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ABSTRACT 

The outer core pressure boundary tube (CPBT) of the Advanced Neutron Source (ANS) reactor 
being designed at Oak Ridge National Laboratory is currently specified as being composed of 
6061-T6 aluminum. ASME Boiler and Pressure Vessel Code fracture analysis rules for nuclear 
components are based on the use of ferritic steels; the expressions, tables, charts and equations were 
all developed from tests and analyses conducted for ferritic steels. Because of the nature of the Code, 
design with thin aluminum requires analytical approaches that do not directly follow the Code. The 
intent of this report is to present a methodology comparable to the ASME Code for ensuring the 
prevention of nonductile fracture of the CPBT in the ANS reactor. 6061-T6 aluminum is known to be 
a relatively brittle material; the linear elastic fracture mechanics (LEFM) approach is utilized to 
determine allowable flaw sizes for the CPBT. A J-analysis following the procedure developed by the 
Electric Power Research Institute was conducted as a check; the results matched those for the LEFM 
analysis for the cases analyzed. Since 6061-T6 is known to embrittle when irradiated, the reduction in 
KQ due to irradiation is considered in the analysis. In anticipation of probable requirements regarding 
maximum allowable flaw size, a survey of nondestructive inspection capabilities is also presented. A 
discussion of probabilistic fracture mechanics approaches, principally Monte Carlo techniques, is 
included in this report as an introduction to what quantifying the probability of nonductile failure of 
the CPBT may entail. 

xiii 





INTRODUCTION 

The primary objective of this report is to outline a methodology for evaluating the outer core 
pressure boundary tube (CPBT) in the Advanced Neutron Source (ANS) reactor with respect to its 
susceptibility to brittle fracture. The ANS reactor (see Fig. 1) is being designed at Oak Ridge 
National Laboratory (ORNL). The CPBT surrounds the upper and lower core elements (see Fig. 2) 
and thus is exposed to high levels of irradiation. The CPBT is surrounded by heavy water (see Fig. 
1). The CPBT is 6061-T6 aluminum with a wall thickness in the center region near the core set at 8.5 
mm for this study, as illustrated in Fig. 3. Although aluminum has been used extensively in research 
reactors, most nuclear power plant pressure vessels are fabricated from ferritic steels. The current 
ASME Boiler and Pressure Vessel Code for Class 1 Nuclear Components (ASME Code) allows the 
use of ferritic and/or austenitic steels for Class 1 pressure vessels and piping. Section HI, Article 
G-2000, states that "for sections less than 4 inches thick, the 1 inch deep defect is conservatively 
postulated...smaller defect sizes may be used on an individual case basis if a smaller size of maximum 
postulated defect can be ensured."1 Since the CPBT is only 8.5 mm thick, the crack depth would have 
to be 25.4 mm (1 in.), which is physically impossible; the motivation of this study is to determine the 
maximum defect size that can be tolerated, and should be conservatively postulated, in order to ensure 
the prevention of nonductile fracture of the CPBT. This report presents a linear elastic fracture 
mechanics (LEFM) methodology for analyzing cracks in the ANS CPBT. 

To conduct a proper fracture mechanics analysis of the CPBT, the stresses in the part must be 
determined. The CPBT has two sources of significant stresses under ordinary operating conditions: 
membrane tension due to the difference between the pressures acting on the inner and outer surfaces 
and thermal stresses due to the radial thermal gradient across the wall thickness. A more complete 
analysis would also include the effects of seismic loads. To evaluate the fracture behavior of the 
CPBT under normal operating conditions, the stresses were determined at a number of axial positions 
along the tube and at a number of radial positions through the tube's thickness utilizing computer 
routines that have been developed at ORNL.2-3 The maximum stress state along the length of the 
CPBT was found to occur near the upper fuel element (see Fig. 2) in the tangential direction. A 
worst-case critical flaw is assumed to be an axial part-through semielliptical crack at the position in 
the CPBT where the maximum tangential stress occurs. Following the ASME Code, a flaw that has a 
depth of one-fourth of the section thickness and a length of 1.5 times the section thickness was 
initially postulated and subsequently evaluated. To evaluate the effect of crack size and geometry on 
the stress intensity factor, a number of crack lengths and depths were evaluated to determine the size 
and shape of critical flaws for the CPBT. 

As is indicated in Table 1, precipitation-hardened aluminum is known typically to exhibit linear 
elastic fracture behavior.4 Figure 4 presents a typical stress-strain diagram for 6061-T6 aluminum, 
and Fig. 5 presents the J-R results of recent tests conducted on 6061-T6 aluminum at ORNL.5 

Although ferritic steels exhibit a transition from ductile to brittle behavior when cooled through what 
is termed the transition range of temperature, 6061-T6 aluminum generally exhibits low levels of 
ductility at both low and relatively high temperatures and is known to embrittle when exposed to 
irradiation.56 Embrittlement is a function of neutron fluence, which tends to be highest near the fuel 
elements. In terms of fracture, the effects of embrittlement are a tendency to lower fracture 
toughness, KQ, along with a corresponding reduction in the ductility at flaw tips. Because of the high 
levels of neutron flux near the reactor cores, the portion of the CPBT adjacent to the cores is 
expected to have the highest level of material degradation and, correspondingly, the lowest level of 
fracture toughness for the CPBT. The LEFM approach, with a small crack tip plasticity correction, 
has been utilized in this study to evaluate the susceptibility of the CPBT to brittle fracture. Other 
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Fig. 1. Lower pressure boundary inside the reflector vessel of the ANS reactor. Source: 
P. Cento, ANS Preliminary Design Analysis of the CPBT, Martin Marietta Energy Systems Design 
Analysis and Calculations, Report No. DAC-XRT-017063-A002:ESOA8019AB1, December 1992. 
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Fig. 2. CPBT annulus and fuel element configuration. Source: P. Cento, ANS Preliminary 
Design Analysis of the CPBT, Martin Marietta Energy Systems Design Analysis and Calculations, 
Report No. DAC-XRT-017063-A002:ESOA8019AB1, December 1992. 
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Table 1. Typical fracture behavior of selected materials 

at ambient temperature 
Material Typical fracture behavior 

High-strength steel Linear elastic 
Low- and medium-strength steel Elastic-plastic/fully plastic 
Austenitic stainless steel Fully plastic 
Precipitation-hardened aluminum Linear elastic 
Metals at high temperature Viscoplastic 
Metals at high strain rates Dynamic-viscoplastic 
Polymers (below TJf Linear elastic/viscoelastic 
Polymers (above Itf Viscoelastic 
Monolithic ceramics Linear elastic 
Ceramic composites Linear elastic 
Ceramics at high temperature Viscoplastic 

Tg—Glass transition temperature. 
Source: Reprinted with permission from T. L. Anderson, Fracture Mechanics: 

Fundamentals and Applications, CRC Press, Boca Raton, Fla., 1991. 

approaches to fracture control are briefly discussed. An elastic-plastic J-analysis following the 
procedure outlined by the Electric Power Research Institute (EPRI)7 was conducted as a check on the 
LEFM procedure. 

Because of the design requirement of a relatively thin CPBT composed of 6061-T6 aluminum, the 
allowable flaw sizes are expected to be quite small. In order to ensure the structural integrity of the 
CPBT, a review of current nondestructive inspection (NDI) capabilities is included in this report. It is 
currently the intention of the ANS Project to postulate a small maximum flaw size, significantly 
smaller than is permitted in thick ferritic steel vessels, and subsequently to ensure such a small size 
utilizing NDI techniques, prior to installation of the CPBT. 

A methodology for predicting the fatigue growth of any flaws that are postulated must also be 
considered. Fatigue design curves have been presented for 6061-T6 aluminum by G. T. Yahr;8 a brief 
discussion concerning the growth of flaws in the CPBT due to fatigue cycling is presented. 

Last, a review of possible probabilistic fracture mechanics approaches for evaluating the 
probability of brittle fracture of the CPBT is also presented. 

METHODOLOGY FOR EVALUATING POTENTIAL NONDUCTTLE 
FAILURE OF THE CPBT 

Based on article G-2000 of Section XI of the ASME Code,9 Riccardella and Yukawa10 present 
three essential features of the fracture mechanics criteria developed for thick-walled pressure vessels 
as: 

1. a postulated reference flaw of semielliptical geometry with a depth equal to one-fourth of the wall 
thickness; 
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Fig. 4. Typical stress-strain curve for 6061-T6 aluminum. Source: Military Standardization Handbook, Metallic Materials and 
Elements for Aerospace Vehicle Structures, Vol. 1, MIL-HDBK-5D, Jan. 1, 1984. 
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2. Kg fracture toughness values as a function of temperature defined by a lower bound of the 
dynamic initiation and crack arrest toughness data; and 

3. a margin factor equal to two primary stresses. 

Similarly, the ASME Section XI Task Group on Reactor Vessel Integrity Requirements" suggests 
the following fracture prevention criteria: 

1. allowable fracture toughness derived from a lower bound of the available experimental toughness 
data; 

2. very large postulated flaw; and 

3. safety factor of 2 on the applied stress intensity factor, Kt. 

The LEFM methodology presented in this report follows these basic guidelines to ensure the 
structural integrity of the CPBT. Following the current ASME Code, a semielliptical flaw with a 
depth equal to one-fourth of the wall thickness (quarter-t) located perpendicular to the maximum 
stress was initially postulated as the reference flaw (Fig. 6). It is suggested here that NDI techniques 
be applied to the CPBT to limit the size of the flaws that might be present in the CPBT prior to in-
service operation. The critical crack size depends primarily on two factors: stress state and fracture 
toughness. The stress state at the tip of an axial part-through flaw extending from the inside wall of 
the CPBT, under conditions of maximum operating pressure and temperature, has been determined 
for the CPBT utilizing computer programs developed by Dixon2 and Cento.3 Unirradiated 6061-T6 
aluminum is known to have a lower bound fracture toughness of ~28 MPaVm. 1 2 , 1 3 Tests were 
conducted at Brookhaven National Laboratory6 to determine the effect of irradiation on the material 
properties of 6061-T6 aluminum. Subsized Charpy V-noteh specimens were cut from highly irradiated 
parts that were removed from a reactor at Brookhaven. Although the service conditions were slightly 
more severe than are expected for the ANS reactor, Yahr14 utilized the Brookhaven Charpy results to 
estimate the fracture toughness of irradiated 6061-T6 aluminum when exposed to ANS operating 
conditions. Tests are currently being conducted by Alexander5 at ORNL to determine the fracture 
toughness of irradiated 6061-T6 aluminum under fluence levels equivalent to those expected for the 
ANS reactor. 

In accordance with the ASME Code,1 a factor of safety of 2 has been applied to the stress 
intensity factor that results from primary stresses (the membrane, or hoop, stress for the case of the 
CPBT). Although the ASME Code cannot be applied directly in this case because of the use of 
relatively thin aluminum as opposed to the more commonly utilized thick ferritic steels, the essence of 
the ASME Code methodology has been applied, wherever possible, to analyze the relatively brittle 
fracture behavior of the ANS CPBT. 

LINEAR ELASTIC FRACTURE MECHANICS APPROACH 

The critical brittle fracture case for the ANS CPBT under the design pressure and thermal loading 
conditions is assumed to exist when a longitudinal part-through crack of length 2c and depth a is 
present at the internal surface of the cylinder, as is depicted in the schematic cylinder shown in 
Figure 6.1 5. Since the radius of the CPBT is ~ 30 times the wall thickness in the prdiminary design, 
(he stress intensity factor at the tip of the flaw can be approximated by the expression for a part-



Fig. 6. Schematic illustration of a semielliptical part-through surface flaw. Reprinted with 
permission from T. L. Anderson, Fracture Mechanics: Fundamentals and Applications, CRC Press, 
Boca Raton, Fla., 1991. 
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through semielliptical crack in an infinite plate subjected to a combination of tensile and bending load 
(see Fig. 7). 1 6 The general expression for stress intensity factor (FQ) in terms of applied stress (a) and 
crack length (a) for an embedded elliptical flaw in an infinite body subjected to uniform tensile stress, 
am, is given by17 

Ki = sin20 + —cos2/S 
1/4 

(1) 

where K, represents the effective value of the stress intensity factor for a point on the perimeter of the 
crack. The location of K2 along the crack front is defined by the angle 0; $ 0 is defined by the elliptic 
integral of the second kind 

••-IHV-]] 1/2 

sure I i d0 

Expanding Eq. (2a) into a series,18 

(2a) 

$ =1 0 2 1 - 1 c 2 - a2 _3_ 
64 (^] 2 

4 c 2 o* | c* 

If the third order and higher order terms are neglected," $„ can be approximated by 

(2b) 

* = 3TT 7T a 
0 T 

2 

8 c 2 
(2c) 

The maximum stress intensity factor for an embedded elliptical crack in an infinite cylinder mat is 
subjected to uniform pressure occurs at /S = %I2; for jS = ir/2, the applied stress intensity factor can 
be expressed as 

K, = a ira „ 
"Q F ' 

(3) 

where F represents a geometric correction factor and Q is a flaw shape parameter. Q includes a crack 
tip plasticity correction term and is given by 

Q = $o - 0.212 °L 
_2 

(4) 

The stress intensity factor for a part-through elliptical crack in an infinite plate subjected to 
uniform tensile stress [see Fig. 7 (Ref. 19)] can be computed through application of Eq. (3). F is 
replaced by a free-surface correction factor equal to 1.12 (semielliptical surface crack) and a 
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<jm - Membrane (tensile) stress. 
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Fig. 7. Illustration of a part-through surface flaw in a flat plate subjected to membrane and 
tensile stresses. Reprinted with permission from T. L. Anderson, Fracture Mechanics: Fundamentals 
and Applications, CRC Press, Boca Raton, Ha., 1991. 



12 

magnification factor for deep flaws, Mk. The maximum stress intensity factor under uniform loading 
conditions, as is shown in Fig. 7, occurs when 0 = 7r/2. The membrane stress, aMenAmc, results in a 
stress intensity factor of 

K, - U2(<r l l I -_)CM 1) I! (5) 
Q 

Mk is approximately 1.0 if the crack depth, a, is less than one-half of the wall thickness, t.2 0 As a 
approaches t, Mk approaches approximately 1.6. A useful approximation is given by20 

M k = 1.0 + 1.2 \- - 0.5 [* (6) 

The expression for the stress intensity factor, Klf for a semielliptical part-through surface crack 
subjected to membrane tension, presented here as Eg. (5), is equivalent to the expression which the 
Pressure Vessel Research Committee of the Welding Research Council (WRC) proposed in Welding 
Research Council Bulletin 175 for the evaluation of part-through semielliptical flaws in pressure 
vessels21 except that a free surface correction of 1.1 is used instead of 1.12. The portions of Section 
XI of the ASME Code that address britde fracture are based on WRC Bulletin 175. 

