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ABSTRACT

Within a co-operative tracture mechanics programme ot Electricité de FRANCE,
NOVATOME and SIEMENS/KWU, bending tests with monotonously increasing load on
circumterentially through-cracked straight pipes of typical "Liquid Metal
Fast Breeder Reactor” (LMFBR) main piping dimensions were performed. In this
report, we present some analytical 1investigations conducted using tinite
elements and simplitied methods {like R6, EPRI, ETM) and using tracture
properties obtained on standard CT-specimens. These results are compared with
experimental data both at room temperature and at 5%0°C and permit to
conclude reasonably on -the transterability of small specimen data to large
structures and on the validity of simplitied methods of analysis ot cracked
structures.

1. INTRODUCTION
The Part I of this paper |1] describes the experimental results obtained on a
series ot seven tests (si1x at RT, one at 550°C — See Table I of Ret (1]},
conducted on tull scale LMFBR typical pipes ot 316 L austenitic stainless
steel under monotonic loading condition with different crack angles and crack
locations.
This paper complements the presentation made there and describes a number ot
analytical 1nvestigations made to attain the objectives detined there.
These can be classified under there main headings :

m Application ot Finite-Element methods

» Application ot simplitied methods

m Leak area computations.
The 1nterpretation of the high temperature test (5509C) is limited only to
the application of simplified methods, while the six RT-tests were
interpreted using also finite element method and leak area computations.

2. APPLICATION OF FINITE-ELEMENT METHODS
Five computations were made at RT using the nominal pipe dimensions (mean
diameter D = 700 mm, mean thickness t = 11 mm) and the length of the pipe
equal to 2000 mm :

®» 3 computations with crack in BM (60°, 120°, 180° cracks)

m 2 computations with crack in WM (60°¢ and 120° cracks).
The weldment 1s modelled by a band ot 10 mm width.
The material data used for computations is that of Table 1.
All the analyses conducted are valid only upto the point ot 1nitiation of
tracture since the crack length in the computations is kept constant and
no stable growth i1s simulated.
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The computations are made 1n the frame work of small displacements. As an
1llustration, fig.1l shows the mesh tor the case of the Results obtained
concern :

m Evaluation of the influence ot modelisation ot weldment.

m Evaluation of elastic stress intensity factor and the J-integral as a

tunction of load tor different crack lengths.

m Prediction of initiation load.

m Crack opening profiles.

m Ovalisation, etc...
Comparison ot stress distribution, torce-displacement curves and J-integral
on pipes computed with and without modelising the weldment, permits to
conclude that the weldment has negligible etfect on the results.
Fig. 2. shows the evolution of J-integral as a tunction ot applied load tor
the five computations. Since one ot the objectives was to check the
transferability ot data from small specimens to components, the force to
initiate crack 1n these tests was evaluated using data obtained through
standard specimens 1indicated 1in Table 1. Table 2. shows the comparison
between the computed and the experimental results.
In general the comparisons between experimental and finite element results is
good. Similer results were also obtained with respect to crack openings.

3. APPLICATION OF SIMPLIFIED METHODS
The objective 1s to check the aptitude of various simplified methods to
predict the instability behaviour ot c¢racks in real structures with respect
to the 1nitiation and the stable crack growth. The methods analysed are :
s Two criteria approach of the R6-Routine Revision 3 developed by
CEGB.
m EPRI/GE Estimation scheme developed in USA.
m ETM (Engineering Treatment Model) developed by Schwalbe in Germany.
Among the various aspects studied are :
s Evaluation of elastic SIF for cracks in large pipes.
m Sensitivity of results on the Ramberg-Osgood parameters {a, n)
used to fit the true stress-strain curve.
m Use of different material properties in case of bimetallic joints.

3.1. Two criteria approach ot the CEGB (R6—Routine Rev.3)
The two-criteria approach of the CEGB |2] in its latest version (Routine
R6/Revision 3) 1s based on J-integral concept although the graphical
representation retains 1its orignal character, i.e. the tailure assessment
line (FAL) is a relation between two parameters :
m Parameter Kr, ratio of elastic SIF to toughness (Kr = Ki/Kic)
and
m Parameter Lr giving ratio of applied load to limit load based on
vield stress (Lr = P/PL{0y)).
For the analysis conducted here, option 2 1s used where the FAL 1s based on
the true stress-strain curve of the material :
E ¢cret. Lr* J‘l/z
+
Oref. 2 (1+Lg?)
where (0ref, €ref) represents a point on the stress-strain curve.
All 1loading points 1nside the space surrounded by the FAL and the axes
represent the stability of the structure while the points on the FAL
represent the initiation of crack growth. For the case of cracks in welds (or
HAZ), there are two possibilities of analyses :
m either to use all the material properties ot welds (or HAZ)
m or to use cross properties 1.e. tensile properties of BM and
toughness of welds (or HAZ)- which 1s more conservative.

