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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 35 democracies work together to address the economic, 
social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and 
to help governments respond to new developments and concerns, such as corporate governance, the information 
economy and the challenges of an ageing population. The Organisation provides a setting where governments can 
compare policy experiences, seek answers to common problems, identify good practice and work to co-ordinate 
domestic and international policies. 

 The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, 
Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Latvia, 
Luxembourg, Mexico, Netherlands, New Zealand, Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, 
Sweden, Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in 
the work of the OECD. 

 OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on 
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its 
members. 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists 
of 33 countries: Argentina, Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, Norway, 
Poland, Portugal, Romania, Russia, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United 
Kingdom and the United States. The European Commission also takes part in the work of the Agency. 

 The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, the 
scientific, technological and legal bases required for a safe, environmentally sound and economical use of 
nuclear energy for peaceful purposes; 

– to provide authoritative assessments and to forge common understandings on key issues as input to government 
decisions on nuclear energy policy and to broader OECD analyses in areas such as energy and the sustainable 
development of low-carbon economies. 

 Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, 
nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and computer program 
services for participating countries. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 
The Committee on the Safety of Nuclear Installations (CSNI) is responsible for NEA programmes and 
activities that support maintaining and advancing the scientific and technical knowledge base of the safety 
of nuclear installations. 

 The Committee constitutes a forum for the exchange of technical information and for collaboration 
between organisations, which can contribute, from their respective backgrounds in research, development 
and engineering, to its activities. It has regard to the exchange of information between member countries 
and safety R&D programmes of various sizes in order to keep all member countries involved in and abreast 
of developments in technical safety matters. 

 The Committee reviews the state of knowledge on important topics of nuclear safety science and 
techniques and of safety assessments, and ensures that operating experience is appropriately accounted for 
in its activities. It initiates and conducts programmes identified by these reviews and assessments in order 
to confirm safety, overcome discrepancies, develop improvements and reach consensus on technical issues 
of common interest. It promotes the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of joint 
undertakings (e.g. joint research and data projects), and assists in the feedback of the results to 
participating organisations. The Committee ensures that valuable end-products of the technical reviews and 
analyses are provided to members in a timely manner, and made publicly available when appropriate, to 
support broader nuclear safety. 

 The Committee focuses primarily on the safety aspects of existing power reactors, other nuclear 
installations and new power reactors; it also considers the safety implications of scientific and technical 
developments of future reactor technologies and designs. Further, the scope for the Committee includes 
human and organisational research activities and technical developments that affect nuclear safety. 
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EXECUTIVE SUMMARY 

For most nuclear design and in-service inspection codes, fracture mechanics is used to evaluate the 
integrity of cracked components. The major parameters used in this kind of analysis are K and J which are 
used to estimate the crack-tip driving force. Different nuclear codes (e.g. RSE-M appendix 5 [1], AFCEN 
code: RCC-MRx appendix A16 [2], R6 rule [3], ASME B&PV Code Section XI [4], API 579 [5]) propose 
more or less sophisticated analytical solutions to estimate K and J. The solutions are based on compendia 
of stress intensity factors and limit loads that have been developed for common component geometries, 
type of defects and loading conditions. These codes also propose very different methods to incorporate the 
effects of thermal loads on K and J and to analyse cracks in a weld joint. 

With respect to the various existing K and J procedures used in common nuclear design and in-service 
inspection codes, an activity titled “Benchmark on the analytical evaluation of the fracture mechanic 
parameters K and J for different components and loads”, was conducted within the subgroup of metallic 
components and structures of the Nuclear Energy Agency (NEA) Working Group on Integrity and Ageing 
of Components and Structures (WGIAGE) of the Committee on the Safety of Nuclear Installations (CSNI). 
The CSNI Activity Proposal Sheet (CAPS) was approved by the CSNI in December 2010 and the project 
was initiated during 2011. The principal objectives of the CAPS are to provide an overview and 
comparison of existing different nuclear code KJ estimation procedures through round robin analysis of 
several representative nuclear configurations. A secondary objective is to provide an opportunity for young 
engineers to learn about the various code methods and gain experience with their application. 

The KJ benchmark activity was comprised of six analysis tasks. Each task represented a different 
nuclear component (e.g. pipes, elbows, welds) and/or set of conditions (e.g. mechanical loading, thermal 
loading, type and size of cracks). The tasks were ordered so that task 1 was the easiest task and addressed 
basic pressure and bending mechanical loads in simple geometries. The analysis complexity increased with 
each subsequent task to consider complex geometries and thermal and mechanical load combinations. Only 
K or J was estimated in any single task and the reference analysis for all tasks was a finite element analysis 
that was performed by the French Atomic Energy and Alternative Energy Commission (Commissariat à 
l'énergie atomique et aux énergies renouvelables, CEA). Specifically, task 1 addresses elastic stress 
intensity factor calculation (i.e.  KI), tasks 2 and 3 consider J calculation in cracked pipes, task 4 evaluates 
J estimation in cracked elbows, task 5 considers specific configurations (i.e. a pipe subject to an imposed 
displacement and a plate containing an embedded crack), and task 6 addresses J estimation in welds. A 
final task (7) consists of synthesising the results in order to identify, if possible, specific improvements for 
the different code procedures. 

A total of 29 individuals representing 22 organisations participated in the benchmark activity, but not 
all of them provided solutions for all six analytical tasks. Most organisations provided solutions for the 
easiest task 1, but the number of participants decreased as the complexity of the task increased. For the 
most complex tasks, many participants only provided finite element solutions and not estimations using 
nuclear code procedures.  

In general, it is noted that some of the estimates using code procedures are close to the baseline finite 
element results. However, other situations exist where the code estimates vary significantly from the finite 
element results. Also, in some cases, the estimates provided by different codes appear to differ 
significantly. While the reasons for these differences are not fully understood, it is expected that the 
following factors contribute to these differences. 

1. The K and J evaluation procedures among the various codes that were considered in the 
benchmark are different and also have different intended conservative margins. 

