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SUMMARY 

This report presents a detailed analysis of the stability of 

postulated cracks in the Indian Point 3 primary coolant system (RCS) 

piping. Composite drawings of the system are depicted in Figures 1.1 

and 1.2 and details of the system are shown in Figures 1.3 - 1.5. The 

analysis of the RCS hot leg piping at the weld location immediately 

adjacent to the RPV outlet nozzle (See Figure 1.4) is developed from 

basic principles for ease in comprehending the method used. At all 

other locations, a summary of the results of the computerized analysis 

is presented. The method of analysis used relys upon plastic tearing 

instability theory and the use of conservative load assumptions. Based 

upon the computed numerical results, it is shown that any length 

circumferential through-the-wall crack in the system piping is stable 

under the postulated "upperbound loads." The validity of this approach 

is detailed along with its underlying assumptions.  

Because of this proven stability of postulated cracks, the 

guillotine break type LOCA cannot occur under any operational condition.  

Accordingly, it is concluded that demonstration of the ability of the 

RCS to tolerate assymetric loading is not necessary.
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1. INTRODUCTION 

To assure the safety of a nuclear power plant, various hypothetical 

events are assumed to occur and the plant is designed so as to be safely 

shutdown should any such events occur. One such event is pipe rupture 

(including LOCA). Current design criteria require the postulation of 

pipe breaks at various points in the piping system which tend to be 

arbitrary in the sense that the break locations are not based upon any 

rational fracture mechanics logic. Prior to this time, there has been 

at least one argument against the use of fracture mechanics in pipe 

rupture break postulation; that is, that the only methods available 

were those based upon linear-elastic fracture mechanics (LEFM) and LEFM 

is subject to a number of limitations. These limitations include the 

requirements for the absence of any plasticity except that "local" to 

the crack-tip and that the predicted gross stress at failure be somewhat 

less than (typically half) the tensile yield stress. Nuclear reactor 

materials such as Typ e 3041 stainless steel undergo large plastic 

deformations before the initiation of crack growth. Typically, the 

crack initiation is not achieved until the conditions at the crack 

location reach near limit load conditions. This invalidates the use of 

LEFM based methods. This matter is further expanded upon in the next 

section.  

The foregoing limitations of LEFM can be overcome by using the 

methods of elastic-plastic fracture mechanics (EPFM). In the past, EPFM 

methodology was not sufficiently developed to permit its use in general 

design. However, Paris and co-workers (1,2,3) recently developed the 

concept of a "tearing modulus" which describes a crack stability 

criteria which is applicable to both LEFM and EPFM. Through the
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application of this concept to the problem of' pipe rupture, the 

stability of a circumferential crack in a pipe section can be 

determined, or, if desired, the possibility of the occurence of a 

double-ended break, can be predicted. This prediction is a new 

technological concept for dealing with the existing pipe rupture (or 

LOCA) analysis requirements. If it can be shown by the now widely 

accepted "tearing modulus" concept that a crack of any length in a 

piping. system is stable, even under loads greater than design basis 

loads, then the postulation of certain types of pipe breaks could be 

eliminated. As a result, the effects of loading introduced by such 

postulated breaks would be substantially reduced, and additional support 

structure and pipe-whip restraints would not have to be installed.
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2.. CRACK STABILITY & CODE CRITERIA 

In order to analyze the stability of cracks in nuclear piping using 

fracture mechanics methodology, it is necessary that the applied loads 

(or stresses), distribution of crack sizes and shapes, material 

properties and the stability criteria be specified. First, it will be 

shown, in the next few paragraphs, that all but the last of these 

requirements can be quantified based on available information and 

realistic postulates. Then the question of whether to use a stability 

criteria based on LEFM or on EPFM will be resolved.  

