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REPORT SUMMARY

Evaluation of Flaws in Ferritic Piping

ASME Code Appendix J: Deformation Plasticity Failure Assessment
Diagram (DPFAD)

ASME Code Case N-484 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 fo develop the Code Case N-494 procedure.

BACKGROUND Saction X} of the ASME Boiler and Pressure Vessel Code and
the Code of Federal Regulations reqguire owners of nuclear power plants to pariodi-
cally inspect pressure-boundary components to determine their structural integ-
rity. Engineers use flaw acceptance standards of the ASME Code 1o determine
whether components with flaws can return safely 1o service. Beginning in 1983,
ductile fracture mechanics research resuits were used to develop improved and
iess conservative flaw evaluation procedures for the Section X! Code. Numerous
methods, materials, flaw types, loading conditions, and component geometries
make this an ongeing activity, with the improved procedures permitting more cost-
effective inspection decisions. This project uses the deformation piasticity failure
assessment diagram (DPFAD) to evaluate part-through axial and circumferential
flaws in ferritic piping.

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

APPROACH The principal investigater, in cooperation with the ASME Section X!
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
refevant failure assessment diagram curve. lf points are outside the diagram cuive,
the pipe must be repaired or replaced. The report summarizes DPFAD methods
and the basis for Code Case N-494, inctuding comparisons with experimental
data.

EPRI PERSPECTIVE This report provides documentation of research conducted
to support development of ASME Code Case N-484. 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
sttuations, 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.
Qverall, the DPFAD method comptements other evaluation procedures in
the code.
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ABSTRACT

This repert summarizes the methods and bases used hy an ASME Code procedure for the
evalvation of flaws in ferritic piping. The procedure is currently under
consideration by the ASME Boiler and Pressure Vessel Code Committee of Seciion XI.
The procedure was initially proposed in 1985 for the evaluation of the acceptrability
of flaws detected in piping during in-service inspection for certain materials,
identified in Article IWB-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 methedology of Appendix C and TWR. 3641. The
procedure, referred to as Appendix J, originally Iincluded 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 Working Group on Flav Evaluation and the Electric
Power Research Institute, Appendix J has been shown to be a valid approach tor the
assessment of both circumferential and axial part-through-the-wall flawvs 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
ratic of flaw depth to wall thickness is used to determine the appropriate DPFAD
curve. Flaws are evéluated 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. 1In 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 precedure.
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Section 1

INTRODUCTION

Section XI of the ASME Code (1) and 10 CFR30 of the United States Code of Federal
Regulations (2} 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 ITWR-3500 in Section XI is
required. Flaws larger than those specified in IWB.3500 can be evaluated furthev

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

Prior to 1983, evaluation procedures existed for only ferritic steel compouents four
inches or greater in thickness. In the 1983 Winter 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
Winter 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 methodelogy
using conservative approxXimate correction factors applied to the limit load
expressions. This evaluation methodology appeared in Appendix C and IWB-3641 of the
1985 Addenda.

In 1983, the VWorking Group on Flaw Evaluation of Section XI initiated work on the
development of flaw evaluation procedures for ASME Class ! 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 aﬁ evaluation procedure which could account for all possible
failure modes. The ASME Section XI Working Group on Flaw Evaluation approached this
problem through the development of two separate appendices tc the Code; Appendix Z
(3) and Appendix J.

Appendix 72 first appeared in the 1988 Winter Addenda as Code Case N-463 in answer to

the inquiry: "Under Section XJI, Division 1, may Class 1 ferritic piping containing a
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flav that exceeds the acceptance standards of IWB-3514.2 be evaluated and accepted
for continued service as provided in IWB-31132.47" 4appendix 7 consists of a simple,
step by step screening criterion based on the deformation plasticity failure
assessment diagram (DFFAD) approach (4} 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 te those of Appendix C are 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 paraliel with Appendix Z provides an alternate methodology
using the DPFAD procedure (5) directly to determine acceptance of ferrvitic piping
containing a flaw that exceeds the acceptance standards of IWB-35314.2. 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 nipe marerial
properties through the input of the Jg 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 inszpection flaw is allowabie.
Tf 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 2 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).

actuval pipe material toughness properties through direct input into
Appendix J of either the Jp resistance curve that characterizes
ductile flaw extension, or the fracture toughness, Jyo (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
te 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
comparisens with actual experimental test results of degraded nuclear piping wilil be

discussed.
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Section 2

APPENDNX J PROCEDURE OVERVIEW

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

piping using the Appendix J procedure:

1. Betermine the actual flaw configurarioﬁ from the measured flaw in
accordance with IWA-3000 of Section XI.

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

3. Determine the stresses normal to the flaw at the location of the
detected flav 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, ag and lg.

L

Obtain pipe material properties, E, Gyr Ty and Jp or Jyp, at the
temperatures required for analysis.

b, Select the appropriate fallure 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. Caleculate the vertical cutoff, S%UtOff, for the selected failure
assessment diagram curve.

8. Calculate the assessment point coordinates (87, K[) for the piping
stresses Pp, P, and Py for circumferential flaws or p (pressure) for
axial flaws using the specified safety factors in Table 2-1%.

g. 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
Sectian 3.



Table 2-1

Specified Safety Factors (SF}

{8F)
Circumferential Flaws:
Normal and Upset Conditions 2.77
Emergency and Faulted Conditions 1.39
Axial Flaws:
Normal and Upset Conditions 3.0
Emergency and Faulted Conditions 1.3
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Section 3

DETATLED FAILURE ASSESSMENT DIAGRAM ANALYSIS

This gection describes the detailed failure assessment diagram procedure for the

evaluation of flaws in ferritie piping. The procedure involves:

. the choice of the failure assessment diagram curve.
' the caleulation of the failure assessment point cocordinates.

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 l.,.4¢, where 1. .1, is given by the limit load condition
for through-the-wall flaws:

lopyr = 1.58 (Rty1/2 [(Uf/ﬂh)z—l]llz (3-1)

In Figure 2-2, the ratio of flav depth to wall thickness {a/t) shall be used to

determine the appropriate failure assessment diagram curve. For the flaw depth



range from 25 percent to 30 percent of the wall thickness (0.23 < a/t < .50) linear
interpolation of the fallure 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.