Kr =
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Different computations using FAL corresponding to WM, BM or HAZ show that for
cracks in WM (HAZ), use of WM (HAZ) properties give results about 10-15%
higher than those obtained using cross properties.

For the analysis presented here, we retain the procedure of using cross
properties. Table 2 shows such results compared with those obtained in
experiments and through finite element analysis.

3.2. EPRI/GE handbook method ot analysis
According to this method [3] the J-integral can be evaluated as a tunction of
geometry, loading and the Ramberg-0Osgood material parameters a, n such that
€ o o |0
—_— = | + | —

€0 0o Jo
represents the material stress-strain curve with o¢o and eo being the yield

stress and the elastic strain at yield stress respectively.
In the present analysis results are based on considering the J integral as
the governing parameter :

J = J%! (ceff) + Jr!
Jel (cerf) 1s the elastic part of the J-integral obtained by using an
effective crack length corrected for plastic zone and J°! is the plastic part
The results, as 1t is quite well-known, depend on the values of o and n which
are generally obtained by a least-square analysis of the stress—-strain data.
In this case, six combinations of n, « and oo were tested for generation of
mean values. Table 2 summarizes the results which, although less accurate
than tor other methods 1like finite element analyses, do give the trends
obtained in experimental results.

3.3. Analysis using engineering treatment model (ETM)

The method has been developed recently by Schwalbe [4]. It permits in a
simple way to evaluate the load at imitiation of fracture and at instability
and also to determine the corresponding stable crack extension.

It the material stress-strain law 1s represented as :

Oy Ey
where oy, €y are data at reterence point, the behaviour of the displacement
at the original crack tip, &, 1n the net-section yield regime (F > Fy) is
obtained as follows

o € im
_— fOIO)Oy.

1/m
§ = Sy l;——
Fy 1s the limit loa iased on stress oy; 6y 1s related to the SIF, using an
etfective crack length for the given geometry under the applied load F. The
method thus works in conjunction with the &§-R-curve ot the material.
Table 3 presents all the results computed using ditferent combinations of
material properties. From this table one observes that the ETM analysis would
give realistic or conservative results if :
s for a crack in the base material or the heat attected zone the data
of the base material (mechanical properties, R-curve) are used,
m for a crack in the weldment, the mechanical properties ot the
base material and the R-curve ot the weldment are used.

4. LEAK AREA COMPUTATIONS

In the framework of a three party ( Framatone, EDF, CEA ) programme 1n
France, a simplified method giving lower bound results for leak areas ot
circumferential through-cracks in piping, was developed and validated against
experimental results and numerical analysis coming from different sources.
The objective here 1s to describe very brietly the method and to apply it on
the experimental data obtained here.
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4.1. Presentation ot the method |b]
Starting trom the crack opening area A 1n a structure under uniform stress,
¢, 1n linear elasticity :
4 L
A= —1 K¢ (X} dx
cE Jo .
an expression for A is derived for a circumterential through crack in a pipe
tor a non-uniform stress 1n elasticity, to which 1s applied a plasticity
correction using Dugdale Model and reference stress concepts.
The expression proposed represents a lower bound tor A ; which 1n the present
context i1s a conservative evaluation. Thlis 1s given by :
As = a(X).7(s). Ap
where As represents the crack opening area tor the pipe, Ap 1s the
corresponding area tor an infinite plate under same loading conditions and
with a central crack or same dimensions, a{)\) represents the shell correction
1n elasticity :
2 "\
af{x) = — Y4 (XN).x dh
A% 0
where )\ 1s the shell parameter, Y the SIF magniiication tactor and 7(s)
represents the plasticity ettect obtained from the integrated displacement
tleld given by the Dugdale Model, s being the ratio ot the applied load to
the limit load based on ftlow stress.

