
INTEREST CATEGORIES 

Nuclear seismic risk, 
design, and qualification 

Nuclear component 
reliability 

Nuclear plant life extension 

KEYWORDS 

Carbon steels 
Fracture mechanics 
BWR 
PWR 
Failure assessment 

diagrams 
Reactor piping 

EPRI NP-7492s 

R E P O R T SUMMARY 

Evaluation of Flaws in Ferritic Piping 
ASME Code Appendix J: Deformation Plasticity Failure Assessment 
Diagram (DPFAD) 

ASME Code Case N-494 describes an alternative procedure for evalu
ating flaws in LWR ferritic piping. The approach identified removes 
some unnecessary conservatism in existing procedures and facilitates 
more cost-effective evaluations. This report describes the methods 
and data used to develop the Code Case N-494 procedure. 

BACKGROUND Section Xl of the ASME Boiler and Pressure Vessel Code and 
the Code of Federal Regulations require owners of nuclear power plants to periodi
cally inspect pressure-boundary components to determine their structural integ
rity. Engineers use flaw acceptance standards of the ASME Code to determine 
whether components with flaws can return safely to service. Beginning in 1983, 
ductile fracture mechanics research results were used to develop improved and 
less conservative flaw evaluation procedures for the Section XI Code. Numerous 
methods, materials, flaw types, loading conditions, and component geometries 
make this an ongoing activity, with the improved procedures permitting more cost
effective inspection decisions. This project uses the deformation plasticity failure 
assessment diagram (DPFAD) to evaluate part-through axial and circumferential 
flaws in ferritic piping. 

OBJECTIVE To provide supporting data and technical background for the evalu
ation procedures in the new ASME Code Case N-494. 

APPROACH The principal investigator, in cooperation with the ASME Section Xl 
Working Group on Flaw Evaluation, developed DPFAD into ASME Code format. 
The approach, which incorporates standard safety factors, was validated by com
parison with experimental fracture data for axial and circumferential part-through
wall flaws in ferritic piping. 

RESULTS The DPFAD procedure has been developed for ASME Code applica
tion to seamless or welded wrought ferritic piping, pipe fittings, and their associ
ated weldments with axial and circumferential part-through-wall flaws. To apply the 
DPFAD procedure, the user needs to determine if assessment points fall within the 
relevant failure assessment diagram curve. If points are outside the diagram curve, 
the pipe must be repaired or replaced. The report summarizes DPFAD methods 
and the basis for Code Case N-494, including comparisons with experimental 
data. 

EPRI PERSPECTIVE This report provides documentation of research conducted 
to support development of ASME Code Case N-494. The alternative procedure 
described in this code case was developed using the DPFAD approach to fracture 
mechanics and was verified by comparison with experimental data. In some flaw 
situations, this procedure will permit less conservative evaluations than the current 
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code. An example is when load ratios go beyond limits set by Appendix H. 
Overall, the DPFAD method complements other evaluation procedures in 
the code. 
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ABSTRACT 

This report summarizes the methods and bases used by an ASME Code procedure for the 

evaluation of flaws in ferritic piping. The procedure is currently under 

consideration by the ASME Boiler and Pressure Vessel Code Committee of Section XI. 

The procedure was initially proposed in 1985 for the evaluation of the acceptability 

of flaws detected in piping during in-service inspection for certain materials, 

identified in Article I~B-3640 of the ASME Boiler and Pressure Vessel Code Section 

XI "Rules for In-service Inspection of Nuclear Power Plant Components," for which 

the fracture toughness is not sufficiently high to justify acceptance based solely 

on the plastic limit load evaluation methodology of Appendix C and I~B-3641. The 

procedure, referred to as Appendix J, originally included two approaches: a J

integral based tearing instability (J-T) analysis and the deformation plasticity 

failure assessment diagram (DPFAD) methodology. During the last few years, the 

DPFAD part of Appendix J was developed into Code format and with the support of the 

members of the ASME Section XI ~orking Group on Flaw Evaluation and the Electric 

Power Research Institute, Appendix J has been shown to be a valid approach for the 

assessment of both circumferential and axial part-through-the-wall flaws in ferritic 

piping. 

In Appendix J, a general DPFAD approach was simplified for application to part

through wall flaws in ferritic piping through the use of a single DPFAD curve for 

circumferential flaws. Axial flaws are handled using two DPFAD curves where the 

ratio of flaw depth to wall thickness is used to determine the appropriate DPFAD 

curve. Flaws are evaluated in Appendix J by comparing the actual pipe applied 

stress with the allowable stress with the appropriate safety factors for the flaw 

size at the end of the evaluation period. Assessment points for circumferential and 

axial flaws are plotted on the appropriate failure assessment diagram. If the 

assessment points with the specified safety factors fall inside the appropriate 

failure assessment diagram curve, the inspection flaw is allowable. If the 

assessment points fall outside the diagram curve, the pipe must be repaired or 

replaced. In addition, this report summarizes the experimental test predictions of 

the results of the Battelle Columbus Laboratory experiments, the Eiber experiments, 

and the JAERI tests using the Appendix J DPFAD methodology. Lastly, this report 

also provides guidelines for handling residual stresses in the evaluation procedure. 
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Section 1 

INTRODUCTION 

Section XI of the ASME Code (l) and 10 CFR50 of the United States Code of Federal 

Regulations (~) require periodic inspection of reactor coolant pressure boundary 

components in operating commercial nuclear power plants. If flaws are found during 

inspection, evaluation using the acceptance standards of IVB-3500 in Section XI is 

required. Flaws larger than those specified in IVB-3500 can be evaluated further 

using the analysis procedures and acceptance criteria in IVB-3600. 

Prior to 1983, evaluation procedures existed for only ferritic steel compo11ents four 

inches or greater in thickness. In the 1983 Vinter Addenda to the ASME Code, 

procedures based on plastic collapse (limit load) for Class 1 austenitic steel 

piping were added. In 1985, revised evaluation procedures were incorporated in the 

Vinter Addenda to the Code to allow consideration of certain low toughness welds 

where the possibility exists of failure mechanisms due to unstable flaw extension at 

loads lower than the plastic collapse loads. These revised computational procedures 

in the 1985 Addenda were based on elastic-plastic fracture mechanics methodology 

using conservative approximate correction factors applied to the limit load 

expressions. This evaluation methodology appeared in Appendix C and IVB-3641 of the 

1985 Addenda. 

In 1983, the Yorking Group on Flaw Evaluation of Section XI initiated work on the 

development of flaw evaluation procedures for ASME Class 1 ferritic piping. Flawed 

ferritic piping was recognized to have possible failure mechanisms which, depending 

on operating temperature, could range from linear elastic fracture to elastic 

plastic ductile tearing to plastic collapse. This wide variation of failure 

mechanisms necessitated an evaluation procedure which could account for all possible 

failure modes. The ASME Section XI Vorking Group on Flaw Evaluation approached this 

problem through the development of two separate appendices to the Code; Appendix Z 

(i) and Appendix J. 

Appendix Z first appeared in the 1988 Yinter Addenda as Code Case N-463 in answer to 

the inquiry: "Under Section XI, Division 1, may Class 1 ferritic piping containing a 
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flaw that exceeds the acceptance standards of IWB-3514.2 be evaluated and accepted 

for continued service as provided in IWB-3132.4?" Appendix Z consists of a simple, 

step-by-step screening criterion based on the deformation plasticity failure 

assessment diagram (DPFAD) approach(~) to identify the relevant failure mechanisms 

and appropriate analysis methods. Separate analysis procedures are provided for 

brittle fracture, ductile tearing, and plastic collapse. For ductile tearing, 

correction factors similar to those of Appendix Care used based on elastic-plastic 

J-integral solutions for through-wall flawed geometries using bounding stresses and 

lower bound material properties. 

Appendix J developed in parallel with Appendix Z provides an alternate methodology 

using the DPFAD procedure(~) directly to determine acceptance of ferritic piping 

containing a flaw that exceeds the acceptance standards of IWB-3514.2. Flaws are 

evaluated in Appendix J by comparing the actual pipe applied stress with the 

allowable stress with the appropriate safety factors for the flaw size at the end of 

the evaluation period. Assessment points accounting for the actual pipe material 

properties through the input of the JR resistance curve due to ductile flaw 

extension for circumferential and axial flaws are plotted on the appropriate failure 

assessment diagram. If the assessment points with the specified safety factors fall 

inside the appropriate failure assessment curve, the inspection flaw is allowable. 

