and the peak stress intensity ranges may not 
occur at the same time and time phasing might be used to reduce 
conservatism. 

13. Number of OBEs. The number of OBE cycles is inconsistent 
from plant to plant. Numbers in the analyses range from 10 to 200 
to 650. The Standard Review Plan (NUREG-0800) requires a mini
mum of 5 OBE events with ten cycles each. Some plants might 
reduce the number of design basis OBE cycles. 

14. Code Case N-411 damping. Older analysis used the damping 
values in Regulatory Guide 1.61 (the same as in Appendix N of the 
ASME Code) to perform dynamic analysis. ASME Code Case 
N-411 allows higher damping values, which when used could sig
nificantly reduce the OBE loads. 

15. Number of hydrotests. ThefirstlOhydrotestsneednotbecon-
sidered in the fatigue analysis (NB-3226). Furthermore, the 
10-year hydrotest may now be replaced by a leak test (Code Case 
N-498). Therefore, the number of design basis hydrotests assumed 
in the fatigue analysis may be conservatively high. 

16. Fatigue monitoring. Cycle counting and fatigue monitoring 
could be used to more accurately estimate the CUF. Some transients 
that are major contributors to the CUFs are not being counted, such 
as loss-of-charging and Ioss-of-letdown events. Better knowl
edge of the numbers of occurrences of these events may show that 
the actual numbers of cycles are less man the design basis numbers. 
For transients such as thermal stratification of surge lines, analysts 
have sometimes used the results of one heatup cycle to estimate the 
numbers of insurges/outsurges and temperature differences. From 
these measurements they have conservatively developed an envel
oping set of transients for use to the end of plant life. However, 
monitoring the piping top-to-bottom temperature differences dur
ing each heatup may result in less cumulative fatigue usage than 
using the enveloping set. 

17. Plastic analysis. An elastic-plastic finite element analysis 
could be conducted to determine the alternating strain range for use 
with the NUREG/CR-5999 interim fatigue curves. This would 
eliminate the conservative assumptions associated with the Ke fac
tor in the simplified elastic-plastic analysis technique in ASME 
Code NB-3228.5 and NB-3653.6. 

Examples of Code Changes and Adjustments to 
Cycles/Transients that Might Increase the CUF in 
Licensees' Calculations 
In addition to the changes listed in the previous section that might 
be used to decrease the CUF in the licensee's calculations, several 
changes were found from review of the licensees' analyses for the 
seven plants that might increase the CUF when using the 1992 



ASME Code and the latest estimates of cycles and transients. Ex
amples are listed below: 

1. Correct CUF calculation. The analyst used the ASME Code 
fatigue curve for high strength carbon/low-alloy steel instead of the 
appropriate curve for lower strength material. Both curves are on 
the same figure in the ASME Code. 

2. Use of Code fatigue formulas. In early Code editions (for exam
ple 1965) there were no formulas to compute the allowable numbers 
of cycles from the fatigue curves. The numbers of allowable cycles, 
visually determined using the minor grid lines on these early curves, 
are greater than the allowable cycle values computed from the for
mulas in later editions of the Code. 

3. Adjustment for modulus of elasticity. In early Code editions 
(for example 1965), there was no requirement to adjust the Salt val
ues for the modulus of elasticity when performing NB-3200 
analyses. In later Code editions, the Sait values are required to be 
multiplied by the room temperature modulus of elasticity shown on 
the fatigue curve divided by the modulus of elasticity used in the 
analysis. Since the modulus of elasticity used in analyses is at oper
ating temperature and the modulus of elasticity decreases with 
temperature, the multiplication factor is greater than 1.0. 

4. Changes in modulus of elasticity values. Values of the modulus 
of elasticity for carbon steel have been increased in later editions of 
the Code. This will result in higher thermal stresses for piping. 

5. Changes to coefficient of thermal expansion values. The val
ues of the coefficients of thermal expansion (a) have changed in 
later Code editions. For example, the a for SA-333 Grade B carbon 
steel at 70°F has been increased from 6.07 x lOr6 in/in/°F in the 
1971 edition of the Code to 6.41 x 10 - 6 in/in/°F in the current edi
tion. This will result in higher thermal stresses for piping. 

6. Actual cycles. The number of current cycles extrapolated to 40 
years exceeds the design basis numbers for some BWR plant tran
sients. 

