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ABSTRACT

The failure of cracked siainless steel piping can be predicted by assuming that failure
conforms o a net—section stress criterion, wsing as input an appropriate value for the critical
nei—section stress together with a knowledge of the anticipaied loadings. The stresses at the
cracked section are wsuslly calewlated via a purely elastic analysis based on the piping being
uncrzeked,  However because the piping is buili-in ai iis ends inio 2 larger component, this
limits * the amouni of elastic follow-up and, consequently, uwse of ihe nei—section siress
approach in this mannzr can [sad io conservative failure predictions. This paper quantifies
the extent of this conservaiism, and shows that it can be quiie marked. There is an
additional measure of conservatism due (o the fact that unstable failure need not necessarily
be associated with the onsei of erack extension. A key parameter with regard to both these
congervatisms is Lppp, a length parameter which is a measure of the degree of elasiic
follow—up in the sysiem.

INTRODUCTION

During recent years considerable atiention has been given ic the guestion of the integrity of
cracked piping sysiems that are fabricated from ductile materials. This interest has been
motivaied, in large part, by the techmological problem of intergranular siress corrosion
cracking (IGECC) of Type 304 siainless steel piping in Boiling Water Nuclear Reactor piping
gystems. The IGSCC cracks form ai the inner surface of a pipe, and are usually associated
with the heat-affecied zones of girth welds; the ecracks are circumferential and are able io
grow slowly in service by an environmentally assisted mechanism. From a safety perspective,
it is important to know whether accident condition loadings will allow a part—through stress
corrosion crack 1o propagate unsiably across the pipe thickness by a non-eavironmenially
assisted (plastic) fraciure mechanism, and then the reculting through-wall crack propagate
around the pipe circumference and thus cauvse complete pipe severance (guillotine failure).
One particular methodology that has been developed to address this problem is the
net—seciion stress methodology (ASME 1983), which in a sense can be viewed as one of the
two key elements of the CEGB R6 methodelogy (Milne et al, 1988). The net—section stress
methodology uses as input a knowledge of the anticipaied loadings and ihe eritical
net—section stress, which is uswvally taken o be the average of ihe yield and uliimate tensile
siresses of the material under comsideration. In applying the methodelogy, the wsual practice
is to calculate the siresses in the region of the cracked section via a purely elasiic analysis
based on the piping system being wncracked. FHowever becauvse the piping is buili~in at its
ends inio a larger component, this limits the amouni of elastic follow-up and, consequently
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use of the net-section siress approach in this manner gives comservative predictions for the
onset of crack extension. There is also 2z measure of conservatism which stems from the
fact that unstable failure need not necessarily be associated with the onset of crack
extension, an issue that is wusually addressed using tearing modulus procedures {Paris et al.
1979).

This paper focusses on the conservatism associated with the onset of crack exiension
predictions, and shows that it can be quite marked, particularly with small pipe radii and
stiff piping systems.

GENERAL CONSIDERATIONS FOR A PIPING SYSTEM

In the context of the present paper’s objectives, it is sufficient io consider the bebaviour of
a2 piping system containing a through—wall circumferential crack at an intermediate position in
the sytem. Thus Figure 1 shows the cross—section of a circular cylindrical pipe, thickness t
and radius RYt, which contains a through-wall crack with contained angle 20. Provided ibat
plastic deformation is confined to the cracked section, the behaviour of this secilon can be
decoupled from ihe remainder of ihe system, which is assumed io deform in accord with the
laws of linear clasticity. Thus assuming that the deformation of the system octurs primarily
by bending, the aciuval moment M and rotation ® ai the cracked section are related to the
moment My, calculated on ihe basis that the piping system I uncracked, by an expression
of the form

Eld
LEFF
where E is Young's moduolus and I = 7B3t is the second moment of area of the piping at
the cracked section. The moment M, iz the bending moment due to all sources thai give
non self—eguilibrating siatic forces at ihe cracked section, i.e. pressure, deadweighti, thermal
expansion, applied loadings or displacements. Forces that are self equilibrating, i.e. arising
for example from local thermal gradienis or welding processes, are mot comsidered in the
present discussion. The effect of seismically induced ({dynamic) forces has been considered
separately (Smith 1991); it has been shown ihzi tbeir effects can be assessed in the same way
as non self—equilibrating siatic forces.