4.2. Application

Several applications i1n a large range of pipe-crack dimensions showed that
the results were conservative but better than those predicted by EPRI/GE
Handbook method. Consequently, ali the pipe tests were analysed using this
method. As an 1llustration, tig.3 shows results on pipe tests 1, 2 and 3.

h. CONCLUSIONS FROM THE ANALYTICAL INVESTIGATIONS

h.1. Transterability or small specimen data to large components
Initiation : The application ot the small specimen data 1n conjunction with
tinite element analysis {(table 2Z) shows that the predictions with respect to
torce to i1nitiate crack growth are quite close to the experimental vaiues (-
% % tor cracks i1n BM, - 9 % Ior cracks in WM and + 10U % tor cracks 1n HAZ).
Stable crack growth : No tinite element analysis was conducted to simuiate
the stable crack growth. However, since the small specimens give results
valid only tor small stable crack growths, the application ot this data 1in
predicting maximum loads should be done with caution. As an 1llustration,
table 3 shows the application ot ETM simplitied method where the predictions
are quite ditterent with respect to experimental values : Z0 to 30 % 1n
error. 1t should nevertheless be stated that the 30 % ditterence 1ncludes
the tfact that cross properties are not used although the crack 1s located 1n
the weld.

h.2. Applicability of simplitied methods

From tables 2 and 3, 1t 1s tound that with respect to the i1nitiation ot crack
growth, the simplitied methods give conservative results as compared to
finite element analysls and experimental data. For cracks 1n welds or in HAZ,
the use ot cross properties gives conservative results by all the methods.

As tor the stable crack growth and maximum force, results only trom ETM
method are available. Here again, use or cross properties 1n general gives
conservative results. However, as mentioned in § 5.1.1. the application ot
small specimen data should be used with caution since this data 1s valid only
tor very small crack growths.The application ot other analytical methods
{flow stress concept and plastic limit load concept) to these test results
shows the conservatism ot these approaches |b6].
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5.3. Intluence of presence oif welds

From the computations made on cracked pipes with and without modelising
welds, it 1s tound (see e.g. tig.2) that the weld has little ettect on the
results obtained here and that the analysis can be made without the weld.
However, for predictions ot force to 1initiate crack growth, one has naturally
to use the toughness data ot the region where the crack 1is located. This
leads to a procedure using cross—-properties 1n case the crack 1s located 1in
the weld or 1in the HAZ.
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TABLE 3
COMPARAISON OF ETM-DATA WITH EXPERIMENTS ; DATA IN BRACKETS REFER TO THE
INITIAL PHASE OF STABLE CRACK GROWTH

T
' 1 Floax I | 2 (Floex) (my Fli LN
Material
Experiment Data Analysis Analysis Apalysis
n¥ Used in
Analysis |[Experiment| Mean value |Experiment| Mean value |[Experiment| Mean value
| o b e b o b
1 B 1 003 1 040f 1 100| 50.7 51 51 818 | e
HAZ 61 102 30 30 - -
2 608 33.5 19
B 517 541 35 35 409 | 409
3 w 607 860 | 885 4.2 23 23 337 - -
w 408 | 412 16 18 - -
4 m 340 320 | 335 26.3 16 18 149 - -
HAZ 420 | 439 16 18 - -
5 m 635 560 | b85 2.7 40 46 357 421 | 436
6 B 558 495 23.3 30 364 235
1 ) | 1 302 38 100 138
n* - Considering tension case - b* - Considering bending case
Floax - Maximum force during the experiment - F1; - Force at initiation of fractur

Fl = 2 Fv
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TABLE 1

STANDARD MATERIAL PROPERTIES

RT ' 5500C 7(’
316 L SPH 316 L mod IH‘
| omz | w BN BN ‘ng
L
E (MPa) 192 300 149 230 i?% ﬂ
Re (MPa) 297 | 410 3719 239 106 VA ‘\
S50 4
Ra {MPa) 613 638 639 594 398 #'JA" )
OoELS ‘
Jo (kd/m®) | 1 050 720 400 702 534 SR N
) N
dJ/dc (¥Pa) 325 255 185 650 310 R )
TABLE 2
COMPARAISON BETWEEN VARIOUS THEORETICAL AND EXPERIMENTAL RESULTS
OF Fy (KkN)
FIGURE 1.
T
O,
RT ! 550°C FINITE ELEMENT MESH
316 L SPH 316 L mod
USED WITH A 120° CRACK
¢ = 60° 120° 180° 120° 120°
Jo = [[400|720{1050|400{720(1070| 400(720)1050| 702 534
EPRI / GE 252297 340|120}145 (78)| 80 154 98.4
Average results
R6 276 |350| 383|105{142{ 165| 61 | 92| 101| 165,4 | 87.5
FENM 280340 395(160{230
TEST 4141762091 179| 715 169 100
{Number) (1) |(3)}(2)] (5)](4) (6) (7
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FIGURE 2.
EVOLUTION OF J~INTEGRAL AS A FUNCTION OF APPLIED LOAD
(Five computations) 400 28(w)
500 4000
FIGURE 3.

LEAK AREA As AS A FUNCTION OF

CIRCUMFERENTIAL CRACK LENGTH