2. The K and J evaluation procedures may not always be clearly articulated and are therefore 
misapplied. 
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3. Some participants provided only one set of results while other participants revised their initial 
results. 

4. Some participants were relatively inexperienced in applying the required code procedures. 

5. In particular, factors 2 and 4 are synergistic in that misapplication of the required code 
procedures are more likely for inexperienced users, and misapplication also becomes more likely 
as the problem complexity increases. 

The principal results and findings associated with each task are as follows: 

• Task 1 – KI: Several codes were used. The results are generally consistent and in good agreement 
with the finite element (FE) reference solutions. However, a few significant discrepancies exist, 
particularly among participants that applied the ASME code procedures. It is not clear if the 
discrepancies were the result of differences in models and their use or if they resulted from 
deficiencies or ambiguities within the ASME code itself. 

• Tasks 2 and 3 – J in cracked pipes: Participants that used the AFCEN codes (a set of structural 
design and construction codes for pressurised water reactors published by French AFCEN 
association) generally provided homogeneous results that were in good agreement with the finite 
element solutions. Much more disparity exists among the results of participants that used the R6 
code. Again, it is not clear if the discrepancies were the result of differences in models and their 
use, or if they resulted from deficiencies or ambiguities within the R6 code itself. Thermal 
loading can lead to large over-estimation of the J value, particularly for participants that used the 
BS and R6 codes. 

• Task 4 – J in cracked elbows: Only the AFCEN code was used by participants for this task. 
Similar results were generally obtained among participants for simple mechanical loading with a 
few notable differences depending on how the bending moment was applied. Many of the 
participants also generally agreed with the finite element solutions when thermal loading was 
imposed, but a few results are significantly different. 

• Task 5 – particular cases: only one analytical contribution, using the AFCEN code, was received 
for the pipe configuration with an imposed displacement. There is generally good agreement in 
the J estimation between the AFCEN code and the finite element solution. Also, for the plate 
configuration with an embedded crack, one participant only provided a finite element solution 
while the others all used the RCC-MRx code to estimate KI. The participants that used the RCC-
MRx code all obtained similar results but the code significantly overpredicts the reference finite 
element solution. 

• Task 6 – J in weld: there were only a small number of participants for this task, and the task 
complexity seems to encourage contributors to perform finite element computations in parallel 
with estimations using code procedures. Both R6 and AFCEN procedures were used. The various 
finite element results exhibit differences which would require further investigation to understand. 
Also, the participants that used the R6 and AFCEN codes provided conservative results, although 
it should be noted that the R6 contributor considered residual stresses. 

Based on the results of this analytical KJ benchmark round robin, some actions have already been 
taken to improve nuclear fracture mechanics codes. Between the years 2011 and 2016, some modifications 
and clarifications have been made to the description of code procedures in order to prevent misapplication 
of the code procedures. It is also clear that the procedures used among different codes can vary 
significantly and sufficient prescriptive guidance is not always provided within the codes. Both of these 
attributes cause increased complexity, which can lead to different results among users evaluating the same 
problem. 
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Therefore, it is recommended to use dedicated fracture mechanics software or tools that can help to 
guide the user through the application of the various code procedures. A discussion within WGIAGE has 
been started to consider additional investigations on specific KJ-analysis to check the efficiency of code 
modifications concerning root cause for discrepancies in comparable analysis results. It should be noted 
that the treatment of thermal loads and residual stresses differs significantly among the various codes. 
Future work is needed to develop appropriate methods for considering these effects and, ideally, 
harmonising their treatment within the various fracture mechanics codes. 
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LIST OF ABBREVIATIONS AND ACRONYMS 

AFCEN  French association which publishes codes for design and construction for 
pressurised water reactors (Association française pour les règles de 
conception et de construction des matériels des chaudières 
électronucléaires) 

AFCEN codes A set of design and construction codes of AFCEN (e.g. RCC-C and 
RCC-MRx) 

ASME American Society of Mechanical Engineers 

BARC  Bhabha Atomic Research Centre 

BS British Standard 

CAPS CSNI activity proposal sheet 

CDSI Circumferential internal semi-elliptical 

CDAI Circumferential internal axisymmetric 

CEA French Atomic Energy and Alternative Energy Commission 
(Commissariat à l'énergie atomique et aux énergies renouvelables) 

C&S Civil and structure 

CEP Combined Elastic-Plastic (optional estimation method J-integral under 
mechanical loading) 

CLC Corrected Limit Load (optional estimation method for mechanical loads) 

CNRA Committee on Nuclear Regulatory Activities 

CRIEPI Central Research Institute of Electric Power Industry 

CSNI Committee on the Safety of Nuclear Installations 

CTR Circumferential through wall defect 

DFH Ductile fracture handbook 

EDF Électricité de France 

EFAM Engineering flaw assessment method 

EPRI Electricity Power Research Institute (United States) 
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ETM  Engineering treatment method 

F.E. Finite element 

FEM Finite Element Methods 

GDF-SUEZ/ENGIE  French multinational electric utility company 

GRS Gesellschaft für Anlagen- und Reaktorsicherheit   

IAEA International Atomic Energy Agency  

IRSN French Institute for Radiological Protection and Nuclear Safety (Institut 
de radioprotection et de sûreté nucléaire) 

JRC Joint Research Centre 

JSME  Japan Society of Mechanical Engineers 

KAERI Korea Atomic Energy Research Institute 

LTR Longitudinal through wall defect 

MJSAM Fracture mechanical analysis tool developed by CEA (France) 

NEA  Nuclear Energy Agency 

LDSI Longitudinal internal semi-elliptical  

OECD  Organisation for Economic Co-operation and Development 

PROST Fracture mechanical analysis tool developed by GRS, Germany 

RINPO  Research Institute of Nuclear Power Operation (China)  

