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Abstract

The paper considers the effect of crack jump length on the viability of the Kia
procedure for predicting the arrest of a crack during a hypothetical thermal shock event
involving a water-cooled reactor steel pressure vessel. It is shown that the procedure
should be reasonably accurate in predicting the crack length at arrest certainly if the

crack jump length is less than twice the initial crack size.

1. Introduction

The current ASME Code procedure [1] for predicting crack arrest in a nuclear reactor
steel pressure vessel is based on a static linear elastic fracture mechanics (LEFM)
analysis: a crack arrests when the crack tip static stress intensity factor K?T falls below
KIa- which 1s assumed to be a material property and is referred to as the arrest toughness.
In the author's opinion, the strict physical justification for this very simple Ky, approach
stems from the behaviour of a semi-infinite crack propagating in an unbounded solid due to
the application of time-independent loads. In this case there are no wave reflection
effects and mode I crack propagation ie governed [2} by the relation K?YN(V)=fI(v)K§T =
Kip(v) where K?YN(V) is the dynamic crack tip stress intensity factor, in general a function
of the crack tip velocity v, K?T is the static crack tip stress intensity factor, and Krp(v)
is the dynamic fracture toughness, which agaln can be a function of the crack tip velocity;
f7(v) 1le a known function of the crack tip velocity. Since fy(v) 51 as v90, a crack arrests
when KiT = Krp(v+0) = Kyp say; hence if Ky, is equated with Kip crack arrests occurs when
K?T = Kia. This particular result provides some measure of physical justification for the
Kig procedure.

For other more general situations, the usefulness of the Kra Procedure depends on its
ability to make arrest predictions that are sufficlently accurate for practical purposes.
It is generally recognised by practitioners in the field that the procedure 1s more
appropriate for use in cases where wave reflection effects are minimal and when the crack
jump length is small. The present paper focusses on this second point, for the question
arises ae to what is actually meant by small as regards crack jump length: is it small in an
absolute sense or is it small in relation to the initial crack size? By appealing to

exlsting results in the literature, it is shown that the K1a procedure should be reasonably

accurate in predicting the crack length at arrest if the crack jump length is less than



tiyice the initial crack size.

2. Theory

The crack propagation relation K?YN(V) a fr(v) K%T = Kip(v) is strictly applicable
only for the case where a semi-infinite crack propagates in an unbounded solid due to the
application of time-independent loads. When a crack has a finite size and/or the structure
has finite dimensions, then even if it is assumed that wave reflections do not reach the
crack tip, the preceding governing propagation condition is not applicable. It has to be
replaced by [2-5]

KPW(v) = £1(v) K‘; = Krp(v) (1)

where K; =g K?T. with g being a function of crack length and the configuration's geometry,

and may be regarded as a correction factor. K; is sometimes referred to as the reflection-

less stress intensity factor, and crack arrest occurs when K; falls below the value Kyp. If
the initial position of a crack tip is x = O and the position at time t is x = ¢, the

reflection stress intensity factor for an extension € is given by the expression

(Dda
€~X\

ERIS

Ky =
[

where p(\) is the tenslle stress ahead of the crack tip when it is in its original position
at time t = O. It 1s important to appreciate that the derivation of relations (1) and (2)
is based on an exact dynamic analysis, even though K; is obtained by a purely static
analysis.

Against this general background consider the case (6] where a semi-infinite solid
containe an edge crack of initial length a, and concentrated forces P are applied to the
crack mouth (Figure 1), If the results for an internal crack in an infinite solid are used

as an approximation, the tensile stress p(agy, %) ahead of the initial crack tip is

2Pa
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where x is measured from the crack mouth. Equations (2) and (3) then give the reflectionless

stress intensity factor K; for a crack extension &

as(6)
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i.e. K; is given in terms of an elliptic integral of the third kind.
Furthermore, relation (3) gives the crack tip stress intensity factor K?T

for an extension € as

K?T = S (5)
S uCa, + e )
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3{ the onset of crack propagation occurs at a critical stress intensity KQ. whereupon

2P
Kq = e (6)
v mag
then relations (4) and (6) show that the crack arrests at an extension € given via the
expression
n/z
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On the other hand if it is assumed that a crack arrests when the static crack tip stress
intensity falls below the value Kip (i.e. the Ky procedure), then arrest occurs at an

extension € given via the expression
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For small e&/a,, relations (7) and (8) simplify respectively to

Kip _ 5e =
Kq [1 8ag (K1 PROCEDURE) (9
and K €
—T-DKQ [1- Zag (Kya PROCEDURE) (10)

while Figure 2 shows a plot of the KID/KQ versus €/a, relations obtained via the two

procedures.

3. Discussion

Presuming that the K; procedure gives exact results, comparison of relations (9) and
(10) and the curves in Figure 2, shows that the Kia procedure predicts the crack extension
at arrest to within ~20% 1f the crack jump length is less than twice the initial crack
size. Consequently, on the basis of the results for the model analysed in this paper, the
K1a procedure should be applicable, for practical purposes, within this range of crack jump
lengths. The results therefore provide an answer to the question posed in the Introduction;
i.e. how small is small in the context of the viability of the Ky, procedure?

It should perhaps be emphasized that the analysis has been concerned with a situation
where wave reflection effects are ignored. The conclusion is therefore relevant to the
propagation and arrest of a crack in the pressure vessel of a water-cooled reactor when this
is subjected to a hypothetical loss of coolant accident (LOCA). In such an accident, the
emergency core cooling system (ECCS)injects water into the vessel, so that thermal stresses
might allow a pre-existing defect at the vessel inner surface to propagate into the vessel
wall. In this case, primarily because Lthere are no free gurfaces parallel to the crack
propagation direction, one can develop arguments [7,8) to show that it is reasonable to
neglect wave reflection effects. This class of problem should therefore come within the
compass of the present paper’'s conclusion as regards the viability of the Kig procedure in
the context of the allowable amount of crack extension. In other words the Kig approach

should certainly be applicable if the crack jump length does not exceed twice the initial
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crack size, the conclusion also applying to the case where fracture reinitiates at an
arrested crack tip. In this context it is interesting to note that in the Oak Ridge model
vessel experiments [{9) that simulate LOCA situations, the initiation-run-arrest sequence of
events for the experiments TSE-5, TSE~5A and TSE-6 were such that the crack jump length 1ig
less than twice the initial crack size (except for one case in TSE-6 where the extension is
2.5 times the initial crack size). It was argued [9) that the arrest crack lengths could be
predicted satisfactorily via the Kra pProcedure; this conclusion is compatible with the

present paper's observations.
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FIGURE 1 The Mode I propagation of an edge crack in a semi~infinite solid due to the
of applied forces P at the crack mouth.
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FIGURE 2 The crack extension

at arrest predicted via the reflectionless
*®
stress intensity (Ky) and Kyg procedures.
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