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ABSTRACT

The study deals with an experimental study aiming at developping an assessment procedure
to analyze the stability of part through thickness longitudinal crack in an elbow subjected to
bending.

The material is a very ductile 316 L steel tested at room temperature.

1.INTRODUCTION

In the framework of a safety programme related to pipings in Pressurized Water Reactor
(PWR), an extensive study was launched by the French Atomic Energy Commission (CEA)
in collaboration with the Utility Electricité de France (EDF) and the Design Compagny
(FRAMATOME).

This study aims at characterizing the behaviour of elbows containing superficial crack by
experimental and numerical studies.

2.TESTS DESCRIPTION
2.1 Principles of the tests

The test consists in closing elbows by imposing a vertical displacement at one extremity of
the straight part welded to. the elbow.

2.2 Specimen

Each specimen is constructed from a 90° elbow made of an austenitic material 316 L (Z3
CND 18-12).

A longitudinal, rectangular shaped, round tip notch is machined in the crown region of the
elbow (See figure 1). This round tip is chosen in order to avoid initiation and propagation
of the notch due to the increasing loading.

The notch geometry is different according to the depth/thickness ratio (a/t = 0, 1/4, 1/2,
3/4, 1) and the crack length total angle § measured on the elbow mean radious (6 = 10, 20,
30 and 45°).

2.3 Instrumentation
Different instrumentations are installed on the elbows in order to measure the resisting

strength, the displacement of the mobile part of the specimen, the closing angle of the
elbow, the diameters variations on two perpendicular directions (extrados to intrados and
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crown to crown), deformations on the longitudinal and circumferencial directions in the
median section of the elbow, crack opening displacement and crack opening angle by two
clip gages mounted on the outer skin of the crack lips (See figure 2).

2.4 Material

A complete material characterization was performed by tensile tests made with specimens
extracted from an elbow of the same familly as the one tested in the experiments. The
following mean values were obtained and used in the interpretation of experimental results :
E (Young's modulus) = 169 000 MPa, Sy (yield stress) = 315 MPa, Su (ultimate stress)
= 664 MPa, A (rupture strain) = 60 %

2.5 Some experimental results

The figure 3 gives the curves relating the bending moment versus the elbow closing angle
for some tests. One can see that the curves are not influenced by the different notches. The
same comment can be applied to other global kinematical displacements (diameter
variations, deformation far from the crack locations). The experimental limit load (total
angle = twice elastic one) is indicated on the figure (M1 =4100 daN.m).

On the contrary ,the figure 4 gives the curves relating the bending moment versus the crack
opening: the larger the notch, the larger the opening. The influence of the notch is visible
since the very beginning of the loading.

These two sets of curves suggest that the presence of the notch modifies the mechanical
behaviour of the elbow only in the region very close to the notch.

3.NUMERICAL SIMULATION

In order to complete the experimental analysis, a numerical simulation of test n® 13 was
performed by using the CASTEM 2000 computer code developped by the CEA [1990].
This code uses the finite elements method.

3.1 Mesh modelization
The mesh used in the calculation is presented in the figure 5.
3.2 Other conditions of calculations

Large displacement corrections are considered. The material nonlinearity is taken into
account by isotropic hardening applied to the experimental rational stress-strain curve
obtained by the tensile tests.

3.3 Some numerical results

The figure 6 presents the evolution of the elastic circumferencial stress on the outer and
inner skin of the elbow in the median section. One can sec that the stress distribution is
disturbed only in a reduced region (+ 10 degrees) surrounding the notch location.

The figure 7 presents the evolutions of the crack opening displacement measured by the clip
gage given by the experiments and by CASTEM 2000.

The same very good agreement is obtained when considering the global elbow behaviour
(bending moment versus closing angle or diameter variations). This confirms the ability of
the simulation chosen to reproduce the actual behaviour until the experimental bending limit
load is reached.

4.CONSTRUCTION OF A SIMPLIFIED METHOD
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4.1 Definition of a limit state

To calculate a parameter like J which can be used to analyze the behaviour of a crack under
the elastic and plastic regimes, it is necessary first, to determine the local limit load of the
cracked ligament. These principles are embedded in methods proposed by the EPRI (See
KUMAR [1981]), the R6 rule [1980], or the appendix Al6 of RCC.MR [1992]. The
conditions of developpment of the two last methods are given by papers presented by
Ainsworth [1984] and Moulin [1992] respectively.