2.1 Material Property Data 

Material property and fracture toughness data are available in the 

literature. For typical high toughness nuclear piping materials, such 

as Type 304I or 316 stainless steel and SA106 carbon steel, in the upper 

shelf temperature region, it is found that ductile tearing predominates 

rather than brittle fracture. Although it can be argued that this is 

not universally true, by virtue of the effect of irradiation induced 

embrittlement, it is not expected that the levels of radiation to which 

the R6S piping is exposed would alter this conclusion. The conclusion 

is reinforced because of the operating temperatures of the RCS and based 

on the discussions given in references (8) and (9). All of these facts 

regarding material behavior suggest that large amounts of plasticity are 

likely to accompany, or precede, crack instability, i.e., final 

fracture.
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2.2 Crack Parameters 

Before defining the crack sizes to be assumed for analysis, it 

should be recalled that the ultimate goal of this project is to 

demonstrate that the RCS piping is "fracture proof"(14). To show this, 

it is requisite that there be no limit on assumed defect size. It 

follows that the approach is to examine the behavior of any size crack.  

Thus, various lengths, 29, of through-the-wall circumferential cracks 

will be assumed.(See Section 3 Figure 3.1) 

2.3 Code Loads 

Next, the question of the loads applied to the RCS is relevant, as 

the loads, coupled with the material toughness and crack sizes will 

determine which stability criteria is valid., "Code loads"(10) were 

selected because they represent the range of loads that the structure is 

designed to tolerate. Naturally, the tolerance to cracks under loads 

determined using the accepted Code design criteria is a very relevant 

question. The Code loads were computed by calculating the envelope of 

maximum allowable axial force, Pj, and resultant moment, Mj, 

combinations permitted under Code Sections NB-3650(10). For the 

purposes of this study, these Code Sections mandate that the "Equation 

9" stress of NB-3652, determined from the Pj and Mj pairs, be equal to 

1.5 Sm, 2.25 Sm and 3.0 Sm for normal, emergency and faulted conditions, 

respectively. In addition to the NB-3652 limits, the internal pressure 

limits of Section NB-3640(10) were imposed as a constraint on the Pj 

values.

2.4 Crack Driving Force



Page 13

Either LEFM or EPFM must be assumed to be a valid stability 

criteria. Because Code loads are determined, as a matter of course, 

using linear-elastic structural analysis methods, it seemed logical that 

LEFM methods might be applicable.  

2.4.1 LEFM Considerations 

Recall that crack driving force using LEFM is defined in terms of 

the stress-intensity factor, K. And, for stability, K computed for the 

applied stress and crack size must be less than the fracture toughness, 

Kic, of the piping material. Stability can also be defined in terms of 

the J-integral; which, for LEFM, can be computed from J=(KIE).  

Another parameter, Jic, can be considered an equivalent toughness and 

thus for J < Jic, stability is insured. Because J is used throughout 

this report, the present consideration of Code loads is presented in 

terms of J.  

J solutions were not available for the postulated crack geometry; 

thus, estimates were developed using accepted practice. Plastic zone 

corrected stress-intensity factor solutions (i.e., K(a+Ry)) were used to 

determine the values for J. (Note that estimates of J based upon K 

solutions, that is, LEFM, result in unconservative estimates of J as the 

limit moment of the cracked section is approached.) Figures 2.1 and 2.2 

show the variation in the computed values of J with change in crack 

lengths, 28, for the envelope of allowable Pj-Mj pairs. The complete 

range of axial force, Pj, and moment, Mj, values permitted by "Equation 

9"(10) are shown as points on Figures 2.1 and 2.2. The points are 

identifiable as belonging to the following conditions; normal = 0, 

emergency =, Aand faulted = +.
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The vertical arrows on Figures 2.1 and 2.2 indicate cases for which 

the. limit moment of the cracked section, as discussed in Section 3.2.1 

of this report, has been exceeded. This, of course, invalidates the use 

of LEFM in both the rigorous and practical sense. And, any attempt to 

empirically extend the LEFM based equations to include net section 

yielding would be subject to question. Furthermore, reaching the limit 

moment causes a failure by plastic collapse. Note that the Code limits 

are determined to prevent plastic collapse of uncracked sections.  