FATLURE ASSESSMENT DIAGRAM CUTOFFS

The failure assessment diagram curves shown in Figures 2-1 and 2-2 shatl have
vertical cuteffs for upper bound limits on S,. These cutoffs are discussed as

follows with additional details given in Appendix B.

For the circumferential flaw cutoff for pure membrare stress (Pp=0} the limit load

cuteff for S, is given hy:

sgutoff _ p ./ pr (3-2)
where
Pp1 = of [1-(a/t)(9/n) - 2¢/n] (3-3)
¥ = Arc sin {0.5 (a/t) sin 9) {3-4)
Py = oy vy (3 3)

where T is defined below.

For membrane plus bending stresses, the limit load cuteff for S, is given by:

S%utoff = PL/PY (3-6)
vhere
Pp = oy v T (Py/Pp) for Pps0 (3-7)
P = (4/1) oy Ty for Pp=0 (3-8}
. :g ;E . {[;;E]Z X l10.5 (3-9)
m m
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and

af1-(1+12/2¢2)-1/2)
a* = - (3-18)
[1-ast(1+12/2¢2y-1/2]

and
o = of [{1-x)/(1-x/Hy}] (3-19)
vhere
X = a/t
My = [1 + (1.61/(4 Rt))12}0.3 (3-20)

FATLURE ASSESSMENT POINT COORDINATES

Failure assessment point coordinates denoted by (87, K]} shall be calculated for the
end of the evaluation period flaw dimensions and fer stresses at the location of,
and normal to, the flaw using the Jp resistance curve data for elastie-plastic
fracture where ductile flaw extension at upper shelf temperatures may occur prieor to
reaching limit load, or Jig fracture toughness data at tvansition or lower shelf

temperatures.

The eguations necessary to calculate the failure assessment point coerdinates (S7,
KLy for part through-the-wall circumferential flaws for ductile flaw extension, fa,
are given below. The relevant crack dimensions for the computations are shown in
Figure 3-1. When the temperature is in the transition or lower shelf region, Jy

should be replaced by Jyc and 4a set to zero.
S. = (SF)P,/P} (3-21)

where SF is given in Table 2Z-1 and Pf is re-caleculated for each value of da. If the

primary membrane stress P, is not zero,

Pp o= ayvIy (3-22)
2 0.5
Y=_gf’g+[[f’jg] . 1] (3-23)
P 8 7, J
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s i 2) e o)

r, - ! (3-24)
" (R} - R3]

Ro =Ry +a + fa (3-25)

where T, is re-calculated for each value of Aa.
Yhen the primary memhrane stress Py is zero, then

n Py (SF)
8L = — (3-76)

4 Sy '

where T, is re-calculated for each value of fa.

The coordinate K{ is given by

K = JJe/JR(&a) for any value of P (3-27)
vhere J, and Jp are also re-calculated for each value of Aa.

The elastic J-integral is given hy

Je = 1000 K{/E’ (3-28)

=
-
Il

(SF) P, ima’ F {3-29)

+ {(SF) P + Po} {ma’ Fy

ar &y0.855 ' 6

Fp= 1.1 + (a'/t) [0.15241 + 16.722 [t_ E] - 14.944{{” E]] (3-30)
ar gD, 565 a6

Fi, = 1.1 + (a‘/t) [—0.0996? + 5.0057 [T E) - 2.8329 [?" E)] (3-31)

a' = a + fa (3-32)
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In the above equatiens, a’ is updated after each increment of ductile flaw

extension, while 8 is fixed at its end of evaluation period value.
The equations necessary to calculate the failure assessment point coordinates (5§,
Kt} for axial flaws for ductile flaw extension, Ba, are given below. When the
temperature is in the transition or lower shelf region, Jg shonild be replaced by Jip
and A3 set to zero.

8f = {SF)p/P, (3 33}

vhere SF is given in Table 2-1 and P, is re-calculated for each value of Aa from,

2 (t-a*)

B, = e fiz_:‘a*) oy {3-34)
a’{l - [1 + 0.5 (a'/t)2/¢a/1)%1-1/ 2
ak = . - (3-35)
(1 - (a/t) [1+ 0.5 (ar/0)2/(a/121-1/2}
The coordinate X is given by Bg. 3-27
vhere
Ky = (SF) p (Ry/t) na’/Q Fy (3-36)
0 -1+ 4.593 (a/1)1-03 (3-37)
Fy = 0.97 [f + M (a’/0)% + My (a7/)%] £¢ (3 38)
£, = [(R§ + RE/(RE-RY) + 1 - 0.54a77t | /Ry (3-39)
¥{ = 1.13 - 0.18 (as1) (3-40)
My = ~0.54 + 0.445/(0.1+a/1) (3-41)
My = 0.5 - Zﬁf%%?ﬁﬁ??)* 14 (1-2a/1)%% (3-42)

In the equations above, a’ is updated after each increment of ductile flaw

extension, while a/l is fixed at its end of evaluation period value.
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FLAW ACCEPTANCE CRITERIA

The failure assessment point coordinates {5}, ¥K[) are caleulated for each loading
condition using the safety factors (SF) given in Table 2-1 to determine flaw

acceptance.

{a} For lower shelf and transition temperatures, fa is set to zero and g
is get te the Jpo at the temperature of jnterest in the calculation
of the failure assessment point coordinate. Plot the assessment
point an the appropriate failure assessment diagram. The assessment
point must be inside the failure assesement curve in order to have
the flawved pipe accepted for continued service.

(b} For upper shelf temperatures where ductile flav extension may oceur
prisr to reaching limit load, a serieg of assessment points for
various amounts of ductile flaw extension, fa, chbtained from the Jg
resigtance curve shall be calculated and plotted on the appropriate
failure assessment diagram. One or more of the calculated assessment
points must be inside the failure assessment curve in order to have
the flawed pipe accepted for continued service.