RS Residual stress 

SSM Swedish Radiation Safety Authority 

SINTAP Structural integrity assessment procedures 

WGIAGE Working Group on Integrity and Ageing of Components and Structures 
(NEA) 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiWvZCkl6LKAhWFWRoKHSm-DpEQFggcMAA&url=https%3A%2F%2Fwww.iaea.org%2F&usg=AFQjCNGvaf1tXp_OzLsaT1tUW02Ot3QUlw&bvm=bv.111396085,d.ZWU
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwizvpvzx6XPAhWGuhoKHb3LAisQFggaMAA&url=http%3A%2F%2Fwww.kaeri.re.kr%3A8080%2Fenglish&usg=AFQjCNEHwEPE4pGp52X6bGuBIkmTR0hdnQ
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1. INTRODUCTION 

For many design and ageing considerations, fracture mechanics is needed to evaluate cracked components 
integrity. The major parameters used are the stress intensity factor K and the J-integral. Different codes 
(RSE-M appendix 5 [1], RCC-MRx appendix A16 [2], R6 rule [3], ASME B&PV Code Section XI [4], 
API 579 [5], …) propose more or less sophisticated analytical solutions to estimate these parameters. The 
solutions are based on compendia of stress intensity factors and limit loads for usual situations, in terms of 
component geometry, type of defect and loading conditions (e.g. EPRI Ductile Fracture Handbook [13], 
IWM formulation [14], SINTAP handbook [15], or ETM method [16]). In particular, these codes propose 
very different conservative methods to consider thermal loadings or cracks in a weld joint.  

To achieve a comparative overview of the existing procedures, the benchmark BENCH-KJ has been 
proposed in the frame of the WGIAGE Group [6]. In this benchmark the different estimation schemes for 
representative industrial cases (pipes and elbows, mechanical or/and thermal loadings, different type and 
size of cracks) are compared with each other and to the reference analyses done by finite element method. 
On the one hand, the benchmark covers simple cases with basic mechanical loads like pressure and 
bending up to complex load combinations and complex geometries (cylinders and elbows) including 
cladding or welds. On the other hand, this benchmark proposed practical applications for young engineers, 
allowing them to get familiar with these analytical schemes.  

The benchmark was separated into six tasks, with a progressive increase of difficulty from KI 
evaluation to J estimation in welded joint. 

This report gives an overview of the different benchmark tasks and presents the comparative 
assessment of the analysis results. 

Note also that intermediate results were presented during the 2013 PVP conference [7] and other 
results during the 2015 SMiRT conference [10]. 
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2. BENCHMARK OVERVIEW 

2.1 Benchmark principles 
 

Six tasks have been defined for the benchmark BENCH-KJ. The aim is to considered conventional 
situations in the first steps and then to go deeper into the difficulties by analysing more specific cases. A 
first set of cases has been defined by CEA to build the technical work, but all partners were invited to 
propose additional cases. It is not mandatory to contribute to all tasks. Each partner is free to propose only 
partial contributions (see Table 2.1-a). As the participation of the benchmark is based only on in-kind 
contributions, the content of each task has been defined to limit the effort of each partner. 

Even if it focused on analytical procedures, partners were free to provide finite element (FE) results, 
which will be compared to the reference solution. The reference solutions used to define the original cases 
come from the FE data base developed jointly by AREVA, CEA and EDF for the development of the 
defect assessment procedures and related compendia of the RSE-M [1] and RCC-MRx codes [2]. 2D and 
3D FE calculations have been performed on crack piping components (pipes and elbows). This data base 
includes more than 600 cases. Detail on the definition and the validation of this data base can be found in 
reference [8].  

All application follows the rules of a blind test: the reference solution for a task is not communicated 
to the partners before the deadline fixed for the results submission. A participant number was attributed by 
CEA to each participant, which allowed results to be presented anonymously. A total of 22 companies 
were involved, participants are identified in Table 1. 

Table 1: List of the benchmark participants 

 
 

2.2 Tasks presentation 
Six tasks have been defined, which covers large number of configurations: 

• Task 1: Elastic KI evaluation: 

− This first task focuses on KI compendia.  

− A first set of cases considered cracked pipes (with circumferential or longitudinal defect) 
under mechanical loadings (two loading conditions for each case). 
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− A last case considers a plate submitted to an exponential distribution for the nominal elastic 
stress, representative of a thermal loading. 

• Task 2: J calculation for surface cracks in pipes 

− Only longitudinal or circumferential cracks in pipes are considered. 

− Three set of loading conditions have been defined: single mechanical loading, combined 
mechanical loadings and thermal loading (eventually combined with mechanical loading). 

• Task 3: J calculation for circumferential through wall cracks in pipes 

− Only circumferential through wall cracks in pipes were considered. 

− Two sets of loading conditions have been defined: single mechanical loading, combined 
mechanical loadings. 

• Task 4: J calculation for surface cracks in elbows 

− Only longitudinal or circumferential cracks in elbows were considered. 

− Three set of loading conditions have been defined: single mechanical loading, combined 
mechanical loadings and thermal loading (eventually combined with mechanical loading). 

• Task 5: Particular cases 

− This task deals with particular geometries or loading conditions.  

− Four cases were initially proposed (imposed displacement loading condition, embedded 
cracks, underclad cracks, through clad cracks) but due to a lack of contribution only first and 
second sub-task were maintained. 

• Task 6: J calculation in weld joints 

−  The proposed cases focus on cracked pipes under mechanical loading conditions only. The 
case of residual stresses was not incorporated.  

− Discussion and conclusions. 

− This last step consists in a synthesis of the comparisons in order to identify, if possible, 
improvements of the different procedures. 

All data required to perform these applications (geometries, material, loading conditions…) can be 
found in reference [6]. 
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3. TASK1: ELASTIC KI EVALUATION 

3.1 Introduction 
The first task of KJ benchmark consists in a comparison of different procedures to evaluate the stress 
intensity factor KI considering two main geometries: cracked (longitudinal or circumferential) pipe under 
mechanical loading and cracked plate under thermal loading (exponential distribution of elastic nominal 
stress). Several crack depths have been considered (4 for pipes, 8 for the plate, configurations recalled in 
Table 2). 23 contributions have been received, but only 11 were completed on all cases.  