In pressure vessel analysis, the only significant loadings for regions remote from structural 
discontinuities are those associated with general membrane stress due to pressure and thermal stresses 
due to radial thermal gradients across the section thickness." Thus the applied stress, a, generally 
represents the sum of die primary stresses due to internal pressure and the secondary stresses due to 
the thermal gradients within the wall of the vessel. Effects of residual stress are not included because: 
peak values in a heat-treated component are less man 20% of die yield strength, service stresses and 
radiation effects bom tend to reduce residual stresses during the life of the component, and 
conservatisms throughout the whole procedure and the safety factors applied appear to be ample to 
cover any incalculable adverse effects.21 According to me ASME Code,1 the primary stresses due to 
pressure are termed membrane stresses. For die present case, OMent^ is the hoop stress which results 
from the difference in the internal and external pressures mat are applied to me CPBT while in 
service. Figures 1, 2, and 3 show die arrangement of me fuel elements witiiin me reactor vessel and 
illustrate the positioning and shape of me CPBT. The internal CPBT surface is exposed to a high 
neutron flux and a coolant flow rate of up to 7 m/s while the external surface is in direct contact with 
naturally circulating heavy water witiiin the reflector vessel. The thermal stresses, Orbm, are a result 
of the temperature gradient in the walls created by me neutron and gamma flux which generates heat 
witiiin the wall itself because of neutron interaction. The stress equations presented here were derived 
in cylindrical coordinates where <r„, aed and aa are the normal stresses along the three orthogonal 
directions r, 0 , and z respectively [see Fig. 8 (Ref. 3)]. 

The Welding Research Council21 suggests that the computation of the stress intensity factor at the 
tip of an infinitely long edge crack be based on the Irwin method.*22,23 Using this method, the stress 
intensity factor for a long edge crack in a vessel can be computed for all transient and steady-state 
temperature situations. If the shape of the steady-state temperature distribution is assumed to be 

"Recent analytical studies reported by J. G. Merkle in NUREG/CR4219, Vol. 10, No. 1, indicate an error in Ref. 21. 
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Fig. 8. Stresses associated with the cylindrical coordinate system. Source: P. Cento, ANS 
Preliminary Design Analysis of the CPBT, Martin Marietta Energy Systems Design Analysis and 
Calculations, Report No. DAC-XRT-O17063-A002:ESOA8019AB1, December 1992. 
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parabolic, the stress intensity factor for an infinitely long edge crack of depth equal to t/4 can be 
expressed as 

K l - 0.823 fe^l v/B , C7) 

where AT is the temperature difference through the wall (°F) and j8 is the wall thickness (in.). 
Equation (7) is based on empiricism and thus may not be appropriate for die 6061-T6 vessel being 

analyzed here. Because of uncertainties involved in using Eq. (7), a method of accurately predicting 
the stress state near crack tips due to thermal loading was developed at ORNL2*3 and utilized in die 
present analysis. 

CPBT Stress State 

A more accurate method of accounting for the effect of thermal loading on crack-tip stress 
intensities is to compute the stresses in the CPBT mat are due to tfiermal loading and men utilize an 
expression similar to Eq. (5) based on a combination of tensile and bending stresses to compute the 
stress intensity factor at the tip of an assumed flaw due to thermal loading, K , . A one-dimensional 
axisymmetric cylindrical thermal analysis of the CPBT was performed by Dixon 2 to provide me radial 
distribution of temperatures at various positions along the tube. A computer routine utilizing TK 
Solver 2 4 was developed mat determines temperature profiles wimin the CPBT mat vary radially and 
axially based on a set of input boundary design conditions. The current CPBT design, as of June 25, 
1993, is specified as follows: 

• 45 °C inlet temperature, 55 °C mean reflector vessel temperature. 
• 3.2-MPa primary coolant pressure, 0.3-MPa reflector vessel pressure. 
• 4.2-m/s flow velocity tiirough the 5-mm annulus. 
• 330-MW power level. 
• 8.5-mm wall mickness. 
• 0.2470-m inner wall radius, 0.2555-m outer wall radius. 
• z = 0 at the core midplane. 

Utilizing mese parameters as input, Dixon's routine was used to generate me CPBT temperature 
profile tables that are presented in Appendix A. Temperature is presented as a function of axial 
position, z, and the radius through the wall mickness, r . The maximum temperature deviation for 
each z position occurred between the inner wall and the peak temperature for that position. The 
maximum deviation was found to occur at z = 0.1367 m, where 

T w = 9 6 . 3 4 X , T ^ = 115.34°C, and T , * ^ = 115.45°C at r = 0.2546 m. 

ASME Code 1 assumes mat me temperature distribution throughthe wall mickness has a parabolic 
shape mat is constant for all heatup and cooldown rates in the range of 0 to 100°F/h. The results 
from Dixon's routine indicate that the temperature distribution through the wall thickness is parabolic 
for me CPBT. Temperature profile results were utilized as input into me thermal stress routine 
developed by Cento, 3 which initially fits a parabolic curve through the temperature profile. Equation 
(9) was applied by Cento 3 to determine the worst-case stress (maximum tangential) due to temperature 
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gradients in the CPBT. The tangential hoop stress due to pressure (ffQeM)> which results from the 
pressure differential between the inner and outer CPBT surfaces, can be expressed as25 

o 
A P (Router + Rjnner] 

66M 

Inner/ ("outer ~ Rfc 

(8) 

where £P is Vu^ - PExtenai, Router is the outer wall radius, and R ^ is the inner wall radius. 
The stresses due to thermal gradients, which result from irradiation of the 6061-T6 aluminum 

shell, can be approximated by the closed-form solution for a flat plate with a circular boundary that 
contains a circular hole. Cento3 programmed the expression presented by Manson26 and Boley and 
Weiner27 for the resulting tangential stress due to thermal loading where 

aE / 
ffeeT —5-

r 2 + a 2 

b ' - a , 

b 

f T(r)rdr + f T(r)rdr - T(r)r2 (9) 

where 

a = coefficient of thermal expansion, 
E' = modulus of elasticity for plane strain; E' = E/(l - v*,) where v is Poisson's ratio, 
r = wall radius, 
a = inner wall radius, 
b = outer wall radius, 
T(r) = <T. -T i n ( a ) / ( r i n -a ) 2 ( r n i - r ) 2 + T ^ , 
rm = radius at which the maximum temperature occurs for a given axial coordinate, 
Tinax=maximum temperature, and 
Ta=temperature at the inner wall for a given vertical location. 

The tangential stress values at various positions through the thickness of the CPBT wall were 
generated through application of Eqs. (8) and (9) at the location of the highest thermal gradient, z = 
0.137 m from the CPBT midplane. The maximum and minimum stresses were found to occur at or 
near the inner and outer CPBT walls, respectively, where 

' e n — ^ - 34.1 MPa, a&nsmi^ = -14.34 MPa, and a e M e m b n n e = 85.75 MPa. 

These values were used as the input values of ffenemai and ffeMembnne throughout the fracture analysis 
conducted in this study with a CPBT wall thickness of 8.5 mm. 

Stress Intensity Factor Due to Thermal Stresses 

The stress intensity solution for a semielliptical surface flaw in a flat plate subjected to thermal 
stresses, which result from the thermal gradient, is assumed to be similar to the expression for a flat 
plate subjected to tensile stresses assuming that the stress distribution due to the thermal gradient is 
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approximately linear. The thermally induced stresses are divided into membrane (ffe™) and bending 
components (C?OTB), where4 

"OTbermal^ "OTtera!.. 
'6TM 

(10) 

and 

The stress intensity expression for the central tip of a semielliptical surface flaw, based on a linear 
thermal stress distribution, was developed utilizing the influence coefficient approach4 as 

K i _ « ^ ( ' e m + ^ ^ T B X M K ) 
•jra (12) 

Q represents the same flaw shape parameter as was presented in Eq. (5), Mk represents the deep flaw 
correction as is presented in Eq. (6) and, assuming 0 = 90°, H 2 can be expressed in terms of a, c, 
andt as4 

H 2 = 1 + G, + G, (13a) 

where 

Gj = -1.22 - 0.12 (13b) 

and 

G2 = 0.55 - 1.05 
1 0.75 

+ 0.47 [S] 
1.3 

(13c) 

The critical fracture criterion in the ASME Code, Section XI (Ref. 9), is based on a factor of 
safety of 2 on primary (membrane) stresses. Thus the Code specifies 

2K. + K. < K. (14) 

where K, represents an expression for fracture toughness. 
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Sample Computation 1: Assuming that the CPBT wall thickness is 8.5 mm, with R ,^ = 247.0 mm 
and R Q ^ = 255.5 mm, the wall is subjected to a membrane stress of 85.75 MPa and thermal stresses 
of aO T = 34.1 MPa and aO T = -14.36 MPa, where aYS = 230 MPa for 6061-T6 aluminum. 
What fracture toughness, KQ, would be required for the irradiated 6061-T6 CPBT to avoid brittle 
failure if an ASME quarter-thickness axial part-through elliptical flaw is assumed to exist at the inner 
surface of the CPBT? 

Solution: Following the ASME Code, a crack that has the dimensions of a = t/4 and 2c = 1.5t (see 
Fig. 6) is assumed to exist at the inner surface of the CPBT, where 

n _ t _ 8.5 mm 0 . - c m m 

a = — = = z.ilj mm 
4 4 

and 

2c - 1.5t = 1.5(8.5 mm) = 12.75 mm . 

Utilizing Eq. (2c), the approximate solution for the elliptic integral can be obtained where 

$ -2l + l?l-2l + l < 2 - 1 2 5 ) 2 - i 7217 
• 8 8 c 2 8 8 (6.375)2 

The flaw shape parameter, Q, as expressed in Eq. (4), can be computed where the applied stress is 
taken as the sum of the thermal and membrane stresses. Thus, 

Q - (1.2217)2 - 0.212 ( 1 2 6 , 8 ) 2 = 1.195 
(230)2 

Since a/t < 0.5, Mk = 1.0. Substitution into Eq. (5) gives the stress intensity due to the applied 
pressure, where 

K, = 1.12(85.75)(1.0) 
(1.195) 

Similarly, utilizing Eqs. (10) through (13) to determine K, , 

«<P-«P12S) = 7.178 MPaVnT 

_ ffeTh.rnalM. + fr&rhennal,,. = 34.1 + (-14.36) ^ g g ? M p a 

2 " 2 
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g m ^ T h e n n a l ^ + ^ c n n a ! ^ = 34.1 - (-14.36) = ^ ^ yg^ 
era 

G, = -1.22 - 0.12 = -1.22 - 0.12 f i I = -= -1.26 , 

G2 = 0.55 - 1.05 
0.75 

+ 0.47 
1.5 

= 0.55 - 1.05 
0.75 

""[i] 
1.5 

0.1798 

H 2 = 1 + Gt = 1 + (-1.26) (0.179825) [4] 0.69624 

and 

K, i»~ . = 1.12 [9.87 + (0.69624) (24.23)] (1.0) 7r(0.002125) 
(1.195) 

K, = 2.239 MPav^~ 
% w 

Safe design, according to ASME Code, Section XI (Ref. 28), requires mat 

2K. + Kr < K. 

solving for the left side of the inequality, 

2KT K, = 2(7.178) + (2.239) = 16.6 M P a ^ ~ 
*TWwl 

Based on Eq. (14), the fracture toughness of irradiated 6061-T6 should be at least 16.6 MPa Vm if 
the CBPT is to operate with a 2.125-mm-deep by 12.75-mm-long semielliptical part-through flaw. 

The above approach should provide a satisfactory analytical approach to preliminary evaluation of 
the CPBT in terms of nonductile fracture, but a more detailed analysis will be required prior to 
construction of the ANS. The expressions for stress intensity factor in this approach are only 
approximate, and a number of simplifying assumptions have been made. The final fracture analysis 
should include both the effects of seismic loading and the effects of possible back-surface deformation 
of the CPBT in the near crack region that would effectively increase the stress intensity factor. A 
superposition-based influence coefficient approach or a finite element analysis will have to be 
conducted to determine more accurate values of stress intensity factor. Equation (12) was developed 
by Anderson4 using the influence coefficient approach. 
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Parametric Analysis of Crack Size vs Stress Intensity Factor: f(a/c) 

The equation solver software package TK solver24 was used to program the linear elastic fracture 
mechanics expressions presented as Eqs. (1) through (14). The effect of crack length and crack shape 
on stress intensity factor was analyzed parametrically. The stress intensity factor was computed for a 
semielliptical part-through crack in an infinite plate for crack depths of a = 0.5 mm through a = 
8.5 mm at steps of 0.5 mm. Analyses were conducted for the following six flaw shapes: c = 10a, 
c = 6a, c = 3a (ASME), c = 2a, c = 3a/4, and c = a. The current CPBT design parameter values, 
as detailed earlier in this report, were utilized throughout the parametric analysis. 

The results for c = 3a are presented in Table 2, and a plot of stress intensity factor vs flaw depth 
is presented in Fig. 9. The plot indicates that c = 3a flaws are generally conservative; the stress 
intensity factors for relatively long cracks, c = 10a flaws, are only slightly larger than the stress 
intensity factors for c = 3a flaws for equivalent values of a, whereas the stress intensity factors for 
c = a flaws were found to be somewhat lower (see Fig. 9). The quarter-t flaw assumption suggested 
by the ASME Code is therefore appropriate and was utilized to estimate the effect of CPBT wall 
thickness on fracture strength. 

The approximations used in the development of Fig. 9 result in an inflection in the curves of 
stress intensity factor vs flaw depth. An approximation was used for the back-surface magnification, 
MK, for deep flaws, that is 

Mr = 1.0 for - < 0.5 *K 

MK = 1 + 1.2 

t 

- - 0.5 for - £ 0.5 

where a i& the crack depth and t is the wall thickness. The inflection in the curves occurs at an a/t of 
0.5. Three other solutions9,28,29 for tension loading of an 8.5-mm-thick flat plate with a semielliptical 
surface flaw were applied to the CPBT. The curves are compared in Fig. 10. The curves all have an 
inflection at a/t of 0.5, but it is less pronounced than the one computed by Schulz. 

The four solutions are in good agreement for cracks of less than one-quarter the thickness. The 
ASME XI curve based on the back-surface magnification factors, given in Fig. A-3300-3 of 
Appendix A of the ASME Boiler and Pressure Vessel Code, Section XI,9 gives higher values of Kj 
than the other three curves. If the ASME XI curve is used, then the allowable flaw size wUl be 
somewhat smaller than in Schulz's preliminary analysis. Conversely, the minimum required fracture 
toughness of the aluminum will be higher for a given flaw size. 

The fracture toughness for unirradiated 6061-T6 is known to be approximately 28 MPa Vm, as is 
indicated in Fig. 9. Based on the unirradiated value of KQ, the present analysis indicates that flaws up 
to 5.5 mm deep (16.5 mm long) could be present in the critical portion of the CPBT without causing 
brittle failure. 