{c) 1In addition to satisfying (a) and (b), the S; coordinate of the
assessment point must also szatisfy

Sf ¢ sgutoff (3-43)

where Sgutoff iz the limit locad cutoff on the failure assessment
diagram.

CONSIDERATION OF RESIDUAL STRESSES

Appendix J unlike Appendix Z can aceount 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 in (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 Kf(a). If K§(a) < 0, ignore the effects of residual stresses in the
assessment. If Kj(a) > 0, caleulate 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:

g = (1-Z) for Z € 0.58 (3-44)

o
i

= 0.8 (1-2)0.74 for Z > 0.58 (3-45)
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vhere

2 = SQRT [(a+ﬂa)/(a+aa+Ry)] (3-46)
and
Ry = (Ki(a+&a)/ay)2/(2rl) (3-47)
Ry is the radius of the plastic zewe for plane stress conditions, Oy ig the yield
strength of the material.
TOTAL
Next calculate K] as follows:
TOTAL
Ki = Ki (arBa) + KiS(a+Ba) « pla+sa) (3-48)
where
Kl (a+8a} is given by Eq. 3-37 znd
K1S(a+8a) = [1000 [Kf(a+da)]?7Efgcaay)t 2 (3-49)

TOTAL
Once K} 18 caleculated from Eq. 3-48, the assessment points are plotted on the

DPFAD figure which 1s appropriate te the flaw crientation {(clrcumferential or
axial}. The S/ coordinate is ecalculated per Eg. 3-21 or Eq. 3-33., The
determination of flaw acceptance is ths =zanme as withoui the residual stresses,

TOTAL
namely, the new assessment point(s} ¢ K&, 5{} iz (ar=) plotted on the appropriate

failure assessment diagram. If the poin: ov points fall inside the failure

assessment curve, then the flawed pipe is accentable for continued service.

Lk
i
oo
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Sectinn 4

SIMPLIFICATION 0OF DPFAD FOR PART THROUGH.THE WALL FLAWS

The deformatron plasticity failure assessment diagram (DPFAD) procedure utilizes
deformation plasticity solutions (7,8) tor ciacked stiuctures In the fnrmat ot the
Fritish Central Eleclricitly Generatling Board' s (CEGBY R two eriteria tailore
asnexsment diagram (FATY) (%) 1o praphirally solve erlastic plastic fracture mechanio:s

problems through the selution of the nonlinear eguation P

material (ot the

lead cotresponding to the current crack length and tearing vesistance,  Since DPFAD

Japplind

was developed boon the oviginal €EGR Twe-criteria (10} appinach, {1t wot only handles
clastic plastic fracture but linear elastic fracture and net secrion plastic
collapse or limit load ef the {laved structure.  DPFAD, however, is wmore accurateoe
than the R.6 procedure since DPFAD actomnts for the actual material lensile
properiies through the Ramberg Ospood reprexentation, as well az the gesmetry pf the

flawed structure.
CENERAL DIPFAD APPROACH
The general DPFAD procedure invelves three stleps:

The genelation ol the DPFAD curve itrom elastic plastic analysis of a
flaved strucrture using deformation plasticirty solutions for a mimple
power-law strain-hardening material based on the Ramberg-Usgood
Stress-sirain cquation:

£/ € = 0/0y + ola/ny) (4-1)
whote

O, = o, and g @ FE

¥ ¥

It the J-integral response of the structure can be represented by

e
Japplied = JI + Jp 4-23
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then

J;li}plied - ; - (J$+ Jp)/(; €4 3Y
G K? '
r
Ky = 467?"F*——““ {8 (-4

applied

where S, is the ratio of applied stress to net section plastic
collapse stress and

G = K'l/}-l' (4-5)

The difference between J§ and G is that J¥ includes the smalti . scale,
yielding plastie zone correction while G does not. The resulting
expression (4-4}) defines a curve in the K-S, plane vhich i5 »
function of [law geometry, structural configuration and stresw-strain
Lbehavier of the material defined uniquely by o, n from Eq. 4 1.
Because both K, 5. are linear in applied stress, the DFFAD curve iz
independent of the magnitude of applied loading.

The determination of assessment points based on the ratio of ¥; sr Jg
(square root) vf the structure divided by the relevant materia
property Kyp or Jyp (snuare root} at flaw initiation or for siable
flaw growth, Jp{#a), (square root), the tearing resistance of the
material for the ordimate, K;, and the ratio of the applied stress
(laad) to net section plastic cellapse (limit load) for the ahscissa,
S.. For flaw initiation, a gingle assessment point is caleulated.
For stable crack growth, a loeus of assessment points are deteormined
by incrementing the crack =ize "a" by "a+d8a" in the calculation of 4
for a constant applied load. The resulting locux ig illustrated in
Figure 4-1 in the shape of a "candy-cane”.

Crack initiatlon or tearing instability can be determined graphically
by plotting the calculated assessment peint(s) on the failure
assessment diagram. PFor crack ipitiation, the single assesument
point must fall on the DPFAD curve or putside the curve. For tearing
instability, the critical instability load is determined by the
rangency of the assessment locus with the DPFAD curve as shown in
Figure 4-1, Any assessment point on a line from the origin of the
diagram is directly proportional to lead with any other point gn that
same line and only one load level is needed to determine the
instability load. The instability load is obtained by multiplying
the applied load by the ratio of the distance from the origin te the
point of intersection of the line with the DPFAD curve to the
distance {rom the origin of the diagram to the applied load peint.