Figure 1. Figure 1: designation of defect type in studied configuration 

 

Table 2: Task 1 investigated configurations 

 

 
Loading condition for 

pipe geometry P M2 

  (MPa) (N.mm) 

C1 50 - 

C2 50 6.0E+09 
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Main answers were based on AFCEN codes (i.e. RCC-MR, RCC-MRx and RSE-M which share the 

same schemes for KI and J evaluation) and ASME Section XI; these two codes covers 14 answers 
compared to a total of 23 received (see Figure 2 below, noticed that NB/T23012 refers to Chinese rules and 
SSM to K-solutions Handbook from Swedish Radiation Safety Authority [17]). 

For KI estimation, different steps have been performed leading to the final results presented in this 
report. It allowed some participants to correct such misunderstanding in loading (such as bending moment 
application or pressure on crack lips) or in geometrical consideration (such as crack shape for CDSI defect 
in pipe or nominal stresses compendia used). 

Figure 2: Task 1 contributions 

 
 

3.2 KI evaluation 
First step in results analysis consisted in a comparison between participants using the same code. 
Considering level of contribution, Figure 3 to 6 plot the final (i.e. relative to last step) values of differences 
(error) (compared to finite element reference solution for the different defect type and depth, i.e. a/t ratio) 
for each configuration respectively for AFCEN code users, JSME, ASME and R6 users.  

It can be noticed on Figure 3 that partners who used AFCEN code (except for one or two partners) a 
remarkable homogeneity of the results have been obtained. This result has been noticed since the initial 
step. Compared to FE reference solutions, the differences are mostly comprised between -10 and +10%. 

 

 
  

Plate under thermal loading
Thickness h (mm) 10
Defect size a/h 0,1 to 0,8 (0,1 step)
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Figure 3: AFCEN code users, comparison on pipe configurations 

  

  

  
 

  
 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) TUB LDII- C1 & C2 Diff. (%) 
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Figure 4: JSME users, comparison on pipe configurations 

  

  

  

  
 

During the second step of task 1, one of the JSME users provided corrections (nominal stress 
consideration, ends caps effect for circumferential defect) and final results are homogeneous assuming 
partner 16 didn’t provide results for some configuration submitted to circumferential defect under global 
bending.  

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 
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As shown on Figure 5 below, ASME results remained difficult to explain: an important variability is 
obtained and results are in some cases far from reference solution. 

Figure 5: ASME code users, comparison on pipe configurations 

 
 

  

  

  

 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 
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From the information received from ASME code users it has been noticed that, after the second step 
of task 1: 

• Best results were obtained with partner 11 assuming: 

− Correction has been made for predictions relative to small defects but remained very 
pessimistic results for a/t ≥ 0.5.  

− Unfortunately, no detail on the analysis has received. 

• For Partner 17 it appears that : 

− Nominal stress calculations were comparable to AFCEN code results.  

− ASME Sect. XI – Appendix A has been used.  

− Results are correct for small defect in general.  

• For Partner 10 : 

− ASME Sect. XI – Appendix C has been used.  

− Nevertheless, the nominal stresses are not consistent with other results.  

− Safety coefficient has been applied (2.7 on sm). Nevertheless, this loading amplification 
doesn’t explain the discrepancies as if the initial result was divided by the safety coefficient, 
the FE results are then underestimated by more 50%.  

• Considering Partner 5 : 

− ASME Sect. XI – Appendix C (Zahoor solution) has been used. 

− Only semi-elliptical defects (only 2 geometries on 5) have been considered. 

− No pressure on the crack lips has been taken into account.  

− Results were nevertheless correct. 

• Considering Partner 7, no detailed information has been received.  

No updated result has been sent by any partner using ASME code after second step of task 1. 

For task 1, partner 1 contribution is based on K-solutions handbook available in SSM report [17]. Its 
results are plotted below with R6 users. Note that R6 users were not fully completed on all cases but it can 
be seen on Figure 6 that R6/SSM users provide correct estimation for the FE reference solution (more or 
less than max ± 10%). It must be mentioned that partner 1 hasn’t applied pressure on crack faces (for 
internal pressure load) which can explain moderate negative differences.  
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Figure 6: SSM/R6 code users, comparison on pipe configurations 

  

  

  

  
 

In order to get an idea of different codes accuracy, for each code, one representative partner has been 
then selected. Considering discrepancy for ASME users, the partner who provided the closest results to FE 
solution has been selected. Figure 7 sums up the results provided for task 1: for each kind of defect (CDAI, 
CDAE, CDSI, LDSI, LDII) and load history (C1 or C2) the differences are compared to finite elements 
solution and plotted as a function of ratio crack depth/thickness.  

Diff. (%) 
Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 
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Figure 7: Percentage of differences compared to FE reference solution obtained by different codes application 

  

  

  

  

  

Diff. (%) Diff. (%) 

Diff. (%) Diff. (%) 

Diff. (%) 
Diff. (%) 

Diff. (%) Diff. (%) 
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Main conclusions on this task are the following: 

• For cracked pipes, AFCEN codes, R6 and API provide in general relatively correct estimation in 
comparison to the FE reference solution (less than max ± 10%).  

• JSME code provides also close results but under predicted often the FE solution, however the 
observed differences remained nevertheless less than -10%.  

• Zahoor solution were in good agreement with all others results, but the difference with FE 
calculation was sometimes larger than the 4 first others codes.  

• Solutions provided from participants using the ASME code remained problematic: an important 
variability has been obtained and results were besides far from FE reference solution. It is 
important to note that the available solutions are known: the discrepancies are mainly linked to 
code user errors. Some of them have been identified but the work requested to correct the 
predictions based on the ASME solution has not been performed. 

The second part of task 1 dedicated to plate configuration is presented in Figure 8 to 10. 

Figure 8 : Percentage of difference on plate configuration for AFCEN code users 

 
Figure 9: Percentage of difference on plate configuration for R6 users 
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Figure 10: Percentage of difference on plate configuration for JSME users 

 
For the plate case with an exponential nominal elastic stress distribution representative to thermal 

loading, all codes provided very comparable results and all over predicted FE reference solution. Figures 8 
and 9 show large relative difference for shallow cracks but small difference for deep cracks, which is most 
likely caused by small K-factors for shallow cracks, which lead large relative difference even with small 
absolute difference in value.  