Notwithstanding these apparent limitations a further inaccuracy exists 

in the use of LEFM. Without elaboration, it is easy to show that J is 

proportional to plastic strain. Plastic strain increases without bound 

upon reaching limit load (plastic collapse) which implies that J will 

also increase without bound. It is thus obvious, by inspection of the 

Figures 2.1 and 2.2, that, contrary to this logic, J is bounded even 

after reaching limit load so the LEFM method is again ruled out.  

Accordingly, one is led to the use of EPFM for piping problems. This 

fact is well-known among nuclear power structural analysts but the 

development of the foregoing logic was deemed necessary to justify 

certain of the assumptions that will follow.  

2.41.2 EPFM Considerations 

Before applying EPFM to a typical piping problem, it is necessary 

to review a bit of theory. In the application of LEFM to brittle 

fracture, crack instability is assumed to occur when K > Kic.  

Physically, this is interpreted as instability that accompanies the 

onset of crack extension. But, in ductile fracture, it- is known that 

instability does not generally accompany the onset of crack extension.
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Rather, the K (or J) at instability can be well above the Kic (or Jic) 

point. It is important, from design and safety considerations, to be 

able to take advantage of the higher J values (or loads) that co-exist 

with the stable crack extension but, until recently, it was not 

possible. Analysts were, in the past, limited to a Jic value for 

instability predictions unless representative R-curves could be 

developed which were typical of the significant material dimensions 

actually used in structures of interest. In order to expand on the use 

of the J-integral, it is necessary to now delve into computations in the 

elastic-plastic and fully plastic states. Note that the foregoing 

paragraphs showed J values based on K solutions, which, of course, are 

not valid under elastic-plastic or fully plastic conditions.  

Solutions to problems in EPFM can be considered the quantifying of 

the intensity of the crack-tip deformation field. Typically, this is 

accomplished by computing a value for the path independent J-integral, 

developed by Rice (6), either by use of direct integration around the 

crack-tip or by use of any one of a number of acceptable estimation 

schemes. Relative to J computations, it is interesting to note that the 

phrase elastic-plastic fracture mechanics infers that problems involving 

plasticity can be analyzed for any type of loading. But Rice (6) proved 

the path independence of J only for materials which exhibit "non-linear 

elastic" behavior. Real materials do not behave exactly as non-linear 

elastic materials. But the violation of this idealized behavior is not 

sufficient to invalidate the J-integral method provided certain 

restrictions are met. Hutchinson and Paris (7) have set-forth strict 

theoretically based guidelines for J-controlled crack growth.  

Extensions beyond those limits are possible under certain conditions,
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discussed in Reference (8).  

Using the assumption of J-controlled growth, Paris, et al.(1), 

defined the non-dimensional tearing modulus, applicable to material 

property data and applied loads alike, as 
T E d~JJ 

o.da 

where E is Young's Modulus, a is crack length, 0o is a flow stress, and 

J is the J-integral. For J controlled growth, it is required that crack 

extension, da, occur under the equilibrium condition 

Japplied = Jmaterial 

which applies whether or not stability of the extension is present. The 

stability criteria for the crack under the preceeding equilibrium 

conditions was shown to be 

Tapp < Tmat = stable 

Tapp > Tmat = unstable 

where Tmat is determined from the material J-R curve and Tapp is 

dependent upon the crack geometry and loading existing in the actual 

structure.  