GOALS OF SIMPLIFICATION OF DPFAD

The gnal 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
cnly the stress intensity factor and limit load expressions for the various flaw
configurations, loading states, and pipe sizes. Formulations for Jp for
circumferential through-the-wall and part-through-the-wall flaws in cylinders under
tension, bending, and combined bending and tension from (1l) were used to generate

DPFAD curves using PCFAD (12) for various combinatiens of «,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. The
values of yield and ultimate strength were obtained from a study in (13). The
values of o,n were determined using equations from (13) knowing only Tyr Ty 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 SMAW welds
SAV welds

. BOXX SMAV welds

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

propaerties of the base metal.
GEOMETRY EFFECTS/CIRCUMFERENTIAL FLAVS

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

wall thickness (a/t} vere investigated. Figure 4-3 illustrates the effects of



radius teo 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 lcading has little effect on the DPFAD curves. Once part-through-the-wall
flaw J sclutions were available (11), the effect of crack angle was investigated for
a/t = 0.5, 0.75 for both bending and axial loadings. Figure 4-5 illustrates the
effect of crack angle for a/t = 0.5 for axial loading. Figure 4-6 illustrates the
same but for a/t = 0.75 and Figure 4-7 illustrates the efferct of bending versus
axial loading through compariscn with the lower bound curve of Figure 4-6. HNote
that in both Figures 4-3 and 4-6 that the 286 = 27.5°, 43%, 90° and 180° DPFAD curves
all fall close to one ancther with the 28 = 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 circumferentiai flaws in
ferritic piping, one DPFAD curve with lower bound stress-strain curve base metal
properties for a geometry of ast = ¢.5, R/t = 10 and 26 = 90° under axial loading
can be used to represent all flawed ferritic pipes provided the correct stress
intensity factor and limit leoad expressions are used in the calculation of the
assessment points, ¥, 57 aleng with the appropriate toughness for the flawed region
(veld or base metal) in terms of Jyp or Jg(sa). The resultant DPFAD curve for part-
through-the-wall circumferential flaws in a ferritic pipe for 28 < 1B0Q® is =shown in
Figure 2-1. Appendix A gives the eguations for this curve as well as the coordinate

points.
GEOMETRY EFFECTS/AXIAL FLAWS

For part-through-the-wall axial flaws in ferritie piping under pressure loading,
similar comparisons have been made to Illustrate the effects of flaw depth te wall
thickness and aspect ratio {flawv depth to flaw length). While 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 a/t = 0.125 for the lower rurve and a/t = 0.625 for the upper curve for
lower bound ferritic base metal. The DPFAD for axial part-through-the-wail flaw for
a/t = 0.25 and a/1 = 0.167 falis on this lower curve while the a/t = 0.30, &/l =
3.167 curve falls slightly higher than the continuous flaw DPFAD curve for a/t =

0.625. Limited evaluations comparing the various DPFAD curves seem to shov that the
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DPFAD curves saturate to the a/t = 0.125 lower bound curve for the continuous axial
flaw. For axial flaws, the DPFAD curves also appear to be independent of the
Jocation of the flaw (inside versus outside) as demonstrated in (17). Appendix A

gives the equations for these axial DPFAD curves as well as the coordinate points.
LIMIT LOAD - sgutoff
The vertical cutoff of the DPFAD curves were originally set by

Sgutoff = /0

. (4-6)

This was demonstrated in (14) vhere 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 8f is defined in this report using the yield strength

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

approximately
cutoff Uu
S5 = P/Pultimate x Guloy = ;; (4-7)

Hovever, to make this cutoff consistent vith the limit load expressions given in
Appendix 2 (3) of Code Case N-463, limit load failure is assumed to occur at a
critical flow stress, of, which is defined as the average of Oy and o,. Using this
as well as the limit load expressions in Appendix Z (3} will modify the vertical
cutoffs in the general DPFAD approach resulting in Egs. 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 Territic Piping Materials
at 450 350°F

BPFA
MATERIAL CONDITION ¥S (ksi)  UTS (ksi) ok n¥ EQEEEE
Base Metal  ——-—- 31 63 2.64 4.42 2.10
7OXX SMAW  PWHT 34 61 2.48 5.23 1,79
BUXX SMAW  PWHT 73 88 1.62 10.78 1.21
SAW PWHT 50 72 1.98 7.14 1.44

E - 26 x 103 (ksi)

*Bloom’s eguation (EPRI NP.2431)
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Section 9

VALIDATION OF SIMPLIFIED APPROACH

The validation of the simplified DPFAD approach for ferritic piping was
accomplished threough comparison of predicted failure loads using the DPFAD
single curve for circumferential flaws and multiple curves {2} for axial flawvs

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

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
flaved ferritic pipes under pure bending (P, = 0) as well as experiment 4131-4
under combined tension plus bending where internal pressure was held constant,
producing Py = 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 & Wilcox 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-deot 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 (21) compact test data
(nonside grooved Jﬁ resistance curves). The J; is defined by BCL as the
expected te be recommended ASTM E-24 Jp curve test procedure where J is
separated into elastic and plastic components. It was noted that there was
little difference between Jj and Jy for the ranges of the Jp curves used in the
predictions. 1In addition to using the actual material Jp curves, the acrual
yield and ultimate strengths were used for calculating pipe specific "a" and
"n* values in the generation of the DPFAD curve using PCFAD. The pipe specific
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DPFAD curves are only slightly difterent Irom the lower bhound generlc ferritic
base metal curve using = = 2.3] and n = 4.2, The effect of using the non.
generic o,n values is approximately .1% while the degree of conservatism in the
predictions varies from +45% to +7%. WNote that the DPFAD approach should
always be somewhat conservative as the DPFAD curve reflects the initiation {law
size. For ductile tearing, these DPFAD curves would move putward freom the
origin a slight amount depending on how much ductile tearing occurs before
ingtability. Further discussicn can be found in (3). In Table 5-2, the JAFRI
tests were predicted using Jpr 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 cleser to 1.0

