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ABSTRACT

RSE-M Code provides rules and requirements for in-service inspection of French Pressurized Water Reactor
power plant components. Non mandatory guidance is given in the Code for defect assessment in a wide range of
configurations. surface cracked pipes and elbows under pressure, moment and thermal loading. The Code
provides influence coefficients to calculate stress intensity factors in pipes and elbows containing semi-elliptical
surface defects (circumferential or longitudinal). The J assessment method is based on the reference stress
concept with two options for reference loads evaluation: "CEP elastic plastic stress' and "CLC modified limit
load".

This paper presents an overview of all the formulations and namely the case of pipe-to elbow junctions. The
paper provides also a description of the very large data base of 2D and 3D J elastic-plastic finite element
calculations performed to establish and validate the formulations. Finally an applicability domain of the methods
is given ensuring a conservative prediction of J.
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1. NOMENCLATURE

Lyan  Length of the thickness transition

ri Inside radius of pipe or elbow

le Outside radius of pipe or elbow

m Mean radius of pipe or elbow

o  Mean radius of pipe (thick side of tapered transition)
R. Radius of curvature of elbow

t Pipe wall thickness
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t(p) Elbow variable wall thickness (intrados reinforcement)
ty Pipe wall thickness (thick side of tapered transition)
tR,

m

A Elbow parameter : A =

Bend angle of elbow

Slope of the tapered transition
Depth of a surface crack
Half-crack length

Half-crack angle

Crack azimuth on elbow
Position of the crack in atapered transition
Young's modulus
Poisson’'sratio

Yield stress (at 0.2%)

Torsion moment

In-plane bending moment
Out-of -plane bending moment
Pressure

Mode | stressintensity factor
Elastic value of J
Elastic-plastic value of J

‘—'@‘_—'_X'U(»ZNZHZ@< mxemom§§

Other symbols are defined in the body of the text.

2. INTRODUCTION

The RSE-M Code (RSE-M, 2000) provides rules and requirements for in-service inspection of French
Pressurized Water Reactor power plant components. Its scopeis close to the scope of Division 1 in Section X1 of
ASME B & PV Code (ASME, 1998), except that concrete components and metallic liners are not included.
Appendices 5.3 and 5.4 of the Code give non mandatory guidance for analytical evaluation of flaws, i.e. fracture
mechanics analyses based on simplified methods. The J assessment method for mechanical loading is based on
the reference stress concept with two options for reference load evaluation : "CEP elastic plastic stress' and
"CLC modified limit load". For thermal and combined loading, an analytical method is also available but it will
not be described here (see Le Delliou, 2004).

This paper presents an overview of al the formulations for mechanical loading and namely the case of
pipe-to elbow junctions. The paper provides also a description of the very large data base of 2D and 3D J
dagtic-plastic finite element calculations performed to establish and validate the formulations. Finaly an
applicability domain of the methods is given ensuring a conservative prediction of J.

3. PIPING CONFIGURATIONS COVERED
EDF, FRAMATOME and CEA have developed simplified methods to calculate the J integral for surface
cracksin 5 typical piping configurations:

a) Circumferential surface crack in a straight pipe
Figure 1 shows a circumferential semi-elliptical crack at the outside surface of a pipe. The crack angle 8 is

defined by : [3=r£ ([3=rE if the crack is on the inside surface). The mechanical loading can be a
e i

combination of pressure, in-plane bending moment M, and torsion moment M.
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b) Circumferential surface crack in atapered transition

Figure 2 shows an axisymmetrical crack at the inside surface of a tapered transition. The crack is located in
the thin side of the transition, at a distance X (= 0) from the thickness transition. The mechanical loading can
be a combination of pressure, in-plane bending moment M, and torsion moment M.