This stability criteria has been experimentally verified for 

several specimen types. Paris, et al. (1), demonstrated applicability 

for A471 steel 3-point bend bars in a test system of variable 

compliance. The variable compliance feature is used to control the 

Tapp. Similarly, Zahoor and Kanninen (11) tested TP304 stainless steel 

4 inch diameter pipes in .4-point bending, and Gudas and Joyce (12) 

evaluated several materials of varying degrees of toughness in 4-point 

bending.
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3. ASSUMPTIONS, FORMULATION & SAMPLE EPFM CALCULATION 

Recently, the tearing stability concept and the associated tearing 

modulus stability criteria were applied by Tada, et.al.(5), to a piping 

system for the purpose of evaluating the stability of a circumferential 

crack in a BWR recirculation loop. This analysis of the RCS follows 

Tada's (5) approach but takes into account the behavior of a structure 

having more complicated boundary conditions.  

PROPRIETARY DATA DELETED 

3.1 Structural Response and T= 

PROPRIETARY DATA DELETED 

3.2 Cracked Section Parameters

PROPRIETARY DATA DELETED
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3.2.2 J-Integral 

For the cracked section fully yielded and the material 

rigid-perfectly plastic, as assumed above, the J-integral can be 

expressed as follows 

J 06 R Fj 'cr (8) 

where 

Fj sin(@/2) + cos & (9) 

and cr is the rotational angle of plastic deformation at the cracked 

section.  

3.3 Stability Analysis 

The approach used to determine stability of the crack is based on a 

procedure similar to that developed in (5). It is assumed that for a 

fixed displacement loading, the sum of the displacement changes at the 

cracked section, which can be separated into the elastic part and the 

plastic part, should be equal to zero, i.e.  

(10) 

The elastic part of the rotational displacement can be obtained from the 

compliance of the elastic portion of the system, which is 

- (11)

The compliance is independent of the crack size, so that
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(12)

By substituting Equation (6) in Equation (12), d/el can be written as

(13)

The plastic portion of the rotation is equal to the discontinuity in the 

rotation at the cracked section or 

From Equations (8) and (9), d/pl can be obtained in the form

5 X ( 6j 49 49+ 7 jI 4

Next, by substituting Equations (13) and (14) into Equation 

rearranging by use of Equation (1), we have 

et R

where

LEFF L r,- ± 
L 4

(14)

(10) and 

(15)

CIO

C Oct. = - -2 eo F; t , (: F cl (9
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It should be noted that Equation (15) is dependent upon the 

geometric configuration as well as the boundary conditions of the piping 

system.  

3.4 Nu~merical. Results

PROPRIETARY DATA DELETED
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41. RESULTS 

This section discusses the analysis of the complete RCS. In all 

cases, cracks were postulated at 21 equally spaced locations along the 

three legs, and the worst locations, based on the highest possible 

values of Japp and Tapp, were determined. The postulated cracks were 

assumed to be oriented circumferentially and extended through the wall 

of the pipe. Cracks having lengths of 20 60, 120, 180, 2410 & 300 

degrees of included angle were considered. The elastic modulus and flow 

stress used for the stainless steels at 6000 F were 25.1 x 10 kand 410.7-x 

10 1 respectively.  

Because the geometry of the actual piping system is composed of 

both straight pipe and elbow sections, accurate computation of the 

stability paramete's by hand analysis, such as that of Section 3, was 

not possible. Thus, the analysis was performed using the computer 

program MINK which is discussed in Appendix A of this report.  

The composite drawing of the RCS is shown in Figures 1.1-1.3. For 

purposes of analysis, this system was subdivided into three parts: hot, 

cross and cold legs. The hot leg, detailed in Figure 1.41, is a nominal 

341 inch pipe and runs from the RPV to the SG; the cross leg, detailed 

in Figure 1.5, is a nominal 36 inch pipe from the SG to the RCP; and, 

the cold leg detailed in Figure 1.3, is a nominal 32 inch pipe, which 

runs from the RCP to the RPV. Each system was idealized in the 

conventional finite element fashion as shown in Figures 141.1-141.3.
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PROPRIETARY DATA DELETED
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J vs T stability diagrams are presented for the hot leg in Figures 