7. Transient definition. Analyses for older vintage plants do not 
have the design cycles defined in detail as specifically as newer vin
tage plants. In addition, some transient assumptions (for example, 
BWR feedwater system thermal cycling during startup) may not be 
adequately defined for older vintage plants. 

8. Changes in S m values. For some materials, the value of S m is 
lower in later editions of the Code. The 3 S m allowable limit for pri
mary plus secondary stress intensity range would be lower; and for 
cases where a Ke factor is used, dividing by a lower 3 S m will result 
in a higher Sait. 

9. Changes in the Kg equation for piping calculations. In most 
analyses that used older versions of NB-3600 and B31.7 for piping, 
it appears that elimination of the ATi term from the primary plus 
secondary stress intensity range term for calculating K e will signifi
cantly reduce Sait. This is because typically the maximum ATj_ 
AT2, and T a - Tb terms were used regardless of their time phasing. 
However, in some analyses, particularly recently, there were 
instances observed where the AT] AT2, and T a - Tb terms are taken 
at the same time; consequently, this conservatism has been elimi

nated. In some cases the stress associated with the T a - Tt, term is 
far greater than the stress associated with the ATj term, so eliminat
ing the ATi term changes the primary plus secondary stress 
intensity range minimally. The value of K e calculated using the cur
rent edition of the Code is greater than would be the penalty factor 
calculated using older versions (see item 10 below). Therefore, in 
these cases, analyses performed to the earlier Code editions would 
be nonconservative when compared to calculations performed to 
the current Code edition. 

10. Changes in the Ke equation for nozzle calculations. The ther
mal stresses for a nozzle, analyzed to B31.7-1969, were computed 
using a NB-3200 analysis. Since the primary plus secondary stress 
intensity range exceeded 3S m , a simplified elastic-plastic analysis 
was used. The B31.7 penalty factor (Kf times Ke) for four load pairs 
ranged from 2.51 to 3.36, whereas the Ke factor using the current 
Code edition would be 3.33 for all four load pairs. 

11. Changes in the material constant values in the K e equation. 
In art analysis in the 1965-1970 time frame, before the current sim
plified elastic-plastic analysis procedure was incorporated in the 
ASME Code, the same formulas were used based on technical pa
pers published in the late 1960s. However, a value of n = 0.5 for 
stainless steel was used instead of the value in the ASME Code of 
n = 0.3. Consequently, a K e factor of 1.25 was calculated, whereas 
a value of 1.57 results from using n = 0.3. 

12. Changes to stress indices. In NB-3683.5 of the present Code 
edition, the C3 index for transitions with a 1:3 slope is increased by 
a +0.25 term that was not present in earlier (for example 1980) edi
tions. 

COMPONENT EVALUATIONS 
The stress results from existing analyses were used to determine re
vised CUFs based on the NUREG/CR-5999 curves. Since the 
licensees' design basis analyses were based on the ASME Code of 
record, it was uneconomical for the licensee to attempt to reduce the 
CUF to lower and lower values by removing conservative assump
tions once the Code requirements were met. Given more funding 
and time, further calculations could have been performed to reduce 
the existing stress values by using more realistic loadings or more 
detailed analysis models. These reduced stresses would result in 
lower CUFs. Therefore, high CUF values obtained using the NU
REG/CR-5999 interim fatigue curves do not reflect the lowest 
CUF, since in every case where the CUF was greater than 1.0, there 
are one, and in most cases several, steps that could be taken to re
duce the CUF by additional analyses and monitoring.. 

The licensees' CUF calculations were used for the four newer vin
tage plants (including the B&W plant). Thermal, stress, and CUF 
analyses were conducted by the INEL staff for the shutdown cool
ing line of the older vintage Combustion Engineering plant, the 
charging and safety injection nozzles and the residual heat removal 
line for the older vintage Westinghouse plant, and the Recirculation, 
feedwater, and residual heat removal lines of the older vintage Gen
eral Electric plant. Fatigue usage calculations were not required by 
the licensing basis of these plants. Typical transients definitions and 
numbers of cycles were used for the analyses. 



