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The RSE-M and RCC-MR Codes provide respectively rules and requirements for in-service inspection 
of French Pressurized Water Reactor power plants and for the design of high temperature nuclear 
component. The Code give non mandatory guidance for analytical evaluation of flaws (Appendices 
5.3 and 5.4 for RSE-M and Appendix A16 for RCC-MR). Flaw assessment procedures rely on fracture 
mechanics analyses based on simplified methods (i.e. analytical). Analytical methods are available to 
calculate the J integral in various cracked piping components (straight pipe, tapered transition, elbow 
and pipe-to-elbow junction), submitted to mechanical loading (axial, in/out of plane bending moment, 
torsion moment, pressure), thermal loading as well as for combined loading. However, for the analysis 
of cracks in welds, they use the tensile properties of the weakest material between the base material 
and the weld material. This induces some conservatism on the estimated J values. 
A cooperative program between EDF, CEA and AREVA NP was launched in 2004 to develop a J 
estimation scheme which takes into account the strength mismatch effects. The scheme relies on the 
definition of an ‘equivalent’ stress-plastic strain curve, as proposed in the R6 rule. This curve is then 
used with the analytical methods for homogeneous cracked components. In a first step, the method is 
developed for circumferential surface cracks in straight butt-welded pipes submitted to mechanical 
loading. It takes into account the geometry of the weld joint (V-shaped), as well as the location of the 
crack within the weld. 
This paper recalls the background of the method, provides the detailed formulae needed to apply the J-
estimation scheme and finally presents the validation work, based on a large finite element database. 
 

1. Introduction 
 
The RSE-M Code provides rules and requirements for in-service inspection of French Pressurized 
Water Reactor power plant components. The RCC-MR is the French standard for the design of high 
temperature nuclear components. It has also been extended to the vacuum vessel of the ITER project. 
Appendices 5.3 and 5.4 of the RSE-M code and Appendix A16 of the RCC-MR give non mandatory 
guidance for analytical evaluation of flaws, i.e. fracture mechanics analyses based on simplified 
methods. Analytical methods are provided to calculate the J integral in various cracked piping 
components (straight pipe, tapered transition, elbow and pipe-to-elbow junction) submitted to 
mechanical loading (in-plane bending moment, pressure, torsion moment), thermal loading, and 
combined loading (Marie and al., 2007). 
However, for the analysis of cracks in welds, they use the tensile properties of the weakest material 
between the base material and the weld material. This induces some conservatism on the estimated J 
values under mechanical loadings. 
A cooperative program between EDF, CEA and AREVA NP was launched in 2004 to develop a J 
estimation scheme which takes into account the strength mismatch effects. In a first step, the method is 
developed for circumferential surface cracks in straight butt-welded pipes submitted to mechanical 
loading. It takes into account the geometry of the weld joint (V-shaped), as well as the location of the 
crack within the weld. This paper presents the current state of development of this J estimation-
scheme.



 

   

2. Hypotheses and background 
 

The weld model considered is an idealized bi-material structure without HAZ (heat affected zone) and 
residual stresses. The two materials (weld and base) have the same elastic modulus, E and Poisson’s 
ratio ν. The term ‘mismatch’ refers here to the two materials having different stress-strain 
relationships. The method is first developed for a circumferential surface crack (either axi-symmetrical 
or semi-elliptical) in a straight butt-welded pipe (V-shaped joint).  
 
 
 
 
 
 
 
 

Figure 1 – Weld geometry and crack location. 
 