Alexander5 has conducted J-integral-resistance (JR) curve toughness tests on irradiated and 
unirradiated 0.45 T compact specimens (28.6 x 27.4 x 11.4 mm thick) of 6061-T651 aluminum 
plate. The specimens were irradiated to a maximum thermal neutron fluence of 1 x 1026 nr 2 . The 
specimen temperature during the irradiation was in the range of 60°C to 114°C. Tests were 
conducted at room temperature, 95°Cf and at 150°C. There was no degradation of the fracture 
toughness at 25°C or 95°C and only a slight decrease at 150°C. 
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Table 2. Stress intensity factor vs crack length for the CPBT (c = 3a) 

Title 
element a c 

a = c/3 
DATA 

a/t 
KIMembrane KIThermal KI=2*KIM+KI 

T 

1 0.0005 0.0015 0.059 3.47 1.31 8.25 
2 0.001 0.003 0.118 4.91 1.75 11.57 
3 0.0015 0.0045 0.176 6.01 2.02 14.05 
4 0.002 0.006 0.235 6.94 2.20 16.09 
5 0.0025 0.0075 0.294 7.76 2.31 17.84 
6 0.003 0.009 0.353 8.51 2.39 19.38 
7 0.0035 0.0105 0.412 9.19 2.39 20.76 
8 0.004 0.012 0.471 9.82 2.37 22.01 
9 0.0045 0.0135 0.530 10.78 2.41 23.98 

10 0.005 0.015 0.588 12.14 2.50 26.79 
11 0.0055 0.0165 0.647 13.55 2.55 29.65 
12 0.006 0.018 0.706 15.00 2.58 32.58 
13 0.0065 0.0195 0.765 16.50 2.56 35.55 
14 0.007 0.021 0.824 18.04 2.51 38.58 
15 0.0075 0.0225 0.882 19.62 2.41 41.65 
16 0.008 0.024 0.941 21.24 2.29 44.77 
17 0.0085 0.0255 1 22.91 2.12 47.93 

Parametric Analysis of Crack Size vs Stress Intensity Factor: f(t) 

Assuming that c = 3a, a set of computer runs was conducted to determine the effect of CPBT 
wall thickness on its fracture behavior. Although thermal stresses slightly increase when wall 
thickness is increased, the membrane stresses are significantly reduced. The following procedure was 
followed to approximate the effect of wall thickness on fracture behavior of the CPBT. 

Thermal stresses for various wall thicknesses were approximated using the expression proposed by 
Zudans, Yen, and Steigelmann,30 where 

T(X) T . + ^(TL - T) + 3L \{l - e"«) - J (l - e-*-) 0 L v L "' km3 |_ L v ' 
(15) 

where 

T(x) = temperature at a distance x into the wall, 
T„ = inner wall temperature, 
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x = radial distance measured from the inner surface, 
L = wall thickness, 
T L = temperature at the outer surface, 
H„ = volumetric heating rate, 
k = thermal conductivity, and 
m = constant curve fitting parameter. 

Utilizing Dixon's2 thermal variable values for the 8.5-mm-thick CPBT of H„ = 5.42 MW/m3 and 
k = 167 W/m°K with T 0 = 96.34°C, x = 0, L = 8.5 mm, and T L = 115.4°C as input into 
Eq. (15), the value of the constant V was iteratively determined to be 2.131 using TK Solver. 
Utilizing this value of "m," the maximum temperature and its radial location were approximated 
through the application of Eq. (15) for the following thicknesses: 6.5 mm, 10.5 mm, 12.5 mm, and 
14.5 mm. The maximum thermal gradient was assumed to equal the maximum value of T(x) in 
Eq. (15) minus the inner wall temperature, which was assumed to remain at 96.34°C regardless of 
wall thickness. Utilizing these approximate temperature profiles, the maximum thermal and membrane 
tangential stresses were computed for each assumed wall thickness using Eqs. (8) and (9). These 
results were then substituted into Eqs. (5) and (10) to determine the stress intensity factors associated 
with the thermal and membrane stresses for several flaw depths for each of the wall thicknesses 
analyzed. The results for each thickness analyzed are plotted in Fig. 11. 

The effect of wall thickness on the brittle fracture characteristics of the CPBT was found to be 
significant. Thermal stresses increase with increasing wall thickness because of the larger volume of 
irradiated material and the larger distances that heat must travel to reach the cooling water. 
Conversely, membrane stresses decrease with increasing wall thickness as a result of the larger 
volume of material available to carry the pressure-induced loads. As can be deduced from Fig. 11, 
increasing wall thickness increases the critical flaw depth for brittle fracture. Increasing the CPBT 
wall thickness from 8.5 to 14.5 mm approximately doubles the critical flaw size for the range of flaw 
sizes of interest. Assuming that KQ is that of unirradiated 6061-T6, the critical flaw depth for a wall 
thickness of 8.5 mm is approximately 5.5 mm as compared to a critical flaw depth of about 11 mm 
for a wall thickness of 14.5 mm. A reduction in wall thickness from 8.5 to 6.5 mm would result in a 
critical flaw depth of only about 3.75 mm. The actual wall thickness of the CPBT will depend on the 
KQ of irradiated 6061-T6, the inspection capabilities at ORNL, and the desired safety factors on brittle 
fracture. Figure 11 can be used to approximate the effect of wall thickness on critical flaw size for the 
CPBT. 

FRACTURE TOUGHNESS 

Fracture toughness, KQ, is a material property that represents the stress intensity factor at which 
unstable crack growth occurs for conditions of static loading at a particular temperature. The lower-
bound plane strain fracture toughness, K, , of unirradiated 6061-T6 aluminum is known to be 
- 2 8 MPa Vm (Ref. 13). The CPBT surrounds the fuel elements in the ANS reactor and will be 
subjected to nuclear irradiation throughout its service life. The effect of irradiation on the fracture 
toughness of 6061-T6 must be assessed to determine the service life of the CPBT. 

Irradiation has the potential in time to reduce significantly the fracture toughness of 6061-T6 
aluminum as a function of time. Subsize Charpy V-notch impact tests were conducted by Weeks, 
Czajkowski, and Farrell at Brookhaven National Laboratory31 on irradiated 6061-T6 aluminum. 
Yahr14 utilized a correlation between Charpy results and fracture toughness that was developed for 
steels to approximate the Kg of 6061-T6 aluminum after irradiation. The Brookhaven tests were found 
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to be approximately equivalent to 82 months of operation of the ANS reactor at a power level of 
330-350 MW in the wall adjacent to the core.3 Yahr14 estimated that the predicted value of Kg for 
6061-T6 aluminum dropped to 13 MPa Vm after the 82 months of operation under ANS-equivalent 
operating conditions. The maximum expected service life of the CPBT in the ANS reactor is currently 
set at —12 months; thus the 82-month correlation does not represent an estimate of the value of KQ at 
me time the CPBT is replaced. Alexander5 conducted 6061-T6 aluminum irradiation tests at the High 
Flux Isotope Reactor (HFIR) at ORNL. The capsule, which contained 11.43-mm-thick compact 
tension test specimens, was irradiated for 62.5 days at 85 MW for a total maximum fluence of 1.1 x 
1026 (thermal) and 5.5 x 1025 (fast) neutrons/m2. No degradation of the fracture toughness of the 
6061-T6 was observed at 20 and 95°C, and only a slight decrease was observed at 150°C. 
Alexander's test program is still in progress. The results of this program should quantitatively 
determine the effect of irradiation on the fracture toughness of 6061-T6 aluminum, which is pertinent 
for the ANS reactor. Since the specimens being studied by Alexander are only 11.43 mm thick, they 
are clearly not in the plane strain region as specified by Eq. (16). The CPBT wall thickness is 
currently specified at 8.5 mm. Utilizing the results of Alexander for fracture toughness should be 
slightly conservative and can be used in the CPBT fracture analysis. The brittle fracture prediction 
routine developed in this study was designed such that the KQ results obtained by Alexander5 can be 
easily utilized to determine the allowable flaw sizes for the ANS CPBT. 

INTEGRITY REQUIREMENTS AND NONDESTRUCTIVE EVALUATION 

In Section HI of the ASME Code,1 the allowable stress intensity, Sm, for Class 1 components is 
determined as the lesser of two-thirds of the yield strength or one-third of the tensile strength 
specification minimums at room temperature or the expected minimums at higher temperatures. These 
criteria, in conjunction with the use of the maximum shear stress criterion in Section IE, imply a 
nominal factor of safety of 3 on failure due to pressure. Section XI of the ASME Code9 purports that 
the allowable flaw indication during inspection of an operating vessel is a quarter-t deep flaw reduced 
by a factor of safety of 10 on size to account for possible flaw growth during service (even though 
flaw growth is usually found in actual calculations to be insignificant) and any uncertainties associated 
with inspection. The quarter-t reference flaw in Section HI provides a conservative bound for any 
existing flaws in a vessel. The factor of 10 on flaw size in Section XI was established to maintain a 
nominal design margin of at least 3 for level A and B conditions. Since K, = f(V"a), the safety factor 
on stress intensity factor based on flaw size is greater than 3; the Section in factor of safety of 3 is 
maintained. There was little confidence mat in-service inspections (ISIs) could reliably detect or size 
flaws or mat ISI would even be routinely performed at the time these standards were developed. The 
allowable indications are further conservatively adjusted to account for variations from an ideal 
semielliptical flaw geometry; all observed defects, such as crack-like defects, slag inclusions, 
porosity, lack of weld fusion, laminations, and any combinations thereof, are treated in the analysis as 
planar cracks.32 Significant advancements have been made in the reliability and capability of both NDI 
and nondestructive evaluation (NDE) since the introduction of ISI rules; the extreme Code 
conservatism regarding the presence of flaws no longer seems necessary. 

The criteria for selection of a one-fourth thickness flaw in Section HI of the ASME Code also 
involved consistency with the leak-before-break concept that was one of the structural integrity 
approaches being developed in the early 1970s. Calculations revealed that a one-fourth thickness flaw 
with a safety factor of 2 has nearly the same stress intensity factor as a through-thickness flaw of a 
length two times the thickness and a safety factor of L" This established that the reference flaw, plus 
the margin, provided equivalence to a leak-before-break criterion. The postulated Section IH, ASME 
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Code flaw is a semielliptical surface crack with a depth of one-fourth the section thickness and a 
length of 1.5 times the section thickness. For sections less than 4 in. thick, a l-in.-deep flaw is 
postulated. For sections greater than 12 in. in thickness, the postulated maximum flaw for a 12-in. 
section is utilized. The ASME Code does allow for smaller flaw sizes: "Smaller flaw sizes may be 
used on an individual case basis if a smaller size of maximum postulated flaw can be ensured."1 The 
ANS CPBT is currently specified with a thickness of less than 15 mm; assuming a 25.4-mm-deep 
(l-in.-deep) flaw according to the ASME Code is physically impossible and would completely 
invalidate any CPBT design based on brittle fracture. Since the Code does not indicate any specific 
criteria for individual case basis requirements concerning smaller allowable flaw sizes, the logical 
approach, which is being taken here, is to use NDI to ensure, with a high degree of reliability, that 
no flaws exist in the CPBT that are larger than a specified highly detectable size, aom. A factor of 
safety can then be applied based on the difference between the detectable size, a D B r , and the critical 
flaw size as determined by LEFM (see Fig. 9). 

Based on the quarter-t assumption, ASME Code, Section XI, requires straight beam ultrasonic 
(UT) examination with 100% coverage from at least one surface. The acceptance criterion is a 
complete loss of back reflection in a circular area with a diameter equal to 76.2 mm (3 in.) or one-
half of the plate thickness, whichever is larger. Section III of the Code covering fabrication requires 
extensive radiography, and any linear flaws so detected greater than 2% of the wall are unacceptable 
under code requirements.11 WRC 17521 states, "It is not safe to assume that no defects larger than the 
code allowable (2% of wall) flaw will ever occur, but it does seem reasonable to assume that with the 
combination of examinations . . . there is a very low probability that a defect larger than about four 
times the code allowable will escape detection. The postulated defect is about 10 times the area of 
even that conservative value." At the time mat WRC 175 was written, no attempts to assign 
numerical values to low probabilities were generally made, but it is now possible to make specific 
numerical estimates for low probabilities.11 The main purpose of this section on integrity and NDE is 
to establish a basis for determining the highly detectable flaw size, aDEI, for ANS CPBT inspection. 
Emphasis is required here; a D B r must represent the largest size flaw that could be missed by 
examination requirements. We are not generally concerned with a system's ability to detect a myriad 
of minute flaws. Records of inspection findings are generally only useful as indirect input to the 
ultimate goal of establishing what flaws may have been missed during inspection. 

Requirements for NDI and NDE of in-service reactor pressure vessels are entering a new phase. 
The ASME Code was developed based on the safe-life philosophy in which the expected life of the 
pressure vessel was established by tests using a predetermined safety factor. In the safe-life 
philosophy, NDI and NDE are required only when components are discovered which may cause 
failure of the vessel within its safe-life. Because the safe-life philosophy accepts that many vessels and 
components will be scrapped long before their useful life is exhausted, it is inherently inefficient as a 
means of life management. The logical alternative, often referred to as damage tolerance, is utilized 
extensively in the aircraft industry, where it has been applied safely and efficiently.33 NDI and NDE 
play central roles in damage tolerance design where safety is assured by repeated inspections based on 
the assumption that NDI can reliably detect potentially serious defects before they reach a critical 
size. Predetermined safety levels can be maintained through interval inspection of critical components. 
Even though ISIs of the CPBT will not be conducted, this report proposes the use of preservice 
inspections as a means of ensuring safe operation of die CPBT in the ANS reactor. 

Although a review of state-of-the-art UT testing capability with regard to the detection, location 
and sizing of flaws in pressurized water reactor vessels has recently been conducted,34 die flaw 
detection capabilities discussed refer to the detection of underclad flaws (cladding generally consists of 
an ~6.5-mm-thick layer of stainless steel or Inconel). A recent EPRI evaluation of an advanced 
ultrasonic system35 indicated a flaw detection reliability of 90% probability of detection (POD) with 
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90% confidence for underclad flaws from 3 to 6 mm deep. Unfortunately, the EPRI results are of 
very little practical use for evaluation of the ANS CPBT since the critical flaws being evaluated are 
surface flaws; cladding is not required or specified for the ANS project. Fortunately, much of the 
NDI work that has been conducted in the space and aircraft industries33,36 has been concerned with the 
detection of surface flaws; inspection capabilities from these industries can be utilized to approximate 
current NDI capabilities for detection of surface flaws in the CPBT. 

Determination of the POD for flaws is of paramount importance for the use of NDI results. The 
POD method of presenting NDI process information has become the industry standard method for 
NDI process data presentation.35 The POD model is essential because it enables an estimation of the 
number and size of flaws that could be missed in an inspection. These potentially missed flaws can be 
assigned a size distribution and included in the integrity analysis along with the found flaws. POD 
models are expressed as a functions of the essential flaw parameters such as size, shape, location, and 
orientation. NDI data, sampling methods, and statistical analysis can be utilized to develop the POD 
as a continuous function in terms of flaw size, as is shown schematically in Fig. 12. Different state-
of-the-art methodologies can be utilized to estimate saturation level (the maximum POD as a function 
of flaw size) and the dependency on flaw size. Basic POD models are generally expressed as:37 

POD(x) = A[l - e"*"°] for x £ x. (17a) 

and 

POD(x) = 0 for x < x„ , (17b) 

where 

POD(x) = the probability of detecting a flaw with size between x and x + dx, 
A = the saturation level, that is, the maximum POD, 
b = a parameter in the argument of the exponential, 
Xo = the threshold of detection. 

This POD model includes only one flaw parameter, the flaw size. More complicated models can be 
constructed to include other parameters, but the simple flaw size model expressed as Eq. (17) is 
suggested for simplicity. 