M3

Figure 1 - A circumferential semi-elliptical | Figure 2 - An axisymmetrical crack at the

crack in a straight pipe

inside surface of a tapered transition

¢) Longitudinal surface crack in a straight pipe

Figure 3 shows a longitudinal semi-€elliptical crack at the inside surface of a pipe. The mechanical loading
can be a combination of pressure, in-plane bending moment M, and torsion moment M.

|
!
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d) Longitudina surface crack at the mid-section of an elbow

Figure 4 shows a longitudinal semi-elliptical crack at the outside surface of an elbow. The crack must be
located in the elbow mid-section and in one of these three positions : intrados (¢ = -90°), extrados (¢ = 90°) or

crown (¢ = 0°). The crack angle B is defined by : Bzi. The mechanical loading can be a combination of
r

m

pressure, in-plane bending moment M,, out-of-plane bending moment M3 and torsion moment M;.
The components of moment are those existing in the mid-section of the elbow. They can be calculated from
those existing at the elbow end as shown in figure 4 by therelations :

0 Ve 0. Ve
M;=M7cod — |—-M3sin| —
-l 42 wisr %

M, =M9
MszMggn(W_zc}Mgco{w_zcj

e) Circumferential surface crack at a pipe-elbow junction

Figure 5 shows a circumferential semi-elliptical crack at the junction between a straight pipe and an elbow.

The crack angle § isdefined by : = i. The mechanical loading can be a combination of pressure, in-plane

m

bending moment M, out-of-plane bending moment M3 and torsion moment M;. The components of moment M1
an M3 are those existing in the mid-section of the elbow. They can be calculated from those existing at the elbow

entrance with the same formulas as for case d).

‘1 % .
intraalos,_!(\é;///2 extrados

crown (0°) AN

_

Figure 4 - Alongitudinal semi-élliptical crack inthe
mid-section of an elbow at the extrados (¢ = 90°)

Figure 5 - A circumferential
semi-élliptical crack in a pipe-elbow
junction
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4. PRESENTATION OF THE J-ESTIMATION SCHEME

4.1 Background

CEA, Framatome ANP and EDF have developed a simplified method to calculate the Jintegral in cracked
piping components subjected to mechanical loading. The estimation of the elastic-plastic parameter J (called Js)
is based on a plastic correction of the elastic value of J (called Jy), using the reference stress technique as
established by Ainsworth (1984) for the R6 procedure (Milne, 1988) :

E
Jg = g |:ﬂ+\|l:| (1)
G ref
where
KZ E
o Jy=—— with E*= >
E* 1-v
® O — Lrsy

e g iSthe strain corresponding to the stress oy = LS, on the true stress - true strain curve of the
material (same approach as Option 2 of the R6 rule)
ey isthe plastic zone correction.

The reference stress, o, Can be determined by two options named respectively “Maodified Limit Load
option” (CLC) and “Elastic-Plastic Stress option” (CEP).

Equations for cases @) to d) have already been fully presented in previous papers (Lacire, 2001, Lacire, 2002,
Le Delliou, 2003) and will not be recalled here. Only case €) will be presented hereafter for both options.

4.2 CEP option for a circumferential surface crack at a pipe-elbow junction
Since plasticity can cause redistribution of elastic stresses, two equivalent elastic and plastic stresses, named

respectively cega and o, are determined from the stress componentsin the elbow wall :

[ceqel ]2 = [Slm]2 + Ggm _SimGZm + 40:%2 2
[Geqpl ]2 = Sl?m + G%m “Sim%2m t 40%2 €)
where:

* Sy =0O1m +ficgb isthe plastic total axial membrane stress,
pl

e s, =15%c, +ficgb isthe elastic total axial membrane stress,

o1m and o,y are respectively the axial and circumferential membrane stresses due to the pressure,
o4 IS the axial membrane stress due to the bending moment,

o712 IS the shear stress due to the torsion moment,

g isacoefficient taking into account the effect of plagticity,

fa and f, are coefficients taking into account the presence of the crack

The expressions used to calculate the stress components cim, G2m, og, anNd o1, from the loads P, Mf , Mg

and M 8 , aswell as the expressions of the coefficients g, fg and f, are given in Tables 1 and 2, depending on the

crack shape (semi-elliptical or axisymmetrical) and location (inner or outer surface). It should be noted that the
moments have to be taken in the pipe-elbow junction.
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The reference stress o is deduced from these elastic and plastic equivalent stresses. Its corresponds, on the
material stress-strain curve, to the strain g, expressed by the following relation, asillustrated on figure 6 :
Eref = Eql (Geqel )+ Epl (Geqpl )
where :
® &y = Ogal/E isthe elastic strain associated to Geg,
e gy istheplastic strain associated t0 Gegp-

Finally, an estimate of the elastic-plastic Jintegral is obtained from equation (1) doing y = 0 (no plastic
zone correction).