Diff. (%) 
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4. TASK 2 AND 3: J FOR SURFACE AND THROUGH WALL CRACKS IN PIPES 

4.1 Introduction  
Task 2 and 3 are quite similar and deal with J calculation for surface cracks (Task 2) and through wall 
cracks (Task 3) in pipes (see Figure 1 to recall defect designation of task 2): 

• Task 2: 4 sub-tasks depending on type of defect and loading conditions have been defined : 

− Circumferential surface cracks submitted to mechanical loadings (P, M2, M1) (11 cases).  

− Longitudinal surface cracks submitted to mechanical loadings (P, M2, M1) (9 cases).  

− Elementary thermal loading i.e. imposed through thickness temperature variation with linear 
(∆T1) and quadratic component (∆T2) (7 longitudinal defects and 14 circumferential defects).  

− Combined mechanical plus thermal loading conditions (5 longitudinal defects and 6 
circumferential defects).  

− Considering task 2, 14 contributions has been received. 

• Task 3: 4 sub-tasks of pipes submitted to mechanical load have been considered. 9 partners sent a 
complete contribution for Task 3 based on analytical solution. Task 3 refers to through wall 
defect type described in Figure 11. 

Figure 11: Geometrical description of CTR and LTR defect type used in task 3 
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Figure 12: Task 2 and 3 contributions 

  

As shown in Figure 12, most partners used AFCEN and R6 codes for J estimation. 

It must be mentioned that all results presented below, considering plasticity use AFCEN (RSE-M [1]) 
formulation of Lr parameter:  
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4.2 Task 2 results: J for surface crack in pipes 
For task 2 and task 3, results have been provided for J estimation at different level of load represented by 
parameter Lr ([1]). Comparison has been especially performed at two particular values of Lr, equal to 0.6 
and Lr,max but conclusions are the same, all curves presented below are plotted for Lr,max values. Lr-max 
corresponds to a load level near plastic collapse. However, it should be noted that high load level Lr,max for 
the evaluation of J could lead to very high values of J compared to the elastic solutions and further create 
large deviations from FEM solutions. For example using R6 or BS 7910, these solutions are known to be 
quite conservative for very high primary loads. This can be seen in some large positive relative differences 
in Figures 13-20.  

Main conclusions on task 2 are summarised below: 

• For mechanical loading (see illustration on Figure 13 and 14): AFCEN codes lead to 
homogeneous results except isolated singular error (such as partner 20 on case C4 on Figure 13). 
Considering R6 users, it seems difficult to give a global trend because of important differences 
between the sets of results (Figure 15). It can therefore be noticed that only two R6 users sent 
results for longitudinal defect (partner 6 and 9, see Figure 16) which are far below FE solution 
(one order of magnitude at Lr,max i.e. maximum load level considering AFCEN code notation). 
Note that BS 7910 user provides such conservative values that he could not provide values for 
maximum level of load (probably due to an out of range of stress/strain curve given for the 
analysis). 
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Figure 13: AFCEN users results compared to FE reference for circumferential defect in pipe under mechanical load  

(at maximum level Lr,max) 

 

 

 
Figure 14: AFCEN users results compared to FE reference for longitudinal defect in pipe under mechanical load  

(at maximum level Lr,max) 
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Figure 15: R6 users results compared to FE reference for circumferential defect in pipe under mechanical load  

(at maximum level Lr,max) 

 

 
Figure 16: R6 and representative AFCEN users results compared to FE reference for longitudinal defect  

in pipe under mechanical load (at maximum level Lr,max) 

 

• For pure thermal loading: AFCEN codes provided in general homogeneous (except partner 17) 
and slight conservative prediction for loading conditions relatives to linear temperature gradient 
(∆T1) (configuration C12 to C16 on Figure 17), assuming different option are available. Some 
discrepancies nevertheless are shown on Figure 17 between AFCEN code users for other 
configurations including quadratic contribution in thermal load (∆T2): in fact, it appears that most 
partners didn’t take this contribution into account in elastic part estimation (KI), leading to a 
underestimation of J, whereas the method is available in AFCEN code (as partner 8 did). 
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Figure 17: AFCEN code user’s results on J estimation for circumferential defect in pipe under thermal loading 

 
R6 code (applied considering the elastic solution for J) provides more conservative results. 

Nevertheless BS 7910:2005 results are the most over-conservative (probably linked to a user error). Figure 
18 gives an overview on this.  

 
Figure 18: Comparison between different codes used for J estimation in pipes with a circumferential defect under 

thermal loading 

• For combined thermal plus mechanical loading: conclusions are the same than for pure thermal 
loading that means assuming that discrepancies due to ∆T2 shown in Figure 17 may be offset by 
initial mechanical contribution. Figure 19 and 20 show the results obtained at maximum level of 
load for AFCEN code users, which are then compared by the one’s provided by R6 users. 

∆T1 ∆T1+∆T
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Figure 19: AFCEN code users results on J estimation for circumferential defect in pipe under combined mechanical 

(P, P+N1 or M2) plus thermal loading (∆T1 or ∆T1+∆T2) 

 

 
Figure 20: Comparison between representative AFCEN code user and R6 users for J estimation in pipes  

with a circumferential (C) or longitudinal (L) defect under mechanical plus thermal loading 

4.3 Task 3 results J for through wall crack in pipes 
First of all Figure 21 compares the result (in terms of difference between analytical evaluation and FE 

reference solution at the maximum load level Lr, max) between AFCEN users themselves.  