Most statistical POD models assume mat the detection process can be characterized by a binomial 
distribution where "success" (detection) has a probability of POD and "failure" (nondetection) is 
characterized by the probability I - POD. The POD can then be estimated by examining flawed 
specimens and counting the number of successes in a given number of attempts. The POD is usually 
assigned at a lower confidence level of 90 or 95%.3r The confidence in the POD estimate is the 
probability that the true POD (if it could be measured in a very large number of trials) is actually 
higher than this particular value. As an example, a POD of 0.90 with a 95% confidence means that 
there is a 95% chance that the true POD is 0.90 or greater. Confidence increases with increasing 
sample size. All of the methods of inspection that will be utilized for evaluation of the CPBT should 
be experimentally verified to have a predetermined POD through a number of trials prior to use on 
ANS components. Expressions based on Eq. (17) can be developed for each inspection technique as 
they pertain to the CPBT utilizing the results of experimental trials. 

Since the POD must be high to give high confidence that no critical flaws will be missed, a 
relatively simple method of increasing the POD is to combine several independent techniques; the 
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composite POD for a combination of independent NDE techniques is higher than the POD for any 
one technique. Simply combining independent techniques results in a composite POD of 

P O D ^ ^ = 1 - (1 - POD,)(l - POD,) . . .(1 - PODJ , (18) 

where POD1} POD 2. . . PODB are the PODs of the individual techniques. Two techniques are said to 
be independent if the outcome of an inspection by one of the techniques is not influenced in any way 
by die outcome of die other.37 Generally, eddy current, dye penetrant, radiography and ultrasonics 
can be considered independent since they rely on different phenomena to detect flaws. 

Unfortunately, the likelihood of false calls increases when a combination of independent 
procedures is applied. A possible method of obtaining both high POD levels and low false call rates is 
to employ the u2-out-of-3" concept. In 2-out-of-3, tiiree techniques are combined, and a detection is 
declared only if 2 or more channels register an indication. The probability of detection PODOT is 
given by 

PODM = P,P2 + PJ*, + P , P , - 2PJ>21>3 . (19) 

To illustrate the technique, inspection results for the inner surface region of the Yankee reactor 
pressure vessel (RPV)37 by three independent techniques will be outlined. The RPV was inspected by 

1. full-V ultrasonic angle beam examination (VPATH), 
2. multimode ultrasonic examination (SLIC), and 
3. eddy current examination (EDDY). 

A summary of the expected inspection capabilities, based on expert opinion, are listed in Table 3. The 
following conservative assumptions were made in developing the POD model:36 

• It was assumed that POD does not saturate at 1.0 but at 0.95 to allow for unforeseen equipment 
and human errors that would preclude POD reaching 1.0. 

• It was assumed that the flaw depth given for POD = 1.0 actually corresponds to a POD that is 
90% of saturation level. 

• It was assumed that the flaw depth for a POD of 50% is difficult to estimate, and thus no credit 
was given to mat estimate. 

Parameters A, b, and x 0 in Eq. (17) were then determined for each method and are presented in 
Table 4. Combining the three independent techniques results in a composite POD where [with 
substitution into Eq. (18)] 

P O D ^ x ) = 1 - [1 - P ^ x J l f l - P W A r a (x)][ l - P ^ x ) ] . (20) 

PODs for the individual techniques and the POD for their combination are illustrated in Fig. 13 
(Ref. 37). The combination POD is 0.987 for a flaw size of 4 mm. Table 5 presents the results for 
die detection of flaws that are in die size interval from 1.5 mm to infinity. An expression in die form 
of Eq. (17) was developed for me Yankee RPV37 where 
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Table 3. Summary of interview results with inspection experts to develop 
POD models for ISI of the Yankee RPV 

Method EDDY VPATH SLIC 
11. Minimum detectable flaw size 1.27 mm 

(0.05 in.) 
0.762 mm 

(0.03 in.) 
0.762 mm 

(0.03 in.) 
12. Flaw depth for POD = 1.0 6.36 mm 

(0.25 in.) 
5.08 mm 

(0.20 in.) 
4.572 mm 
(0.18 in.) 

13. Flaw depth for POD = 0.5 3.175 mm 
(0.125 in.) 

3.81mm 
(0.150 in.) 

1.524 mm 
(0.060 in.) 

14. POD for flaw depth = 6.35 
(0.25 in.) 

1.0 
(1.0) 

1.0 
(1.0) 

1.0 
(1.0) 

Source: V. Dimitrijevic et al., "White Paper on Use of Nondestructive Examination Data 
for Improved Reactor Pressure Vessel Integrity," presented at the ASME Task Group on 
NDE for Plant Operating Criteria, Nov. 30, 1992. 

PODcoM(x) = 0.999875[1 - &-*•**»«•<*>] . (21) 

A similar POD expression would be developed for flaws in the CPBT based on the applicable 
inspection techniques and their individual PODs. 

An extensive test program was conducted by the National Aeronautics and Space Administration 
(NASA)38 to characterize the capabilities of various production NDI processes. Rummel, Grover, and 
Cooper39 developed design requirements for the NASA space shuttle program utilizing inspection 
results from a total of 328 cracks that were grown in 118 specimens, with flaw lengths ranging from 
0.3 to 18 mm. Specimens were inspected by production X-radiography, ultrasonics, eddy current, 
liquid penetrant, and holographic interferometry procedures in the as-machined, after etching, and 
after proof-test conditions. The results were used to establish estimated NDI capabilities for crack 
detection within the NASA Space Shuttle program; NDI capabilities based on the NASA data were 
plotted as a function of flaw size and aspect ratio and are presented in Fig. 14. Figure 14 outlines the 
detection capabilities of the current NDI techniques for detecting part-through surface flaws. Note that 
the best levels of detection were obtained by eddy current, penetrant, ultrasonics, and 20-mil X-ray 
respectively. The resulting POD curves are shown in Fig. 15. An approximation of the POD 
capability for the CPBT was developed based on these curves. Estimates of the 95% confidence POD 
capabilities of the four NDI methods used in the NASA Space Shuttle program are presented in Table 
6. If the "1 out of 3" concept were applied to the detection of 0.5-mm-deep, 3-mm-long cracks 
utilizing the three best NDI techniques, the composite probability of detection for the CPBT would be 
given by 

PODcoMposn* = 1 - (1 - POD P E N E r)(l - P a W ^ l - PODEDDY) 

PODCOMPOOTB = 1 - (1 - 0.85)(1 - 0.90)(1 - 0.95) = 0.99925 . 

Similarly, if the "2 out of 3" methodology were adopted to address the problem of false calls, the 
same set of techniques would give a two out of three POD of 
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Table 4. POD parameters developed for Yankee RPV examination 
Method EDDY VPATH SLIC 

A, saturation level 0.95 0.95 
(0.95) (0.95) 0.95 

(0.95) 
x„ threshold of detection 1.27 mm 0.762 mm 0.762 mm 

(0.05 in.) (0.03 in.) (0.03 in.) 
b, exponential parameter 0.45315/mm 0.53307/mm 0.60394/mm 

(11.51/in.) (13.54/in.) (15.34/in.) 
Source: V. Dimitrijevic et al., "White Paper on Use of Nondestructive Examination Data 

for Improved Reactor Pressure Vessel Integrity," presented at the ASME Task Group on NDE 
for Plant Operating Criteria, Nov. 30, 1992. 

POD M = P,P2 + P,P3 + P2P3 - 2P!P2P3, 

POD M = (0.85)(0.90) + (0.85)(0.95) + (0.90)(0.95) - 2(0.85)(0.90)(0.95), 

PODJQ = 0.974 . 

Thus, it appears that a 0.5-mm-deep, 3-mm-long flaw can be reliably detected by the currently 
available methods of inspection. Figure 16 presents a plot of composite POD vs crack length for bom 
the l-out-of-3 method and the 2-out-of-3 method applied to ihe 95% confidence POD values of the 
individual inspection techniques. Similarly, based on the results of die space shuttle data, a plot of 
design limits was developed for the CPBT, which is presented as Fig. 17. Note that Fig. 17 suggests 
that a 0.5-mm-deep, 3-mm-long crack should be reliably detectable by standard NDE techniques. 
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Fig. 13. Individual POD curves developed through application of expert judgment and a composite POD based on assumed 
independence. Reprinted with permission from V. Dimitrijevic et al., "White Paper on Use of Nondestructive Examination Data for 
Improved Reactor Pressure Vessel Integrity," presented at the ASME Task Group on NDE for Plant Operating Criteria, Nov. 30, 1992. 
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Table 5. Average POD for combination of three techniques 
Method ^ O D E D D Y PODypATH POD s u c PODCOMB 

Flaw size in range 0.41 0.50 0.52 0.66 
[0.0 - Infinity] 

Flaw size in range 0.61 0.72 0.75 0.93 
[1.5 mm -* Infinity] 

Source: V. Dimitrijevic et al., "White Paper on Use of Nondestructive Examination Data 
for Improved Reactor Pressure Vessel Integrity," presented at the ASME Task Group on NDE 
fot Plant Operating Criteria, Nov. 30, 1992. 

Application of eddy current inspection should enable reliable detection of cracks that are only 
0.35 mm deep by 2.5 mm long based on the space shuttle results.39 

Fracture control technology was applied to the B-l aircraft program,36 and requirements for 
quantification of NDI processes were rigorously applied to those structural components whose failure 
could cause loss of the aircraft. Surface flaws that were 3.175 mm deep and 6.35 mm long were 
imposed as initial design constraints because it was felt that flaws of this size could be readily 
detected by state-of-the-art production inspection processes. Statistical sampling methods were 
applied, and demonstration to a 95% confidence level was required by repetitive inspections. 

Much less conservatively, the fracture control philosophy developed for the United States Air 
Force (USAF) turbine engine and airframe components recommends an initial flaw depth assumption 
of 0.75 mm.40 This design recommendation is based on the mitial flaw size mat can be readily 
detected with fluorescent penetrant inspection where "These flaw sizes are intended to represent the 
maximum size of damage that can be present in a critical location after manufacture and/or 
inspection. The specification of these flaw sizes is based on the demonstrated flaw detection capability 
of the nondestructive inspection (NDI) method." The USAF report* also asserts that the assumed 
initial flaw size that is appropriate for various NDI methods is 0.75-mm surface length where the NDI 
method is fluorescent penetrant inspection and 0.25-mm surface length where the NDI method is eddy 
current or ultrasonic inspection. Cowie40 also asserts that eddy current inspection has been shown to 
reliably detect surface flaws having depths of only 0.13 mm. Thus, even the space shuttle estimates of 
NDI capabilities are conservative as compared to those published by the USAF. The actual NDI 
capabilities for the CPBT will have to be determined prior to the deployment of the ANS reactor, ft is 
suggested here that a preliminary study be conducted to develop POD curves for application of the 
eddy current, liquid penetrant, and ultrasonic techniques to the CPBT. 

The region of the CPBT that is adjacent to the core is considered to be the most susceptible to 
brittle failure because of both the high stress state in this region and the maximum irradiation effects 
near the cores. Higher ultrasonic recording sensitivity could be required in this region. The U.S. 
Nuclear Regulatory Commission (USNRC) issued a regulatory guide37 which recognized the potential 
safety significance of flaws that could be located in the inner 25% of the vessel wall thickness. The ad 
hoc committee recommended recording indications in this region at 20% derived air concentration 
(DAC), a level 2.5 times more sensitive than that used for the remaining 75% of the vessel wall 
thickness. A similar approach could be employed to ensure integrity of the CPBT in the near-core 
region. 
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Table 6. Estimates of the POD (CI, 95%) capabilities of various inspection 
methods based on the NASA Space Shuttle study 

NDI method 
Crack length, 2c 

NDI method 
1 mm 2 mm 3 mm 4 mm 5 mm 

Penetrant inspection 0.25 0.85 0.85 0.90 0.92 
Ultrasonic inspection 0.25 0.80 0.90 0.92 0.93 
Eddy current inspection 0.25 0.80 0.95 0.95 0.95 
X-ray inspection 0.15 0.35 0.35 0.40 0.75 

EFFECT OF FATIGUE ON CRACK GROWTH IN THE CPBT 

Fatigue failure of nuclear components is addressed in Section HI of the ASME Code1 by requiring 
mat cyclic strain be evaluated at all strain concentration points. Elastic theory is generally utilized, 
and strain is assumed to be linearly proportional to stress. In fatigue design, the ASME Code requires 
mat a fatigue design S-N (i.e., stress vs number of cycles to failure) be satisfied at all strain 
concentration locations using a linear cumulative damage theory. All of the anticipated cyclic loadings 
must be identified in the certified design specification for both normal and upset loading conditions. 
No procedure is explicitly documented in the ASME Code to account for the crack growth stage that 
follows fatigue crack initiation and precedes failure in an actual component.41 The cyclic loading 
spectrum for the CPBT has not yet been determined, but each CPBT is expected to be in service for 
only 6 months to 1 year because of the degradation of 6061-T6 upon exposure to nuclear irradiation. 
The aim of the CPBT fatigue analysis is to assess potential crack growth due to cyclic loading. The 
traditional approach to fatigue, which has been applied in Section in of the ASME Code, is the S-N 
method where cumulative damage expressions are applied to empirically derived S-N curves. Yahr* 
developed a set of fatigue design curves for 6061-T6 aluminum based on published S-N data from the 
literature42"46 along with the conservative approach recommended by the ASME Code. The combined 
6061-T6 aluminum S-N data for fully reversed loading are presented as Fig. 18. Test temperature 
ranged from room temperature to 149 °C, and the low-cycle data (< 1000 cycles) were taken from 
axial strain controlled tests. Yahr* developed an expression for the S-N data utilizing the ASME Code 
expression 

S . - l - l n f 1 0° 
4VN~ 1 1 0 0 - A 

where 

E = elastic modulus, 
N = the number of cycles to failure, 
S = strain amplitude x elastic modulus, 
A and B = empirical constants. 

+ B , (22) 
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Using a value of 68,950 MPa for the elastic modulus, taking A as the percentage reduction in 
area during a tensile test, and letting B equal the pseudoendurance limit,* Yahr8 found that 

S = iHZ£ + 96.5 MPa 
)/W 

(23) 

for unirradiated 6061-T6 aluminum. This curve, from test data based on fully reversed loading, is 
shown in Fig. 18. Applying a factor of 2 on stress or a factor 20 on the number of cycles to failure 
(ASME Code) to adjust for the conversion of modified polished bar specimen data, the design curve 
for fully reversed loading of 6061-T6 aluminum shown in Fig. 19 was developed. 

In the case of non-fully reversed loading, the effect of mean stress must be taken into account. 
Figure 20 (Ref. 47) illustrates the effect of mean stress on alternating fatigue strength of aluminum 
alloys. Note that most of the data fall between the straight and curved lines. The straight line is the 
modified Goodman line where 

S,' = Sf 

and the curved line is the Gerber parabola where 

1 - - (24) 

Sf' » S f 

r •» 2 
S 

1 - s. . 1 J _ 

(25) 

where 

S f ' = fatigue strength in the presence of mean stress, 
Sf = fatigue strengm under fully reversed cycling, 
Sm = mean stress, 
Su = ultimate strength. 