Additional information can be found in (Marie, 2003).

Oeqel €el r Epl
NI e,
Gt | /

Geqpl

E Eref

-

Figure 6 — CEP option : reference stress evaluation

4.3 CLC option for a circumferential surface crack at a pipe-elbow junction
For this case, the equation used to calculate L, for a pressure combined with the moments M, (torsion), M,
(in-plane) and M3 (out of-plane) is:

2 c 2 m 2
I I
OmMembtt Hep Unlen OmMemtt

where p, m;, and m are non-dimensional loading :
2 2
My | [ Ms
Hg2 Hg3

1 m= ©)
2 15, 2 nrits, A5ty

oo Y3 P mo¥3_ M1

and Qm, On, Mems Hens Meps Mt Cic, ¥, Hge @Nd gz are coefficients depending only on geometrical parameters.
These coefficients are given in Table 3. The moments M;, M, and M3 have to be taken in the elbow mid-section.

When there exists a bending moment (m > 0), a correction is requested to avoid non-conservative results at
the onset of plastification (L, < 1). This correction needs the calculation of the parameter L*r :

2
L*r Z\/‘/4m*2 + m12 +p? +(1—yz)m* where m’ :0.28(1+ k)qm 1_(%J _p2 ()

n
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Then K, is calculated from L, by :
1
E 2 |2
K, = ﬂJrl;-_r @)
LS, 2L7+1

where g, is the strain corresponding to the stress o, = LS, on the true stress - true strain curve of the
material (same approach as Option 2 of the R6 rule).

When m > 0 and L, <L, <1 a corrected value of K, is calculated by a linear interpolation between
K(L7) and K (L, =1 :
Kr(Lr:]-)_Kr(Lr)( *)

1-L,
Figure 7 shows the principle of the correction :

K, =Kq(Ly)+ )

K,
1 \
O
: L
0 L1
Figure 7 — CLC option : correction of K; in the transition regime
between confined plasticity and generalized plasticity in bending

Finally, an estimate of the elastic-plastic Jintegral is obtained by :
J= :—ez where J. isthe elastic value of J

r

Additional information can be found in (Michel, 2003).
5. DESCRIPTION OF THE VALIDATION PROGRAM

5.1 Finite element database

A set of elastic-plastic calculations on configurations representative of nuclear power plant piping has been
established and constitutes the reference database used to develop and validate the analytical method. About 200
FE caculations of J performed by CEA and EDF using 2 FE codes (CASTEM2000 from the CEA and
Code_Aster from EDF) are available for the configuration (case €) presented in this paper.

To elaborate a comprehensive finite element database, including semi-elliptical and axisymmetrical defects,
the following parameters were investigated :

o relative pipe wall thickness (t/ry, = 1/5 or 1/10),

elbow parameter (0.2 <A <0.8),
elbow angle (45° <y, < 180°)
crack location (inside or outside surface),
crack azimut (angle o),
relative crack depth (alt = 1/8 ; 1/4 ; 1/2),
crack aspect ratio (a/c = /3 for most cases),
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e tensile curve (Ramberg-Osgood fit with n = 6 or 8, 316 stainless steel, carbon steel with a plateau).
The Ramberg-Osgood fit uses the equation :

n-1
€ :%lu o{ij ] with E = 174700 MPa, o = 1 and o, = 163 MPa,
Go

e typeof loading.