16.1-3 and for the cross leg in Figures 16.~4 and 5. These were 

constructed using the value for Tapp determined by the MINK program and 

the Japp values as discussed in the preceeding paragraphs. The Jmat vs 

Tmat data is taken from Appendix B. Based on these results, it can be 

seen that the system is unconditionally stable (Tapp < 0.0) for the 

postulated upper-bound loading. It must be emphasized that this 

postulated loading is consistent with the faulted condition Code loads 

considered in Section 2 for sections of the pipe containing cracks.  

because it results in net section yielding (plastic collapse). For 

sections of the pipe not containing cracks, this postulated upper-bound 

loading is much greater than the faulted condition Code loads, because 

it results in reaching limit moment.
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5. DISCUSSION ADCNLUIN 

Before making any conclusions, the boundary conditions, assumed 

loadings, location of the cracks, and leaking due to cracks opening will 

be discussed.  

PROPRIETARY DATA DELETED

It was shown in Section 2.4~.1 that Code loads could 

reaching the limit load of a cracked pipe, thus invalidating 

analysis. These Code loads can be attributed to physical 

discussed in the next paragraph.

result in 

LEFM based 

loads as

The major loadings of the reactor cooling system can be categorized 

as dead weight, pressure, thermal expansion, and transient (seismic, 

steam and water hammer, and LOCA loads. During normal operation or 

even during faulted events, the loads due to dead weight, pressure, and 

thermal expansion are relatively low. As there is no steam in the RCS, 

there are no effects due to steam hammer. The LOCA event, which results 

from a rupturing of the main coolant line, can be a source -of water 

hammer or thrust type loads.
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For the present analysis, an upper bound event, greater than the 

sum of all the components of the Code loads, is postulated.  

PROPRIETARY DATA DELETED 

This report presented a detailed analysis of a crack located at the 

weld between the hot leg pipe and the RPV nozzle because it is a typical 

crack location. Other locations were evaluated using the same approach, 

but with somewhat more sophisticated analytical techniques. The results 

of the Section 3 analysis, presented in Figure 13, show that any size 

crack is stable because (DELETED). Stability is indicated in Figures 

16.1-16.5 for cracks at all other locations and loadings, as well. Near 

the SG end of the hot and cross legs, the Japp values tend to be quite 

high, as noted in Figures 15.1-15.10. But the high Japp values are due 

in part to the overly conservative assumption that all rotation is 

localized at the crack (hinge). In fact, the hardening that accompanies 

the deformation results in distributing this rotation to sections away 

from the crack thereby reducing the Japp. Unfortunately, only a limited 

amount of material property data exists for J values over 40,000 

in-lb/sq.in. Naturally, this results in the lack of a significant Tmat 

data base for high J. On the other hand, the lowest values of Tmat 

found under any circumstance, are greater than 100. Accordingly, 

sizeable margin exists for any size crack. Should a small crack, 8 <
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30, become unstable, the negative slope of' the Japp vs Tapp curves for e 

> 300, insures arrest regardless of the amount of rotation /r. or value of 

J app.  

It is therefore reasonable and prdn to conclude -that a double 

ene ra afi th RM .jj not possible for an siz crc -at _a of the 

locations une the potlae upe bound lodig 

Although the above analysis concludes that a double ended break is 

not possible, it does not preclude the crack opening and thus permitting 

leakage of the coolant from the RCS. Thus, the question of the 

existence of any water hammer type loads that might accompany the 

opening of the crack must be addressed. This would be. the only 

detrimental effect of the crack opening based on the presumption of 

adequacy of the safety injection system. First, because of the 

frequency spectrum of the postulated upper-bound, the time to open the 

crack would be slow and of the order of .1 to .2 seconds. This rate of 

opening should not cause water hammer. In addition, the flow rate of 

the water leaking through the crack is small. For instance, with a.  