Considering a good homogeneity of the AFCEN code results is observed, Figure 22 then plotted the 
result of one representative AFCEN user (#8) and other codes. Only partner 3 provided “singular” results. 
Besides it could be noticed than R6 and AFCEN codes lead to comparable results whereas CRIEPI 
Guideline results are very low compared to the other ones.  
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Figure 21: AFCEN code user’s results on CTR defect 

 

 
Figure 22: comparison between representative AFCEN code users and R6/CRIEPI users 
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5. TASK 4 – CRACKED ELBOWS 

5.1 Introduction 
Task 4 focused on the analytical calculation of the J parameter for circumferential or longitudinal crack in 
elbows submitted to mechanical, thermal or combined loadings. Elbow configurations introduced 
additional difficulties due to the number of geometrical parameters to take into account (see Figure 23), 
which have as an example an impact on the nominal stresses to take into account in the analysis, and as an 
consequence are not actually as well studied as pipe configuration in different codes and standards. Finally, 
for this task, most of the contribution relies on AFCEN codes (RCC-MRx or RSE-M which in fact share 
the same schemes) or on finite element computations even if it’s initially out of the scope of the benchmark 
(which focus on analytical method). 
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Figure 23: Geometrical description of task 4 elbow cases 

 

Table 3: Elbows configuration considered in task 4 

 
Eight partners provided results using AFCEN codes or finite elements calculations: 

Load

P M2 M3 P+M2 M2+M3 M1+M3 deltaT M2+deltaT
Defect type 1 1
Circumferential CDAI 1 1

9 cases CDSI 1 1
longitudinal LDII 1 1

8 cases LDSI 1 1 1 1 1
LDSE 1

Single mechanical Combined mechanical With thermal
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• Korea University 
• KAERI  
• JRC  
• RINPO 
• BARC  
• EDF R&D 
• EDF SEPTEN 
• CEA 

 
Figure 24: Task 4 contributions 

It should be noticed that even the FE results provided by the partner 14 presented important 
differences with CEA reference results, which were already benchmarked between EDF, AREVA and 
CEA. As it can be seen through the number of contributions on this task, its difficulty appears to be “a bit 
reluctant” not only from an analytical point of view but also for FE calculations which are also not so easy 
to correctly perform (many risk of errors on boundary conditions, loading applications, minimal length of 
straight section to consider and so on…). This point confirms the interest for a potential FE calculation 
benchmark in the future. At this step, these FE results are not considered in the following analysis. 

As elastic-plastic J calculation is based on two elements (elastic solution Jel and the elastic-plastic 
correction) the analysis is divided into two phases: the first one focus on elastic value of J and the on the 
elastic-plastic correction which in fact consists in AFCEN codes in a plastic amplification of the elastic 
term of J. 

Note that a mistake on the bending moment sign was introduced in the first version of the benchmark. 
As all partners had not the possibility to revise their proposition, the concerned cases have been excluded 
from the analysis. 

5.2 Elastic value of J 

5.2.1 Mechanical loads  
Figure 25 presents a synthesis of the different results, considering, for each case and each partner, the 
difference between the benchmarked CEA FE reference cases. Differences refer to the maximal loading 
condition (Lr,max) for each case, but conclusions are the same for all loading levels. 
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Figure 25: Comparison between the FE reference solution for the elastic value of J and the analytical results for each 

partner and each case at Lr, max for longitudinal defects. 

 
Figure 26: Comparison between the FE reference solution for the elastic value of J and the analytical results for each 

partner and each case at Lr, max for circumferential defects. 

 

For mechanical load, considering circumferential or longitudinal defects, results are globally 
homogeneous and J values are well predicted under pressure loading conditions, analytical results are 
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mostly comparable to FE results (in general less than 5%). Nevertheless when load implies bending and 
torsion moment, more discrepancy especially in the cases of circumferential defect are shown. In such 
cases J may be largely over or under predicted (except partners 8 and 19) which may be due to the section 
considered (median one instead of entrance). Today, it is assumed that other partners than 8 and 19 have 
considered a defect in the median section, as for longitudinal defects: higher values (in absolute value) of J 
are in general observed in this section, which is consistent with the received results. 

As a general remark, it should be noticed that, considering for AFCEN codes, the methodology is 
based on the calculation of the nominal elastic stresses in the elbows and the use of the influence 
coefficient of the cracked pipes with the same defect: this method is off course less accurate than an 
approach using dedicated compendia of influence coefficients. It would be interesting to have more 
information on the elastic nominal stresses calculation and the obtained results by each partner. 

Particular cases are nevertheless observed, which are probably due to user’s error: 

• Partner 2 (used AFCEN code) for the case L6, C14. 

• Partner 20 (used AFCEN code) for case L17, C14. 

5.2.2 Thermal and combined loads  
Under thermal and combined load, a good homogeneity of the results is obtained for each case and the 
reference elastic solution is underestimated by all the partners (see Figure 27). It is due to the fact that only 
linear through thickness temperature variation is proposed in the J elastic solution, whereas the considered 
cases correspond to a non-linear variation. This point shall be improved in the future to be able to deal with 
these configurations. 

 
Figure 27: Comparison between the FE reference solution for the elastic value of J and the analytical results for each 

partner and each case at ∆Tmax for thermal loads. 

5.3 Elastic-plastic correction 
This paragraph focuses on the elastic-plastic correction, i.e. the ratio J/Jel in order to reduce the impact of 
estimation of Jel on potential discrepancy. On following Figures for this part, first drawbar represents the 
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amplification given by the reference finite element calculation at maximum level of load (conclusions are 
the same for lower values). 

5.3.1 Mechanical loads  

For mechanical load, results are good agreement considering that two groups can be observed, due to the 
option (CEP or CLC options available in AFCEN codes) selected by the partner. As for elastic value, a 
little more variability is obtained for bending moment compared to pressure load. As previously mentioned 
FE results from partner 14 remains unexplained. 

 
Figure 28: Elastic-plastic amplification at maximum level of load for elbow with circumferential defect under 

mechanicals loading 

 
Figure 29: Elastic-plastic amplification at maximum level of load for elbow with longitudinal defect under mechanicals 

loading 

5.3.2 Thermal and combined loads  

Figure 30 directly compares the FE value of the elastic-plastic correction for each case with the analytical 
solutions, for the maximal thermal loading condition (the conclusions are unchanged for lower loading 
condition). 
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Note that all results presented here have been produced using the AFCEN codes. Partners 17 and 20 
provided particular results for combined loadings. The other results present a good homogeneity and are 
close to the FE solution (first drawbar). 