If the assessment points fall outside the diagram curve, the pipe must be repaired 

or replaced. Appendix J addresses the current limitations of Appendix Z (Code Case 

N-463) by handling: 

all combinations of membrane and bending stress (Appendix Z is 
limited to piping systems with predominantly bending loads). 

residual stresses in the elastic-plastic failure regime (Appendix Z 
has no provision for handling residual stresses in the elastic
plastic failure mode). 

actual pipe material toughness properties through direct input into 
Appendix J of either the JR resistance curve that characterizes 
ductile flaw extension, or the fracture toughness, Jic (Appendix Z is 
limited to three levels of material toughness). 

the appropriate part-thorough wall flaw geometries based on published 
J-integral solutions (Appendix Z uses through-wall flawed geometries 
to generate approximate solutions for the part-through-the-wall 
geometries of interest). 

This report will first address an overview of the Appendix J procedure followed by a 

detailed discussion of the procedure. Details of the simplification of the general 

DPFAD methodology for part-through wall flaws for ferritic piping used in Appendix J 
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will be presented and lastly, validation of the simplified approach through 

comparisons with actual experimental test results of degraded nuclear piping will be 

discussed. 
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Section 2 

APPENDIX J PROCEDURE OVERVIEV 

The following is a brief summary of the steps used to evaluate flaws in ferritic 

piping using the Appendix J procedure: 

1. Determine the actual flaw configuration from the measured flaw in 
accordance with IVA-3OOO of Section XI. 

2. Resolve the actual flaw into circumferential and axial flaw 
components. 

3. Determine the stresses normal to the flaw at the location of the 
detected flaw for normal operating (including upset and test) 
conditions and emergency and faulted conditions. 

4. Perform a flaw growth analysis to establish the end of evaluation 
period flaw dimensions, af and lf. 

5. Obtain pipe material properties, E, cry, au, and JR or Jrc, at the 
temperatures required for analysis. 

6. Select the appropriate failure assessment diagram curve from Figures 
2-1 and 2-2 according to flaw configuration, circumferential or 
axial, and for axial flaws according to the ratio of flaw depth to 
wall thickness. 

7. Calculate the vertical cutoff, scutoff for the selected failure r ' 
assessment diagram curve. 

8. Calculate the assessment point coordinates (Sr, Kr) for the p1p1ng 
stresses Pm, P9 and Pe for circumferential flaws or p (pressure) for 
axial flaws using the specified safety factors in Table 2-1. 

9. Plot the assessment point(s) calculated in step 8. on the appropriate 
failure assessment diagram and determine the acceptability of the 
pipe for continued service. The acceptability criteria is given in 
Section 3. 

2-1 
0



Table 2-1 

Specified Safety Factors (SF) 

Circumferential Flaws: 
Normal and Upset Conditions 
Emergency and Faulted Conditions 

Axial Flaws: 
Normal and Upset Conditions 
Emergency and Faulted Conditions 

2-2 

(SF) 

2.77 
1. 39 

3.0 
1.5 
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Section 3 

DETAILED FAILURE ASSESSMENT DIAGRAM ANALYSIS 

This section describes the detailed failure assessment diagram procedure for the 

evaluation of flaws in ferritic piping. The procedure involves: 

the choice of the failure assessment diagram curve. 

the calculation of the failure assessment point coordinates. 

the evaluation for flaw acceptance determination. 

FAILURE ASSESSMENT DIAGRAM CURVES 

Failure assessment diagram curves for ferritic piping are proposed for the following 

two flaw configurations: 

part through-the-wall circumferential flaws under any combination of 
primary membrane, primary bending, and expansion stresses. 

part through-the-wall axial flaws in pipes under internal pressure. 

Figure 2-1 shall be used for part through-the-wall circumferential flaws of depths 

up to 75 percent of the pipe wall thickness and lengths up to one-half the inside 

circumference of the pipe. 

Figure 2-2 shall be used for axial flaws of depths up to 75 percent of the pipe wall 

thickness and lengths up to lcrit• where lcrit is given by the limit load condition 

for through-the-wall flaws: 

(3-1) 

In Figure 2-2, the ratio of flaw depth to wall thickness (alt) shall be used to 

determine the appropriate failure assessment diagram curve. For the flaw depth 
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range from 25 percent to 50 percent of the wall thickness (0.25 <alt< 0.50) linear 

interpolation of the failure assessment diagram curves shall be used. Linear 

interpolation is to be made based on a straight line drawn from the origin of the 

failure assessment diagram. 

FAILURE ASSESSMENT DIAGRAM CUTOFFS 

The failure assessment diagram curves shown in Figures 2-1 and 2-2 shall have 

vertical cutoffs for upper bound limits on Sr· These cutoffs are discussed as 

follows with additional details given in Appendix B. 

For the circumferential flaw cutoff for pure membrane stress (Pb=O) the limit load 

cutoff for Sr is given by: 

scutoff 
r 

where 

af [l-(a/t)(9/n) - 2w/n] 

Arc sin (0.5 (alt) sin 9) 

where r is defined below. 

For membrane plus bending stresses, the limit load cutoff for Sr is given by: 

scutoff r 

where 

P' m 

P' m = 

y = 

ay y rm (Pb/Pm) for PmlO 

(4/n) ay rm for Pm=O 

-n Pb 
+ [[:::r + 1 r·5 8 

Pm 

3-2 

(3-2) 

(3-3) 

(3-4) 

(3-5) 

(3-6) 

(3-7) 

(3-8) 

(3-9) 

0



[R~ - R~ + (1 - ?) (R~ - Rf)] 

[R~ - Rf] 

For circumferential flaws not penetrating the compressive region of the pipe 

cross-section (0 + ~ ~ Jt) (see Figure 3-1) 

-
Jt [2 sin~ - (alt) sin 0} 

where 

~ = 1 [n _ ! 0 _ Jt(SF)Pm] 
2 t C1f 

For longer flaws penetrating the compressive region of the pipe cross-section 

( 0 + ~ > Jt)' 

Jt 
(2 - %) sin ~ 

where 

~ = 2 -Jta/t [1 - a/t - (S~~Pm] 

The safety factor (SF) is given in Table 2-1. 

(3-10) 

( 3-11) 

(3-12) 

(3-13) 

(3-14) 

(3-15) 

For axial flaws in pipes under internal pressure the limit load cutoff for Sr is 

given by: 

5cutoff 
r 

where 

2 (t - a*) 
Po =13 (R1 + a*) cry 

(3-16) 

(3-17) 
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and 

a[l-(1+12/2t2)-l/2J 
a* = 

[l-a/t(l+l2/2t2)-l/2} 
(3-18) 

and 

C Cf [(l-x)/(l-x/M2)l (3-19) 

where 

X alt 

M2 = [l + (1.61/(4 Rt))l2J0.5 (3-20) 

FAILURE ASSESSMENT POINT COORDINATES 

Failure assessment point coordinates denoted by (Sr, Kr) shall be calculated for the 

end of the evaluation period flaw dimensions and for stresses at the location of, 

and normal to, the flaw using the JR resistance curve data for elastic-plastic 

fracture where ductile flaw extension at upper shelf temperatures may occur prior to 

reaching limit load, or Jic fracture toughness data at transition or lower shelf 

temperatures. 

The equations necessary to calculate the failure assessment point coordinates (Sr, 

Kr) for part through-the-wall circumferential flaws for ductile flaw extension, tia, 

are given below. The relevant crack dimensions for the computations are shown in 

Figure 3-1. ~hen the temperature is in the transition or lower shelf region, JR 

should be replaced by Jrc and tia set to zero. 

where SF is given in Table 2-1 and Pm is re-calculated for each value of tia. If the 

primary membrane stress Pm is not zero, 

P' m 

y 

(3-22) 

(3-23) 
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,l 

I 
L __ _ 

,, 
- Rf] 

when• rm is re-calculated for each value of tia. 

Yhen the pi:: imary membrane stress Pm is zero, then 

S' r 

n: Pb ( SF) 

where rm is re-calculated for each value of Ii.a. 

The coordinate Kf is given by 

where Je and JR are also re-calculated for each value of Ii.a. 