crack size angle 9 = 60' and a total imposed .rotation /cr = 0, the 

opening area is slightly over 5% of the double ended break area. (See 

Appendix C). The safety injection system can easily overcome that 

amount of leakage and the flow rate, Q, coupled with the rate of opening 

of the crack, that is, dQ/dt, would not be sufficient to cause large 

hydraulic transient loads (water hammer).
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APEN~DIX A 

PROGRAM: MINK 

A FINITE ELEMENT PROGRAM FOR COMPUTING 

PIPING SYSTEM CRACK STABILITY PARAMETERS
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A.1 INTRODUCTION 

In NUREG/CR-0838, Ta da et.al., applied tearing modulus stability 

concepts to a selected nuclear reactor piping system geometry and 

concluded that the piping system was "fracture proof", that is, unstable 

ductile crack. extension was shown to be impossible. This was a major 

breakthrough for the elastic-plastic fracture mechanics analysis of 

piping. However, in Tada's analysis, the piping system was idealized as 

a straight beam with' simple boundary conditions. In general, the 

geometry and the boundary conditions of a nuclear piping system are 

complicated. To extend the application of Tada' s approach to actual 

piping systems, it was required that a finite element program be 

developed to overcome the structural complexities of typical piping 

systems. The MINK program was developed for that purpose.  

This Appendix summarizes the capabilities of the current version of 

the computer program MINK. The detailed theory and numerical techniques 

used in MINK are not presented in this Appendix. Rather, it suffices to 

note that the program is basically a modification of the linear piping 

stress analysis program FPDPIPE.  

The piping systems that can be analyzed with MINK can be composed 

of combinations of four different types of finite elements. The four 

types are: 

a) 3-d straight beam element 

b) 3-d curved beam element 

c) Flexible connection element 

d) Special element
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The program determines the compliance at specified locations in a 

piping system for use in the crack stability analysis and the location 

of the maximum compliance is identified. The compliances are then used 

to determine principal stiffnesses at each location to be analyzed.  

From the minimum stiffness at each location, the Leff/R is determined 

following Tada, et.al. Lastly, Jappd and Tappd are computed for each 

location. These latter values are tabulated for a series of 

circumfrential through-wall cracks having included angles of 60 to 300 

degrees in 60 degree increments. All J vs. T data is also saved for 

computer plotting.
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A.2 ANALYSIS MA IDEALIZATION . i STRUCTURE 

In this section, a brief description of the method of idealization 

of the structure is presented. The direct stiffness method is used to 

analyze the structural systems.  

A.2.1. EFRMULAION OFQ STRUCTURAL MARIE 

By ignoring the internal pressure in the pipe, a piping system is 

basically a three dimensional frame. It can be idealized as a number of 

discrete beam (straight or curved) elements and flexible connection 

elements. The beam elements are two node elements with six degrees of 

freedom at each node. The stiffness matrices of the elements are 12 x 

12 symmetrical matrices which can be directly formulated from beam 

theory. After the transformation from the local element coordinate 

system to the global coordinate system, the total system stiffness 

matrix can be formed by direct addition of the element matrices 

according to the index of the degree of freedom. It can be expressed in 

the following manner.  

Kij jKijt' 

where Kij is the stiffness matrix component of the total system, Kij is 

the stiffness matrix component of the mth element and N is the total 

number of elements in the system.  

The external force can be expressed in the form 

Fi Kij * Uj
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where Fi is the external force applied at the ith degree of freedom and 

Uj is the displacement at the jth degree of freedom.  

A.2.2. BOUNDARY CONDITIONS 

To simplify the programing problems associated with the specific 

displacements on the boundary, a spring, that is very stiff in 

comparison with the structure, is assumed to connect the boundary nodal 

point to a fixed point. If the applied nodal displacement component is 

zero, the node will be restrained by the stiff spring. If a non-zero 

displacement component is specified, it can be replaced by a equivalent 

force applied at that nodal point. The equivalent force is evaluated by 

the specified displacement applied on the stiff spring with the system 

structure stiffness ignored. Since the spring is much stiffer than the 

structure, the error introduced is negligible.  