Table 2. Summary of component CUFs for 40-year life using NUREG/CR-5999 interim fatigue curves 

Component 

CE B&W Westinghouse 

Component 
General Electric 

Component New Old New Old Component New Old 

RV Head/Shell 0.014 0.013 0.742 0.018 0.891 RV Head/Shell 0.628 0.079 

RV Nozzle 0.475 0.554 0.470 0.658 0.496 FW Nozzle 1.881 3.168 

Surge Line 3.476 a 1.345 a 2.005 a - b 2.458 a 5.860 a Retire Line 0.830 3.898 

Charging Nozzle 0.774 0.666 1.263 c 4.859 d 0.349 e CS Nozzle 0.436 2.305 

SI Nozzle 0.457 0.414 0.632' 1.5119 0.410 RHR line 11.260 a 0.523 

RHR line 0.502 h 0.139 h 0.610' 2.371 aJ 0.286 Feedwater Line 3.688 6.980 

a. Includes thermal stratification transients. 
b. Detailed analysis unavailable. Estimate based on B&W design basis CUF for this plant and change in other four PWR 

(Westinghouse and Combustion Engineering) surge line CUFSs. 
c. High pressure injection/makeup nozzle. 
d. NB-3600 analysis. Other PWR plants used NB-3200 analysis for charging nozzle. 
e. Poisson's ratio of 0.3 was used in the analysis. Using the NB-3227.b equation for Poisson's ratio, the CUF would be 0.678. 
f. Core flood nozzle. 
g. Boron injection tank nozzle. No thermal sleeve. NB-3600 analysis 
h. Shutdown cooling line. 
i. Decay heat removal line. 
j . Only PWR plant to include postulated thermal stratification transients for RHR line. 

RESULTS 
The 40-year CUFs calculated using the NUREG/CR-5999 interim 
fatigue curves for the seven plants evaluated in this study are sum
marized in Table 2. The numbers are after conservative 
assumptions have been removed and are based on anticipated 
cycles. The details of the evaluations for six components, (including 
the stresses that were used) for each of the seven plants surveyed are 
described in NUREG/CR-6260 (Ware, Morton, and Nitzel, 1995). 
It appears that the two most difficult areas to reduce the CUF to low
er values are PWR surge lines, which are subject to thermal 
stratification, and BWR tees joining RHR, recirculation, RCIC, 
RWCU, feedwater, etc. lines where hot and cold coolant mixing oc
curs. The results and conclusions of these evaluations are 
summarized below. 

Applications to PWR Plants 
The anticipated number of cycles are less than the design basis num
ber of cycles for all key transients, notably heatup and cooldown 
transients and power changes (for example, the design analyses ac
counted for load following whereas the plants are being operated as 
base-loaded.) 

After removing conservative assumptions and using anticipated 
numbers of cycles, the CUFs for all the reactor vessel components 
(shell and lower head, inlet and outlet nozzles) were less than 1.0 for 
a 40-year life. In two cases, an Alloy 600 instrumentation nozzle 

and a lower head core support block, the CUFs (1.113 and 1.337, 
respectively) were slightly above 1.0 for 60 years. 

The CUFs for the stainless steel surge lines of all five plants exceed
ed 1.0 for 40 years. The most significant transient for surge lines is 
thermal stratification which was not accounted for in the original 
design basis. The surge lines were reanalyzed for fatigue in re
sponse to NRC Bulletin 88-11. Fatigue monitoring was used to 
determine temperature differences and numbers of cycles during 
times of thermal stratification. More refined analyses to later (circa 
1986) editions of the ASME Code, including removal of conserva
tive assumptions, were used by the licensees to reduce the CUF 
below 1.0 using ASME Code fatigue curves. However, there re
main conservative assumptions that could be used to further reduce 
the CUF. Four of the five analyses used NB-3600 piping methods. 
A detailed finite analysis of the regions with high CUFs, and, if 
needed, plastic analyses, could be used to reduce the CUF. The 
B&W plant's analysis already has incorporated an NB-3200 plastic 
analysis. Probably the best way to reduce the CUF is more precise 
monitoring of the individual surge lines. The stratification tran
sients used in the analyses are mainly based on owners group 
submittals that conservatively define a set of enveloping stratifica
tion transients that will apply to several plants. 

After removing conservative assumptions and using anticipated 
numbers of cycles, the 40-year CUFs for the stainless steel charging 
and safety injection nozzles were below 1.0 for 7 of the 10 cases. 
The other three (two charging and one safety injection nozzle) had 



CUFs ranging from 1.3 to 4.9 for a 40-year life. The numbers of 
key transients for these two components (for example, loss of let
down and loss of charging) are not counted on a regular basis as are 
transient cycles important to overall plant operation (for example, 
heatups and reactor trips); consequently, it was difficult to estimate 
anticipated numbers of cycles. It appears that the number and sever
ity of these key cycles are conservative, and further studies based 
on plant operation could be used to reduce the CUF. Based on the 
results of the CUFs for charging and safety injection nozzles of an 
older vintage plant using the 1992 ASME Code editions NB-3600 
and NB-3200 methods, it appears that by using NB-3200 methods 
contained in the 1992 ASME Code, the CUFs for all nozzles could 
be reduced to be less than 1.0. The details of this evaluation are 
presented in a companion paper (Nitzel, Ware, and Morton, 1996). 