The elastic J-integral is given by 

Je = 1000 Kf/E' 

"'here 

1.1 + (a'/t) [o.15241 + 16.722 (;' ?)°· 855 
- 14.944(F ?)] 

r (a' e)0.565 l'a' e)J 
1.1 + (a'/t) -0.09967 + 5.0057 _t n - 2.8329 t n 

a' a + lla 

3-5 

(3-24) 

(3-25) 

( 1-76) 

I 
:: 

1: 
,' 

(3-27) 

0-28) 

(3-2Q) 

( 3-30) 

(3- 31) 

(3 -32) 
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...... ···•··•····•· ......... ·"····" ·'····· .. ,-.~"··'-~------------------

In the above equations, a' is updated a(ter each increment of ductile flaw 

extension, while Bis fixed at its end of evaluation period value. 

The equations necessary to ca]cu1ate the failure assessment point coordinates (S~, 

Ki:) for axial flaws for ductile flaw extension, 6a, are given belov. 1./'hen the 

temperature is in the transition or lowE·r shelf region, JR shon 1 d be replaced by J IC 

and Csa set to zero. 

S' r (SF)p/P0 
(3 3__1) 

vhere SF is given in Table 2-1 and P0 is re-calculated for each value of 6a from, 

a* 

2 
T3 

a' ( 1 - [ 1 + 0 . 5 (a' / t ) 2 1 { a/ 1 ) 2 1- l / 2} 
------------------------

The coordinate Ki: is given by Eq. 3-27 

where 

Q 1 + 4.593 (a/1) 1 · 65 

1.13 - 0.18 (a/1) 

-0.54 + 0.445/(0.l+a/1) 

0.5 - l 14 (l-2a/1)24 
(0.65+2a/l)+ 

ln the equations above, a' is updated after each increment of ductile flaw 

extension, while a/1 is fixed at its end of evaluation period value. 

3-6 

(}-V,) 

C',-35) 

(3-36) 

(3 -37) 

CJ 18 l 

(3-39) 

(}-Lo()) 

(3-41) 
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FLAW ACCEPTANCE CRITERIA 

The failure assessment point coordinates (Sf, Kf) are calculated for each loadinR 

condition using the safety factors {SF) given in Table 2-1 to determine flaw 

acceptance. 

(a) For lower shelf ;rnd t ransi ti on t empcra tut-es, ro is set to zero am! J ll 

is set to the J IC at the temperature of interest in th<> cal cu lat ion 
of the failure assessment point coordinate. Plot the assessment 
point on the appropriate failure assessment di agt-am. The asses smf'n t 
point must be inside the failure asses.c;men t c11rve in order to have 
the flawed pipe accepted for continued service. 

( b) For upper she If tempera tu res w!u;'re duet i le flaw ex 1 ens ion may ocnir 
prior to reaching limit load, a series of assessment points fnr 
various amounts of ductJle flav extension, ro, obtained from the JR 
resistance curve shall be calculated and plotted on the appropriate 
failure assessment diagram. One or more of the calculated asse~sment 
points must be inside the failure assessment curve in order to have 
the flawed pipe accepted for continued service. 

(c) In addition to satisfying (a) and (b), the S~ coordinate of the 
assessment point must also satisfy 

(}-43) 

where Sfutoff is the limit load cutoff on the failure assessment 
diagram. 

CONSIDERATION OF RESIDUAL STRESSES 

Appendix J unlike Appendix Z can account for the effects of residual stresses not 

only in the linear elastic regime but in the elastic-plastic regime as well. The 

more exact DPFAD methodology for accounting for residual stresses documented tn (6) 

has been simplified for Appendix J. The procedure is given as follows for Appendix 

J. If the residual stress distribution is known, calculate the stress intensity 

factor due to this residual stress distribution for the flaw size of interest and 

denote it by Kj(a). If Kj(a) ~ O, ignore the effects of residual stresses in the 

assessment. If Kj(a) > 0, calculate p, a term which approximately corrects for the 

elastic-plastic effects of the self equilibrating secondary (residual stress 

loading) stresses. Expressions for calculating p documented in (22) are as follows: 

p (1-Z) forZ<0.58 (3-44) 

p 0.8 (l-Z)0.74 for Z > 0.58 (3-45) 
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where 

z SQRT l(a+lla)/(a+lla+Ry)I (3-46) 

and 

Ry is the radius of the plastic zor:e for ~-lc1::e s'.ress conditions, oy is the yield 

strength of the material. 

Next calculate 

TOTAL 
Kf 

where 

TOTAL 
Kr as follows: 

K{: (a+Oa) is given by Eq. 3-17 a:.c'. 

TOTAL 

( 3-L.8) 

(3-49) 

Once Kr is calculated from Eq, 3-48, the assessnent points are plotted on the 

DPFAD figure which is appropriate to tlce £la"" orientation (circumferential or 

axial). The Sf- coordinate is calculatc:d ;:ier E4. 3-21 or Eq. 3-33. The 

determination of flaw acceptance is the 3ane as '•'ithout the residual stresses, 

:O:'AL 
namely, the ne;; assessment point(s) ( K~. Sf-) is (are) plotted on the appropriate 

failure assessment diagram. If the poi:i: or pair.ts fall inside the failure 

assessment curve, then the flawed pi;ie is ;,.cce;:itable for continued service. 
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Figure 3-2a. Circumferential Flaw 

Figure J-2b. Axial Flaw 

Figure 3-1 Flaw Configurations for Circumferential and Axial Flaws 
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rlefonn,"ltion plr1sT_i,cit_y sul1,1inus (_7,!!) !,n c,c1.-~ed s1,uc\UtPs ln the ln1·01;it n! 11,p 

J11iti.c;h C~•ntr;;l El,.,,·tr.icily r;p1a,1c,Ji111; Ro,11rl's (CE(;B) Rf, t,m r-ritE-'1ia tailun• 

c1r:.~r:,:,nwnt di .1gr,-1m (FAD) ( 9) t n r,:rc1phi "'1 JI y c;n I vro r- l ;,.s1 i r p J ,is r i ,. t- 1·,-,,· t ui ,. mPd1.1n i •::; 

pr<Jblem::: tl1rougl1 ll1<.• ~olu1 inn of th,_• non] i1wa1· l!QUat ion .Japp! ir,d .Jm,1tcri;,] [01 th,_, 

luc1d uJttespnndiug to thP ,:u,n·nt cJ:"ad: length anrl. tea1 ini;: n•:::istanc,~. Sir1<2e Dl'f'ALJ 

w.-is ,J.,, .. ,p 1 op1>d l 1 , • 111 I hr, nL· i,.; j ,1,. 1 CEGR 1vo-<:-Li11,i I a ( _!_0) app, llilt:h, i t 110 t nn l y ham! l ,-,:~ 

p];i,_nic pl.a•;ti<:' tiact1ir,• but Jirwar elastic tr;ie\1irf' and nPt sr,rrinn pl;,.c;tic 

c,ulla pse or 1 iml t 1 o..1d of the J Jawed st r uc t ur c. DPF1\IJ, hu· .. evet , is mor c, ..1 cuu c1 t,_, 
than the ll (, puH·edLJJ ,_. 'c'i11,·,. lll'FAD i'ICU'1Jlll~' lo, Th<> ,.,.,u,.J ni;11pr·i,.l IPn~l J,. 

propr>i- t i rs th rm1p;h thr R;J 111herg 0.,:1,;nod repi:<-'.'-'PIJ t .--it i no, ,. ,; wp l J :1.c: thP p;rnmP t ,-y nf t hP 

fl.-1w,•d .s1ructul.c'. 

c1-:m•:HAL lll'fAl.l APPHOACII 

Tin• Y,P11e.ra J Dl'FAIJ pn.JcFe,lure involves three :; l eps: 

The gene1atio11 of the DPF!\D ctll"VC' Jrom ,:,Jastic plast.lc analyst,; of" 
tL,wed structure using detorrnation plasllcity s0Jution.<: f<n a --:implr 
power-law st r ,.f n -hardening mat er i a 1 based on the Ramber,i.:-Osgoo,I 
:::tu•s.'l-'..:train equation; 

r 4-1) 

whctr 

Ii the J-intcgral response ot the st me tu1 e can be r cp1 c.<;en ted by 

(4-2) 
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11lPn 

Jipp1 i12d 

G 

Kr = ~r;/ T(lpplied 

"'here Sr is th<-> ratio of ~\pplied ,-,tt-C:".S to net sPctian plastic 
rnllapse strP~ and 

(4-4 J 

(4-5) 

The differenn• between Jr clnd G is that Jr includes the small ;:;cale, 
yielding pla,,:tic zone co,r<->ction while G Joes nor. The resulting 
"xpression (!,- 1,) defines a curve in rhr- Kr-Sr pl.me which is a 
fuuction of [ldW geometry, structur;,l configuration and strP:~·,-str,iin 
behavior of th!'.' material ,h,fined uni411ely by ix, 11 from Rq. /2 l. 
R,·cause both K,, Sr are lin€ar in applied stress, the DFFAD cut,ve ls 
i11rlepende11t of the magnitude of applied loading. 