{less conservative).
AXTAL FLAWS

Limited test data was available for axial flaws in ferritic piping. The
available pipe tests were done by Battelle Columbhus Laborarories (BCL) in the
early 1970’s (20) under AEC sponsorship. Four axial flawed pipes under
pressure (burst tests) in Tahle 5-3 were predicted using pipe material
"representative” of CL oriented material with toughness of Jjo = 277 lb/in.
The Jg curve used was the lower bound of all piping material (AlO6B) tested by
Material Engineering Associates (MEA) taken from (3). 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
20 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. With the adjustment in the Ky and limit load equations, DFFAD
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 28X
nonconservative. 0On examination of Figure 5-3 for the ARC-B pipe it is
observed that the failure mode is close to ultimate strength limit lead (the
intersection of the dash-dot line with the vertical iine, §, = 2.34). 1If the
limit load is defined by the flow stress equal to the average of yield and
ultimate strengths, the new cutoff would be at S - 1.58 and the predicted

failure pressure would be significantly reduced and near the actual failure

5-2



pressure given in Table 3-3. Two additional pipe experiments, AEC-4 and AEC-9
not reported in Table 5-3 displayed similar 1limit load behavior at failure when
plotted in DBPFAD space. aAdditional details of the axial flawed pipe

experiments can bhe found in (17).
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EXP. NUMBER ¢8-11
Jyel (1b/in) 2016
oy (ksi)? 35.6
Phexp (ksi) 80.3
Pheal (ksi) 62.9
Phexp’Pbeal 1.28

1 All JAERT test predictions based on initiation Jyg

2 DPFAD cutoff based on o, = 65 ksi and g,/

EIBER/BCL Axial Flawed Pipe Burst Tests

EXPERIMENT
NUMBER

Materiall

Yield Strength (ksi)
a’t

a’l

Test Temp. (°F)

Test Pressure at
Failure (psig)

Pressure at Enstability

DPFAD {psig)

Pexp/Pcal

Table 5-2

JAERI Tests {{5C)

Cs-12
2016

35.6

66.2
47.7

1.39

C5-13

2016

37.0

1.39

Table 5-3

£5-15

2016

35.6

69.8
52.1

1.34

a, value.

y

AEC-8  AEC-18  AEC-19
AIO6B  AI06R  A106B
31.6 4.8 31.6
0.738  0.507  0.649
0.0518  0.0346  0.0905
696 469 628
2300 1620 4300
3147 1744 3812
0.73 0.93 1.13

Cs-16
2016
5.6

58.6
45.0
1.30

toughness,

ARG 20
A106B
37.6
0.513
3.0667

504

1960

1944

1.01

lMaterial toughness taken from pipe tests for CL eorientation at
550°F representative of material with toughness of Jig = 277 1b/in;
Jp curve used from MEA specimen ZP13-1CL (lowest Jg curve}.
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Figure 3-1 Failure Loading Locus per Jg Resistance Curve
Plotted in DPFAD $%pace for BCL Pipe Test 4112-9




Figure 5-2 Failure Pressure Locus for Jg Resistance Curve
Plotted in DPFAD Space for AEC 20 Pipe Test
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Section 6

CONCLUSIONS

& simple procedure for the evaluation of the acceptability of flavs detected in
ferritic piping using the DPFAD metrhodology has been discussed. It has been shown
that the general DPFAD approach for flawved ferritic piplng can be reduced to one
DPFAD curve for the assessment of part-through-the-wall circumferential flaws and
two DFFAD 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 Z in Code
Case N-463 has been discussed with regard te Appendix J/s applicability to all
comhinations of membrane and bending stresses, handling of residual stresses in the
elagtic-plastic failure regime, generality of Appendix J in its use of actual pipe
material toughness properties, and lastly the incorporation of published J-integral

solutions for part-through-the-vall flaved 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 detecred flaw is calculated to
grow by the end of the evaluation period (inches)

E/(1-v2) (ksi)
Young's modulus (ksi}
Yield strength (ksi)

measure of toughness due to crack extension at upper shelf,
transition, and lower shelf temperatures (in-1lbs/in<)

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 flav (ksi)

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

cne-half of the final flaw angle (see Figure 3-1) (radians)
Poisson’s ratio

angle to neutral axis of flawed pipe (radians)

gafety factor (dimensionless)

mode I stress intensity factor (ksiYin)

pipe expansion stress (ksgi)

parameter for circumferential flaw membrane stress intensity
factor

parameter for circumferential flaw bending stress intensity
factor
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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 Ramberpg -Osgood
equation (ksi, dimensionless)

total elastic energy available per unit increase in crack surface
area {in lb/in®)

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

plastic component of J,  7ieq (in-1b/in?)

appl

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 fearing at a
prescribed fa value obtained from accepted test procedures (in-
1bs/in?}

anount of ductiie 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 ratiec 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 ratioc of the applied stress to the
membrane stress at reference limit load (Py) and for axial flaws
as the ratio of pressure to the reference limit (load) pressure
(Py) (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 {o,) {(ksi)

engineering ultimate stress (ksi)

maximum value of 5. at the vertical (limit load} boundary of
the failure assessment diagram curve {dimenszionless}

the elastic J-integral (in-lbs/in?)



a’ = sum of the flaw depth plus the amount of ductile flaw extension

(inches}
Po = reference limit {(leoad) pressure {(ksi)
T'n = factor in the reference 1limit load expressions reflecting the

effect of flaw size (dimensionless)

¥ = factor in the reference limit load expression for P} reflecting
the ratio of Py to Py (dimensionless)

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

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

Fq = total geometry correction factor for anm interior axial part
through-the-wvall flaw in a pressurized pipe {dimensionless)

M{, M5, M4 = geometry correction factor for an interior axial part
through-the-wall flaw In a pressurized pipe which accounts for
the flaw aspect ratio, a/l (dimensionless)

feo = pgeomeiry correction term which accounts for the flaw depth and
wall thickness relative to the pipe inside radius
{(dimensionless)

R = mean radius of pipe (inches)

P = membrane stress at collapse limit load with zero primary bending
stress {ksi}

¥ = angle used in defining P, {(radians)

1 = general flaw length dimensions (inches)

X = dimensionless parameter a/t

a1 = hoop stress at collapse limit load for an axial flaw (ksi)

L p) = parameter for collapse hoop stress (dimensionless})

Ja = the elastic J-integral calculated from the stress intensity
factor Ky (in-1b/in%)

K¥ = stress intensity factor due to residual stresses (ksivin)

P = term used to correct K{ for the elastic-plastic effects of
residual stresses (dimensionless})

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

K.S = brittle component of the assessment point due to residual

stresses (dimensionless)