Yahr8 applied the Gerber equation to the 6061-T6 data with Su = 290 MPa and reduced the applied 
stress by a factor of 2 and the number of cycles to failure by a factor of 20 to obtain the design curve 
mat accounts for mean stress effects, as is shown in Fig. 21. This curve serves as the overall fatigue 
design curve and can be used with cumulative damage theory to predict the life of a component. 

The first cumulative damage theory, which is presented as the linear damage theory in the ASME 
Code, was developed by Palmgren and Miner.48 By definition of the S-N curve, operation at a 
constant stress amplitude S, will produce complete damage, or failure, in N t cycles. Operation at S, 
for n t cycles smaller than N t will produce a fractional amount of damage, D t . Operation over a 
spectrum of different stress levels results in a damage fraction D ; for each of the different stress levels 

'Aluminum does not generally exhibit a true endurance limit, but the expression for S-N provided a good fit to the data. 
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Si in the spectrum. When these damage fractions sum to unity, failure is predicted. Based on Miner's 
Law, failure is predicted to occur if 

D t + D 2 + ... + Dj £ 1 ; (26) 

thus the damage fraction at any stress level S; is linearly proportional to the ratio of the number of 
cycles of operation at S ; to the total number of cycles required to produce failure at S,. The damage 
due to rij cycles at stress level Sj is given by 

D. = Ji . (27) 

Substitution results in the following failure criterion based on high-cycle fatigue: 

N l N 2 N i 

Although simple to apply, the major shortcoming of Miner's Law is that the order of application 
of various stress levels has no influence on the amount of predicted damage; experimental results have 
shown that the order, or sequence, of the applied cycles can significantly influence fatigue life. A 
number of damage theories have been proposed to account for sequence effects in fatigue cycling4*"34 

and could be applied to the CPBT, but since the CPBT is only expected to be in service for a 
relatively short period of time, the conservative Miner's approach as presented in Section m of the 
ASME Code is suggested as a simple means of accounting for fatigue. The S-N curve shown in 
Fig. 21 can be utilized with Eq. (28) to estimate conservatively the cumulative damage in the CPBT 
after 6 months or 1 year of operation. If the summation of damage is less than one, the CPBT should 
not fail in fatigue during its service life. 

The S-N approach purported in Section in of the ASME Code makes no assumption concerning 
the presence of flaws; Section XI of the ASME Code9 specifies ISI requirements for nuclear power 
plant components and contains acceptance standards for the evaluation of detected flaws. Appendix A 
of Section XI is a simple structural integrity analysis based on LEFM mat includes consideration of 
flaw growth due to fatigue. Jones et al.4 1 summarize the procedure as follows: 

1. A flaw is assumed to be of simple elliptical shape and to lie in a plane perpendicular to the line of 
action of the principal tensile stress. 

2. The cyclic stresses at the flaw are calculated for each anticipated normal, upset, and test cycle. 

3. The range of stress intensity factor, AK, at the flaw tip due to the first cycle is calculated. 

4. The incremental flaw growth, Aa, corresponding to one cycle at the stress intensity range, AK, is 
calculated from a crack growth equation: 
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Aa = C(AK)» (29) 

where C and m are empirical constants. 

5. The crack depth is updated to "a + Aa" and the procedure returns to Step 3 for the second cycle, 
and then the third, etc., until all of the expected cycles are evaluated and an end-of-life flaw depth 
is obtained. 

Although Eq. (29), often referred to as the Paris Law, is a simplistic representation of fatigue 
crack growth that ignores retardation effects, which generally follow high-amplitude load cycles, the 
procedure is conservative and applies the basic concepts of modern fracture-mechanics-based fatigue 
analysis. 

Figure 22 presents a fatigue curve of crack growth rate (da/dN) as a function of AKl for 6061-T6 
plate aluminum.35 High-cycle fatigue crack growth rates can be obtained at consecutive positions 
along the da/dN vs AK curve. The linear relationship between log da/dN and log AK, can be 
expressed in terms of the Paris Law47 as 

£ - W (30) 
dN 

or, equivalently, 

l og— = logC + mlogAK, , (31) 
dN 

where m is the slope of the curve and C is the coefficient found by extending the straight line to AKi 
1 MPa vm. 4 7 Conservative estimates for C and m for 6061-T6 can be obtained from Fig. 22, where 
C = 4 x 10~12 and m = 4.723. The effect of mean stress is generally accounted for through the 
stress ratio R = KniaIKnax. The most commonly used equation that adjusts the Paris equation for mean 
stress effects is the Forman equation,56 

da C(AK)» 
dN (1 - R)KC - AK 

(32) 

where C and m are empirical fatigue constants and K„ is the applicable fracture toughness for the 
material and thickness. Similarly, Walker57 considers the effect of mean stress on fatigue crack growth 
through an effective stress intensity range as 

where AK^ can be expressed as 
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AKeff = —*£— . (34) 
e f f (1 - R)n 

Residual stresses due to tensile overloads can be taken into account through application of the 
Wheeler58 or Willenborg59 models. In the Willenborg model, an effective stress intensity range is 
computed where the effective compressive stress due to tensile overload is subtracted from the cyclic 
minimum and maximum applied stress. In terms of the Forman equation, the Willenborg model can 
be expressed as 

d a CCAK^r 
dN (1 - RJK, - AK 

(35) 
eff 

Fatigue crack growth can also be affected by cyclic frequency, temperature, and the environment, 
but the main effect of concern in the CPBT is the effect of irradiation on crack growth. A da/dN vs 
AK curve should be developed for irradiated 6061-T6 and utilized as a conservative approximation for 
the evaluation of fatigue crack growth in the CPBT. Integration of a crack growth equation to 
determine crack growth generally involves numerical methods since the flaw depth and flaw shape 
correction factors in the expressions for K, are dependent on crack size. AK as a function of crack 
depth is directly computed for each cycle. The AK range is then substituted into the Forman or 
Walker expression and is integrated to determine the increase in flaw size for a given number of 
cycles. Once the design loading spectrum for the CPBT is known and a da/dN vs AK curve is 
available for irradiated 6061-T6 aluminum, the above approach can be applied to approximate the 
expected crack growth for the flaw size that is assumed to be present after NDI. 

ELASTIC-PLASTIC APPROACHES TO FRACTURE ANALYSIS 

Although 6061-T6 aluminum has been shown to exhibit nearly linear elastic behavior in both the 
unirradiated and irradiated condition, much effort has been put forth in the past 30 years to develop 
fracture analysis techniques that are applicable beyond the linear elastic region. If the CPBT for the 
ANS reactor is constructed with 6061-T6 aluminum, as is currently specified, then the linear elastic 
analysis developed in this report provides an adequate fracture assessment methodology. If a different 
material is selected, linear elastic analysis may not suffice. LEFM analysis techniques are essentially 
based on brittle fracture behavior, and thus LEFM can seriously overestimate the flaw tolerance 
potential of tough, ductile materials. Fracture analysis in the plastic regime must address a number of 
complications not present in the elastic case. Inherent nonlinearities in material deformation and large 
geometrical changes, along with the fact that flaws will propagate in a stable manner prior to final 
fracture, present difficulties in handling nonbrittle behavior. The key element in the development of 
an elastic-plastic fracture methodology is probably the development of a crack-tip criterion that is 
valid in the presence of large-scale plastic deformation. An outline of the elastic-plastic techniques 
that have been developed recently is provided in this section. The application of any of these memods 
to a CPBT composed of 6061-T6 should exhibit results very near the solution provided by the linear 
elastic analysis outlined in this report. 
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The four primary extensions of LEFM into the elastic-plastic region are as follows: 

1. R-curve analysis, 
2. crack-tip opening displacement (CTOD) approach, 
3. life assessment diagrams (LADs), and 
4. J-integral approach. 

An elastic-plastic J-integral analysis was conducted for the CPBT as a check on the LEFM 
approach developed in this report and is presented in this section. 

R-Curve Analysis 

R-curves characterize the resistance to fracture of materials during incremental slow stable crack 
extension and provide a record of fracture toughness development as a crack is driven stably under 
increasing loads. They are dependent on thickness, temperature, and loading rate. An R-curve is a 
plot of crack growth resistance (J, G, or K) in a material as a function of effective crack extension; as 
J, G, or K is increased for a given crack situation, the response is an extension of the crack. R-curves 
can be developed in the linear-elastic realm in terms of stress intensity factor, but most R-curves are 
developed in terms of J. JR is termed the crack growth resistance and represents the driving force 
required to produce stable crack growth (Aa). R-curves generally consist of a plot of JR vs Aa; J Q is 
the value of JR associated with the point of tangency between the applied load line and the R-curve, as 
is illustrated in Fig. 23.* The R-curve describes the complete variation of JQ with changes in initial 
crack length, a,,, and illustrates the changing resistance to fracture with increasing crack length. Crack 
extension first takes on the form of some minor lengthening due to flow and blunting of the tip until 
the conditions for tearing develop, whereupon increments of tearing extension, Aa, proceed with 
added increments of J. Hence the J-R curve, which is a plot of J vs Aa, is a unique plot of a 
material's crack extension characteristics as loading progresses on a cracked specimen of the material. 
R-curves are generally used in conjunction with analytical methods, such as LEFM, CTOD, J-analysis 
or failure assessment diagrams (FADs), to evaluate the integrity of structures. 

Crack-Tip Opening Displacement 

Wells61 proposed mat the fracture behavior in the vicinity of a sharp crack could be characterized 
by the opening of the notch faces. The quantitative amount of opening as depicted in Fig. 24 has been 
termed the crack-tip opening displacement (CTOD). CTOD was shown to be analogous to the critical 
energy release rate, G c, e i and thus CTOD values have been related to fracture toughness, K&,. Since 
CTOD can be measured even when significant plastic deformation accompanies crack growth, CTOD 
can be utilized under conditions of elastic-plastic or fully plastic behavior.20 

Dugdale62 developed the basic expression for CTOD (5) as 
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Fig. 23. Basic principle of R-curves for use in determining Kc under different conditions of initial crack length a,. Reprinted 
with permission from V. Kumar, M. D. German, and C. F. Shih, An Engineering Approach for Elastic Plastic Fracture Analysis, EPRI 
Report NP 1931, Electric Power Research Institute, July 1981. 



50 

i^CTOD.S L 0 A D ' P 

CLIP GAGE DISPLACEMENT 1 
f FAILURE 

INELASTIC 

/ ' 
7 CLIP GAGE DISPLACEME NT 

ELASTIC A , i n . 

DUCTILE MATERIAL 
(CALCULATE S c) 

BRITTLE 
MATERIAL 
(CALCULATE Kj c)i 

0 CTOD 
AT FRACTURE 

CTOD 
AT MAX. LOAD 

CLIP GAGE DISPLACEMENT, inches 

Fig. 24. Relation between K l c and CTOD test behavior; KI(/CTOD test setup and load 
displacement records from KIc/CTOD tests. Reprinted with permission from J. M. Barsom and S. T. 
Rolfe, Fracture and Fatigue Control in Structures: Applications in Fracture Mechanics, Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1987. 
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where 

a = nominal stress, 
a,, = yield strength, 
a = the half crack length, 
E = elastic modulus. 

Under plane stress conditions, CTOD is directly related to the stress intensity factor in the linear-
elastic region where 

f , . I 2 

* , 
% 

(37) 

The onset of crack instability occurs when 5 reaches a critical value £Q, which is equivalent to K, 
reaching KQ in the linear-elastic case. The main advantage of the CTOD approach is that CTOD 
values can be measured throughout the entire linear-elastic, elastic-plastic and fully plastic, behavior 
regions, whereas fracture toughness applies only to the linear-elastic region and the early portions of 
the elastic-plastic region. 

Failure Assessment Diagrams 

Structures made from materials with sufficient toughness may not be susceptible to brittle 
fracture, but they can fail by plastic collapse if they are overloaded. Dowling and Townley63 and 
Harrison, Loosemore, and Milne64 introduced the concept of two-criteria FADs to describe the 
interaction between fracture and collapse. The method ensures that the model predicts failure as the 
applied stress approaches the collapse (or yield) stress. The stress ratio, S„ and stress intensity factor 
ratio, K,, are defined by* 

S r = - l a n d K r = l l , (38) 

where a is applied stress and ac is collapse stress. 
Utilizing an expression for K, = f(Sr), a FAD can be plotted as is shown in Fig. 25. The curve 

represents the locus of predicted failure points and can be utilized to assess the integrity of a specific 
part. The stress intensity ratio for the part, K, (part), is equal to KifKu. If the applied conditions for 
the part place it inside the FAD, the part is considered safe. 

The R6 approach65 refers to a fracture analysis memodology mat applies the FAD to real 
structures. There are three options in the R6 method: 

1. When relevant stress-strain data are not available, the lower-bound FAD is defined by 

K t(l - 0.14Lr

2)[0.3 + 0.7exp(-0.65Lf)] , (39) 

where L t = a^a- and <r«f is the effective net-section stress. 
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Fig. 25. A typical failure assessment diagram (FAD). Reprinted with permission from T. L. Anderson, Fracture Mechanics: 
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2. If the stress-strain curve for the material is available, then 

K = i ^ L + il^2L . (40) 
' V „ 2E e r e f 

3. The FAD is inferred from a J-integral solution for the specific structure of interest. The method 
requires an elastic-plastic finite-element analysis and provides the most accurate, yet very 
expensive, solution. 

J-Integral Approach 

The J-integral method of analysis can be viewed as a direct extension of the methods of LEFM 
into the elastic-plastic and fully plastic regimes. J represents the intensity parameter for the crack-tip 
stress field for the elastic-plastic regime as the stress intensity factor represents the intensity of stress 
for the linear-elastic regime. Furthermore, failure is purported to occur when the value of J is equal 
to or greater than the critical value of J, which is expressed JQ. Thus a basic failure criterion based on 
J can be simply expressed as 

J, * JQ . («> 

The J failure criterion for the linear-elastic case is identical to the KQ failure criterion where JQ 

and KQ are directly related, for conditions of plane strain, through20 

_ (1 - ml (42) 

The advantage that J analysis presents is mat J remains valid under conditions of nonlinear elastic-
plastic fracture while LEFM can be applied only when material response is linear elastic. 

The term I refers to the path-independent J-integral that was proposed by Rice66 which 
characterizes the stress-strain field at the tip of a crack by an integration path taken sufficiently far 
from the crack tip to be analyzed and then substituted for a path close to the crack-tip region. Thus, 
even when considerable yielding may occur in the vicinity of the crack tip, if the region away from 
the crack tip can be analyzed, behavior of the crack-tip region can be inferred. 

The J-integral is a mathematical expression that involves a line or surface integral that encloses 
the crack front from one crack surface to the other. The line integral is defined as 

5 1 ds , (43) tr« - T [s] 
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where 

G = any contour surrounding the crack tip, 
W = loading work per unit volume, 
T = the outward normal traction vector at ds along G, 
u = displacement vector at ds, 
ds = arc length along contour G, 

-H. I ds = rate of work input from the stress field into the area enclosed by G. 

Rice66 showed that J = 0 for any closed path within a body not crossing the path of a crack. 
Since the contribution to J along a crack surface is zero, J can be obtained from stress analysis using 
stress and strain results away from the crack tip. In effect, J represents the energy that is available at 
the crack tip per unit increase in crack area, Aa; thus, under elastic conditions, J is equivalent to the 
energy release rate, G. 