Tl-1e determination of asse5~ment points based on the ratio ot K1 or J 1 
(square root) of the st rue ture di vide(j by the relev,rnt material 
prnperty Kie or J 1c (square root) at flaw initiation or for stahle 
fla,, growth, JR(6a), (S<JUare root), the tearing resistancf' of the 
material for the ordinate, K~, and the ratio of the applied stress 
(load) to net section plastic collapse (limit load) for the ahscissa, 
S{-- For fla•; initiation, a single assC'ssment pni11t is calculated. 
~'01 stable crack growth, ;1 locus of a,;sessment points at€ detPrmined 
hy incrementing the crack ,ccize "a" hy "a+t.a. 11 in the calculation of J 1 
for a constant applied load. The rc:c;ulting loc:u,;; is illu,;tra1erl in 
Figure 4-1 in the shape of a ttcandy-cane". 

Crack initiation or tearing instability can be determined graphically 
by plotting lhe calculatrd assessment point(s) nn th€ failurr 
assessment diagram. For crack initiation, the single assessmPnt 
point must fall on the DPFAD curve or outside th~ curve. Fo~ tearing 
instability, the critical instabi ti ty load is de tnmined by th;::
tangency of 1hc ass,:,,ssment locus with the DPFAD curve as shown in 
l'if;ure 4-1. Ally assessm<>11t point on" line frorr1 the origin of the 
diagL~am is di11'ctly proportional to l(,ad with any other point on that 
same lin€ and only one l1Jad level is needed to <ktermine th,-, 
in:,tability load, The i11'~tability load is obtainPd by multiplying 
the applied lortd by the ratio of the distance from the origin to the 
point of intersection of the line ..,i th the DPFAO curve to the 
distance from the origin of the ii i<1gram to the applied load point. 
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GOALS OF SIMPLIFICATION OF DPFAD 

The goal for simplification of the DPFAD methodology for part-through-the-wall flaws 

in ferritic piping is to be able to handle all materials, flaw sizes, and pipe sizes 

with a minimum of DPFAD curves. The determination of the assessment points requires 

only the stress intensity factor and limit load expressions for the various flaw 

configurations, loading states, and pipe sizes. Formulations for J 1 for 

circumferential through-the-wall and part-through-the-wall flaws in cylinders under 

tension, bending, and combined bending and tension from(.!..!_) were used to generate 

DPFAD curves using PCFAD (12) for various combinations of n,n. 

MATERIAL CATEGORIES/STRESS-STRAIN PROPERTIES 

The initial comparisons of DPFAD curves were thought to require separate curves for 

each category of materials. Table 4-1 lists the tensile properties for ferritic 

piping materials required in order to compare the various DPFAD curves per n,n. The 

values of yield and ultimate strength were obtained from a study in (13). The 

values of n,n were determined using equations from (13) knowing only cry, cru, and E. 

Figure 4-2 shows a comparison of DPFAD curves for the four categories of materials 

given in Table 4-1 for an axisymmetric crack under tension for a flaw depth of 50% 

of the wall thickness for a radius to thickness ratio of 10. From this figure it 

can be concluded that ferritic piping could be categorized according to only three 

groups of materials: 

base metal and 70XX SMAY welds 

SAV welds 

BOXX SMAV welds 

However, work in (15) has shown that a flawed pipe with a weld can be evaluated 

using the stress-strain properties of the base metal and the toughness properties of 

the weldment. Therefore, the DPFAD curve for ferritic piping can be represented by 

curves for the various flawed geometries of the pipe and the stress-strain 

properties of the base metal. 

GEOMETRY EFFECTS/CIRCUMFERENTIAL FLAYS 

For a particular material, the effects of pipe geometry, loading, and crack depth to 

wall thickness (alt) were investigated. Figure 4-3 illustrates the effects of 
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radius to thickness (R/t) and it can be seen that this parameter has little effect 

on the DPFAD curves. Figure 4-4 illustrates the effect of tension versus bending 

for a through-the-wall flaw in a cylinder with R/t = 10. Again it can be seen that 

the pipe loading has little effect on the DPFAD curves. Once part-through-the-wall 

flaw J solutions were available (11), the effect of crack angle was investigated for 

alt= 0.5, 0.75 for both bending and axial loadings. Figure 4-5 illustrates the 

effect of crack angle for alt= 0.5 for axial loading. Figure 4-6 illustrates the 

same but for a/t = 0.75 and Figure 4-7 illustrates the effect of bending versus 

axial loading through comparison with the lower bound curve of Figure 4-6. Note 

that in both Figures 4-5 and 4-6 that the 20 = 27.5°, 45°, 90° and 180° DPFAD curves 

all fall close to one another with the 20 = 90° forming a lower bound. Figure 4-7 

along with Figure 4-5 shows (as also demonstrated earlier in Figure 4-4) that the 

DPFAD curves are independent of the loading condition with the axial loading curve 

being slightly lower. Therefore, for part-through-the-wall circumferential flaws in 

ferritic piping, one DPFAD curve with lower bound stress-strain curve base metal 

properties for a geometry of alt= 0.5, R/t = 10 and 20 = 90° under axial loading 

can be used to represent all flawed ferritic pipes provided the correct stress 

intensity factor and limit load expressions are used in the calculation of the 

assessment points, Kr, Sr along with the appropriate toughness for the flawed region 

(weld or base metal) in terms of Jrc or JR(6a). The resultant DPFAD curve for part

through-the-wall circumferential flaws in a ferritic pipe for 20 5 180° is shown in 

Figure 2-1. Appendix A gives the equations for this curve as well as the coordinate 

points. 

GEOMETRY EFFECTS/AXIAL FLAYS 

For part-through-the-wall axial flaws in ferritic piping under pressure loading, 

similar comparisons have been made to illustrate the effects of flaw depth to wall 

thickness and aspect ratio (flaw depth to flaw length). Yhile aspect ratio and pipe 

size have been shown to be insignificant (16),(17), flaw depth to wall thickness for 

axial flaws must be accounted for in the DPFAD curves. Two DPFAD curves shown in 

Figure 2-1 for lower bound ferritic base metal for part-through-the-wall axial flaws 

in pipes under pressure loading are needed in the assessment of defects using the 

DPFAD approach. The two curves in Figure 2-1 were developed from solutions for a 

continuous axial flaw in a cylinder with R/t = 10 for a flaw depth-to-wall thickness 

ratio of alt= 0.125 for the lower curve and a/t = 0.625 for the upper curve for 

lower bound ferritic base metal. The DPFAD for axial part-through-the-wall flaw for 

alt= 0.25 and a/1 = 0.167 falls on this lower curve while the alt= 0.50, a/1 

0.167 curve falls slightly higher than the continuous flaw DPFAD curve for alt 

0.625. Limited evaluations comparing the various DPFAD curves seem to show that the 
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DPFAD curves saturate to the alt= 0.125 lower bound curve for the continuous axial 

flaw. For axial flaws, the DPFAD curves also appear to be independent of the 

loc~tion of the flaw (inside versus outside) as demonstrated in (1:2). Appendix A 

gives the equations for these axial DPFAD curves as well as the coordinate points. 

LIMIT LOAD - scutoff r 

The vertical cutoff of the DPFAD curves were originally set by 

(4-6) 

This was demonstrated in (14) where a modified Ramberg-Osgood curve accounting for 

ultimate or saturation stress was used to generate a DPFAD curve for an infinite 

center-cracked plate. Since S~ is defined in this report using the yield strength 

of the material, the actual material in the DPFAD plane would saturate out at 

approximately 

5
cutoff 
r PIP . x a la ultimate u y 

a u 
a y 

(4-7) 

However, to make this cutoff consistent with the limit load expressions given in 

Appendix Z (1) of Code Case N-463, limit load failure is assumed to occur at a 

critical flow stress, af, which is defined as the average of ay and au· Using this 

as well as the limit load expressions in Appendix Z (l) will modify the vertical 

cutoffs in the general DPFAD approach resulting in Eqs. 3-2 and 3-16 for the 

circumferential and axial flaw, respectively. Further discussions can be found in 

Appendix B. 
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Table 4-1 

Tensile Properties For DPFAD 
For Ferritic Piping Materials 

at 450-550°F 

MATERIAL CONDITION YS (ksi) UTS (ksi) 

Base Metal 31 

70XX SMAW PWHT 34 

BOXX SMAW PWHT 73 

SAW PWHT 50 

E = 26 x 103 (ksi) 

*Bloom's equation (EPRI NP-2431) 

65 

61 

88 

72 

4-6 

a:* 

2.64 

2.48 

1. 62 

1.98 

DPFAD 
n* CUTOFF 

4.42 2.10 

5.25 1. 79 

10.78 1. 21 

7.14 1.44 

0
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Section 5 

VALIDATION OF SIMPLIFIED APPROACH 

The validation of the simplified DPFAD approach for ferritic p1p1ng was 

accomplished through comparison of predicted failure loads using the DPFAD 

single curve for circumferential flaws and multiple curves (2) for axial flaws 

to the actual experimental failure loads for three sets of pipe experiments. 