The geometry of the weld is defined by the width of the root 2hi and the slope of the groove φw. Four 
crack locations are investigated (see figure 1). Currently, most of the work has been devoted to 
location #1 (centered crack).The methodology used in this paper is based on the R6 equivalent stress-
strain curve approach. This stress-strain curve is the one which gives the same J values as the 
mismatch weld case. This approach was first developed by Lei and Ainsworth (1997) for a CCT 
specimen. It consists in calculating an equivalent stress-strain curve from the base material and the 
weld stress-strain curves, using the limit load of the all-base material structure FLb and the limit load of 
the mismatched structure FLmis. The calculation has to be made at different levels of plastic strain p

!  
on the stress-plastic strain curve. For each value, a local mismatch ratio and equivalent stress are 
defined as follow (see Figure 2) :     
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FLmis has to be evaluated for the particular local mismatch ratio M. 
This equivalent stress-strain curve is then used in an homogeneous R6 Option 2 analysis. However, 
considering first that the determination of the mismatch limit load is a difficult task, and secondly that 
the limit load ratio FLmis/FLb is not necessarily the parameter giving the best J-estimate, a slightly 
different definition was used for the ‘equivalent’ stress-plastic strain curve: 
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Figure 2 – Definition of the mismatch ratio and of the equivalent stress-plastic strain curve
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3. Development of the J-estimation scheme 
 
The aim of the work is to express α(M) as a function of the mismatch ratio M and the geometrical 
parameters relative to the pipe, the crack and the weld joint. Obviously, α(M) depends also on the type 
of loading and the location of the crack within the weld. 
 

F.E. Data base 
First, a very large finite element database was built by CEA and EDF, including semi-elliptical and 
axi-symmetrical defects. The following parameters were investigated: 

• relative pipe wall thickness (rm/t = 5 or 10), relative size of the weld root 2*hi/t = 1/6 and slope 
of the weld groove : φw = 60°. 

• relative crack depth (a/t = 1/16  ; 1/4) and aspect ratio (a/c = 1 or 1/3) for semi-elliptical 
defects 

For axi-symmetrical cracks, the loading types were the axial tensile load N1 and the pressure P 
whereas for semi-elliptical cracks in-plane bending moment M2 was added. Some cases of combined 
loading (P plus N1 and P plus M2) were studied. Two types of stress-strain relationships were used: the 
Ramberg-Osgood type and the bilinear type. A Ramberg-Osgood stress-strain curve is defined by the 

following equation:   
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A bilinear stress-strain curve is defined by two equations: 
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Table 1 gives the values of the parameters for the R.O. (AR type) and bilinear (AL type) description of 
base material curve and the weld material curves.  

 

Table 1 – Values of the parameters for the R.O. and bilinear stress-strain curves 

 
 
 
 
 

A total of 198 2D and 280 3D cases have been considered for the determination of α(M). To validate 
the F.E. calculations, a benchmark was performed between the three partners AREVA, CEA and EDF 
on about ten representative cases. Each partner used its own F.E. software. This first step in the F.E. 
data base development was essential to comfort the confidence we have in our F.E. results. 

 

Analysis of the F.E. results 
From the F.E. calculations available in the data base, following important results are observed: 

• For pressure loading, no noticeable mismatch effect is obtained: a comparable J estimation is 
given by the homogeneous calculation, considering the characteristics of the base metal. This 
means that for pressure loading, α(M) = 1 for all defect types, sizes and locations. 

• For other mechanical loadings, for a given defect type and size, the calculated J for location #1 
and location #2 (see figure 1) are similar. 

• For location #3, only a small reduction of the J values is observed with the mismatched 
configurations, so an homogeneous analysis using the base material stress-strain curve is 
appropriate (α(M) = 1), 

• For location #4, specific (and lower) α(M) functions have to be developed, as the effect of the 
base material is more significant than for location #1. 

Curve label Μ 

 

σ0 (MPa) α n 
AR10 1 132 2.8 6 
AR15 1.5 198 1.6 14 
AR23 2.3 304 1.6 14 

Curve label Μ σp (MPa) ET (MPa) 
AL10 1 95.42 1810 
AL15 1.5 142.83 2715 
AL23 2.3 225.89 970 
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α(M) has then been determined only for N1 or M2 loadings, for defects at the locations #1 and #4. 