A.2.3. _ LIWE COMPUTATION AZ CRACKED SECTION 

In the stability analysis of a through-wall circumferential crack 

in a piping system, the rotational compliance at the pipe cracked 

section is required for the computation of the applied tearing modulus, 

Tappd. This is because of the fact that the cracked section of the pipe 

is idealized as a plastic hinge. The rotational compliance at the pipe 

cracked section is due to the flextural rigidity of two elastic piping 

sections joined by the hinged section.  

From the total system stiffness, including the boundary 

conditions,as formulated in section A.2.1 and A.2.2, the rotational 

compliance at the pipe cracked section can be obtained by applying unit
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moments on opposite sides of' the hinged section. The principal 

rotational compliance at that section and the maximum rotational 

compliance of' the selected locations in the piping system are both 

calculated.
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A.3 PROGRAM ORGANIZATION 

The computation process in the MINK program is basically divided 

into four distinct phases.  

A.3.1. NOQDAL POINT AN LMN DATA INPUT 

In this phase, the control information and nodal point geometry 

data are input and nodal points are generated by the program as 

required. The indices of the degrees of freedom at each nodal point are 

established. The element data are input and element groups generated, 

the element connection arrays and the element coordinate transformation 

matrices are calculated and all element information is stored in a disc 

file for use in the second and third phases.  

MINK uses a compacted storage scheme in which the system stiffness 

matrix is stored as a one-dimensional array. In the second phase, the 

index of the storage is established, then the system stiffness matrix is 

assembled and modified to satisfy the boundary conditions.  

In the third phase, the locations of the hinge points (postulated 

crack locations) desired for the compliance computation are input. The 

rotational compliances and minimum stiffnesses at each cracked nodal 

point is calculated.
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A.3.4. COMPUTATION OF.Z 

Finally, the program computes Tappd for specified crack sizes and 

crack rotations. The data is displayed in tabular form and is stored on 

a disk for subsequent post-processing; namely, the generation of J vs.  

T diagrams.
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MATERIAL PROPERTY DATA

APPENDIX B
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As part of EPRI Project T118-9, an effort was made to collect all 

available J-R curve data for typical reactor piping materials. Included 

in this Appendix is data for TP304 & 316 stainless steels taken from 

that EPRI Project.  

The data has been presented as it was obtained from the literature 

for ease of reference, comparison and verification. It is also 

cross-plotted to demonstrate scatter arising from a number of sources.  

All data has been curve fit using a least squares technique for a 

second order polynomial. From the polynomial, values for dJ/da were 

obtained and used to construct J vs T diagrams.  

The analysis in this report uses a Jmat vs Tmat curve derived from 

pipe tests by Zahoor and Kanninen(16) because it represents a very 

conservative lower bound of the J-R curve data. The data in Reference 

(16) was generated from experiments conducted on 4 inch diameter pipe at 

room temperature. It is not felt that this data is representative of 

the larger pipe sizes. Recent test results by EPRI(19), comparing 

cracked 2,4 and 16 inch diameter stainless steel pipe, have confirmed 

this experimentally. Therein, the J-resistance curve for the larger 

diameter pipes falls above the J-resistance curve for the smaller 

diameter pipes. In other words, the material J-resistance curves for 

the same amount of stable crack growth were found to be higher for 

larger diameter pipes. Accordingly, the Tmat values were found to be 

higher for large diameter pipes.



Page 49

When using R-curve data at high J values, where J-controlled growth 

may be questioned, it is imperative that the deformation field of the 

test specimen approximate that of the actual structure. For cracks of 

20 < 120 degrees, the deformation field can be best approximated by a 

predominately tensile type specimen (such as CCT) rather than a 

predominately bending type specimen. It is because of this that CTS, 

3PB or long crack, thin wall pipe specimen generated resistance curves 

do not properly represent the crack growth resistance experienced by 

small through-the-thickness cracks in pipes.
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