TOTAL

Ky

sum of K{, K, and p (dimensionless)

Z = a measure of plasticity due to small scale yielding
(dimensionless}
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FATLURE 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 o = 2.5%1 and n = 4.7 determined from (1) as

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

CIRCUMFERENTIAL FLAWS

The single DPFAD curve for part-through-the-wall circumferential flaws was developed
from a geometry of a/t = 9.5, R/t = 10 and 8§ = 90° under axial loading for the lower
bound e«,n of a ferritic hase metal. The equations for thisz failure assessment curve

are given as follows:

qe 1_ L n-1
1 - Japplied = % rm(aE)J L x(i-al/tih, S (A-1)
k2 Te 2 Fn 3 nr’ Bl /Q
where
r n-o }2
T2 - (0.95)% l(l—a/t} - .0525 (a/t)2 + T (a/t) (10,0525 a/t)J (A-2)
and
Foo= 1.0 + {0.02 + of (G.0103 + 0.00617x’) + 0.0108 (1-0.7e’}}-0? (& 3)
and
Q=1+ 1.464 (2as1y & (A &)
o = (a’t) (2a/l) = 20-8 for R/t = 10 (A-5)
252 r 2
ag/a - 1.0 « Lom 1 5% ] rﬂj (4-6)
13 1
T | sty | B



Sy = o/ {oyl) (a-7)

The value of hy is 29.1 found from interpolating the values from (2). Table A-1

gives the coordinates (K. ,S.) of the failure aszessment curve of Figure 2-1,

AXTAL FLAWS

The two DPFAD curves to bhe used for evaluation of part-through-the-wall axial f{laws

are based on continuous internal axial flaws for a/t = 1/8 and 5/8B with Ri‘t = 10
under internal pressure for the lower bound «,n of a ferritic base metal as
dircussed in Section 4.5, The equations tor these failure assessment curves are

given as follows:

2 _ n-1
1= Japplied - % [l)} o alony S, (4-8)
K% Je a Fl {a) 3.846 Fi rZ
wvhere
N {l-a/t)
' @w.1a/0 (a9
and
Py - 1:163 - 1,339 are (h10)
(l-a/t)
for the range of 1/8 < a/t € 3/4
- F4r2g? 1
8a/a = 1+ 0.222 P=] ——— (A-11)
(1+82)
2 o, {(1-a/t)}
S, - %— where P, = — i (4 12)
o 1043 (1+0.la/t)

The value of hy is 8.29 for a/t - 1/8 and 5.29 for a/t = 5/8 obtained from

interpolation of the values for hy found in (3} for @ = 2.51 and n = 4.2, Table A-2

gives the coordinates (K,,5.) of the failure assessment curves shown in Figure 2-7.
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DPFAD COORDINATES (K,,5.) ¥OR
PART -TEROUGH-THE-WALL CIRCUMFERENTIAL
TN FERRITIC PIPING

T s S o T o B i B s B

[N ol o]

.Q00
L9946
.875
.927
L850
757
660
570
L4912
426
371
.326
.288

3.256
0.229
.207

TABLE

A-1

Sr

Q.
0.

ok

oo
106

.200
L300
L400
.500
600
.700
-800
.800
D06
.100
.200
-300
L400
.500

FLAWS



TABLE a-7
DPFAD COORDINATES (K,,S.) FOR
PART-THROUGH-WALL AXLAL FLAWS

IN FERRITIC PIPING

0.145 < ast £ 0.2 0.50 < ast £ 0.75

Kr Kr Sr

1.000 1.000 0. 000
0.9398 . 995 0. 100
0.985 0.978 0.200
(r.957 0.95%1 0. 300
0.%08 0.915 . 400
0.841 0.873 . 500
0.763 0.828 0.600
0.683 0.781 0.700
0.606 0.735 0.800
0.336 0.690 0.900
0.475 0,647 1.00%
0.422 0.605 1.100
0.376 0.567 1.200
0.337 0.530 1.300
0.303 0.496 1,400
0.275 0.464 1.500






Appendix B

LIMIT LOAD — Sguto[f

An upper-bound limit on the cocrdinate 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 stregses only. Plastic
collapse is assumed to occur when the remaining ligament of the flawed section of
the pipe becomes fully plastic prior to flaw inmstability due to flaw extension.

This criterion implies that the flawed pipe is at the point of incipient tailure
vhen the net section in the flaw plane first forms a plastic hinge. Failure is
assumed to cccur at a critical flow stress, og, which is defined from material
strength properties. The flow stress is taken to be the average of the 0.2% oifset

yield stress and engineering ultimate stress.

The procedures developed in this appendix are intended to produce results for the
limit load flav evaluation methodology which are consistent with the procedures
given in the ASME Section XI, Cede Case N-463-1 (1).

LIMIT LOAD CUTOFF FOR CIRCUMFERENTTAL FLAWS

The flaw evaluation procedure for the plastic collapse failure mode is based on
earlier work by Kamninen, et al. (2,3}, and follows the procedure previously used by
the ASME Section XI Working Group on Flaw Evaluation for austenitic (4) and ferritic
(3) steel piping. The relationship between the collapse load and flav size is
obtained by requiring force and moment eguilibrium of the pipe sectien. The flaw
depth, a, and half angle, 8, at plastic collapse is determined from the following

equations.

Por flavs which do not penetrate the compressive vregion of the pipe,
g+ B <n,

on = (2og/R)[25inB ~ (a/t)sing]
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B = 0.51f1 - (a/t)(6/n) - op/of] {B-1)

and for flaws which penetrate the compressive region of the pipe, 8+ 8> m,

o = (Zog/n) {2 - (a/t)]sing

mIL - (a/t) - on/ofl
(2-(a/t))

Here o and op are the primary membrane and bending stressesz, respectively,
corresponding to plastic collapse for any specified flaw depth and angle, and of is

the flow stress,

For combined membrane and bending stresses the failure assessment coordinate S; ts
given by
!