α(M) of the reference weld geometry 
 

In a first step, the method was established for a particular (“reference”) weld geometry: 2*hi/t = 1/6 
and φw = 60°. For each defect geometry and loading condition, to estimate α(M) , an additional set of 
FE calculations was built, using Ramberg-Osgood stress-strain curves with a weld material having the 
same value of the exponent n than the base material (n = 6) and several values of the mismatch ratio 
(1.4 – 1.7 – 2 – 2.5). These curves have a constant local mismatch ratio M(εp) = M, whatever the value 
of the plastic strain. For each case, the parameter α(M) is optimized to have a F.E. J variation versus 
the imposed load calculated with the equivalent material similar to the variation obtained with the bi-
material F.E. calculation. In other words, the value of α(M)  is the value which minimizes the relative 
error between the value of J given by the FE calculation considering an homogenous component with 
the equivalent material and the value of J given by the FE calculation considering the real weld joint. 
For the whole set of calculations, the values of α(M) are plotted in a diagram as a function of M. 
Figure 3 shows an example of such a diagram, for an axi-symmetrical crack in a pipe with rm/t = 10 
loaded in tension. Finally, these values are fitted by a quadratic function of M, whose coefficients 
depend on the geometry of the pipe (rm/t ratio) and of the crack (a/t ratio) :  
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Moreover, this function equals 1 for M = 1 and M is upper-bounded to 2.5. The values of the 
coefficients a1 to b3 are given in Table 2 for an axi-symmetrical crack loaded in tension. 
 

Table 2 – α(M) for an axi-symmetrical crack in tension. Values of the coefficients of the function 

Axi-symmetrical crack location #1 – Tension loading 
a1 0.6438 b1 -0.1327 
a2 0.5678 b2 -0.0071 
a3 1.0912 b3 -0.1840 

 

For the semi-elliptical cracks, the function α(M) depends also on the a/c ratio. The values of the 
coefficients a1 to b4 are given in Table 3 and Table 4 for a semi-elliptical crack loaded in tension and 
in bending respectively. 
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Table 3 – α(M) for a semi-elliptical crack in tension. Values of the coefficients of the function 
 

Semi-elliptical crack location #1 – Tension loading 
a1 0.4249 b1 -0.0759 
a2 1.0183 b2 -0.0881 
a3 0.3190 b3 -0.0699 
a4 -0.1661 b4 0.0397 

 

Table 4 – α(M) for a semi-elliptical crack in bending. Values of the coefficients of the function 

Semi-elliptical crack location #1 – Bending load 
a1 0.4104 b1 -0.0743 
a2 0.9467 b2 -0.0836 
a3 0.6452 b3 -0.1377 
a4 -0.1764 b4 0.0417 

 



 

   

It should be noted that for the semi-elliptical cracks, the function is valid only for the deepest point of 
the crack, which correspond to the highest values of J along the crack front in the considered cases. 
 

Pipe Rm/t = 10 - Axi-symmetrical crack - location #1 - Axial tensile load
alpha(M) versus M
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Figure 3 – α(M) as a function of M for an axi-symmetrical crack loaded in tension. 

 

Other weld geometries 
 

Pipe Rm/t = 5 - semi-elliptical crack a/t = 1/8 - a/c = 1 loc. #1
Materials b/w AR10/AR23 - Elastic-plastic calculation - Axial load
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Figure 4 – J at the deepest point as a function of N1 for a semi-elliptical crack. 

 

As shown on Figure 4, the geometry of the weld has a strong effect on the J value. For a given applied 
load, the value of J increases when the weld joint becomes narrower or/and when the slope of the 
groove φw increases. To extend the solution to other weld geometries, 48 additional F.E. calculations 
of pipe with an internal axi-symmetrical defect at location #1 under N1 loading have been realized 
with new geometrical parameters (bold data correspond to new values): 

• relative pipe wall thickness rm/t = 5, 
• relative crack depth (a/t = 1/16 ;1/8 ; 1/4), 
• relative size of the weld root (2*hi/t = 1/15 ; 1/6 ; 1/3), 
• slope of the weld groove (φw = 60° ; 75° ; 90°). 