CIRCUMFERENTIAL FLAVS 

The Battelle Columbus Laboratories (BCL) degraded piping program (Phase II) 

test results from (18) are summarized in Table 5-1 for part-through-the-wall 

flawed ferritic pipes under pure bending (Pm= 0) as well as experiment 4131-4 

under combined tension plus bending where internal pressure was held constant, 

producing Pm= 10.2 ksi. Table 5-2 summarizes the JAERI test results (19) for 

Japanese tests of ferritic piping under pure bending. Lastly, Eiber/BCL (20) 

axial flawed pipe burst tests under pressure are summarized in Table 5-3. 

Plots produced using the Babcock & Vilcox computer code PCFAD (12) for each 

test were based on the actual failure pressures as input. The radial distances 

from the origin of the diagram to the assessment points (candy-canes) to the 

corresponding point of the failure assessment curve is a measure of the 

conservatism of the simplified DPFAD approach. The instability stress is the 

point which is connected with the line (dash-dot in Figure 5-1 for specimen BCL 

4112-9) from the origin to the failure assessment curve. The appropriate 

ratios along these lines give the Pbexp/Pbcal ratios in the Tables. Table 5-1 

presents the BCL (CSC) test predictions using actual BCL (~) compact test data 

(nonside grooved J; resistance curves). The J; is defined by BCL as the 

expected to be recommended ASTM E-24 JR curve test procedure where J is 

separated into elastic and plastic components. It was noted that there was 

little difference between J~ and JM for the ranges of the JR curves used in the 

predictions. In addition to using the actual material JR curves, the actual 

yield and ultimate strengths were used for calculating pipe specific "tt" and 

"n" values in the generation of the DPFAD curve using PCFAD. The pipe specific 
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DPFAD curves are only slightly different from the lower bound generic ferritic 

base metal curve using~= 2.51 and n = 4.2. The effect of using the non

generic ~,n values is approximately +1% while the degree of conservatism in the 

predictions varies from +45% to +7%. Note that the DPFAD approach should 

always be somewhat conservative as the DPFAD curve reflects the initiation flaw 

size. For ductile tearing, these DPFAD curves would move outward from the 

origin a slight amount depending on how much ductile tearing occurs before 

instability. Further discussion can be found in(~). In Table 5-2, the JAERI 

tests were predicted using Jrc as resistance curves were not available. Note 

the consistency of the predictions in Table 5-2 for Pbexp/Pbcal from 1.28 to 

1.39. Use of actual resistance curves would bring these ratios closer to 1.0 

(less conservative). 

AXIAL FLAVS 

Limited test data was available for axial flaws in ferritic piping. The 

available pipe tests were done by Battelle Columbus Laboratories (BCL) in the 

early 1970's (20) under AEC sponsorship. Four axial flawed pipes under 

pressure (burst tests) in Table 5-3 were predicted using pipe material 

"representative" of CL oriented material with toughness of Jrc = 277 lb/in. 

The JR curve used was the lower bound of all piping material (Al06B) tested by 

Material Engineering Associates (MEA) taken from (1). Actual toughness 

measurements were not determined by BCL at the time of the AEC designated pipe 

tests. The only measure of toughness reported was Charpy energy values of from 

50 to 60 ft-lbs at the test temperatures. The failure assessment point 

equations had to be adjusted to account for the external axial flaws of the AEC 

pipe tests. Vith the adjustment in the Kr and limit load equations, DPFAD 

predicted failure pressures due to ductile crack growth were from 28% 

nonconservative for pipe AEC-8 to 12% conservative for pipe AEC-19 with an 

average prediction of 1% nonconservative. Figure 5-2 presents the DPFAD plot 

for specimen AEC-20 where the predicted failure pressure was within 1% of the 

experimental burst pressure. For test specimen AEC-8 the prediction was 28% 

nonconservative. On examination of Figure 5-3 for the AEC-8 pipe it is 

observed that the failure mode is close to ultimate strength limit load (the 

intersection of the dash-dot line with the vertical line, Sr= 2.34). If the 

limit load is defined by the flow stress equal to the average of yield and 

ultimate strengths, the new cutoff would be at Sr 1.58 and the predicted 

failure pressure would be significantly reduced and near the actual failure 
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pressure given in Table 5-3. Two additional pipe experiments, AEC-4 and AEC-9 

not reported in Table 5-3 displayed similar limit load behavior at failure when 

plotted in DPFAD space. Additional details of the axial flawed pipe 

experiments can be found in (_!2). 
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Table 5-1 

BCL Tests (CSC) 
Predictions Using Actual Material Properties 

KIP. BUKBKR 4112-5 ~ ~ 4112-8 4112-9 ~ 

JR Curve 1 Fl-ZP13-3LC F30-ZP15-3LC ZP14-3LC F29-17 F-13-19 F-9-17 

ay (ksi I 30.8 46.4 37.5 34.4 38 34. 7 

au ( ksi I 67.8 90.0 82.7 88.5 88.7 76.5 

"u/ay2 2.20 1. 94 2. 21 2.57 2.33 2.21 

Pbexp (ksil 36.7 43.4 47.5 36.8 34.5 38.3 

p 
bcal (ksi) 33. 5 31. 5 32.9 26.0 32.1 31. 3 

Pbexp/ 1.10 1. 38 1.45 1.41 1.07 1.22 

Pbcal 

1aefers \o DCL speciaen ID nuaber, all JR curves fro • non-side grooved speciaens. 
JN or JR used in analysis. 

2DPFAD cutoff based on ultiaate strength divided by yield strength. 

3xe• brane stress. 

4131-8 4131-4 

F-9-17 F-9-17 

34. 7 34. 7 

76.5 76.5 

2.21 2.21 

36.5 27.0 
10.2 3 

30.7 23-J 
9.0 

1.19 1.14 

0



EXP. NUMBER CS-11 

1rc1 (lb/in) 2016 

ay (ksi) 2 35.6 

Pbexp (ksi) 80.3 

Pbcal (ksi) 62.9 

Pbexp1Pbcal 1.28 

Table 5-2 

JAERI Tests (CSC) 

CS-12 CS-13 

2016 2016 

35.6 35.6 

66.2 51.4 

47.7 37.0 

1.39 1. 39 

CS-15 

2016 

35.6 

69.8 

52.1 

1.34 

1 All JAERI test predictions based on initiation 1rc 
2 DPFAD cutoff based on au= 65 ksi and au! ay value. 

Table 5-3 

EIBER/BCL Axial Flawed Pipe Burst Tests 

EXPERIMENT 
NUMBER AEC-8 AEC-18 AEC-19 ---

Material 1 Al06B Al06B Al06B 

Yield Strength (ksi) 31.6 34.8 33.6 

a/t 0.738 0.507 0.649 

a/1 0.0518 0.0346 0.0905 

Test Temp. (•F) 696 469 628 

Test Pressure at 
Failure (psig) 2300 1620 4300 

Pressure at Instability 
DPFAD (psig) 3147 1744 3812 

PexplPcal 0.73 0.93 1.13 

CS-16 

2016 

35.6 

58.6 

45.0 

1. 30 

toughness. 

AEC-20 ---

Al06B 

37.6 

0.513 

0.0667 

504 

1960 

1944 

1.01 

1Material toughness taken from pipe tests for CL orientation at 
550°F representative of material with toughness of Jrc = 277 lb/in; 
JR curve used from MEA specimen ZP13-1CL (lowest JR curve). 
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Section 6 

CONCLUSIONS 

A simple procedure for the evaluation of the acceptability of flaws detected in 

ferritic piping using the DPFAD methodology has been discussed. It has been shown 

that the general DPFAD approach for flawed ferritic piping can be reduced to one 

DPFAD curve for the assessment of part-through-the-wall circumferential flaws and 

two DPFAD curves for the assessment of part-through-the-wall axial flaws. 