Sp = SF Pp/Pp(a) (B-3)

wvhere SF is the required safety factor on stress, P, is the actual primary membrane

stiress, Pé(é} is the primary membrane stress at reference limit load given by
Ppla) = oy ¥ Fpla) (B-4)

vhere Sy is the yield stress and rm(é) is calculated for a flaw depth which has been
updated by the ductile flaw extension 4a,

a-a=+ ha (B-5)
vhere a is the flaw depth prior to ductile flaw extension.

The other terms are given by
Y= - __ =« - ~ 1 (B-6)

o Rg - Ri s (1 - Gln)(Ri _ Ri) ]
T (a) = {B-7)

2 z
(B, - R))

B-2



R. = Ry + a, (B.8)
and Ry and R; are the inner and outer radii of the pipe, respectively.
The 1imit load bound for combined stresses is written in terms of a bending stress,
SF 5. = op(a) {(B-92)

where 5. is the allowable primary bending stress and op(a) is the primary bending
stress at limit load evaluated from equation (B-1) ov {(B.2) with the initial flaw

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

In the flav evaluation procedures in the Code Case N-463-1 (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 (1,3)
iz therefore the flaw depth with no prior ductile flaw extenzion. 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 (6,7) 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 extensien.
To enforce this limit load bound on the abscissa of the fallure assessment diagram,
which in this case is based on membrane stress, Eq. B-9 is written ip terms of a
membrane stress. For this purpose the primary membrane and bending stresses are
treated as increasing in a proportional fashion.

Pp/Pn = constant (B-10)
Eq. B-3 is then written as

S, = SF PL(Pn/Py)/Pr(2) (B-11)

Upon comparing eguations (B-9) and (B-11), the limit load cutoff, S%“tOff, given by
the limit load bound Py = S, is given by

SEUOEE - (o (a)/Pp(a)) (Py/Pp) (8-17)



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

updated flav depth, a, in evaluating Pé.

Application of the Safety Factor

By assuming proportional loading {Eq. B-10), Eq. B-1 or B-2 can be solved for the
primary membrane stress,a;, and primary bending stress, oy, at limit load. The
allowable primary bending stress, S., and therefore the limit load cutoff, SEUtOff.
could be determined in a consistent fashion with equal safety factors on P, and Py.
However, Eqs. B-1 and B-2 are non-linear and oy, op must be calculated by using an
iterative technique. 4 simpler direct approach to calculating oy {and §.) was
adopted. The actual primary membrane stress, Pp, multiplied by the required safety
factor on stress, SF, is substituted in place of oy in Eqs. B-1 and B-Z with the

result:
for 8 « B < n

o = {2ag/n)iZsing - (a/t)sind]

B = 0.5n{l - (a/t)(®/n) - SF Pp/of] (B-131)
and for 8 + B> 1

ap = (2og/m) [2 - (a/t)sing

n

S:
(2 - (a/t))

il - (a/t) - SF Pp/ag] (B-14)

Egs. B-13 and B-14 are used to provide a direct calculation of oy and therefore
Sgutaff_

In calculating o, and therefore §., the full safety facter, SF, ig therefore
applied tec Py (o, = SF Pp). This approach differs from the procedure giver (1), in
which the full safety facter is not applied te Pp. A comparison of the two
procedures is given in Section B-1.3.

If the value of the primary bending stress at limit load, ey, is very smail or

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

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

vralculating op has the following implications:

a} If the actual uniform safety margin on P, and Py equals the required
safety factor, SF, the direct approach for calculating S%“tO£L, will
produce the same result as the consistent iterative method.

b} Tf the actual uniform safety margin is less than the required safety
factor, the direct appreach will produce a value for S%“t”ff which is
lower than that from the conzistent iterative approach. Hovever,
since the zafety margin is less than the reguired safety factor, rhe
failure assessm$nt point would fail to the right of the consistent
value of S§Ut°f . The use of the direct-approach S%UtOtf results in
the failure assessment point lying further to the right of the
seutoff than {t would using the consistent vatue of s¢uteff 1y
either case the flaw would not meet the safety factor criterion.

c) It the actual uniform safety margin is greater than the required
safety factor, the direct appreoach will produce a value for S%UtOff
which is higher than the consistent value. However, since the safety
margin is greater than the requirved safety factor, the failure
asses?ment point would fall to the left of the consistent value of
S%Uto-f. The use of the direct approach S%UtOEf results in the
failure assessment point lying further to the lef% of the SE”tOtf
than it would using the consistent value of S§4tO £, In either case
the flaw would meet the safety factor criterion.

Primary Bending Stress With Zero Primary Membrane Stress

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

stress at limit load, op(a), is calculated by using Egq. B-13 ov B-14 with Py - 0.
op{a) is calculated by using the initial flaw depth, a, prior to any ductile flaw

extension.

' I3 f - -
For a primary membrane stress of zero the failure assessment coordinate 5, is given

by

Sy - (R/4)SF Pb/(cyrm(é)) (B-1%)
where Tm(é) is caleculated by using Egs. B-& to B-B with a flaw depth, a, updated
with ductile flaw extension. By comparing Eqs. B-9 and B. 15, the limit load cutoff,

s%UtOEE, given by the limit load bound Py = S, and is written as

sgutoft - (ns4yop(a)/ (oyTp(a)) (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 [y.

Primary Membrane Stress With Zero Primary Bending Stress

The relation for the primary membrane stress at limit load, oy, with a primary
bending stress of zero, is determined by setting op in Eq. B-1 equal to zerc and
salving for op. The resulting expression is

oplal = of[l - (a/t) (&/m) - 2y/n}

¢ = Arcsin{0.5(a/t)sin8] (B-17}
The limit load bound is given by

SF-Se_p = opla) {(B-18)
where SF is the required safety factor on stress, and 5._, is the allowable primary
membrane stress with a primary bending stress of zero. op(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

Sy = SF Pp/P/(&) (B-19)
wvhere P%(é} is the primary membrane stress at reference limit locad 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 limirt load cutoff, S%UtOEf, given by the limit
load bound Py = S5, p, is written as

srCUtoff - cm(a}/Pr:,_(a) {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



Comparison Between the Limit Load Cutoff and the Reference (3)

Ainalytical Limit Load Procedure for Combined Primary Stresses

In the current method the full safety factor, SF, jig applied to both the primary
membrane stress, P, and the primary bending stress, Pp. In the flav evaluation
procedures for ferritic piping in the Code Case N-463-1 (1}, the allowvable primary

bending stress based on limit load is given by
Se = [(op(SF=1} + P)/SF] - P {B-21}

Here the o,{(SF=1) is evaluated by using Eq. B-13 or B-14 with a safety tactor, 5F,
on Pp of 1.0 where all evaluations are based on using the initial flaw depth, a,

only.