Only power-law material properties are considered here. These new geometrical parameters have been 
chosen to cover a large panel of realistic weld joint configurations. Two corrections of the proposed 
α(M) solution are considered: a root width correction and a weld groove slope one. The weld root 
width correction comes from Kim solution [4] for a CCT specimen with a constant weld width (φw = 
90°) for the over-matching case: 
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where ( ) ( )wi 90Tanahah !"+=  is the half-width of the weld joint as the tip of the crack. The weld 

groove slope correction is directly deduced from FE results for axi-symmetrical cracks under axial 
load. The correction was optimized to provide the best tensile curve which leads to a J(N1) curve with 
a FE calculation considering a homogeneous component similar to the curve obtained from bimaterial 
FE calculation.  
 

Table 5 – local most severe under-estimation of J for pipes with a axi-symmetrical defect under N1 
loading, for power-law materials and average mismatch ratios (from σy ratio) of 1.5 and 2.3 

φw (°) t/a 2hi (mm) M 1.5 (%) M 2.3 (%) 
90 16 4 -3 -20 
90 8 4 -2 -22 

90 4 4 0 0 

90 16 10 0 -12 

90 8 10 0 -20 

90 4 10 0 -9 

90 16 20 0 0 

90 8 20 0 0 

90 4 20 0 -2 

60 16 4 0 -8 
60 8 4 0 -2 

60 4 4 0 0 

60 16 10 0 0 

60 8 10 0 0 

60 4 10 0 0 

60 16 20 0 0 

60 8 20 0 0 

60 4 20 0 0 

75 16 4 -3 -18 
75 8 4 0 -8 

75 4 4 0 0 

75 16 10 0 0 

75 8 10 0 0 

75 4 10 0 0 

75 16 20 0 0 

75 8 20 0 0 

75 4 20 0 0 

 

The extended solution α(M) is deduced from the reference weld joint solution αref(M): 
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The identification of the groove slope correction was performed searching an average good estimation 
of the reference FE values (with a reasonable conservatism), with limited local under-estimation. 
Table 6 presents for each case the local most severe under-estimation of J with this correction. Figure 
5 shows some representative results. This extended solution determined for an axi-symmetrical defect 
is directly applied for a semi-elliptical defect assuming that: 
- the defect type and loading type influences are mainly taken into account in the α(M) equation,  
- the welded CCT (Centre Crack Tension) specimen limit load Kim’s solution is still valid to account 
for the weld joint geometry effect. 
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Figure 5 – FE results: Comparison between bimaterial case and homogeneous case with the equivalent 
material tensile curve – pipe with an axi-symmetrical defect under N1 loading. 

 

To check the relevance of this direct transposition, 216 additional cases of pipe with semi-elliptical 
defect under N1 ou M2 loading were performed. For each case, two 3D FE calculation are performed: 
one for the bi-material model, and one for the homogeneous component with the equivalent material 
tensile curve deduced from the proposed correction. 
The geometric parameters considered here are: 

• for the pipe: relative pipe wall thickness rm/t = 5,, relative size of the weld root (2*hi/t = 1/15 ; 
1/6 ; 1/3), slope of the weld groove (σw = 60° ; 75° ; 90°). 

• for the defect: relative crack depth (a/t = 1/16 ;1/8 ; 1/4), and rack aspect ratio (a/c = 1 or 1/3) 
for semi-elliptical defects 

 
For each case, a good agreement was found between the bi-material calculation and the equivalent 
material analysis considering the proposed generalization. The equivalent material analysis gives a 
comparable or conservative estimation of J. No important local under-estimation is found. It confirms 
the relevance of the proposed generalization. Figures 6 and 7 present relevant curves for pipes with a 
semi-elliptical defect under respectively N1 and M2 loading. 
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Figure 6 – FE results: Comparison between bimaterial case and homogeneous case with the equivalent 
material tensile curve – pipe with a semi-elliptical defect under N1 loading. 
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Figure 7 – FE results: Comparison between bimaterial case and homogeneous case with the equivalent 
material tensile curve – pipe with a semi-elliptical defect under M2 loading 

 

4. Cases of combined loading 
 
Considering that α(M) expression depends on loading nature, it is not possible to apply directly 
previous analytical proposal to combined load. To define a unique equivalent material in such 
analysis, it is proposed to follow the steps described below: 