The parameter Lggp in relation (1) is a length parameier, which is a measure of the
degree of elasiic follow-up or flexibility of a piping system, with a high Lppp value
implying significant elastic follow—up. T is a function of the geometrical parameters of the
system and can be obtained via a very simple procedure (Cotter, Chang and Zahoor 1988),
which involves a separation of the complete piping system into two elastic parts at the
cracked section with the system ends remaining fixed, the application of equal and opposite
moments My to the cut faces and the correlation of My with the rotational discontinuity
$p generated at this section, i.e.

il

My, (1)
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For a straighi pipe segment, buili-in at its ends, and coniaining a cracked section at the
mid-length position, Lgry = L, the pipe length (Tada, Paris and Gamble 1930).

Now the moment (M) -rotation (®) relation for a seciion of the piping confaining 2
non—growing circumferential through—wall crack of prescribed length will be of the form
shown in Figure 2, the initial region corresponding to small-scale yielding behavicur while at
the other exireme there is an approach to lmit—lead conditions; the general level of the
curve will be lower with a larger crack size, This curve is applicable until crack extension
occurs, when there is a cut—off. Assuming, for a given cvrack size, that the onset of crack
extension occurs at a given value of &, Le. d, this corresponding to 2 critieal value (MC)



of M, then crack extension occurs when the line given by equaiien (1) intersects the curve
shown in Figure 1. It is immediately seen that there is a reserve margin, corresponding io
a moment of magnitude HIB/Lppp, if the onset of crack exiension is predicted wsing as
input the moment calculated on the basis of an uncracked piping analysis. This reserve
margin is unaifecied by the magnitudes of the applied loadings or displacements, bui does
depend on their nature, e.g. where and how they are applied, and the system's geometrical
characteristics; these faciors govern the magnitude of the elastic follow—up parameter Lppg.
The reserve margin also depends on the magniiude of &, the value of & at the onsei of
crack extension; the margin will increase with the ductility of the material, i.e. the greater
is the value of &.

An estimate of the difference beiween M, and the enhanced value M, + (Elé./Lgpg) can
be obtained by assuming : (a) that the maierial does not work-harden, (b) that the rotation
at the cracked cross—section is ail plastic, (¢) that general vield precedes the onset of crack
extension. The cracked section is therefore subject ¢ the plasiic limit moment, i.e. My =
M, and following Tada, Paris and Gamble (1980), the siress distribution across the section
can be described be a tensile stress o, acting within the region above the neuiral axis (sec
Figure 1), while a compressive stress of similar magnitude is operztive below the neutral
axis. Since ii is assumed that pipe deformation proceeds primarily by bending so that the
effect of any resultant tensile force aciing perpendicular to the cracked cross—section Iis
ignored, the location of the meutral axis, defined by the angle «, is readily shown by

balancing forces, o be given by o = 6/2. Furthermore, moment eguilibrivm provides the
relation
Mp 1 9 1
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Since the plastic roiation about the neutral axis at the onset of crack exiension is &, this is
related to the crack iip opening displacemeni §1 associated with the onsei of crack extension
by the expression

81 by
o, = - : (4)
R{sinm + cosé) R[sin = + COSHJ
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Now with the nei-section stress methodological approach, as it is usvally employed, crack
extension is presumed io occur when the moment Myye at the cracked section, calculated
on the basis of the piping system being uncracked, equates with the plasiic fimit moment
M,. However, the onset of crack extension acivally occurs when the moment My at the
cracked section, calculated on the same basis equals M, + (El&./Lppgr). Thos a  measure of
the facior of comservaiism is the parameter f = MpyMppe, the physical meaning of f
being thai the cracked section can withstand 2 moment f times the moment predicted via
the net-section stress approach withouwi fraciure infilating. Relatons (3) and (4) show that §
is given by the expression
M ko)
fo= o 1y ! (5)
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Having, as input, typical values for Type 304 stainless steel: B = 30 x 109 pst (210 x
103 MPa), o5 = 30 x 103 psi (350 MPa), 67 = 0.1 in {0.25 cm) and ¢ = 609, Table I
gives the parameter f for a range of R and Lppe/R values, remembering that Lgpp = L
for a straight pipe segment of lengih L, buili—in at its ends, and with a cracked section at
the mid-lengib position. Imspection of the vesvlis in Table I shows that there is a fair
measure of conservaiism in using the nei—seciion siress approach (based on an uncracked
piping analysis) (o predict the omset of crack extension, whem the pipe radius is small, and



with a siiff piping system (i.c. small Lppp/R ratio). Tor example the facior of conscrvaiism
f exceeds two with R = 3 cm, if Lgpp/R Z 50, and with R = 10 cm if Lppp/R “<' 15.