5.1 Application of the method on examples

Three examples of application are presented here, whose characteristics are given in Table 4. The
stress-strain curve used is the Ramberg-Osgood one described previoudly, with n = 6. In the FE calculation with
combined loading (pressure and moments), the pressure is applied first, then it is held constant and the moments
are applied proportionally. For the application of the analytical method, the elastic value of J comes from the FE
calculation, in order to avoid inaccuracies due to the analytical evaluation of Jy. To characterize the overall load
level due to combined loading, a parameter called L, nom iS defined by the formula:

L+ nom :\/mz + [pclc]2 +[m1]2 9)
where p, m;, and m are non-dimensional loading defined by equation (5).

For the three examples, Fig. 8, 10 and 12 show the evolution of J at the deepest point of the crack as a
function of L, nm, Whereas Fig. 9, 11 and 13 show the evolution of the relative difference on J between the
estimate Js and the FE result (Jer). This difference was calculated by the formula :

Diff _J(%) =100 Js —Jer (10)
Jer
This type of analysis was conducted on the whole database, in order to determine an overal trend on the
accuracy of the analytical method. The under-conservatisms are limited to 20 % but the over-conservatisms can
be high (more than 100 % for high levels of loading).
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Figure 8 - case 1 : J at the deepest point Figure 9 — case 1 : relative difference on J
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Figure 10 - case 2 : J at the deepest point Figure 11 —case 2 : relative difference on J
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Figure 12 - case 3 : J at the deepest point Figure 13 — case 3 : relative difference on J

6. APPLICABILITY DOMAIN
For the configuration presented in this paper (pipe-to elbow junction), the CLC and CEP options are
applicable to elbows with r,/t>3, 02<A <1 and 45° <y, <180°. Regarding the crack size and shape,
the conditions are asfollows:
Gif <821 then 2<1
3 ¢ 2

Jif 0<2<? then 2<
c 3 t

1
T4
7. CONCLUSIONS

The RSE-M Code provides rules and requirements for in-service inspection of French Pressurized Water
Reactor power plant components. Its scopeis close to the scope of Division 1 in Section XI of ASME.

Appendix 5.4 of the Code gives non mandatory guidance for analytical evaluation of flaws, i.e. fracture
mechanics analyses based on simplified methods, including evaluation of elastic stresses, stress intensity factors
and the Jintegral.

J-estimation schemes have been developed to calculate the J integral in a pipe or an elbow containing a
surface crack, submitted to mechanical or thermal loading :

- circumferential crack in astraight pipe (included in the 2000 Addenda) or atapered transition,

- longitudinal crack in a straight pipe,

- circumferential crack at the junction between a straight pipe and an elbow,

- longitudinal crack in the mid-section of an elbow.

These methods will be included in the next Code Addenda, to appear in 2005.

In this paper, the case of a circumferential crack at a pipe-to elbow junction submitted to mechanical loading
was developed. An outline of the validation work was shown and the range of application was specified.
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Work is on-going on the development of a J-estimation scheme for cracks in welds, to take benefit of the
mismatch between the tensile properties of the weld material and those of the base material.
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Table 1 - Circumferential inner surface crack at a pipe-elbow junction. Coefficients for the