Validation of the simplified approach has been demonstrated through comparisons with 

actual experimental test results of degraded nuclear piping. The advantages of 

Appendix J through the direct use of the DPFAD methodology over Appendix Zin Code 

Case N-463 has been discussed with regard to Appendix J.ts applicability to all 

combinations of membrane and bending stresses, ·handling of residual stresses in the 

elastic-plastic failure regime, generality of Appendix Jin its use of actual pipe 

material toughness properties, and lastly the incorporation of published J-integral 

solutions for part-through-the-wall flawed geometries in the Appendix J procedures. 
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Section 8 

NOMENCLATURE 

the general depth dimension for a flaw (inches) 

the maximum depth to which the detected flaw is calculated to 
grow by the end of the evaluation period (inches) 

E/(1-~2) (ksi) 

Young's modulus (ksi) 

Yield strength (ksi) 

measure of toughness due to crack extension at upper shelf, 
transition, and lower shelf temperatures (in-lbs/in2 ) 

critical flaw length for stability of an axial through-the-wall 
flaw (inches) 

hoop stress in the pipe at the flaw (ksi) 

pipe wall thickness (inches) 

the primary membrane stress in the pipe at the flaw (ksi) 

the primary bending stress in the pipe at the flaw (ksi) 

bending stress at collapse limit load for any combination of 
primary and expansion stress (ksi) 

one-half of the final flaw angle (see Figure 3-1) (radians) 

Poisson's ratio 

angle to neutral axis of flawed pipe (radians) 

safety factor (dimensionless) 

mode I stress intensity factor (ksi ✓in) 

pipe expansion stress (ksi) 

= parameter for circumferential flaw membrane stress intensity 
factor 

parameter for circumferential flaw bending stress intensity 
factor 
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G 

3applied 

~,n 

CL 

P' m 

K' r 

S' r 

gcutoff 
r 

internal pressure (ksi) 

inside radius of pipe (inches) 

outside radius of pipe (inches) 

flaw shape parameter (dimensionless) 

reference stress and strain as used in the Ramberg-Osgood 
equation (ksi, dimensionless) 

total elastic energy available per unit increase in crack surface 
area (in-lb/in2) 

the J-integral structural response (in-lb/in2) 

plastic component of Japplied (in-lb/in2) 

Ramberg-Osgood parameters (dimensionless) 

orientation of a test specimen in the circumferential direction 
with longitudinal crack plane orientation 

Material's J-integral resistance to ductile tearing at a 
prescribed 6a value obtained from accepted test procedures (in
lbs/in2) 

amount of ductile flaw extension (inches) 

membrane stress at reference limit load for any combination of 
primary and expansion stresses (ksi) 

the brittle fracture component of the assessment point defined hy 
the ratio of the stress intensity factor to the material fracture 
toughness (dimensionless) 

the ordinate of the FAD curve (dimensionless) 

the limit load component of the assessment point defined for 
circumferential flaws by the ratio of the applied stress to the 
membrane stress at reference limit load (Pfu) and for axial flaws 
as the ratio of pressure to the reference limit (load) pressure 
(P0 ) (dimensionless) 

the abscissa of the FAD curve (dimensionless) 

the material's flow stress, equal to the average of the yield 
stress (ay) and the engineering ultimate stress (au) (ksi) 

engineering ultimate stress (ksi) 

maximum value of Sr at the vertical (limit load) boundary of 
the failure assessment diagram curve (dimensionless) 

the elastic J-integral (in-lbs/in2) 
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a' 

y 

a* 

R 

~ 

l 

X 

Mz 

p 

sum of the flaw depth plus the amount of ductile flaw extension 
(inches) 

reference limit (load) pressure (ksi) 

factor in the reference limit load expressions reflecting the 
effect of flaw size (dimensionless) 

factor in the reference limit load expression for Pm reflecting 
the ratio of Pb to Pm (dimensionless) 

sum of the flaw depth and the inside radius of pipe (inches) 

equivalent flaw depth for a part through-the-wall axial flaw in a 
pipe under internal pressure (inches) 

total geometry correction factor for an interior axial part 
through-the-wall flaw in a pressurized pipe (dimensionless) 

geometry correction factor for an interior axial part 
through-the-wall flaw in a pressurized pipe which accounts for 
the flaw aspect ratio, all (dimensionless) 

geometry correction term which accounts for the flaw depth and 
wall thickness relative to the pipe inside radius 
(dimensionless) 

mean radius of pipe (inches) 

membrane stress at collapse limit load with zero primary bending 
stress (ksi) 

angle used in defining Pml (radians) 

general flaw length dimensions (inches) 

dimensionless parameter alt 

hoop stress at collapse limit load for an axial flaw (ksi) 

parameter for collapse hoop stress (dimensionless) 

the elastic J-integral calculated from the stress intensity 
factor Kr (in-lblin2) 

stress intensity factor due to residual stresses (ksi/in) 

term used to correct Kr for the elastic-plastic effects of 
residual stresses (dimensionless) 

radius of the plastic zone for plane stress conditions (inches) 

brittle component of the assessment point due to residual 
stresses (dimensionless) 
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TOTAL 
Kf.-

z 

sum of Kr, Kf, and p (dimensionless) 

a measure of plasticity due to small scale yielding 
(dimensionless) 
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Appendix A 

FAILURE ASSESSMENT CURVES 

The appropriate DPFAD curves developed for Appendix J as shown in Figures 2-1 and 2-

2 were determined using Eq. 4-4 with a= 2.51 and n = 4.2 determined from (l) as 

being the lower bound stress-strain Ramberg-Osgood fit for ferritic base metal. 

CIRCUMFERENTIAL FLA~S 

The single DPFAD curve for part-through-the-wall circumferential flaws was developed 

from a geometry of alt= 0.5, Rlt = 10 and e = 90° under axial loading for the lower 

bound a,n of a ferritic base metal. The equations for this failure assessment curve 

are given as follows: 

where 

r2 

and 

and 

Q 

r:t.' 

aela 

Japplied 
J 

e 

a 
e 

a 
~rn(ae)]2 + 
l"Frn (a) 

a(l-alt)h1 srn-l 

nr2F2 
10 

m 

(0.95)2 (1-alt) - .0525 (alt)2 + - (alt) (l+0.0525 alt) 
[ 

Jt-0 ]
2 

It 

1.0 + {0.02 + a' (0.0103 + 0.00617a') + 0.0108 (1-0.7a')}·Q2 

1 + 1.464 (2all) 1 · 65 

(alt) (2a/l) = 20·0 for Rlt = 10 

1.0 + 
r2p2 

[ (::si) l ~::l m 
6Q 

A-1 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

0



The value of h1 is 29.1 found from interpolating the values from (I), Table A-1 

gives the coordinates (Kr,Sr) of the failure assessment curve of Figure 2-1. 

AXIAL FLA',/S 

The two DPFAD curves to be used for evaluation of part-through-the-wall axial flaws 

are based on continuous internal axial flaws for alt= 118 and 518 with Rilt = 10 

under internal pressure for the lower bound a,n of a ferritic base metal as 

discussed in Section 4-5. The equations for these failure assessment curves are 

given as follows: 

where 

r 

and 

Japplied 
J 

e 

(1-alt) 
(1+0. lalt) 

a 
e 

a ~ 
(a )]2 1 e + 

~ 

1.165 - 1.339 alt 

(1-alt)512 

a(l-alt)h1 srn-l 

3.846 F2 r2 
1 

for the range of 118 5 alt~ 314 

(r1-l) 1 + 0.222 \.n+I 

_p_ where P
0 Po 

2 rry (1-al t) 

lOH (l+O.lalt) 

(A-8) 

(A-9) 

(A-10) 

(A-11) 

(A-12) 

The value of hi is 8.29 for alt= 118 and 5.29 for alt= 518 obtained from 

interpolation of the values for h1 found in(}) for a= 2.51 and n = 4.2. Table A-2 

gives the coordinates (Kr,Sr) of the failure assessment curves shown in Figure 2-2. 
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TABLE A-1 