 
Figure 30: Comparison between the FE reference solution for the elastic-plastic correction and the analytical results 

for each partner and each case at Lr,max for thermal or combined loadings. 
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6. TASK 5 – PARTICULAR CASES 

This task was initially divided in 4 sub-tasks but considering only 2 FE contributions were received for the 
2 last, the two first sub-tasks only were threated. They deal with: 

• Estimation of elastic-plastic values of J for a cracked pipe submitted to an imposed displacement. 

• Estimation of elastic stress intensity factor KI in pipes containing embedded crack. 

6.1 imposed displacement loading condition 

This first particular case concerns a cracked pipe. The considered defect consists in a circumferential 
axisymmetric one with a depth equal to 2.5 mm (for a thickness of 10 mm). One section is embedded 
whereas the opposite section is submitted to a uniform axial displacement of 0.645 mm. 

4 partners provided results: 

• Korea University 

• KAERI 

• GDF-SUEZ 

• CEA 

Only one partner on this four provided analytical solution based on RCC-MRx procedure, all others 
used FE calculations. 

Figure 31 compares the different results. Partners 8 and 3 get similar FE results. Partner 14 is a little 
bit higher, but it is suspected that there is a mistake in the displacements definition: in fact if the 
displacement is multiplied by two, the impact on the curve makes it fits the ones provided by partners 8 
and 3.  

Partner 17 provided corrected results in a second step assuming he did the same mistake but if the 
general shape of the curve is similar, J values stay nevertheless too high. Looking at Figure 32 focusing on 
elastic values of J, Jel, it seems that another problem occurred, maybe in the crack shape definition. 

The analytical solution of the RCC-MRx appears to be a conservative but reasonable solution. The 
higher difference is observed at the beginning of the plasticity. When the plasticity is fully developed, the 
analytical solution seems to get closer to the FE solution. 
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Figure 31: Comparison of Jepl values provided for pipe under imposed displacement 

 
Figure 32: Comparison of Jel values provided for pipe under imposed displacement for partner 8 and 17 

6.2 Plate with embedded defect 
The second sub-task focused on the calculation of the elastic value of J parameter for a plate (thickness h 
equal to 10 mm and width 2b equal to 350 mm) submitted to an axial load and a bending moment, and 
containing an embedded elliptical defect. 20 cases have been investigated, depending on crack size (see 
Table 4). 

Geometrical description of such defect is recalled in Figure 33. 
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Figure 33: embedded defect geometries 

Table 4: embedded defect sizes investigated 

 
Four partners provided results: 

• Korea University 
• KAERI 
• GDF-SUEZ 
• CEA 

Partner 14 provided FE calculation results whereas other partners used the analytical solution 
proposed in the appendix A16 of the RCC-MRx code. Results are plotted on Figure 34 in terms of KI 
values. 

 
Figure 34: Comparison between the FE solution for the elastic value of KI (provided by the partner 14) and the 

analytical results for each partner and each case. 

Globally, the three partners using the AFCEN codes provided similar results. It has been noticed that 
partner 17 get slightly higher values, whereas the difference between the results of the partners 8 and 3 are 
within 2% (except the cases 15 and 19 where differences are a bit higher). In fact, in the 2010 edition of the 
appendix A16 of the RC-MRx, the chapter on the related compendia was incomplete and didn’t provide 
details on the nominal elastic stresses. It can be understood in the corresponding text that these stresses can 
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be estimated using the same solution for surface crack. In fact, it is not the case (the last version of the 
appendix has been completed): for the elastic stresses, the linear representation of the related distribution is 
centred on the middle of the crack. Finally it has been possible to reproduce the results of partner 17 using 
the elastic stresses for surface crack: this result put forward an inaccuracy of the 2010 edition of the RCC-
MRx code which has been modified in the last update. 
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7. TASK 6 – CONSEQUENCES OF WELDS

7.1 Task presentation 
Task 6 focused on cases with a circumferential (semi-elliptical or axisymetrical) crack in a weld. The aim 
was to investigate solutions available to take into account mismatch effect on the J calculation. No residual 
stresses have been considered in the FE reference calculations, and there was no recommendation on this 
point in benchmark description but one partner (partner 6) used R6 Section IV compendium to introduce 
RS profile. 

Figure 35 and Table 5 recall the configuration investigated. Note that only one defect position of 
Figure 35, where the defect is located in the middle of the weld (position 1), was considered in the 
benchmark.  

Regarding loading conditions, only the mechanical load (axial, internal pressure and bending 
moment) has been considered. 

Figure 35: Weld configuration considered in task 6 

Table 5: description of defect type (located in position 1) investigated 
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Note that, due to the complexity of this task, the number of configuration has been reduced (compared 
to the initial work planned in the frame of the benchmark) but only 3 partners provided results on all 8 
cases. 

Six partners provided results: 
 

• Korea University 
• KAERI  
• AREVA  
• AMEC 
• GRS 
• CEA 

 
Figure 36: Task 6 contributions 

Partners 14 and 17 provided FE results only. These calculations will be then compared to the CEA 
reference FE calculation. 

Partners 8 and 13 used the appendix A16 of RCC-MRx approach based on the definition of an 
equivalent material: the case is then analysed as a homogeneous case, with a tensile curve deduced from 
the original tensile curves defined for the base metal and the weld. 

Partner 6 used R6 approach. Nevertheless, the mismatch effect was not considered, whereas R6 rules 
include a similar method than the RCC-MRx code. Partner 6 used the base metal properties which lead 
here to conservative results as the weld is overmatched. Also, he considered residual stresses, as secondary 
stresses, with a reference field defined in the R6 code. Partner 15 used the DFH-ETM-SINTAP (DES) 
approach for mismatch welds, with the specific limit load formulation for weld joints ETM. 