The 40-year CUFs for RHR lines were less than 1.0 for four of the 
five plants. The fifth plant included cycles for thermal stratification 
in the RHR line, which were not considered for the other four plants. 
Excluding thermal stratification, the CUF for the fifth plant would 
have been comparable to the other four plants. The analysis of the 
fifth plant used NB-3600 piping methods. A detailed finite analysis 
using NB-3200 methods, and, if needed, a plastic analysis, could be 
used to reduce the CUF. Probably the best way to reduce the CUF 
is more precise monitoring of the RHR line. The stratification tran
sients may conservatively define a set of enveloping stratification 
transients. 

For carbon and low-alloy steel components, the NUREG/CR-5999 
interim fatigue curves increased the CUF by an average factor of 2.2 
times the design basis CUF. This was before any adjustments based 
on conservative assumptions removal and anticipated cycles were 
made. For stainless steel and Alloy 600, the average multiplication 
factor is 8.7. 

Applications to BWR plants 

The anticipated number of cycles exceed the design basis numbers 
of cycles for some transients, notably startup and shutdowns. How
ever, the anticipated number of cycles is less than the design basis 
number of cycles for other transients such as power changes (the de
sign analyses accounted for load following whereas the plants are 
being operated as base-loaded.) 

After removing conservative assumptions and using anticipated 
numbers of cycles, the CUFs for the reactor vessel shell and lower 
head were less than 1.0 for 40- and 60-year lives. The core spray 
nozzle CUF was less than 1.0 for the 40- and 60-year lives of the 
newer vintage BWR plant, but was greater than 1.0 (2.305) for the 
safe end of the older vintage BWR plant for 40 years. 

The 40-year CUF for the feedwater nozzle exceeded 1.0 for both 
plants. The CUF range was from about 1.9 to 3.2. (The CUFs for 
the thermal sleeves on the BWR/6 plant was about 5). Although 
transient definitions, anticipated cycles, strain rates, and tempera
tures were included according to the information available, there 
remains a great deal of uncertainty concerning these values. There 
also remain conservative assumptions that could be used to reduce 
the CUFs. Two studies based on fatigue monitoring of BWR feed-
water nozzles in other plants showed that the monitored CUF was 
a factor of 30 to 50 less than the design basis CUF. (Deardorff and 
Smith, 1994; Sakai et al , 1993). 

The 40-year CUF for the recirculation system is less than 1.0 for the 
BWR/6, and slightly exceeds 1.0 for 60 years (1.245). The CUF for 
the BWR/4 is 3.898. Both CUFs were calculated using NB-3600 
methods, and were for tees. The CUF for the feedwater lines are 
3.688 and 6.980 (at tee locations). The CUF for the tee was calcu
lated using NB-3600 methods. Based on experience with 
comparing NB-3200 and NB-3600 methods for nozzles, it is be
lieved that an NB-3200 analysis would reduce the CUF below 1. 
(Nitzel, Ware, and Morton, 1996). 

The CUF for the BWR/6 RHR line is 11.26 in a straight run of pip
ing. All transients that contributed to the CUF involved thermal 
stratification. The analysis used NB-3600 piping methods. A de
tailed finite analysis using NB-3200 methods, and, if needed, a 
plastic analysis, could be used to reduce the CUF. Probably the best 
way to reduce the CUF is more precise monitoring of the RHR line. 
The stratification transients may conservatively define a set of en
veloping stratification transients. 

Piping Components Designed to the B31.1 Code 
The design of PWR components, and the transients to which they 
are subjected, are similar for older and newer vintage plants. An ex
ception is the Westinghouse 3 - and 4—loop plants that were studied, 
which had different safety injection piping configurations. Conse
quently, transients from both the newer vintage Westinghouse and 
the Combustion Engineering plants were reviewed to ensure that 
the transients used were representative for the older vintage Wes
tinghouse plant. 