• Determination of the amplification coefficients αi at elastic limit (αi M(0.2%)) for each part of 
the combined load (internal pressure P, axial load N1, global bending M2) 

• Definition of an equivalent material based on the maximal value of αi previously determined: 
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The validation has been performed thanks 2D finite element calculations on axi-symmetrical 
configurations, considering circumferential defect in the middle of the weld (i.e. location 1 in §3) 
submitted to internal pressure P and axial loading N1.  For each case, 4 calculations were required:  
one taking into account base and weld material, one using only base metal, one using N1 equivalent 
material without correction on the pressure load, and the last one using axial load equivalent material 
with a correction on internal pressure. Figure 8 presents the impact of the correction on pressure load 
in the error generated by the application of the method. On the whole cases considered the predictions 
with the correction give good results: in most configuration under-estimation has disappear (see blue 
and green curves) and over-estimation are relatively limited.  
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Figure 8 - Comparison of prediction given by homogeneous  analysis, equivalent based on N1, with or 

without proposal pressure load correction. a- is the local worst under-estimation 



 

   

5. Bilinear material 
 
Previous study showed that the methodology presented in this paper may give bad results for bilinear 
metal behaviour at the beginning of plasticity. It has been proposed to modify the beginning of the 
equivalent stress/strain curve in order to have a smoother transition in this zone. 60 finite element 
computations (axi-symmetrical configuration, location #1) have been performed 
(t/a={4;8;16,}rm/t={5;10} , φ={60°; 70°; 90°} and M={1.5;2.3})  in order to choose between 3 
modification schemes. At the end, the one which gives the best results consists in of power law with 

exponent 0.25 up to 0.6% of deformation:  ( )[ ]
25.0p

p
corr 006.0
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Figure 9 presents the mean errors (A++A-) generated by the application of the three proposed 
modifications. The final one (blue curve) was selected because the global mean error is the weakest 
and the number of local under-estimation (a-) is very limited (see the “extreme cases on figure 9). 

 
Figure 9 – Effect of the modifications proposed to deal with bilinear stress/strain curves 

 
In order to keep a method without any dependency on the stress/strain curve form, it is proposed to 
apply this correction even if metal behaviour can be fitted by Ramberg-Osgood law. The effect of this 
extension of the bilinear correction to R.O. curves has been checked on the previous 60 finite element 
calculations considering R.O. materials. Figure 10 shows that the consequences are limited; mean 
errors increase of almost 8% and the few local under-estimation are reduced. The proposal appears 
satisfactory. 
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Figure 10 – Effect of the extension of the stress/strain curve correction  on R.O. behaviour 

6. Conclusion 
 
Appendix 5.4 of the RSE-M Code and Appendix A16 of the RCC-MR give 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 J-integral. For the analysis of 
cracks in welds, the present methods use the tensile properties of the weakest material between the 
base material and the weld material. This induces some conservatism on the estimated J values. 

A J-estimation scheme for cracks in welds was developed, to take benefit of the mismatch between the 
tensile properties of the weld material and those of the base material. This estimation scheme uses an 
‘equivalent’ stress-strain curve interpolated from the base material and the weld stress-strain curves. 
Explicit expressions of the weighing function called α(M) – where M is the local mismatch ratio – are 
given for an axi-symmetrical or a semi-elliptical crack in a straight pipe loaded in axial tension or in 
bending. These expressions take into account the geometry of the weld joint (width of the root and 
slope of the groove). Presently, they are available only for centered cracks at the pipe inner surface. 

The validation is based on a large finite element database, comprising Ramberg-Osgood and bilinear 
stress-strain curves. Thanks to this equivalent tensile curve, more accurate estimation of J for cracked 
welds is possible using analytical solutions developed for homogeneous components (Le Delliou and 
al., 2004 ; Marie and al., 2007). Most recent work permitted to take into account combined loading 
and bilinear materials in order to provide good estimation of J at the earliest stage of plasticity. 
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