CEP option.
Stress component Semi-elliptical Axisymmetrical
or coefficient inner surface crack inner surface crack
Prp t 1 ( 1) Prp t 1
2t to) gp U z 2t tlo) ap
1 a
where q :(l_ aj.ﬂ,.i. where q :( __J
P P p
o tlo)) tlo) |, t(o)
fma
Pr, 2nr2t
and z=1+—DmN m
20) g
Pt Cl Pt Cl
] ¢ o) g, ¢ o) ap
2m .
where  C. (1.85R, + 1350, sing) where  C.. —1.085 (1.85R —1.35r,)
2(Rc‘i'rmsmq)) 2(Rc_rm)
2 2
MO+ M2
Ify<0: M.i.(l_o_zsy—ommyz)
2
rmt Hg
2 2
MO+ M2
Ify>0: M.i.(l_o_szy-o.lzyz)
2
nrmt g
- M‘f‘ 0
b where y=—1 1 _.SGN M—é
g «mg] - Lm3
IF2205: pg=Min(08.09 ;1)Min[1; 1.075—0.15ﬁJ
Y
f2<05: pg=0.905.07 Min(l; 1.075—0.15ﬁ]
T
M 11
- I
1 ZTCI'%'[ dp 0.8
Ify<0: Ify<0:
pa) a . |1 5 { a}l 5
2= —l1+0.23y - 0.0176 1-Z|=1+0.23y - 0.0176
{Co 2tj 2tsnﬁ}k[+ Y ] t k[1 Y )
Ify>0: Ify>0:
all 2
f Ba)_ay 11_0_32 —0.12v? {1——}— -0.32y - 0.12y
d {co th 2tsmB k[ y y] t kb ]
Cc
where B:r_- where
! ) k = Minft; (- 0.37812 + 0.9862 + 0.446)|
k = Minft; (- 0.37812 + 0.9862 + 0.446)|
Ba)_agell {1_2}1
fo {CO 2tj 2tsnﬁ}k t |k
Y
9 4
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Table 2 - Circumferential outer surface crack at a pipe-elbow junction. Coefficients for the

CEP option.
Stress component Semi-elliptical Axisymmetrica
or coefficient outer surface crack outer surface crack
Pr, t 1 1 P, t 1
2t tlp) g, 095 2t (o) ap
Gim where _(_ a] a 1 h _(_ a]
dp =|1 + where q, =|1
U o) o) 4, c© P t(e)
fma
Pyt G 1 Pyt G 1
5 t tlp) g, 095 t tlp) g, 095
2m .
where  C. (1.85R, +1.35r.m sing) where  C (1.85R —1.35r,)
2(R¢ + Ty SiNG) 2ARc —rm)
2 2
MOJ +m?
Ify<0: _ﬁlﬁ_i£;£_‘é£.@_03y_01yﬂ
nrr%t Hg
2 2
M) +(m?
Ify>0: (2)—2(3) L (1+ Max[— 0.25y — O.6y2;—0.37])
Oy TCrmt Hg
- ‘M 9 ‘ 0
where y— i son[ M2
M3« pg] (w3
and g = Min(0.81%% ;1
MY 1 1
- =
2 275[‘%'[ Up 0.9
pay a_. |1 { a} 1
co§ —— |——sinB |— 1-2 =
{ 2 t] 2P } k tlk
¢ where B = L
. fe where
o ] 1 £ 037812 09862+ 0.446) k = Min]t; - 0.37822 + 0.986% + 0.446|
{L— 0.31 Max[o; (sin(L.74¢ - 1.976))1-53]}
fp| fpl =fq
T
9 4
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Table 3 - Circumferential surface crack at a pipe-elbow junction. Coefficients for the CLC

option.

a a
Coefficient B< ZTCT B> ZTCT
Clc 05+ ZRC —Im
AR¢—rm)
Y 0.8 (inner surface crack)
1 (outer surface crack)
Hee |1+ [(o.13+ 0.4383y ¢ - 0.07353y & ) Mi n(o :0.62.% + 0.3\ — 0.85)J
Mg |1+ [(0.13+ 0.4383y . - 0.07353y & ) Min(0;1.21 — 1.1)J
q a
" COS(EE) —iism(B) 1-—
2t 2t t
qn _EE_Earcs'n|: gn(ﬁ)j| 1_2
e T t
Hem 1- 0.16\/E 1
t
Uen 0.92 pem
Hep 1 (inner surface crack)
0.9 (outer surface crack)
H 1+—— E 1+ l E
t=n 2t

Table 4 - Characteristics of the examples presented.

m t R. Ve Crack a c 0 Loading
(mm) | (mm) | (mm) | (°) location | (mm) | (mm) ©)
Casel | 400 40 1200 90 inside 10 30 |-1479| P+M,:Pupto10MPa
M, up to 5000 KN.m
Case?2 | 400 40 2400 90 inside 10 30 3 P+M+Ms
Pupto 10 MPa
M1,M3 up to 4000 kN.m
Case3 | 400 40 2400 90 outside 10 30 141.4 M, up to 6000 KN.m
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