As written in the A16 rule, it is proposed to consider the circumferencial stress distribution
in the thinner part of the cracked ligament to define the limit stress. This stress direction
acts in the mode I of the crack solicitation. This distribution is given by the numerical
simulation. Such a distribution is given in the figure 8 for a particular bending moment
M =4500 daN.m .1t is possible to calculate the equivalent membrane stress o, ,bending
stress oy, and limit stress ¢}, by the followin gormulae :

om=1/e o.dx 1)
€
o, =1/¢2/6 I (0-0,).x.dx @)

o =o0p/3+[eb/32+ 112 (3

Note that e is the reduced ligament thickness (e = t - a). The figure 9 gives the evolution of
Op, Om and op as a function of the applied bending moment M. The yield stress Sy is
indicated on the figure. This figure shows that the effect of the bending stress is dominating
but the membrane contribution is not negligible. It also reveals that the relation between g;
and M is no longer linear at a M value close to 1500 . There is , first a reduction of stress
until M =4200 and then a rapid acceleration where the stress is even larger than the stress
that can be calculated by the extrapolation of the initial linear relation between ¢; and M.

A possible explanation of this behaviour is that until M =1500 there is a rather kinematical
mechanism in the elbow that makes the stress to increase under a deformation controlled
situation. It is the diameter variation that commands the circumferencial bending stress.
Under such circumtances ,the following reduction of stress reduction is simply due to the
material non linearity caused by the occurence of the plasticity on the stress of a rather
secondary nature.The plasticity spreads in the ligament thickness from M=1500 to
M=4200 .For a value of the bending load larger than M =4200 , the mechanism is
different. The presence of the crack begins to influence greatly the stresses in the
neighbouring parts of the elbow median section . This leads to an elastic follow up
phenomenon that concentrates the elbow strain energy in the small ligament part and causes
the stress magnification.

4.2 Practical method using elastic analysis

A practical method to calculate o; can be constructed from the stresses given by the elastic
analysis of the uncracked elbow. Those values are given for example by the finite elements
calculation or by the RCC.M (Chapter B 3683). They are refered here as : oy, = bending
stress, o, = membrane stress, oy, = limit stress calculated by equation (3) with oy, = gy,
and o, = oo

The figure 10 gives the evolution of 6y, 01y and gy, as a function of the applied bending
moment M. One can see that the membrane stress 1s negligible by comparison with the
bending stress.
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The figure 11 gives the comparison between ¢ and oy, as a function of M.It shows that a
correction is still needed for gy, in order to take into account the reduction of the rigidity
due to the presence of the crack in the section considered. It is here proposed to use the
limit load solution for a surface crack in a plate subjected to bending and given by
Willoughby (1989). One calculates first an equivalent very long crack depth a, :

ag / t = w.2C.a/ 4.t2C+t) 4
where : t = total thickness including crack depth, 2C = total surface length.
and then the limit stress ;™ by the equation (5) :

2/3 (040 /01") + (0mo? /oy") = [1 - 3 /112 )

The evolution of ¢;* is added in figure 11. This correction is insufficient to give,even in the
initial linear region,the limit stress calculated by the finite elements method.By using a
curvature correction, given for example by a Folias formula,one calculates a magnification
factor equal to 1.2. The corresponding final stress is noted oj.* and calculated by the
equation : ¢y *= 1.2 o* ©)

The corresponding curve is also given in the figure 11.0ne can see that, now, the
agreement is very good in the initial part of the curve. For higher values the corrections
proposed are conservative until the limit bending moment (M =4200) is reached.It is worth
mentionning that no benefits of the stress redistribution, due to the plasticity in the pseudo-
kinematical region, is considered. It is here assumed that the stress is a primary bending
stress.

5.CONCLUSIONS

The results indicate that the effect of the crack is only very local.
A limit stress definition is proposed to calculate the limit local load from elastic the
calculated stress distribution in the cracked ligament.
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