INSTABILITY OF CRACK GROWTH

The paper’s consideraifons so far have been with regard to the criterion for ihe onssi of
crack extension, and in particular with regard to the margin of conservaiism associated with
the application of the nei-section stress criterion, There is also a measure of conservatism
stemming from the fact that the onset of crack extension need not necessarily be associated
with unstable failure, In order to address this isswe, it is sufficient to base the discussion
on the idealised model represeniaiion used in the preceding section, where it was assumed
that (a) the material is non-work—hardening, (b) the rotation at the cracked cross—section is
all plastic (i.e. the elastic rotation is assumed to be negligible) and (¢) the onset of crack
exiension occurs subsequeni to ihe attainment of the general yield state at the plastic limit
moment M. If the crack extension regime is incorporated, the M-—® relation for a section
containing a through-wall circumfersntial crack of prescribed iniial size, i.e. the contained
angle is imfilally 265, will be of the schematic form shown In Figuwre 3. The dotled lines a
and b represent velation (1) at the onsei of crack extension for two different Lppp values.
In case (a), crack growth is stable at ithe onsei of crack extension and the input loadings
My, have io be increased for imstability, which occurs when M, is sufficiently high that the
siope of the inpui M-® line iz the samne as the M-0 relation for the cross—section, le. ihe
dotied line 2 s iranslated io the position 2'. In case (b), which refers to a higher Lyppp
value, instability is associaied with the omset of crack exiension.

To guaniify this issue, it is sufficlent to focus on the criterion for crack growih i be
unstable at the onset of crack extension, with the applied loadings fixed. Thuws with M,
fived and M being equal tc the limit moment My, relaton (1} shows that the condition for
crack growth ¢ be uvogiable at the onset of crack exiension is
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Foliowing Tada, Parls and Gambie {19203, relation (6) can be expressed in ihe t(earing
modulus format (Paris et al 1979). Thus the magritude of the J integral for a given crack
area A = 2Rid is

Ohipd ¢ h

Jo= - = ¢oR® | sin — + cosd (7)
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using relation (3), whercupon relations (3), (6) and (7) give the insiability condition as
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With the tearing modulus format, the material tearing modulus Tysat is related to the slope
of the J-crack growih resistance curve:

E  diyat .
TaaT = — —32 (%)
57

wheie $a is an increment of crack length. DNoting thai éa = Ré¢, the condiiion {l.e. {8))
for crack growth to be unstable at the onset of crack sxicmsion, Le. when I = Jjo and
when § = 6, =ay, can be wriiten in the form
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Tapp = F3(84) (10)

where Tapp 15 the zpplied tearing modulus and where f4(0g) and f
respectively by the expressions

(6q) are given

by
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For a material, like Type 304 stainless steel, with a high crack growth resistance, it cam be
assumed (Tada, Paris and Gamble 1930) ihat EJEC/(TOz R << TpaT. whereupon the
instability condition (10) can be expressed in the simplified form

LEFF
Tapp = - F1{85) > Tyar (12)
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The parameier Lppp therefore plays a crucial role both with regard to ihe degree of
conservatizm associated with the net—section criterion for the onsei of crack exiension, and
the criterion for unsiable crack growih.

DISCUSSION

The present paper’s conslderations have showa that there is a significant safety margin in
using the mnet—section stress methodology o predict the condition for the extension of a
circumferential crack, if the stresses at the cracked secilon are calculated on the basis that
the piping is wncracked. There is also an additional measure of conservaitism which stems
[rom the fact that unstable fallure need not necessarily be associated with the onset of erack
extension. A key parameter with regard io both these margins is Lgpp, 2 length parameter
which is a measure of the degree of elastic follow-up in the system. It depends on the
geomeiry of the sysiem, the location of the cracked section and the locaiion of the applied
loadings; it also depends on the position of resirainis in the piping system.

The comnsiderations in this paper are clearly relevant to the determination of the critical
crack size under accident loading conditions. However there are situations, such zs for
example in deciding whether or noi io remove pipe—whip restraints in a sysiem, where it is
desirable to demonstraie that a leak—before—break situaiion exisis. In other words, it has o
be demonstrated that there is a sufficieni margin betweem the size of crack that will give
rise to a detectable leakage under ncrmal opsrating conditions and the size of crack that is
unstable under accident conditions. Just as the piping system’s flexibility, f.e. Lppp, affects
the unstable crack size, as has been demonstraied in this paper, it will also influence the
size of wcrack that will give 2 detectable Ieakage. This aspect of the overall
leak~before-break problem is the subject of continuing research.
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Table 1. The factor of conservaiism f = Mypy/Myne associated with the omset of crack
extension for a crack with ¢ = 609,

R Lerr/R
CIn
10 20 50 100
5 6.44 3.72 2.09 1.55
160 3.72 2.36 1.55 1.27
20 2.36 1.68 1.27 1.14
40 1.68 1.34 1,14 1.07
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