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1. SUMMARY

The influence function (IF) method for calculation of stress intensity 

factor K,(a) is applied to the case of a semicircular surface crack, of 

radius "a", used to model a discontinuity revealed by in-service inspection 

of a nozzle-to-shell weld in the Pilgrim I pressure vessel. Calculated Kj 

values are a key input to fatigue and static fracture mechanics analyses.

The IF method for determining Kj, the development and application of which 

have been documented previously (3), has the capability to accurately and 

efficiently account for complex geometries, stress fields, and three- 

dimensional aspects of crack growtn.

The Kj calculations obtained in Section 2 for two complex thermal stress 

distributions and a combined stress distribution encountered in the nozzle 

weld, are compared with previous calculations (1J ba‘('.1 upon the "Evaluation 

of Flaw Indications" method described in Section XI, Appendix A of the ASME 

Boiler and Pressure Vessel Code (2J.

The IF method, as fully detailed in (.3) and outlined briefly in Section

2, models the stress field to any degree of accuracy desired rather than 

with the single straight line approximation used in the Code method. It is 

shown that a substantial difference exists between the Kj(a) values calculated 

by the Code method and the IF method except, coincidentally, in the vicinity 

of the specific flaw size (a=0.9") revealed by inspection of. the Pilgrim

Vessel.
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For crack sizes substarrtially greater than 1.0 inch, Kj(a) values 

calculated by the Code method are significantly larger than those calculated 

by the IF method. Since the Code method values have been shown previously 

to predict more-than-edequate residual fatigue lifetime and static strength 

for the vessel, the smaller Kj values computed by the IF method do not alter 

the major conclusions reached in (2). In fact, a static failure and fatigue 

analysis, performed in Section 3, does show a significant increase in 

the already large static failure safety margins computed in (1_) while 

the fatigue calculation is virtually unaffected.

It is concluded that the IF method has the potential to improve and 

to affect the conclusions of future Section XI analyses of structures 

with imperfections. In future Section XI analysis where higher accuracy 

is required, because of combinations of larger cracks, lower temperatures 

and higher working stresses, the IF method should be useful for evaluation 

of the integrity of pressure vessels, piping, and other structures. The 

Code (2) already recognizes the need for improvements and states (Article 

A-3300, Item (c)): "Note that (Code) Equation (1) is only a recommended 

procedure for determination of Kj. More sophisticated techniques may be 

used providing the methods and analyses are documented. In many cases, 

involving complex geometries and stress distributions, the methods outlined 

above may be inadequate, and more sophisticated techniques should be used."

The influence function method has been shown (3_-5j to be both accurate and 

efficient for highly non-linear stress fields and has also been computerized 

to calculate fatigue crack length as a function of number of load cycles.
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2» STRESS INTENSITY FACTOR CALCULATIONS

2.1 The Influence Function Method

This section applies the influence function (IF) nethod to compute 

the stress intensity factor Kj(a) for three complex loadings of the semi­

circular surface crack, of radius "a", illustrated in Fig. 1. According 

to (]_), and as specified by Article A-2000 of Section XI, this crack 

conservatively models the "discontinuity" region revealed by in-service, 

ultrasonic inspection of the nozzle-to-shell weld in the Pilgrim I reactor 

pressure vessel.

The IF method uses only the stress in the uncracked solid to compute

the crack-induced redistribution ot the elastic stress field. Details

of the IF method are available elsewhere (1-5J and, for completeness, only

two relevant equations are given below. The expressions for stress

intensity factors at the maximum depth (K )* and at the surface (K )*x y
portions of the circular crack front in Fig. 1 are given by

-3/2 ,a . . .. 2i2s 1/2^
k. = 2(^1 /a f(xj (i + 4V °22 dydx

i -a e a a
(1)

for i = x,y
3/ = (1 - x2/a2)1/2, a = 1 - (x2 + y2)/a2
'max
^max = - ^2)1/2

xe =x/{axmax)

where f(xl = (1 + xp)1/2 (1.3188 - 0.7884 xe + 0.1768x;) (2)

★
The accent mark ( ) denotes that K. is a specifically weighted average

4, i_ *

of the K(s) function along the i portion of the crack front, s.
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is a crack surface correction factor derived from analogous two-dimensional 

edge crack solutions. Finally, o22(x,y) is the uncracked stress (i.e., 

stress in the uncracked structure at, and normal to, the crack locus).