DPFAD COORDINATES (Kr,Sr) FOR 
PART-THROUGH-THE-WALL CIRCUMFERENTIAL FLAWS 

IN FERRITIC PIPING 

Kr Sr 

1.000 0.000 

0.996 0.100 

0.975 0.200 

0.927 0.300 

0.850 0.400 

0.757 0.500 

0.660 0.600 

0.570 0.700 

0.492 0.800 

0.426 0.900 

0.371 1.000 

0.326 1.100 

0.288 1.200 

0.256 1.300 

0.229 1.400 

0.207 1.500 
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TABLE A-2 

DPFAD COORDINATES (Kr,Sr) FOR 

PART-THROUGH-VALL AXIAL FLAVS 

IN FERRITIC PIPING 

0.125 ~ alt ~ 0.25 0.50 ~ alt ~ 0.75 

Kr Kr 

1.000 1.000 

0.998 0.995 

0.985 0.978 

0.957 0.951 

0.908 0.915 

0.841 0.873 

0. 763 0.828 

0.683 0.781 

0.606 o. 735 

0.536 0.690 

0.475 0.647 

0.422 0.605 

0.376 0.567 

0.337 0.530 

0.303 0.496 

0.275 0.464 

A-5 

Sr 

0.000 

0.100 

0.200 

0.300 

0.400 

0.500 

0.600 

0.700 

0.800 

0.900 

1.000 

1.100 

1.200 

1.300 

1.400 

1.500 

0
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Appendix B 

LIMIT LOAD - sfUtoff 

An upper-bound limit on the coordinate S~ is drawn as a vertical line on the failure 

assessment diagram as a restriction against plastic collapse, as discussed in 

Section 4-6. This limit, in general, applies to primary stresses only. Plastic 

collapse is assumed to occur when the remaining ligament of the flawed section of 

the pipe becomes fully plastic prior to flaw instability due to flaw extension. 

This criterion implies that the flawed pipe is at the point of incipient failure 

when the net section in the flaw plane first forms a plastic hinge. Failure is 

assumed to occur at a critical flow stress, cf, which is defined from material 

strength properties. The flow stress is taken to be the average of the 0.2% offset 

yield stress and engineering ultimate stress. 

The procedures developed in this appendix are intended to produce results for the 

limit load flaw evaluation methodology which are consistent with the procedures 

given in the ASME Section XI, Code Case N-463-1 (l), 

LIMIT LOAD CUTOFF FOR CIRCUMFERENTIAL FLAWS 

The flaw evaluation procedure for the plastic collapse failure mode is based on 

earlier work by Kanninen, et al. (~,1), and follows the procedure previously used by 

the ASME Section XI ~orking Group on Flaw Evaluation for austenitic (~) and ferritic 

(~) steel piping. The relationship between the collapse load and flaw size is 

obtained by requiring force and moment equilibrium of the pipe section. The flaw 

depth, a, and half angle, e, at plastic collapse is determined from the following 

equations. 

For flaws which do not penetrate the compressive region of the pipe, 

e +a~ n, 

cb (2ctln)[2sina - (a/t)sine] 

B-1 
0



B O.Sn:[1 - (a/t)(0/n:) - crm/crf] 

and for flaws which penetrate the compressive region of the pipe, e + B > n, 

crb (2crf/n:) [2 - (a/t) ]sinB 

B n: [1 - (alt) - crm/crf] 

(2-(a/t)) 

(B-1) 

(B-2) 

Here crm and crb are the primary membrane and bending stresses, respectively, 

corresponding to plastic collapse for any specified flaw depth and angle, and crf is 

the flow stress. 

For combined membrane and bending stresses the failure assessment coordinate S~ is 

given by 

(B-3) 

where SF is the required safety factor on stress, Pm is the actual primary membrane 

stress, P~(a) is the primary membrane stress at reference limit load given by 

(B-4) 

where cry is the yield stress and fm(a) is calculated for a flaw depth which has been 

updated by the ductile flaw extension 6a, 

, 
a a + 6a (B-5) 

where a is the flaw depth prior to ductile flaw extension. 

The other terms are given by 

nPb [ [::r + 1 r y + 
8Pm 

(B-6) 

R2 2 
(1 - 0/ n:) (R2 - R2) - R + 

rm(a) 
2 C C 1 (B-7) 

(R2 
2 

- R2) 
1 

B-2 
0



(B-8) 

and R1 and Rz are the inner and outer radii of the pipe, respectively. 

The limit load bound for combined stresses is written in terms of a bending stress, 

(B-9) 

where Sc is the allowable primary bending stress and crb(a) is the primary bending 

stress at limit load evaluated from equation (B-1) or (B-2) with the initial flaw 

depth a, which has not been updated for ductile flaw extension. 

In the flaw evaluation procedures in the Code Case N-463-1 (!), the limit load 

methodology is used after the screening criterion has determined that the mode of 

failure would be plastic collapse. The flaw depth used in the procedures in(!,~) 

is therefore the flaw depth with no prior ductile flaw extension. However, in the 

failure assessment diagram approach used here the reference limit load (Eq.B-4) is 

updated with ductile flaw extension in calculating the coordinate S~. In the FAD 

approach (~,Z) the limit on plastic collapse is in general implicitly based on the 

updated flaw depth. For expediency the limit load cutoff given here is evaluated 

based on the initial flaw depth a, on the basis that this is a good approximation 

for small amounts of flaw extension. 

To enforce this limit load bound on the abscissa of the failure assessment diagram, 

which in this case is based on membrane stress, Eq. B-9 is written in terms of a 

membrane stress. For this purpose the primary membrane and bending stresses are 

treated as increasing in a proportional fashion. 

constant 

Eq. B-3 is then written as 

s' r 

(B-10) 

(B-11) 

Upon comparing equations (B-9) and (B-11), the limit load cutoff, Sfutoff, given by 

the limit load bound Pb= Sc, is given by 

scutoff r 

B-3 

(B-12) 
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where for expediency the initial flaw depth, a, has been substituted in place of the 

updated flaw depth, a, in evaluating P~. 

Application of the Safety Factor 

By assuming proportional loading (Eq. B-1O), Eq. B-1 or B-2 can be solved for the 

primary membrane stress,am, and primary bending stress, ab, at limit load. The 

allowable primary bending stress, Sc, and therefore the limit load cutoff, s~utoff, 

could be determined in a consistent fashion with equal safety factors on Pm and Pb. 

However, Eqs. B-1 and B-2 are non-linear and am, ab must be calculated by using an 

iterative technique. A simpler direct approach to calculating ab (and Sc) was 

adopted. The actual primary membrane stress, Pm, multiplied by the required safety 

factor on stress, SF, is substituted in place of am in Eqs. B-1 and B-2 with the 

result: 

for e + 13 ~ n 

ab = (2af/n)[2sinl3 - (a/t)sin0} 

13 = O.Sn[l - (a/t)(0/n) - SF Pm/af} (B-13) 

and for 0 + 13 > n 

ab= (2af/n) [2 - (a/t)Jsinl3 

13 = 
n (B-14) 

(2 - (alt)) 

Eqs. B-13 and B-14 are used to provide a direct calculation of ab and therefore 

Scutoff r . 

In calculating ab, and therefore Sc, the full safety factor, SF, is therefore 

applied to Pm (am= SF Pm)· This approach differs from the procedure given(!), in 

which the full safety factor is not applied to Pm. A comparison of the two 

procedures is given in Section B-1.3. 

If the value of the primary bending stress at limit load, ab, is very small or 

negative, the limit load based on primary membrane stress alone has been reached or 

exceeded. 
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The approximate treatment of the primary membrane stress at limit load in 

calculating ab has the following implications: 

a) 

b) 

c) 

If the actual uniform safety margin on Pm and Pb equals the required 
safety factor, SF, the direct approach for calculating Sfutoff, will 
produce the same result as the consistent iterative method. 

If the actual uniform safety margin is less than the required safety 
factor, the direct approach will produce a value for sfutoff which is 
lower than that from the consistent iterative approach. However, 
since the safety margin is less than the required safety factor, the 
failure assessment point would fall to the right of the consistent 
value of Sfutoft. The use of the direct-approach Sfutoff results in 
the failure assessment point lying further to the right of the 
Sfutoff than it would using the consistent value of Sfutoff. In 
either case the flaw would not meet the safety factor criterion. 

If the actual uniform safety margin is greater than the required 
safety factor, the direct approach will produce a value for Sfutoff 
which is higher than the consistent value. However, since the safety 
margin is greater than the required safety factor, the failure 
asses~ment point would fall to the left of the consistent value of 
Sfutotf. The use of the direct approach Sfutoff results in the 
failure assessment point lying further to the left of the Sfutoff 
than it would using the consistent value of Sfutoff. In either case 
the flaw would meet the safety factor criterion. 