The design of some of the BWR systems were not similar for the 
older vintage (BWR/4) and newer vintage (BWR/6) plants that were 
reviewed. Several key locations of hot and cold coolant mixing, 
which on the BWR/4 plant are on piping that would be considered 
Class 1 today, are included in the Class 2 portions of the BWR/6 pip
ing. Transients from both a BWR/6 and another BWR/4 plant were 
reviewed to ensure that the transients that were used were represen
tative for the older vintage BWR plant. 

While no additional fatigue evaluations of PWR surge lines were 
performed in this study because the licensees had already analyzed 
these lines for fatigue in response to NRC Bulletin 88-11, the results 
of the fatigue evaluations and CUFs for older and newer vintage 
plants appear comparable. 
The charging and safety injection nozzles for one older vintage 
PWR were analyzed using detailed finite element models (both con
tained thermal sleeves). The CUF using both the ASME Code and 
NUREG/CR-5999 curves were less than 1.0. 
The design basis CUF for two older vintage PWR RHR lines that 
were analyzed, including representative transients from other 
PWRs, was low and comparable to the other PWRs without thermal 
stratification effects. 
The design basis CUFs for the older vintage BWR plant recircula
tion, RHR, and feedwater lines that were analyzed, including 
representative transients from other BWRs, were less than 1.0. The 
40-year CUFs using the NUREG/CR-5999 curves were above 1.0 
for the recirculation and feedwater lines. The comparable CUFs 
were above 1.0 for the newer vintage BWR, also, but only about half 
that computed for the older vintage BWR. 
The older vintage plants' piping typically has thicker walls than do 
newer vintage plants. This causes higher thermal stresses in the old-



er vintage plants' piping. Thermal stresses were found to be the 
major type of stress contributor to the CUE Some stress indices are 
a function of the pipe diameter and thickness, but this is expected 
to have only a minor effect on the CUR 

CONCLUSIONS 
In this study, when the conservative assumptions were removed and 
the anticipated numbers of cycles were used, the CUF could be re
duced to below 1.0 for most components using the 
NUREG/CR-5999 interim fatigue curves, both for older and newer 
vintage plants. Representative CUFs for components on older vin
tage plants designed to the B31.1 piping code, for which no CUF 
analyses were required, were determined to be less than 1.0 using 
the current ASME Code. 

For components for which the CUF could not be reduced below 1.0 
using the available information, several additional steps that could 
be taken to further reduce the CUF were identified. The two major 
remaining steps mentioned were (1) more detailed finite element 
analyses or (2) fatigue monitoring of the transients. Whereas the 
ASME Code NB-3200 versus NB-3600 analysis methods will as
sist with regions of axial thermal gradients, the CUF could not be 
reduced when the majority of the stress was caused by radial ther
mal gradients. A problem with the NB-3200 analyses is that 
minimal guidance is provided by the ASME Code regarding fatigue 
strength reduction factors for welds. Analysts typically do not ap
ply fatigue strength reduction factors for welds on nozzles made in 
the shop. For field welds, the NB-3600 stress indices can be used, 
but they may be overly conservative. A plastic analysis in which the 
strains are computed, rather than using the Ke factor to adjust the 
elastic stresses, will lower the CUF. 

The best method to lower the CUF for the few worst locations ap
pears to be fatigue monitoring. For most of the cases where the CUF 
exceeded 1.0, neither actual numbers of cycles that the plants is ex
periencing, nor the magnitude of temperature differences of thermal 
shocks, were known. Therefore, worst-case design assumptions 
were used. By using realistic numbers of cycles and severity of tran
sients, the CUF could probably be reduced sufficiently without 
resorting to more detailed analysis methods. However, in some 
cases, for example, where thermal stratification exists, a combina
tion of fatigue monitoring and more refined analyses may be 
needed. 
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Figure 1. Increase in CUF using NUREG/CR-5999 
interim fatigue curve for stainless and Alloy 600 steel. 
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Figure 2. Increase in CUF using NUREG/CR-5999 
interim fatigue curve for carbon and low-alloy steel in low-
oxygen environment. 
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Figure 3. Increase in CUF using NUREG/CR-5999 
interim fatigue curve for carbon and low-alloy steel in 
high-oxygen environment at 200°C. 
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Figure 4. Increase in CUF using NUREG/CR-5999 
interim fatigue curve for carbon and low-alloy steel in 
high-oxygen environment at 250°C. 
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Figure 5. Increase in CUF using NUREG/CR-5999 
interim fatigue curve for carbon and low-alloy steel in 
high-oxygen environment at 288°C. 

R96 0160 