The limit load procedure in (1) has the restriction that Py > P, and P, € 0.3 5,
for normal operating and upset conditions, and P, < S, for emervgency and faulted
conditicons. The 5 is the design stress intensity. These restrictions do not apply

to the FAD procedures.

The two procedures can be compared by evaluating the variatien of the allowable
combined stress ratio (Py+PL}/of with P /o5, vhere of is the flow stress. Here Py

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

c-
procedure, the allowable stress ratio is given by

(Py + Pp)/ap = [(op,{SF))/SF +~ Py)/of (B-27)

where ¢p{SF) is evaluated by using Eq. B-13 or B-14 with the full required safety

factor en P,. The method in (5) gives
(P + Pp)/op = [(op(SF=1) + P, )/SF]/o¢ (B-23)

The two procedures are first compared for an unflawed pipe. Egs. B-22 and B-23 are
compared for a=0 in Figure B-1 for SF=1.0 and §F=2.77. The two procedures produce
the same results for flawed or unflawed pipe for SF=1.0. 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 TII NB30OO (8). The lines defining
Py=Pp and Pyp=0 are also plotted on Figures B-1 and B-2. The conditien Pyp-0} 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 Py=0 and the allowable (P + Py)}/or curve,.
The region covered by the procedure in (1) is bounded by the vertical axis, the line

Pp=Py,» and the allowable (P + Pu)}/of curve.

The current procedure 1d the procedure in (1) are in close agreement provided Fy 2

Pn. which 1s the range imposed by the restrictions in (1).

The ASME Section III design limits for normal operating conditions, of P, < §, and
Pp + Pp € 1.5 3, are also plotted on Figure B-2. The design boxes plotted are
based on of = 2.4 S and of = 3.0 S, In (1) a flow stress egual to 2.4 Sy vas
used. For o = 2.4 S, both procedures enforce lower primary stresses than the ASME
Section ITI design limits for the unflawed pipe. For ef = 3.0 S;, the procedure
from (1) is in good agreement with the design limit on (Pp + Pp)/5y. The current
procedure is in good agreement with the design limit for increasing values of P /of
out to the line Pp=Pp, beyond which the current procedure enforces lowver primary

stresses than the design limit.

The two procedures are compared for flaw sizes a/t=0.20, 6/n=0.20 and a/t=0.5D0,
8/n=0.50 in Figures B-3 and B-4. Comparisons were alsc 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 Py approached or exceeded

P,-

The FAD approach given here also applies the full safety factor on Py and Py in the
Elastic-Plastic Fracture Mechanics (EPFM) procedure. The application of safety
factors for EPFM in (1) 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 AXTAL FLAWS

an empirical formulation for the hoop stress at failure, oy, was developed

previously in (9) for pipes with axial through-wall flaws and is

op = cf/H2 {B-24)
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whore
My = {1+ (1.61/4Rt)12]U.5, (B=75)

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

thicknessz of the pipe.
For part-through-the-wall axial flaws the hoop stress at f{ailure is

op{a) = op[(1-(a/t))/ (1 -(art)/My)] (B-T7€
These equations are the same as used in (1,4,5). op(a) is caleulated by using the
initial flaw depth, a, prior to any ductile flaw extension. The !imit Joad bound is=
given by

SF*S, = opfa) (& 77}

vhere 85, is the allowable hoop stress due to internal pressure, and SF is the

required safety facrtor on stress.
The failure aszsessment diagram cpordinate S; is given by
Sy = SF p/pola) _ (B-28)

. . . r 1 » ~ 1 ]
where p is internal pressure, and pg{a} is the internal pressure at reference limit

load for a flaw depth, a, updated with ductile flaw extension fa.

pola) = og(2//3)[t-a*}/[Ry + a*]

a*x = a{l - 1/B{)J/[1 - (&a/t)/B1]
By = [1 + 0.5((a/t)/(as1))210.3
a-a+ ha (B-29}

Here Ry is the inner radius of the pipe. By multiplying both sides of Fq. B-27 hy
(t/Ry), and comparing the result with Bq. B-2B, the limit load qutoff, SEutoff)
is given by

given by the limit load bound pRy/t = 5.,



seutoff _ (1/Ry)op(a)/pyla) (B-130)

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

a, in the calculation of Do
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 cecllapse. This

limiting flaw length, l.,;4, is determined for a given hoop stress, given by pRy/t,
from Egs. B-24 and B-25.

Lepip = 1.98(RE)C-D  [(ag/(pRy/t))2 - 119: (B-31)

Here a safety factor of 1.0 on stress has been used. This is consistent with (1},
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Comparison of axial primary stress limits from the current PAD
procedure and the procedure in (1) fer an unflawved pipe using

safety factors of 1.0 and 2.77.
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Figure B-2 Comparisen of axial primary stress limits from the current FAD

procedure and the procedure in (1) for an unflawed pipe using a
safety factor of 2.77. Also shown are the ASME Section 1II

design limits.
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Figure B-3 Comparison of axial primary stress limits from the current FAD

procedure and the procedure in (1) for a circumferentially flawed
pipe with ast = 0.20 and 6/n-0.20 using z safety factor of 2.77.
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Figure B-4 Comparison of axial primary stress limits from the current FAD
procedure and the procedure in (1) for a circumferentially flawed
pipe with a/t=0.50 and @/n=0.50 using a safety factor of 2.77.
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