Primary Bending Stress Yith Zero Primary Membrane Stress 

The limit load bound is given by Eq. B-9, where in this case the primary bending 

stress at limit load, ab(a), is calculated by using Eq. B-13 or B-14 with Pm= O. 

ab(a) is calculated by using the initial flaw depth, a, prior to any ductile flaw 

extension. 

For a primary membrane stress of zero the failure assessment coordinate S~ is given 

by 

(B-15) 

where fm(a) is calculated by using Eqs. B-6 to B-8 with a flaw depth, a, updated 

with ductile flaw extension. By comparing Eqs. B-9 and B-15, the limit load cutoff, 

Sfutoff, given by the limit load bound Pb= Sc, and is written as 

scutoff r 

B-5 

(B-16) 
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where the initial flaw depth, a, has been substituted in place of the updated flaw 

depth, a', in the calculation of rm. 

Primary Membrane Stress ~ith Zero Primary Bending Stress 

The relation for the primary membrane stress at limit load, crm, with a primary 

bending stress of zero, is determined by setting crb in Eq. B-1 equal to zero and 

solving for crm· The resulting expression is 

crf[l - (alt) (8/n) - 2~/n] 

Arcsin[O.S(a/t)sin8] (B-17) 

The limit load bound is given by 

(B-18) 

where SF is the required safety factor on stress, and Sc-mis the allowable primary 

membrane stress with a primary bending stress of zero. crm(a) is calculated by using 

the initial flaw depth, a, prior to any ductile flaw extension. 

The failure assessment diagram coordinate S~ is given by 

s' r (B-19) 

where P~(a) is the primary membrane stress at reference limit load calculated from 

Eq. B-4 by using the flaw depth, a, updated with ductile flaw extension. By 

comparing Eqs. B-18 and B-19, the limit load cutoff, Sfutoff, given by the limit 

load bound Pm Sc-m• is written as 

(B-20) 

where the initial flaw depth, a, has been substituted in place of the updated flaw 

depth, a, in the calculation of P~. 

B-6 
0



Comparison Between the Limit Load Cutoff and the Reference (5) 
Analytical Limit Load Procedure for Combined Primary Stresses 

In the current method the full safety factor, SF, is applied to both the primary 

membrane stress, Pm, and the primary bending stress, Pb. In the flaw evaluation 

procedures for ferritic piping in the Code Case N-463-1 (l), the allowable primary 

bending stress based on limit load is given by 

(B-21) 

Here the ab(SF=l) is evaluated by using Eq. B-13 or B-14 with a safety factor, SF, 

on Pm of 1.0 where all evaluations are based on using the initial flaw depth, a, 

only. 

The limit load procedure in (l) has the restriction that Pb~ Pm, and Pm s 0.5 Sm 

for normal operating and upset conditions, and Pm s Sm for emergency and faulted 

conditions. The Sm is the design stress intensity. These restrictions do not apply 

to the FAD procedures. 

The two procedures can be compared by evaluating the variation of the allowable 

combined stress ratio (Pm+Pb)/af with Pm/af, where Of is the flow stress. Here Pb 

is set equal to the allowable primary bending stress, Sc· For the current 

procedure, the allowable stress ratio is given by 

(B-22) 

where ab(SF) is evaluated by using Eq. B-13 or B-14 with the full required safety 

factor on Pm. The method in(~) gives 

(B-23) 

The two procedures are first compared for an unflawed pipe. Eqs. B-22 and B-23 are 

compared for a=O in Figure B-1 for SF=l.O and SF=2.77. The two procedures produce 

the same results for flawed or unflawed pipe for SF=l.O. Figure B-2 is a 

reproduction of Figure B-1 with expanded scales to show further details. These 

figures are similar to the combined stress interaction diagrams used to define 

primary stress limits for pipe in ASME Section III NB3000 (~). The lines defining 

Pb=Pm and Pb=O are also plotted on Figures B-1 and B-2. The condition Pb=O for the 

current procedure corresponds to the case where limit load has been reached on the 
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primary membrane stress alone. The region covered by the current procedure is 

bounded by the vertical axis, the line Pb=O and the allowable (Pm+ Pb)/crf curve. 

The region covered by the procedure in(!) is bounded by the vertical axis, the line 

Pb=Pm, and the allowable (Pm+ Pb)/crf curve. 

The current procedure ·1d the procedure in(!) are in close agreement provided Pb~ 

Pm, which is the range imposed by the restrictions in(!)-

The ASME Section III design limits for normal operating conditions, of Pm~ Sm and 

Pm+ Pb~ 1.5 Sm, are also plotted on Figure B-2. The design boxes plotted are 

based on crf = 2.4 Sm and crf = 3.0 Sm. In(!) a flow stress equal to 2.4 Sm was 

used. For crf = 2.4 Sm, both procedures enforce lower primary stresses than the ASME 

Section III design limits for the unflawed pipe. For crf = 3.0 Sm, the procedure 

from(!) is in good agreement with the design limit on (Pm+ Pb)/Sm· The current 

procedure is in good agreement with the design limit for increasing values of Pm/crf 

out to the line Pb=Pm, beyond which the current procedure enforces lower primary 

stresses than the design limit. 

The two procedures are compared for flaw sizes alt=0.20, 0/n=0.20 and alt=0.50, 

0/n=0.50 in Figures B-3 and B-4. Comparisons were also made for several other flaw 

sizes. The trend was for the difference between the two procedures to increase with 

increasing flaw depth or increasing circumferential flaw length. The current 

procedure consistently enforced lower combined stresses as Pm approached or exceeded 

Pb. 

The FAD approach given here also applies the full safety factor on Pm and Pb in the 

Elastic-Plastic Fracture Mechanics (EPFM) procedure. The application of safety 

factors for EPFM in(!) is treated the same as for the limit load procedure. 

Therefore, differences between the two procedures in the application of safety 

factors are also inherent for EPFM evaluations. Other differences between the two 

procedures also exist in the treatment of ductile fracture. 

LIMIT LOAD CUTOFF FOR AXIAL FLAVS 

An empirical formulation for the hoop stress at failure, ~' was developed 

previously in (2) for pipes with axial through-wall flaws and is 

B-8 
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where 

(B-25) 

where 1 is the total flaw length, R is the mean radius of the pipe and tis the wall 

thickness of the pipe. 

For part-through-the-wall axial flaws the hoop stress at failure is 

Cl"J1(a) = crf[(l-(a/t))/(1-(a/t)!Mz)J (B-26) 

These equations are the same as used in(},~.~). Cl"J1(a) is calculated by using the 

initial flaw depth, a, prior to any ductile flaw extension. The limit load bound is 

given by 

where Sa is the allowable hoop stress due to internal pressure, and SF is the 

required safety factor on stress. 

The failure assessment diagram coordinate S~ is given by 

s' r 

(B-27) 

(B-28) 

where pis internal pressure, and p0 (a) is the internal pressure at reference limit 

load for a flaw depth, a, updated with ductile flaw extension t:,a. 

p0 (a) = cry(2//3)[t-a*]/[R1 + a*} 

B1 11 + o.s<<a1t)/(a11))2 1o.s 

I 
a a+f:,a (B-29) 

Here R1 is the inner radius of the pipe. By multiplying both sides of Eq. B-27 by 

(t/R1), and comparing the result with Eq. B-28, the limit load cutoff, sfutoff; 

given by the limit load bound pR1/t = Sa, is given by 
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(B-30) 

The initial flaw depth, a, has been substituted in place of the updated flaw depth, 

a, in the calculation of Po· 

A second bound against plastic collapse is that the length of an axial part-through

the-wall flaw is limited by the through-wall flaw length at plastic collapse. This 

limiting flaw length, lcrit• is determined for a given hoop stress, given by pR1/t, 

from Eqs. B-24 and B-25. 

(B-31) 

Here a safety factor of 1.0 on stress has been used. This is consistent with(!), 
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safety factor of 2.77. Also shown are the ASHE Section III 
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Figure B-3 
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Comparison of axial primary stress limits from the current FAD 
procedure and the procedure in (1) for a circumferentially flawed 
pipe with alt= 0.20 and 8/n=0,2O using a safety factor of 2.77. 
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Comparison of axial primary stress limits from the current FAD 
procedure and the procedure in (1) for a circumferentially flawed 
pipe with alt=0,50 and 9/n=0,50 using a safety factor of 2.77. 
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