7.2 Comparison of results 
Figure 37 shows the results obtained at higher level of load (Lr_max) on 8 cases. Green and red lines 
correspond respectively to exact solution (J=JF.E. ref) and to a two ratio (J=2. JF.E. ref). 

AFCEN code users provided exactly the same results on both CEP and CLC option, which appears to 
be conservative on all 8 cases. It can be noticed that CLC option seems to give closer results on the studied 
cases but there is too few configurations to generalise this point. Besides, for this task which remained 
complex even in terms of analytical method, it appears that AFCEN codes users performed both their 
analysis with a free distributed tool, call MJSAM, developed and validated by CEA, and which contains all 
analytical methods described in RCC-MRx A16 appendix. It necessarily helped to reduce the discrepancy 
between AFCEN code users. 

 R6 user is also conservative on all cases except on W9 which seems to conduct to large discrepancy, 
keeping in mind concerned partner took into account residual stresses. DES user provided singular results 
(very low value of J) on both cases W8 and W9. It can be noticed on Figure 38 that there is even no 
satisfactory agreement on finite element computations performed on these cases. Except these 
configurations, results range (in terms of elastic-plastic value of J at maximum level of load) between the 
reference solution and twice this reference value.  
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Figure 37: Scatter on J estimation results at maximum level of load for the different configurations  

investigated in task 6 

 
Figure 2. Figure 38: Comparison of Jepl values obtained by FE analysis at maximum level of load 
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8. TASK7 – DISCUSSION AND CONCLUSIONS 

This report presents the work performed in the “BENCH-KJ” benchmark launched in the frame of the 
OECD NEA CSNI WGIAGE METAL group on fracture mechanic parameters calculation. Twenty-two 
partners were globally involved, level of contribution depending on the considered technical task keeping 
in mind that it relies on in-kind participations. Main conclusions are the following: 

• Task 1 – KI: considering different codes used, results are globally homogeneous and in good 
agreement with FE reference solutions but some discrepancy persists, in particular with ASME 
users. 

• Tasks 2 and 3 – J in cracked pipes: AFCEN codes users globally provided homogeneous 
results, and in good agreement with FE solutions whereas much more discrepancy is obtained 
between R6 users. Thermal load sometimes leads to large over-estimated J value (in particular for 
BS and R6 rules). 

• Task 4 – J in cracked elbows: for such complex geometry considering analytical solutions, only 
AFCEN codes have been used and lead to similar results between partners with some restriction 
for bending moment. 

• Task 5 – particular cases: only one analytical contribution has been received for imposed 
displacement consideration (AFCEN code which gives satisfactory results). In the same way, for 
embedded cracks, only RCC-MRx has been used and conduct to homogeneous value of KI.  

• Task 6 – J in weld: Although the number of requested benchmark evaluations were decreased as 
the activity progressed, a relatively small number of contributions were received for this technical 
task. Additionally, this task was the most difficult to evaluate which may explain why several 
participants performed FE computations in parallel with their code evaluations. The various FE 
results exhibit differences which would require further investigation to understand. Users of the 
R6 and AFCEN code provided conservative results, and it should be noted that the R6 contributor 
considered the effects of residual stresses.  

This benchmark appeared to be a complex exercise, even the first step of benchmark definition which 
needs to be as exhaustive as possible. Participants, international practice and used codes weren’t known in 
advance. Consequently many precisions in the definition of the calculation cases were necessary to clarify 
the differences in the configurations investigated, especially concerning: real shape of defect, how to apply 
load/boundary condition, load sign especially in the case of combined loading in complex geometry such 
as elbows, caps effect, pressure on crack faces and the consideration of residual stresses.  

It can be concluded that analytical fracture mechanical methods are able to compute linear-elastic K, 
but also elastic-plastic J, close to finite element results, if proper formulated. This statement holds even for 
significant plastic effects and J values well above typical crack initiation thresholds. Analytical methods 
from various sources are applied from the participants, while many of them are in certain relations, but 
may differ in details. Besides it must be mentioned that most of these approaches intentionally involves 
conservative elements with the consequence that, especially at high level of load, large conservatism can 
be observed. 

 

It has to be noticed that as a consequence of some mistakes done during this benchmark, some 
improvements of codes as an example RSE-M (AFCEN code) are actually undertaken; most of them 
simply consists in text reformulation in order to avoid user misunderstanding. 

From a certain point of view, it can be understood that there is a real need for codes to be as 
prescriptive as possible in order to avoid human errors as load considerations (as already said considering 
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pressure on crack places, clear orientation of bending moment, ratio two on imposed displacement…), 
localisation of defect (different sections may be possible in elbows). The challenge consists in conciliating 
this requirement of sufficient guidance with an acceptable ease of use.  

For this purpose, it can be noticed that some participants made use of an initiative conducted by CEA 
which developed a freely distributed tool, called MJSAM, which provides all fracture mechanics methods 
available in RCC-MRx appendix A16 (similar than appendix 5.4 of RSE-M). Other participants relied on 
implementations in fracture mechanical tools, such as the GRS-code PROST. This kind of software tools 
radically ease the application of analytical methods available in actual codes and standards, may improve 
the reliability of the methods and allow deeper understanding on their accuracy. It is recommendable to use 
such software tools, if available, for avoiding user misunderstandings. 

Indeed BENCH-KJ exercise shouldn’t be considered as a deep analysis of code accuracy reminding it 
relies on in kind contribution (contributions and their analysis are in fact time consuming), some 
approaches were based on “mixed” methods, skill level of participants goes from trainees to fracture 
mechanics expert, some partners provided updated result others not, and finally some partners regularly 
undertook FE analysis (rather than analytical methods). 

Finally it should be mentioned that KJ benchmark recommends some further developments which 
may be useful in C&S such as consideration of thermal loads (it seems that R6 workgroup recently 
performed some improvements on this point) and residual stresses (as an example there’s nothing on this 
point in AFCEN codes). 
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APPENDIX  

 

The appendix was drafted in 2010 to present input and preliminary working plans, as well as schedules for 
the activity.  
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