As derived and demonstrated in Appendix B of (2)» Equation 1 is a 

good engineering approximation (i.e., expected errors are approximately 

5%) of the stress intensity factors for arbitrary stress fields for the 

case of sufficiently small a/t, where t = 6" is the vessel shell thickness 

as shown in Fig. 1. The ASME Code (2) circular crack solutions indicate 

that the finite thickness effect may be neglected for a/t less than 2/3 

so that Equations 1 and 2 are applied only in the range 0 < a < 4" in 

this report. The current Code requires that when more than one K value is 

computed, the maximum value should be used. In the calculations below 

for all considered values of a and o22, we compute

K (a) > Kx (a) (3)

so that we may simplify the K factor notation below to K^(a) = Kj(a) = K(a).

2.2 K(a) Solutions for Three Uncracked Stress Fields o22(x,y)

Figures 2, 3 and 4 illustrate the uncracked stress distributions, 

calculated in (I), of the form o22(x,y) = ozz(x) = o(x) where, as shown 

in Fig. 1, x is the distance from the free surface. Figure 2 plots 

the maximum combined loading o(x) distribution, used by (1_) to compute 

(a) so that the allowable or minimum critical crack depth ac can be 

computed from K (a )=K , where K is the viewable or minimum critical 

stress intensity factor value for brittle failure. Figure 3 plots the
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peak transient thermal stress calculated in (X) as caused by a 506°F 

step change in reactor vessel feedwater (FW) temperature. According to 

the calculations in (1_), this type of thermal transient, with a 446°F 

step change, is the most important cyclic stress component of the shutdown 

operation, which is the major contributor to fatigue crack propagation.

Figure 4 illustrates the highly nonlinear thermal stress distribution 

caused by a 100°F step change in reactor pressure vessel (RPV) temperature.

We consider the RPV thermal stresses in order to compare the K(a) calculations 

for IF and Code methods for a highly nonlinear stress field. The three 

stress distributions were each fit with ten linear segments, as shown 

schematically in Fig. 5, for substitution into Equation 1 to compute K(a) . 

numerically with computer program IFS3-3 which is referenced in Table I 

of (3j. The stress distributions were also fit with 5 and with 20 linear 

segments and all 5- and 20-segment computed values of K(a) differed by 

less than 3% from the 10-segment values.

Figures 2 to 4 compare the K(a) calculated by the IF method with two 

other methods of stress intensity factor computation. The other two 

methods are: the Code method and the IF method using a single straight 

line approximation to the actual uncracked stress field. For any given 

crack depth "a", this line is a secant approximation drawn between c(a) 

and o(0) on the "a vs. a" plri. as in Fig. 5. The IF method was used 

to compute K(a) with the secant line stress field in order to quantify 

only that portion of the total difference in calculated K(a) that results 

from approximating the actual stress field with a single secant line. Note 

the significant differences in the IF method curves introduced by the secant

to/mmmm!
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apj-TOximation. up to 16% for the combined stress distribution in Fig. 2 

and up to 28% and 250% for the thermal stress distributions in Figs. 3 

and 4, respectively.

In reviewing the Code analysis in (1J for K, no curve for 

values (bending correction factors for surface cracks) for the appropriate 

a/L = 0.5 and for the highest value of K around the semicircular crack
★

(the surface location in this case) was available in Fig. A-3300-5 of (2J. 

However, by utilizing the Code method and the dashed line in Fig. A-3300-5 

of (2) for an elliptical crack of aspect ratio, a/L = 0.3, FAA was able 

to reproduce the K values reported in (1J and shown in Figs. 2 to 4.

As evidenced in Figs. 2 to 4, the K(a) values reported in (2) for a/L = 0.5 

do not coincide with the IF-secant stress field K(a) values for any of the 

three analyzed stress distributions. The greatest differences between the 

secant-based K(a) curves occur for the highly non-linear RPV thermal 

stress distribution where the K(a) values in (X) are: 1) when 0 < a < 0.7", 

30-40% smaller, 2) when a is near 1", almost the same, and 3) when a > 1.5", 

up to 40% larger than the IF calculated K(a) for the secant stress field.