Direct evaluation of J using Eq. (43) has proven to be a formidable task for most practical 
engineering situations. A number of approximation methods for the determination of J have been 
developed. Finite element analysis can be used but tends to be complex and expensive. Begley and 
Landes67 developed a multispecimen method for determining JQ. Single-specimen methods have since 
been developed and incorporated into American Society for Testing and Materials (ASTM) standards. 
Although this method can only be utilized in the laboratory to measure fracture toughness, these 
approximations for computing J assist in the practical application of J. 

Two engineering approaches using handbook solutions, graphical methods, and estimation 
procedures were combined in the present analysis. The first method was originated by Kumar, 
German, and Shih6* and developed by Zahoor69 under the sponsorship of EPRI. J solutions for various 
specimen geometries and pressure vessel elements are presented in handbook form. The second 
approach, developed by Riccardella,70 involves the use of the program pc-CRACK, which was coded 
for use on personal computers and is relatively easy to use. Both methods incorporate the constants a, 
a„ e„, and n in the Ramberg-Osgood stress-strain relation, where 

6 a — = — + a (44) 

The Ramberg-Osgood stress-strain law option in pc-CRACK10 was run to determine the constants 
a, a0, e0, and n, utilizing stress-strain data for unirradiated 6061-T6 aluminum.13,13 Only the plastic 
portion of the curve shown in Fig. 4 (Ref. 13) was utilized. The Ramberg-Osgood fit to the 6061-T6 
data is excellent. The constants, using a reference value of a0 = 230 MPa with e» computed as 

^ - £ - - 2 g _ - 0 . 0 0 3 3 7 ™ ( 4 5 ) 
0 E 68300 m 

were found to be 

a P L = 0.02898 and n„. = 20.598. 
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These values of a and n were utilized throughout the J-based analysis. 

Determination of the Critical Value of J, J Q 

Based on Eq. (42), JQ for 6061-T6 aluminum can be estimated from the known KQ value. KQ for 
irradiated aluminum is not known at the present time. The standard unirradiated value will be used in 
the following examples, but the actual irradiated values for KQ and JQ should be used for accurate 
fracture analysis once they have been determined. KQ for unirradiated 6061-T6 is approximately 
28 MPa Vm (25 ksi Vin.); substitution into Eq. (42) gives 

*Q = 
(1 - I^)KQ _ [i _ (0.33)2](28)2 _ 

68300 • h 2 3 5 ] (46) 

Alexander,5 at ORNL, experimentally determined the JQ of unirradiated 6061-T6 and found that 
JQ S 13.5 (KJ/m2). The JQ results from Alexander's tests on irradiated 6061-T6 should be used in the 
CPBT analysis once they are available. 

EPRI Ductile Fracture Handbook Solution 

The EPRI ductile fracture handbook analysis69 for an axial part-throughwall internal flaw under 
conditions of internal pressure is based on the deepest point of the semieUiptical surface flaw (see 
Figs. 6 and 7). The expression for J-integral developed by EPRI is given by 

2 

J - (ir)(t)(f)-5 + (oOOOCOQOH,) 
E' 

• • i 

(47) 

where 

f = [0.25 + 0.4759a6 + 0.1262a,2]2, 
F = 0.25 + 0.4759a + 0.1262a2, 

[t\ [6 n + lj 1 + B > f c / 0 
a = -

• f 1 0.58 

a h = AP 
(R: * R?) 

(Ro - R?) 
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X - a 

t ' 

« = M 0 . 5 8 . (a/c) 

B. - 1.0453 
1 - X 

1 -- X 

B, 1 + 0.1533 [ £ | 

AP is the difference in pressure between the inner and outer surfaces of the CPBT. H t depends on 
a/c, a/t, n, and Rj/t; the empirical values of H t have been tabularized (see Table 7). Plane strain 
crack-tip conditions are conservatively assumed. R0, R;, and t are the cylinder outer radius, inner 
radius, and wall thickness, respectively. E' = E/(l - i?) for plain strain (may substitute E for E' 
under conditions of plane stress) where E and p are the elastic modulus and Poisson's ratio 
respectively, a', a„ e0, and n are the Ramberg-Osgood stress-strain constants, where c 0 = aJE.10 

Sample Computation 2: Assuming the same conditions as were used in Sample Computation 1, 
the CPBT wall thickness is 8.5 mm with R ^ = 247.0 mm and R Q ^ = 255.5 mm. The wall is 
subjected to a membrane stress of 85.75 MPa and a maximum thermal stress of 34.1 MPa where 
aYS = 230 MPa for 6061-T6 aluminum. What fracture toughness, JQ, would be required for the 
irradiated 6061-T6 CPBT to avoid brittle failure if an ASME quarter-thickness axial part-through 
elliptical flaw is assumed to exist at the inner surface of the CPBT? 

Solution: The following parameters are assumed for the purposes of mis example: n = 20 (use 
n = 7 for determination of H„ n = 7 is the maximum value tabulated in the EPRI handbook and 
approximates the condition of a relatively flat a-e curve), a' — 0.00736, a0 = 230 MPa, 
E = 68,590 MPa, v = 0.33, and, since the applied stresses are both membrane and thermal, an 
approximate applied stress based on thermal plus membrane stress is used. Taking the ASME Code 
safety factor of 2 on membrane stress into account, the hoop stress, <rh, was set to the following 
value: 

ffh = 2ffMe»bn« + "i*™-. = 2(85.75) + (34.1) = 205.6 MPa. 

Substitution of the computed parameter values into the expressions of Eq. (47) gives: 

a = 0.473, F = 0.475, x = 0.25, B, = 1.042, B 0 = 1.060, 
a, = 0.503, f = 0.272, E' = 76,972 MPa, % = 0.00299, 

Hj = 2.653 (from Table 7), and 
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Table 7. Tabulated values of H t for the EPRI Handbook J Solution 
Hx for finite length axial part-throughwall flaw 

Ri/t = 10, n = 7 

a/t 1/3 1/4 1/6 1/10 1/20 1/40 
0.100 0.856 0.925 0.954 1.028 1.218 1.440 
0.125 1.010 1.106 1.169 1.322 1.662 2.008 
0.150 1.126 1.296 1.414 1.686 2.227 2.728 
0.200 1.386 1.672 2.050 2.620 3.720 4.626 
0.250 1.602 2.039 2.653 3.842 5.704 7.145 
0.300 1.906 2.406 3.440 5.352 8.172 10.272 
0.325 2.079 2.691 4.023 6.446 9.942 12.510 
0.350 2.237 2.980 4.648 7.640 11.879 14.960 
0.375 2.449 3.391 5.505 9.254 14.481 18.240 
0.400 2.714 3.907 6.584 11.283 17.750 22.370 
0.425 3.065 4.584 7.996 13.936 22.020 27.750 
0.450 3.551 5.233 9.424 16.670 26.420 33.300 
0.475 4.071 6.734 12.485 22.360 35.550 44.800 
0.500 5.197 9.051 17.238 31.220 49.730 62.700 
0.525 6.458 11.125 21.710 39.700 63.400 79.800 
0.550 8.958 15.927 31.780 58.590 93.700 118.000 
0.575 11.448 20.975 42.720 79.300 126.900 159.800 
0.600 16.288 30.703 63.690 119.000 190.600 240.000 
0.625 23.267 45.047 95.000 178.500 286.000 360.000 
0.650 32.556 64.636 138.400 261.300 419.000 527.000 
0.700 74.827 155.500 341.900 650.000 1043.000 1310.000 
0.750 206.387 446.337 1002.600 1918.000 3074.000 3860.000 
0.800 738.377 1653.025 3779.000 7257.000 11625.000 14585.000 
Source: Reprinted with permission from P. C. Riccardella, pc-CRACK: Fracture 

Mechanics Software Version 2.0, Structural Integrity Associates, Inc., San Jose, Calif., 
1989. 

J, = (4.576 + 0.047) = 4.62.E . 
m 2 

The above J-analysis indicates that for the assumed specifications of a quarter-t flaw under the 
current design conditions for the CPBT, the critical value of J for safe operation of the CPBT would 
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have to be a minimum of 4.62 (KJ/m2). A comparison to Eq. (46) indicates that the CPBT should be 
safe with a l/4t flaw under the assumed conditions. 

A comparison of the LEFM solution, K-based, to the elastic-plastic fracture mechanics solutions, 
J-based, supports the assumption that LEFM analysis is appropriate for the 6061-T6 aluminum. The 
plastic strain contribution to J is less than 1% for the conditions analyzed in the present study. For the 
linear-elastic case, K is related to J by the expression71 

Substitution of Jj and E' from Sample Computation 2 gives 

K, = ^ I 7 " = v'(4.62)(76972) = 18.86 MPay^a" . 

The computed value of Kt in Sample Computation 1 under a similar set of input conditions (note 
that in the J-analysis the thermal stresses were treated as membrane stresses) was 16.34 MPa Vim. 
The K, based on J, was found to be 18.86 MPa Vm. The difference in K, between the two approaches 
is probably due to the treatment of thermal stress; the plastic portion of the J analysis was shown to 
be insignificant. 

PROBABILISTIC FRACTURE MECHANICS 

Probabilistic analysis methods use fracture mechanics calculation^ methods similar to those 
employed in the deterministic approaches except that distributed variables, rather than fixed values, 
are incorporated into the analyses. The increased need for high performance or very high degrees of 
reliability has led to an increased interest in probabilistic analysis of structural reliability.12 As an 
example, since fracture toughness data are often widely scattered, it seems inappropriate to view 
fracture toughness as a single-valued material constant. Factors such as the number, sizes, 
orientations, and locations of flaws can be treated as probabilistic terms. Even extraordinary events, 
such as earthquakes, hurricanes, and nuclear accidents, can result in stresses that are significantly 
higher than were assumed for design purposes. Up to a dozen random variables may be required in a 
vessel analysis.73 Because of complexities and uncertainties, many current fracture analyses are based 
on probabilistic rather than deterministic models. An initial population of cracks is generally 
considered to be randomly distributed. These initial cracks can be detected with a certain probability 
during preservice and possible ISIs. Cracks that escape detection and repair can potentially grow, 
through fatigue or stress corrosion, and cause failure of the component under consideration. To 
analyze the fracture potential of a component, a stress history or expected loading spectrum including 
design transients, earthquakes, and vibrations must be available.74 The probability of failure for the 
CPBT is equal to the probability of a crack growing to the corresponding critical size prior to 
detection. The establishment of safety goals in terms of failure probability or structural reliability is a 
new approach to the old problem of safety quantification.75 Structural reliability is the statistical 
statement of structural safety. Mathematically, it is defined as 1 minus the failure probability of the 
structural component. If the failure probability is 0, then the reliability is 1 (100%). In terms of brittle 
fracture, reliability (R) can be expressed as 
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R = P(K, < KJ = 1 - P f , (49) 

where P f is the probability of structural failure due to brittle fracture. 
Traditionally, inputs into ASME Code analyses for structural integrity are treated as deterministic 

values. In most instances, these deterministic values are worst-case quantities that, when considered in 
total, could give an unrealistically conservative estimate of the safety of structural components such as 
the CPBT. The probability that these worst-case quantities occur simultaneously, as is assumed in the 
ASME Code, is extremely low. Probabilistic fracture mechanics provides a means of quantifying the 
degree of inherent safety for parts or entire structures. 

A schematic representation of probabilistic fracture analysis is shown in Fig. 26 (Ref. 4). The 
curve on the left represents the actual stress intensity distribution, which depends on the flaw and 
stress distributions, and the curve on the right represents the distribution of fracture toughness. 
Deterministic fracture mechanics can be used to determine the critical stress intensity corresponding to 
a particular stress state and flaw size as presented in previous sections of this report. When the 
distributions of critical and actual stress intensity overlap, there is a finite probability of failure, as is 
indicated by the shaded area in Fig. 26. Even time-dependent crack growth, such as fatigue, can be 
taken into account through application of an appropriate crack growth law; the distribution moves to 
the right with time, increasing the failure probability. 

Most of the currently used probabilistic fracture mechanics analyses involve the use of Monte 
Carlo techniques. A Monte Carlo simulation cycle represents a single computer experiment conducted 
to determine if a single occurrence of a specific event will produce failure. Each cycle of the Monte 
Carlo simulation involves the random selection of specific parameter values but utilizes deterministic 
expressions of stress intensity factor to determine whether or not Kj > KQ for each individual random 
parameter combination. To estimate the likelihood of failure, the process is repeated after new values 
of the random variables are generated, up to millions of random combinations; a large number of 
CPBTs, each with a different combination of the various values of the different parameters involved 
in the analysis of flaw behavior, would be evaluated deterministically to determine the number of 
vessels for which failure is predicted. The failure rate is then estimated by the ratio of the number of 
predicted failures per number of analyzed vessels. The cumulative probability of failure at any time is 
simply the probability of having a crack at that time equal to or larger than the critical flaw size. 

PFM Analytical Codes 

A number of computer codes have been developed for application of probabilistic fracture 
mechanics (PFM), most of them utilizing the Monte Carlo technique, to generate estimates of the 
conditional probability of failure for various components. The following is a list of some of the 
available codes: 

1. OCTAV1A''6 was developed by the USNRC to calculate pressure vessel probability failure rates 
for pressurized water reactors. Monte Carlo techniques are applied and failure pressures are 
calculated deterministically for different sized axially oriented flaws. 

2. PRAISE72 was developed at Lawrence Livermore Laboratory and uses Monte Carlo simulation 
techniques to estimate time to first failure for a girth butt weld joint in nuclear reactor piping mat 
is subjected to normal operating conditions, anticipated transients, and seismic events for various 
magnitudes. Figure 27 presents a schematic diagram of the steps involved in running the PRAISE 
code. 
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Fig. 26. A schematic illustrating the concept of probabilistic fracture analysis. Reprinted with permission from T. L. Anderson, 
Fracture Mechanics: Fundamentals and Applications, CRC Press, Boca Raton, Fla., 1991. 
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Fig. 27. Schematic diagram of the steps involved in execution of PRAISE. Source: D. O. 
Harris, E. Y. Lim, and D. D. Dedhia, Probability of Pipe Fracture in the Primary Coolant Loop of a 
PWR Plant, Probabilistic Fracture Mechanics Analysis, NUREG/CR-2189, Vol. 5, August 1981. 
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3. USNRC's NUREG-0778 Code77 was developed to calculate the probability of a flaw-induced 
failure in the beltline region of irradiated pressurized water reactor pressure vessels. Utilizing 
Monte Carlo simulation, the code uses mathematical expressions based on LEFM to model the 
variable interactions and to estimate failure rates. 

4. ISPRA's COVASTOL78 handles all data in a probabilistic form and utilizes probabilistic data 
concerning defects, material properties, and loading conditions. The computation time is much 
less than that required for the application of the Monte Carlo technique. 

5. OCA-P79 was developed for evaluation of pressurized water reactor integrity during pressurized 
thermal-shock transients. The model utilizes Monte Carlo simulation based on LEFM to model 
significant variables and to estimate the probability of catastrophic failure. 

