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INTRODUCTION

The detection of cracks, caused by stress corrosion in stainless steel pi
ping of nuclear plants with light water reactors, has promoted the study
of the potential rupture of this piping. Therefore, the study of cracks
appearing in large diameter piping, with apprec¢iable thicknesses, is a
complex problem of stress distribution in three dimensions on the elastic-
plastic range.

The difficulty in describing the indicated effects has led to the deve-
lopment of models with different grades of complexity.

The most complex model amongst those proposed is that due to Paris (1).
In this model, a tearing instability criterion is used, based on the ma-
terial resistance curve. This method has two drawbacks: it requires com-
plex tridimensional calculation systems on the elastic-plastic range and
a material resistance curve data base.

On the other hand, empirial methods are found, such as the one proposed
by Belbe (2) for piping without defects, in which the plastic moment is
corrected by empirical functions. The advantage of this method is its sim
plicity of application, although in certain cases it may prove to be very
canservative .

Before this, Kanninen (3) had incorporated the geometry of the defect
into the calculation of the plastic moment of the section, and Wilkowski
(4) presented the safety factors of the model compared with a series of
tests. The previous model was completd by Hasegawa (5), introducing a new
parameter to account for stresses in the fracture process zone.

The model presented in this work completes the Hasegawa model with four
new parameters. The first one permits incorporation if the effect of the
residual stresses in the section and the second ovalization. The third
and fourth are parameters that modelize the growth of the defect, one
being the minimum length of the defect at the leaking instant and the
other its effective area.

RESIDUAL STRESS TREATMENT

The basic geometry of the section with the defect and the stress distri-
bution is described in Figure 1 at the time of maximum moment.

Figure 2 shows the distribution of relative residual stresses of the type
described in (6). The areas between the maximum and the residual stress
curve show the section load cepacity. It can be seen that the presence of residual stresses
increases the capacity to absarb tension, areqﬁi,wihﬂ;itdazea§5'&m cepacity of ab-
sorbin compressions, area Ap,
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The new admissible stress values, the allowable maximum average stress in compression a'
and in tension ¢, are defined as a function of the material yield stress o'p as:

) =A2/a: <oy 5 @ =Al/o’ >0p (1)

Itlsasswnedﬁlatﬂwrelsmtemalprﬁsweandltlsdermmxated 0" . at the uniform ten
sion stress in the section. Due to the presence of interRal pressure, the
maximum allowable stresses due to the bending moment are:

in the compression zone o'mc= orc + cr'pt
in the uncracked tension zone mt- %t~ a'pt (2)
in the cracked zone o F ch - o’pt
where ¢ is the average stress parameter defined by Hasegawa (5) at the
time omeax1mum moment in the zone of the defect.
The neutral axis is defined by:
. ( ot)
= —— - 1- - X 3
Ve R w-6) @, + 6 (1-X) 0 r-ex) 0", | (3)

The above includes the Hasegawa (5) and Kaninen (3) model as a specific
case. The total external moment around the central axis of the circular
section is:

2

Mext = Mad hl Mse ; Mse; 2tR O‘pt

Ma 2tR (0‘ sinep + G’ (sine/B - sine @ ) +a' (1-x) sinee)

where M is the maximum plastic moment that section can withstand. M se
is a secondary moment due to internal pressure,

X sine & (4)

OVALITY

In (4), Wilkowski presents a correction of the failure moment in terms of
the ovalization reached by the section. It has been observed during'experi
ments that piping with short cracks with complete penetration become defor
med as if there were no cracks, i.e., with the greater axis of the section
remaining horizontal (Fig. 3a). Piping with long cracks of complete pene-
tration become deformed with the greater axis of the section remaining
vertical (Fig. 3b).
In this paper, the radius will be represented (Moreno (7)) by:

R=R (1% _d c052¢) (5)
where o is ovality and R mean radius.
The total force in the compression zone (see Fig. 1) is:

A
Flzzf,"'mct (\/(1+ (—%3—¢) )2 ) Rdp = 200 t I, (6)

where, taking into account that ovality is small and ignoring higher order
terms in ovality, Il takes the form:

=R /oﬁ(l ¥« cos20) d¢= R (07 % sine 2¢)f (7)

Calculating the integral for the other two zones and balancing forces gives
the neutral line equation,

= -«
2(c‘mc+o’mt) tR(ﬁ+2—51ne 2/6) = (8)
_ R A - RO _ (74 )
= 20’mt tR (M-0) + 2o’mF (1-x) t RO - (+ 2) sine 26
(20 tR + 20 (1-x)t R)

have the meanings indicated in equation (2).
where ¢, ¢ . and oo g q (2)
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The expression for the total external moment, ignoring higher order terms
indis:

= 2 . . . .
Mext = 2tR (0‘m031neﬂ+ LA (51ne/9- sined)+ (l-x)a-'mf sine @) (9)
- ,.5 2 . 1. . . 1 .
+ 2tR “d (o’mc (sinep + 3 51ne3ﬁ) O (smeﬁ- sine@ + 3 sine3f-

1. , 1 . .
-3 sine39) + (1—x)o’mf (sine 8+ 3 sine3@)

wich, with the help of equation (2), can be written in a similar way to
equation (4), and with the same notation.

CRACK GROWTH TREATMENT

Disregard for the crack growth process is one of the reason for lackof
conservatism in certain cases (Wilkowski (4))using the Kanninen formulas.
Let us consider the defect shown in Figure 4 of depth '"d". The proposed
correction assumes that the effective area of the defect at the failure
instant is the shaded area, instead of the initial area of the defect. The
approach also assumes that there is no circumferential growth of the defect.
until it reaches complete penetration. This approach is applicable to de-
fects with large @ R/t fractions, but not to small ones. The approach
should be completed with an experimental ¢ . parameter, which gives the
minimum circumferential development of any défect at the instant when com
plete penetrationis reached. All defects with a development of less than
§ . will be treated as if they were defects of size ¢ . . For greater
dg%gcts, it will be assumed that they do not experimen%lgirCumferential
development befores reaching complete penetration.

It is assumed tha the effective defect has an elyptical front.

The elipse is definied passing through points A and B of Figure 4 of
coordinates (Rex,TT/Z), (Rin +d, /2 - @) which imply:

R2 (R, + d)2 sineza

2 ex in

a = > > 2 , b= Rex (10)
R - (R, + d)” cos @
ex in

Upon integration, the effective area of the defect, shaded area of Fig.4,
is:

_ . a - R? 11
Seff_ab (2 arc tg ( bctg&) ) Rina (11)
The effective depth of the defect will be:
2 2
C Ry + )" - R )0 =80 (12)
In a first approximation:
S
eff
- &1 13
de:f‘ 2R, 6 (13)
in

NUMERICAL VARIATION INTRODUCED BY THE NEW MODEL

We will consider the case of a pipe with the foélowing characteristics:
R=190 mm, t = 26 mm, 20 = 1322, ¢ = 45 Kg/mm" .

If a complete penetration defect anf no internal pressure are assumed,
the consideration of residual stresses means a reduction of the plastifi
cation moment in theg range of 6% over the initial one. If an internal
pressure of 1 Kg/mm is considered, the secondary moment means a varia-
tion in the external moment in the range of 10%. Ovalization of 5% involves
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a variation in the external moment in the range of 7%.

If we assume that the defect has a penetration of 0.65 and a length of
1712, application of expressions (8) and (11) implies an effective size
of 0.84 at the leak moment, very close to the experimental value obtained
by Wilkowski in (4) for a similar case.

CONCLUSIONS

- The model presented here introduces a new parameter to evaluate the
effect of residual stresses at the failure moment.

- A first order correction has been introduced in ovality. The method
used allows corrections of a higher order.

- The model maintains the secondary moment due to internal pressure,
allowing the consideration of differents boundary conditions to be
accepted.

- Ignoring the previous effects could lead to unrealistic plastification
moments .

- Two new parameters at the failure instant, minimum defect length
and effective area of the defect (d ) have been defined.

— The model is suitable for introducing into a small computer and allows
a wide parametric sweep.

min
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