3. RELEVANCE OF K(a) TO ALLOWABLE CRACK DEPTH AND FATIGUE CRACK GROWTH
CALCULATIONS

3.1 Fatigue Crack Growth

Stating that its analysis is conservative, Reference (1_) estimates 

that the crack modeling the weld discontinuity can grow from its initial 

a = 0.9" to a final size a = 1.0" under stress cycles induced by 40 years 

of operational load transients. Because the shutdown operation occurs

♦October 1975 Footnote:
It is now known that this confusion was caused by the 1973 Summer addenda of 
the Code which incorrectly labeled a curve "a/L = 0.5" rather than the correct 
"a/L = 0.3" which appears in later published Code editions.
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frequently, it is expected to cause about 60% of the total fatigue

growth, Aa = 0.1". As stated previously, the major cyclic stress com-
o

ponent of shutdown is due to a 446 F step change in FW temperature during 

shut down. This thermal transient produces cyclic stresses which are 

446/506 = 0.88 times the stresses calculated by finite element methods 

(1_) for a 506 F step change in FW temperature and reproduced in Fig. 3 

of this report.

Since K calculations using the IF method and the Code method in 

Q.) are essentially equal for "a" near 1", the amount of fatigue crack 

growth, Aa = 0.1", predicted by each method would also be equal. However, 

noting from (2) that the upper bound growth rate is

da
dN

{AK(a)}3-726 a K(a)3-726
(4)

significantly different crack growth rates would be predicted for "a" 

values much different from 1". The following table uses (4) to compute 

the ratio of crack growth rates for the two methods that would be predicted 

at three different crack sizes.

a
(in)

M)
(Ksi(in)1/2)

K<1 2>
(Ksi (in)1/2) (da/dN){2V(da/dN) 0) =Tk!2)/kO)]3-726

0.5 12.9 15.3
1.1863'726 =

1.9

L J

1.0 19.1 20
1.0473'726 =

1.2

3.0 36 26.5
0.7363'726 =

0.32

(1) refers to calculations in Ref. (1J

(2) denotes IF method results in this report. Fig. 3.'
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Clearly, the use of the influence function method for stress intensity

factor calculations will, in general, affect da .
dN

3.2 Allowable Maximum Crack Depth

Arguments are presented in (1_) for computing the allowable crack

depth a from 
c

K (a ) = 63.2 ksi /m (5)
max c

0
for metal temperatures greater than 180 F. Application of (5) and Fig. 2

shows that the allowable crack depth computed in (1) is approximately

a = 2.4" while the IF method calculates a = 3.2". This difference between 
c c

allowable crack sizes is significant. Although the Pilgrim I flaw evalua­

tion was conservative, FAA believes that the IF method should be considered

for future fracture mechanics analyses that require greater accuracy.

4. CONCLUSIONS

(1) The influence function (IF) method accurately computes stress 

intensity factors Kj(a) for many specified stress distributions 

in the uncracked solid, including highly non-linear stress 

distributions.

(2) The current ASME Code recommended procedure for computing Kj(a) 

may yield results which differ considerably from more accurate 

calculations, depending on the shape of complex stress distri­

butions and upon any necessity for extrapolation to obtain 

geometric correction factors from incomplete sets of curves

in the Code.
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(3) The allowable crack depth in the Pilgrim I vessel feedwater 

nozzle weld was computed with the IF method to be 3.2 inches 

as compared to 2.4 inches using the Code method.

(4) Fatigue analysis of the 0.9 inch indication found in the 

Pilgrim I vessel is not strongly affected by an improved K 

analysis. However, fatigue analysis for crack depths signi­

ficantly larger or smaller than 0.9 inches and for many other 

problems would be significantly affected.

(5) The computerized influence function method can economically 

provide accurate end-of-life and critical flaw size calculations 

as specified in the Code, even when highly non-linear stress 

distributions are present and when Code approximations are 

inadequate.
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t = 6" (min.)

1. SCHEMATIC OF NUZZLE GEOMETRY AND CRACK 
MODEL OF DISCONTINUITY
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FIG. 2. COMPARISON OF THE STRESS INTENSITY FACTORS 
CALCULATED BY THE IF AND CODE METHODS FOR A COMBINED STRESS 

DISTRIBUTION IN THE FEEDWATER NOZZLE WELD OF THE PILGRIM I VESSEL
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Fig. 4 COMPARISON OF THE STRESS INTENSITY FACTORS CALCULATED BY THE INFLUENCE 
FUNCTION METHOD AND THE APPROXIMATE ASME CODE MFTHOD FOR THE RPV THERMAL 
STRESS DISTRIBUTION IN THE PILGRIM I FEEDWATER NOZZLE WELD.
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