Variables and Distributions for Application of PFM 

The possibility of failure of the CPBT could result from the combined effects of (1) pressure, 
thermal, seismic, and other loading transients; (2) radiation-induced damage to the vessel material 
through a lowering of fracture toughness; and (3) the existence, location, and sizes of flaws within the 
CPBT wall. Reports by Woo and Simonen80 indicate that the following variables would be required 
for the probabilistic analysis of the CPBT: 

1. Associated properties of the CPBT. 

2. CPBT geometry: vessel cross-section dimensions. 

3. Initial crack distributions. 

4. Loadings and associated occurrence rates: loadings may include internal pressure, dead weight, 
thermal loading, residual stress, vibratory stress, and seismic loads. Occurrence rates for the 
different loadings must be specified. 

5. Crack growth models: da/dN = f(c, m, AK) for fatigue crack growth and da/dt = f(C, m, K) for 
stress corrosion cracking where C and m are material constants; K and AK are the applied stress 
intensity factor and its range respectively; N is the number of cycles; and t is the time variable. 

6. Detection probability models for cracks. 

7. Possible ISI schedules. 

Distribution functions for all of the varying parameters in a PFM analysis must be specified. 
Selection of appropriate distribution functions is probably the most difficult aspect of applying PFM. 
The following distributions for various factors have been proposed in the literature; each may or may 
not be applicable to the 6061-T6 CPBT of the ANS reactor, but they provide a starting point based on 
the experience of other researchers. 

The single largest uncertainty in the overall probabilistic vessel analysis conducted by Cheverton 
and Ball81 was the number of surface flaws assumed per vessel. Probabilistic fracture mechanics 
models are generally based on the assumption mat failure occurs because of the subcritical and 
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catastrophic growth of flaws introduced during fabrication. Such defects are initially present with 
some probability and their preservice detection is directly related to their size. Bloom,7 5 based on 
work by Becher and Pederson,82 presents a one-parameter exponential distribution for flaw size as 

f (a) * — exp 
a l-i] (50) 

where a is the mean half crack length. Cheverton and Ball81 assumed that the number of flaws in a 
specific region with a depth in a specific range of crack depths M could be expressed as 

N j(Aa i) = N.A jJf(a)B(a)da , (51) 

where 

Nj = number of flaws of all depths per unit surface area of the region, 
Aj = surface area of the j * region, 
f(a) = flaw-depth density function, 
B(a) = probability of nondetection. 

The parameters Nj and f(a) pertain to vessel conditions prior to preservice inspection and repair, 
and B(a) is derived on the basis of repairing, or otherwise disposing of, all detected flaws. The value 
of Nj and the functions f(a) and B(a) are not well defined. The following values were suggested by 
Marshall83 

f(a) = 0.16e-° 1 6 ' (52> 

and 

B(a) = 0.005 + 0.995e-«»3« . < 5 3 ) 

Marshall also suggested an exponential flaw distribution where 

p (a) e " " , (54) 

where m is the mean crack depth and h is the wall thickness. 
Becher and Hansen84 proposed the lognormal flaw distribution with 

P.00 - , 1 . .„ exp \- J L ( l n a/ \) 2 l . (55) 
juaH(2ir) 1/2 



64 

where H = 1 - 1/2 erfc f - i _ l n i j with n = 0.82 and X = 1.3 mm. 
[ M 2 1 / 2 Xj 

Even the aspect ratio, which is used to define crack geometry and is defined as j8 = c/a, is 
assumed to be a distributed variable with a modified probability density function74 

B 2 

CB ~lnW (56) 
P/S05) = £ _ exp » , 

X^ir) 1 ' 2 V 2X 2 

where Cfi, j8m, and y are constants. 
Before any probabilistic model can be applied to the CPBT, knowledgeable assumptions will have 

to be made concerning the initial crack size distribution. The results of preservice inspections should 
aid in the selection of an appropriate distribution. 

Harris and Lim85 addressed the effects of NDE on structural reliability in a quantitative manner. 
They combined the size distribution of defects introduced during fabrication with the detection 
probability of the inspection techniques to provide preservice crack size distributions. The ratio of 
failure rates with and without inspection was found to be independent of the crack size distribution, 
and thus it appears that an assessment of the relative benefit of ISI does not require accurate 
knowledge of the initial crack distribution. Several distributions for nondetection probability have 
been suggested. Hong and Yeater86 suggest the use of a lognormal relation to characterize the 
probability of nondetection: 

Pjja) = ± erfc 2. erfcfi- l n - 1 2 I a \ 
(57) 

where 

erfc = the complementary error function, 
a = crack depth, 
n = slope of the PND curve, 
a* = the crack depth that has a 50% chance of being detected. 

Equation (57) indicates that the probability of not detecting a very small flaw is nearly one, 
whereas the probability of not detecting a very large one is nearly zero. 

K I c can be treated as a statistical variable that is generally dependent on the fluence. Cheverton 
and Ball 8 1 used the following expression for the attenuation of the fluence through the wall of the 
vessel: 

F = F . e ^ 0 0 9 4 ' , (58) 

where F 0 is the fluence at the inner surface of the vessel and a is the crack depth in millimeters. The 
standard deviation for the error in K^ can be taken as a constant, y , times the mean value of K*. 
assuming that K l c follows a normal distribution. Jouris*7 suggests the use of the normal distribution for 
both K r and K l c . 
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As with overload fracture, the deterministic expressions for crack growth are applied in 
probabilistic models, but the growth law must be treated as a distributed variable. In order to account 
for the variability in the crack growth characteristics, Harris and Lim85 suggest utUization of the crack 
growth expression 

_da _ c I" AK 
dN ~ [(1 - R) l / 2 

with the parameter C taken to be lognormally distributed. 
If PFM is to be applied to the analysis of the CPBT, appropriate variable distributions will have 

to be selected. The code OCA-P developed at ORNL'1 could be used to conduct the analysis, but 
engineering judgment will have to be applied to the distribution selections. 

Importance sampling, which is a modification of the Monte Carlo simulation technique that is 
biased for greater efficiency, could be utilized in the PFM analysis of the CPBT. When determining 
conditional probabilities that are quite small (on the order of 10^ or less), a large number of trials 
(> 50,000) is required to have even a single occurrence of failure." In importance sampling, the 
sampling is done only in the tail of the distribution to ensure that simulated failures occur. The lower 
the probability of failure, the farther out in the tail the sampling must be done. Because the sampling 
carried out this way is blatantly biased, a correction factor is used in determining the actual 
probability of failure. This technique results in greatly reduced computer costs when compared to 
those from the use of the straight Monte Carlo technique for low probability situations.18 The 
minimum number of simulated vessels required to satisfy a specified accuracy can be estimated by 
applying the central limit theorem.*9 

A closing warning based on comments by Marriot,90 who found that two important factors are 
invariably neglected in most PFM analyses: (1) rogue events or outliers and (2) dependencies among 
parameters. In most practical applications of PFM, earthquakes and/or hurricanes have finite 
probabilities, and the probability distribution for flaws is very likely to be dependent on fracture 
toughness. These effects should be considered if probabilistic methods are applied to the CPBT. Witt73 

states that subjective engineering judgments must be made as to the governing statistical parameters; 
caution is advised. 

PROOF-TEST APPROACH 

The proof-test may be used to infer that the worst flaw mat exists in the CPBT at the time of the 
proof-test does not exceed the size that would cause failure at the test load. If the proof-test loads the 
vessel in the same manner as the service loading, it is a reliable method of bounding the flaw size in a 
component. Estimates of the growth of that bounding flaw during service due to corrosion or fatigue 
crack growth will then provide an estimate of the bounding crack size at some future time. 

The CPBT is primarily loaded by internal pressure. Therefore, a hydrostatic test would be the 
pertinent proof-test. The relation between the size of the worst flaw, a,,, the applied stress, ar and the 
fracture toughness of the material, K,p, at the time of the proof-test is given by 

' 
(59) 

K,p > A( r p ^~ . (60) 
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If we assume that at the end of life the flaw is twice the size when the proof-test was performed, 
the minimum required toughness of the component Kjf is 

K r - A a , ^ , < 6 

where o> is the maximum allowable stress in the component during service. The allowable stress for 
6061-T6 aluminum is 40% of the yield strength. Proof-test would be to 90% of the yield strength. 
Thus, 

°t = 7T7Tff» = 0.444ff 
0.9 p p 

and 

1 ^ > (0 .444)^" K^ , 

K,, > 0.628 K^ . 

Therefore, the CPBT would be safe from nonductile rupture as long as irradiation does not reduce 
the fracture toughness by more than 62.8%. Assuming that the unirradiated toughness is 28 MPa V m , 
the CPBT would have to be removed from service if the toughness fell to 17.6 M P a V m . 

CONCLUSIONS 

LEFM can be used to evaluate the susceptibility of the ANS CPBT to nonductile fracture. Stress 
intensity factors due to internal pressure stresses and thermal stresses were determined for various 
crack geometries in an 8.5-mm-thick CPBT. The critical flaw depth was found to be about 5.5 mm 
for unirradiated 6061-T6 aluminum. Nondestructive test methods are capable of providing assurance 
that ho flaws exist in the CPBT which are deeper than 0.5 mm. 

Fatigue crack growth data for irradiated 6061-T6 aluminum are needed so that the crack growth 
can be estimated once an expected loading histogram is developed for the ANS. 

Probabilistic fracture mechanics can be applied to estimate the probability of a catastrophic brittle 
fracture of the CPBT. 

Proof-testing is an alternative approach to NDE that can be used to assure that preexisting flaws 
are not large enough to cause catastrophic brittle fracture of the CPBT. 
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APPENDIX A 

TEMPERATURE PROFILES WITHIN THE ANS CORE PRESSURE BOUNDARY TUBE 
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Title: CPBT Temperatures with 45C inlet, 330MW, and 7m/s flow in 3mm annul 
E l e m e n t AvisT nis t . fmi T _ c o P l a n t (C) T_lns l f le (C) T j r e s fc) T_outs i<te ( p 
1 - 1 . 1 4 2 0 45 .00 48 .28 5 0 . 0 7 5 0 . 0 7 
2 - 1 . 1 2 4 7 4 5 . 0 4 48 .50 50 .38 50 .38 
3 - 1 . 1 0 7 4 4 5 . 0 7 4 8 . 7 1 5 0 . 6 9 5 0 . 6 9 
4 - 1 . 0 9 0 2 4 5 . 1 1 4 8 . 9 3 51 .00 51 .00 
5 - 1 . 0 7 2 9 4 5 . 1 6 49 .15 51 .32 5 1 . 3 2 
6 - 1 . 0 5 5 6 45 .20 49 .38 5 1 . 6 3 5 1 . 6 3 
7 - 1 . 0 3 8 3 4 5 . 2 5 49 .60 5 1 . 9 5 5 1 . 9 5 
8 - 1 . 0 2 1 0 4 5 . 3 0 4 9 . 8 3 ' 5 2 . 2 7 5 2 . 2 7 
9 - 1 . 0 0 3 8 4 5 . 3 5 50 .06 5 2 . 5 9 52 .59 
10 - . 9 8 6 5 4 5 . 4 0 50 .29 52 .92 5 2 . 9 2 
11 - . 9 6 9 2 4 5 . 4 5 50 .52 53 .24 5 3 . 2 4 
12 - . 9 5 1 9 4 5 . 5 1 5 0 . 7 5 5 3 . 5 7 5 3 . 5 7 
13 - . 9 3 4 6 4 5 . 5 7 50 .99 5 3 . 9 0 5 3 . 9 0 
14 - . 9 1 7 4 4 5 . 6 3 5 1 . 2 3 5 4 . 2 3 5 4 . 2 3 
15 - . 9 0 0 1 4 5 . 6 9 51 .47 5 4 . 5 6 5 4 . 5 6 
16 - . 8 8 2 8 4 5 . 7 6 51 .82 55 .07 5 5 . 0 7 
17 - . 8 6 5 5 4 5 . 8 3 5 2 . 6 8 56 .34 5 6 . 3 4 
18 - . 8 4 8 2 4 5 . 9 1 53 .55 57 .64 57 .64 
19 - . 8 3 1 0 4 6 . 0 0 54 .44 5 8 . 9 5 5 8 . 9 5 
20 - . 8 1 3 7 4 6 . 0 9 5 5 . 3 3 60 .26 60 .26 
21 - . 7 9 6 4 4 6 . 2 0 5 6 . 2 1 6 1 . 5 6 6 1 . 5 6 
22 - . 7 7 9 1 4 6 . 3 2 57 .10 62 .86 62 .86 
23 - . 7 6 1 8 4 6 . 4 5 57 .99 6 4 . 1 5 6 4 . 1 5 
24 - . 7 4 4 6 4 6 . 5 8 58 .88 6 5 . 4 5 6 5 . 4 5 
25 - . 7 2 7 3 4 6 . 7 3 59 .78 66 .74 66 .74 
26 - . 7 1 0 0 4 6 . 8 9 60 .67 6 8 . 0 3 6 8 . 0 3 
27 - . 6 9 2 7 4 7 . 0 5 61 .57 6 9 . 3 3 6 9 . 3 2 
28 - . 6 7 5 4 4 7 . 2 3 62 .48 7 0 . 6 2 7 0 . 6 2 
29 - . 6 5 8 2 4 7 . 4 2 63 .39 7 1 . 9 1 71 .91 
30 - . 6 4 0 9 4 7 . 6 1 64 .30 7 3 . 2 1 7 3 . 2 1 
31 - . 6 2 3 6 4 7 . 8 2 65 .21 7 4 . 5 1 7 4 . 5 0 
32 - . 6 0 6 3 4 8 . 0 3 66 .13 7 5 . 8 1 7 5 . 8 0 
33 - . 5 8 9 0 4 8 . 2 5 67 .05 7 7 . 1 1 7 7 . 1 0 
34 - . 5 7 1 8 4 8 . 4 9 67 .98 7 8 . 4 1 7 8 . 4 0 
35 - . 5 5 4 5 4 8 . 7 3 72 .37 8 5 . 0 0 8 4 . 9 8 
36 - . 5 3 7 2 4 9 . 0 0 72 .60 8 5 . 2 3 8 5 . 2 1 
37 - . 5 1 9 9 4 9 . 2 7 72 .84 8 5 . 4 6 8 5 . 4 4 
38 - . 5 0 2 6 4 9 . 5 4 73 .07 85 .70 8 5 . 6 7 
39 - . 4 8 5 4 4 9 . 8 2 75 .36 8 9 . 0 6 8 9 . 0 3 
40 - . 4 6 8 1 5 0 . 1 2 7 5 . 6 1 8 9 . 3 1 8 9 . 2 8 
41 - . 4 5 0 8 5 0 . 4 1 75 .87 8 9 . 5 6 8 9 . 5 3 
42 - . 4 3 3 5 5 0 . 7 2 80 .80 96 .98 9 6 . 9 3 
43 - . 4 1 6 2 5 1 . 0 4 81 .07 9 7 . 2 5 9 7 . 1 9 
44 - . 3 9 9 0 5 1 . 3 8 81 .35 9 7 . 5 1 9 7 . 4 6 
45 - . 3 8 1 7 5 1 . 7 1 8 1 . 6 3 9 7 . 7 9 9 7 . 7 3 
46 - . 3 6 4 4 5 2 . 0 6 83 .88 1 0 1 . 0 8 1 0 1 . 0 2 
47 - . 3 4 7 1 5 2 . 4 1 84 .17 1 0 1 . 3 6 1 0 1 . 3 0 
48 - . 3 2 9 8 5 2 . 7 7 84 .46 1 0 1 . 6 5 1 0 1 . 5 9 
49 - . 3 1 2 6 5 3 . 1 4 84 .77 101 .94 1 0 1 . 8 8 
50 - . 2 9 5 3 5 3 . 5 1 85 .07 1 0 2 . 2 4 1 0 2 . 1 7 



78 

51 -.2780 53.88 85.38 102.54 102.47 
52 -.2607 54.26 86.24 103.69 103.62 
53 -.2434 54.64 86.56 104.00 103.93 
54 -.2262 55.04 86.88 104.31 104.24 
55 -.2089 55.43 87.21 104.63 104.55 
56 -.1916 55.83 87.54 104.95 104.87 
57 -.1743 56.23 87.88 105.27 105.19 
58 -.1570 56.64 86.11 102.34 102.28 
59 -.1398 57.04 86.44 102.66 102.60 
60 -.1225 57.43 86.76 102.97 102.90 
61 -.1052 57.80 87.34 103.69 103.62 
62 -.0879 58.16 87.64 103.98 103.91 
63 -.0706 58.50 87.93 104.26 104.19 
64 -.0534 58.84 88.20 104.53 104.46 
65 -.0361 59.16 86.29 101.40 101.34 
66 -.0188 59.46 86.23 101.16 101.11 
67 -.0015 59.74 86.84 101.98 101.92 
68 .0158 60.01 88.97 105.16 105.09 
69 .0330 60.30 91.39 108.76 108.68 
70 .0503 60.63 92.14 109.76 109.68 
71 .0676 60.97 93.42 111.59 111.50 
72 .0849 61.32 94.74 113.48 113.38 
73 .1022 61.67 95.40 114.32 114.22 
74 .1194 62.02 95.87 114.89 114.78 
75 .1367 62.37 96.34 115.45 115.34 
76 .1540 62.73 96.54 115.59 115.48 
77 .1713 63.08 96.67 115.62 115.51 
78 .1886 63.40 96.78 115.63 115.53 
79 .2058 63.72 96.90 115.65 115.54 
80 .2231 64.05 97.01 115.67 115.56 
81 .2404 64.37 96.79 115.15 115.05 
82 .2577 64.69 96.50 114.55 114.45 
83 .2750 65.00 96.21 113.94 113.84 
84 .2922 65.32 95.92 113.33 113.23 
85 .3095 65.63 95.63 112.71 112.62 
86 .3268 65.93 95.34 112.10 112.01 
87 .3441 66.24 94.98 111.38 111.30 
88 .3614 66.54 94.57 110.58 110.50 
89 .3786 66.84 94.15 109.77 109.70 
90 .3959 67.14 93.74 108.97 108.90 
91 .4132 67.43 93.32 108.16 108.09 
92 .4305 67.72 92.64 106.94 106.88 
93 .4478 68.00 91.79 105.46 105.40 
94 .4650 68.28 90.90 103.93 103.88 
95 .4823 68.48 89.90 102.26 102.21 
96 .4996 68.67 88.80 100.44 100.40 
97 .5169 68.86 87.08 97.64 97.61 
98 .5342 69.04 84.03 92.74 92.72 
99 .5514 69.20 81.50 88.68 88.67 
100 .5687 69.35 81.50 88.59 88.58 
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Title: CPBT intermediate temperatures at 45C inlet and 7m/s coolant flow 
Element srmi/Rfmmi ,247 -2478 ,2487 .2495 .2504 ̂ 2512 ,2521 JZ521 .2538 .2546 
1 -1 .142 48.28 48.61 48.91 49.17 49.4 49.59 49.75 49.88 49.98 50.04 
2 -1 .125 48.5 48.84 49.16 49.43 49.67 49.88 50.05 50.18 50.28 50.35 
3 -1 .107 48.71 49.08 49.41 49.7 49.95 50.17 50.35 50.49 50.59 50.66 
4 -1 .09 48.93 49.32 49.66 49.97 50.23 50.46 50.65 50.79 50.9 50.97 
5 -1 .073 49.15 49.56 49.92 50.24 50.52 50.75 50.95 51.1 51.21 51.29 
6 -1 .056 49.38 49.8 50.18 50.51 50.8 51.05 51.25 51.41 51.53 51.6 
7 -1 .038 49.6 50.04 50.44 50.78 51.09 51.34 51.55 51.72 51.84 51.92 
8 -1 .021 49.83 50.29 50.7 51.06 51.37 51.64 51.86 52.03 52.16 52.24 
9 -1 .004 50.06 50.53 50.96 51.34 51.66 51.94 52.17 52.35 52.48 52.56 
10 - . 986 50.29 50.78 51.22 51.62 51.95 52.24 52.48 52.66 52.8 52.88 
11 - . 969 50.52 51.03 51.49 51.9 52.25 52.55 52.79 52.98 53.12 53.21 
12 - . 952 50.75 51.28 51.76 52.18 52.54 52.85 53.1 53 .3 53.45 53.54 
13 - . 9 3 5 50.99 51.54 52.03 52.46 52.84 53.16 53.42 53.62 53.77 53.86 
14 - . 917 51.23 51.79 52,3 52.75 53.14 53.47 53.74 53.95 54.1 54.2 
15 - . 9 51.47 52.05 52.57 53.04 53.44 53.78 54.06 54.27 54.43 54.53 
16 - . 8 8 3 51.82 52.44 52.99 53.47 53.89 54.25 54.54 54.77 54.93 55.03 
17 - . 866 52.68 53.38 54 54.55 55.02 55.43 55.75 56.01 56.19 56.31 
18 - . 848 53.55 54.33 55.03 55.64 56.17 56.62 56.98 57.27 57.47 57.59 
19 - . 8 3 1 54.44 55.3 56.07 56.75 57.33 57.83 58.23 58.55 58.77 58.91 
20 - . 814 55.33 56.27 57.11 57.85 58.5 59.04 59.48 59.82 60.07 60.21 
21 - . 7 9 6 56.21 57.24 58.15 58.96 59.66 60.24 60.72 61.09 61.36 61.51 
22 - . 7 7 9 57.1 58.21 59.19 60.06 60.81 61.45 61.96 62.36 62.64 62.81 
23 - . 762 57.99 59.18 60.23 61.17 61.97 62.65 63.2 63.63 63.93 64.1 
24 - . 7 4 5 58.88 60.15 61.28 62.27 63.13 63.85 64.44 64.89 65.21 65.39 
25 - . 727 59.78 61.12 62.32 63.38 64.29 65.06 65.68 66.16 66.49 66.69 
26 - . 7 1 60.67 62.1 63.37 64.49 65.45 66.26 66.92 67.42 67.78 67.98 
27 - . 6 9 3 61.57 63.08 64.42 65.6 66.62 67.47 68.16 68.69 69.06 69.27 
28 - . 6 7 5 62.48 64.06 65.48 66.71 67.78 68.68 69.41 69.96 70.35 70.57 
29 - . 6 5 8 63.39 65.05 66.53 67.83 68.95 69.89 70.65 71.23 71.64 71.86 
30 - . 6 4 1 64.3 66.04 67.59 68.95 70.12 71.1 71.9 72.51 72.93 73.16 
31 - .624 65.21 67.03 68.65 70.07 71.3 72.32 73.15 73.78 74.22 74.46 
32 - . 6 0 6 66.13 68.03 69.72 71.2 72.47 73.54 74.4 75.06 75.51 75.75 
33 - . 5 8 9 67.05 69.03 70.79 72.33 73.65 74.76 75.65 76.33 76.8 77.06 
34 - . 572 67.98 70.03 71.86 73.46 74.83 75.98 76.91 77.61 78.1 78.36 
35 - .554 72.37 74.88 77.11 79.06 80.73 82.13 83.25 84.09 84.66 84.96 
36 - . 537 72.6 75.11 77.34 79.29 80.96 82.36 83.47 84.32 84.89 85.18 
37 - . 5 2 72.84 75.34 77.57 79.52 81.19 82.59 83.71 84.55 85.12 85.42 
38 - . 5 0 3 73.07 75.58 77.81 79.76 81.43 82.82 83.94 84.79 85.35 85.65 
39 - . 4 8 5 75.36 78.09 80.52 82.64 84.46 85.97 87.19 88.1 88.71 89.02 
40 - . 468 75.61 78.34 80.77 82.89 84.71 86.22 87.43 88.34 88.95 89.27 
41 - . 4 5 1 75.87 78.6 81.02 83.14 84.96 86.47 87.69 88.6 89.2 89.52 
42 - .434 80.8 84.06 86. 94 89.46 91.62 93.41 94.83 95.9 96.6 96.94 
43 - . 416 81.07 84.33 87.21 89.73 91.89 93.67 95.1 96.16 96.87 97.21 
44 - . 3 9 9 81.35 84.6 87.49 90.01 92.16 93.95 95.37 96.43 97.14 97.48 
45 - . 382 81.63 84.88 87.77 90.28 92.44 94.22 95.65 96.71 97.41 97.75 
46 - .364 83.88 87.35 90.43 93.12 95.41 97.32 98.83 99.96 100.7 101 
47 - . 347 84.17 87.64 90.72 93.41 95.7 97.6 99.12 100.2 101 101.3 
48 - . 3 3 84.46 87.94 91.02 93.7 95.99 97.89 99.41 100.5 101.3 101.6 
49 - . 3 1 3 84.77 88.24 91.31 94 96.29 98.19 99.7 100.8 101.6 101.9 
50 - . 2 9 5 85.07 88.54 91.62 94.3 96.59 98.49 100 101.1 101.9 102.2 
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51 - .278 85.38 88.85 91.92 94.6 96.89 98.79 100.3 101.4 102.2 102.5 
52 - . 2 6 1 86.24 89.78 92.91 95.63 97.96 99.89 101.4 102.6 103.3 103.7 
53 - . 2 4 3 86.56 90.09 93.22 95.95 98.28 100.2 101.7 102.9 103.6 104 
54 - . 226 86.88 90.41 93.54 96.27 98.59 100.5 102.1 103.2 103.9 104.3 
55 - . 209 87.21 90.74 93.87 96.59 98.92 100.8 102.4 103.5 104.3 104.6 
56 - . 192 87.54 91.07 94.19 96.92 99.24 101.2 102.7 103.8 104.6 104.9 
57 - .174 87.88 91.4 94.53 97.25 99.57 101.5 103 104.2 104.9 105.2 
58 - . 157 86.11 89.39 92.3 94.84 97 98.8 100.2 101.3 102 102.3 
59 - . 14 86.44 89.72 92.63 95.16 97.33 99.12 100.5 101.6 102.3 102.6 
60 - .122 86.76 90.04 92.94 95.48 97.64 99.43 100.9 101.9 102.6 102.9 
61 - . 105 87.34 90.65 93.58 96.14 98.32 100.1 101.6 102.6 103.3 103.7 
62 - .088 87.64 90.95 93.88 96.44 98.62 100.4 101.9 102.9 103.6 104 
63 - . 0 7 1 87.93 91.23 94.17 96.72 98.9 100.7 102.1 103.2 103.9 104.2 
64 - . 0 5 3 88.2 91.51 94.44 97 99.18 101 102.4 103.5 104.2 104.5 
65 - . 0 3 6 86.29 89.34 92.04 94.4 96.42 98.09 99.42 100.4 101.1 101.4 
66 - . 019 86.23 89.24 91.91 94.25 96.24 97.89 99.2 100.2 100.8 101.1 
67 - . 002 86.84 89.9 92.61 94.97 96.99 98.66 100 101 101.6 101.9 
68 .016 88.97 92.25 95.16 97.69 99.85 101.6 103.1 104.1 104.8 105.1 
69 .033 91.39 94.92 98.05 100.8 103.1 105 106.5 107.7 108.4 108.7 
70 . 0 5 92.14 95.72 98.9 101.7 104 106 107.5 108.7 109.4 109.7 
71 .068 93.42 97.13 100.4 103.3 105.7 107.7 109.3 110.5 111.2 111.6 
72 .085 94.74 98.57 101.9 104.9 107.4 109.5 111.1 112.3 113.1 113.5 
73 .102 95.4 99.26 102.7 105.7 108.2 110.3 111.9 113.2 114 114.3 
74 .115 95.87 99.75 103.2 106.2 108.7 110.8 112.5 113.7 114.5 114.9 
75 .137 96.34 100.2 103.7 106.7 109.3 111.4 113.1 114.3 115.1 115.4 
76 .154 96.54 100.4 103.9 106.9 109.4 111.5 113.2 114.4 115.2 115.6 
77 .171 96.67 100.5 104 107 109.5 111.6 113.2 114.5 115.2 115.6 
78 .189 96.78 100.6 104 107 109.5 111.6 113.3 114.5 115.3 115.6 
79 .206 96.9 100.7 104.1 107.1 109.6 111.7 113.3 114.5 115.3 115.6 
80 .223 97.01 100.8 104.2 107.1 109.6 111.7 U 3 . 3 114.5 115.3 115.6 
81 .24 96.79 100.5 103.9 106.8 109.2 111.2 112.9 114 114.8 115.1 
82 .258 96.5 100.2 103.4 106.3 108.7 110.7 112.3 113.4 114.2 114.5 
83 .275 96.21 99.83 103 105.8 108.2 110.2 111.7 112.9 113.6 113.9 
84 .292 95.92 99.47 102.6 105.4 107.7 109.6 111.1 112.3 113 113.3 
85 . 3 1 95.63 99.11 102.2 104.9 107.2 109.1 110.6 111.7 112.4 112.7 
86 .327 95.34 98.75 101.8 104.4 106.7 108.5 110 111.1 111.8 112.1 
87 .344 94.98 98.32 101.3 103.8 106 107.9 109.3 110.4 111 111.4 
88 .361 94.57 97.83 100.7 103.2 105.4 107.1 108.5 109.6 110.2 110.6 
89 .379 94.15 97.33 100.1 102.6 104.7 106.4 107.8 108.8 109.5 109.8 
90 .396 93.74 96.83 99.57 102 104 105.7 107 108 108.6 108.9 
91 .413 93.32 96.33 99 101.3 103.3 104.9 106.3 107.2 107.8 108.1 
92 . 4 3 92.64 95.54 98.11 100.3 102.3 103.8 105.1 106 106.6 106.9 
93 .448 91.79 94.55 97.01 99.14 101 102.5 103.7 104.6 105.2 105.4 
94 .465 90.9 93.53 95.87 97.9 99.64 101.1 102.2 103.1 103.6 103.9 
95 .482 89.9 92.39 94.6 96.53 98.17 99.54 100.6 101.4 102 102.2 
96 . 5 88.8 91.15 93.22 95.03 96.58 97.87 98.9 99.66 100.2 100.4 
97 .517 87.08 89.2 91.08 92.72 94.12 95.29 96.22 96.92 97.38 97.61 
98 .534 84.03 85.76 87.3 88.65 89.8 90.77 91.54 92.12 92.51 92.71 
99 .551 81.5 82.92 84.19 85.29 86.24 87.03 87.67 88.15 88.48 88.65 
100 .569 81.5 82.9 84.15 85.24 86.18 86.96 87.59 88.07 88.39 88.56 
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