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Abstract. The purpose of this paper is to present the progress of the work on the EURATOM project 
STYLE (Structural integrity for lifetime management – non-RPV components). The project focuses on 
the structural integrity assessment of reactor coolant pressure boundary components (RCPB) relevant 
to ageing and life time management. The 4-years project started in January 2010 and is now in its third 
year. 
Within STYLE realistic failure models for some of the key components will be identified. The range 
of assessment tools considered will include those for assessment of component failure by advanced 
fracture mechanics analyses validated on small and large scale experiments, quantification of weld 
residual stresses by numerical analysis and by measurements, stress corrosion crack initiation and 
growth effects and assessment of RCPB components (excluding the reactor pressure vessel) under 
dynamic and seismic loading. Based on theoretical and experimental results, performance assessment 
and further development of simplified engineering assessment methods (EAM) will be carried out 
considering both deterministic and probabilistic approaches. Integrity assessment case studies and 
large scale demonstration experiments will be performed on Mock-ups of safety relevant components. 
These will include a repair weld in an aged butt-welded austenitic pipe, a dissimilar narrow gap TIG 
weld (following the EPR design) and a cladded ferritic pipe. Moreover, experiments on specimens and 
feature test pieces will be carried out to support the large scale Mock-up analyses. 
The end product of the project (“STYLE TOOLS”) will comprise best practice guidelines on the use 
of advanced tools, on improvement and qualification of EAM as a part of European Leak-before-break 
(LBB) procedures and on life time management of the integrity of RCPB components in European 
nuclear power plants. The project is interacting with the European Network of Excellence NUGENIA 
(former NULIFE). 
 

1. Introduction 
The safety and reliability of all systems has to be maintained throughout the lifetime of a nuclear 
power plant. Continuous R&D work is needed in targeted areas to meet the challenges of long term 
operation of existing designs and for the GEN-III designs. A special focus is placed on RCPB, because 
its integrity and functionality is required from the time of first operation until end of life to ensure 
plant safety.   
The overall objective of STYLE is to assess, optimize and develop advanced tools for the structural 
integrity assessment of reactor coolant pressure boundary components (RCPB) relevant to ageing and 
life time management and to support the integration of knowledge created in the project into 
mainstream nuclear industry assessment codes. 
The project concept is based on carefully selected research topics, which thematically cover the 
complex multidisciplinary character of structural assessment of RCPB components. The prioritisation 
of the work will reflect the needs of industrial end-users and assessment of currently available 
techniques and data at European and international level. The "STYLE TOOLS" end product will 
consolidate the results in the form of best practice guidelines on structural assessment and life time 
management of the RCPB in European nuclear power plants. 
 



2 

2. Organisations involved 
In total 20 organisations from different European countries are cooperating within in the frame of the 
STYLE project. Two more organisations from outside Europe are also contributing to the tasks of the 
project. 
Below all organisations and their organisational responsibilities are listed. 
 
− AREVA NP GmbH (ANP-G), Germany: Coordination, WP2 leader 
− AREVA NP SAS (ANP-F), France 
− Bay Zoltán Alkalmazott Kutatási Közhasznú Nonprofit Kft. (BZF), Hungary 
− Belgian Nuclear Research Centre (SCK), Belgium  
− Commissariat à l'Énergie Atomique et aux Energies Alternatives (CEA), France: WP1 leader  
− EDF Energy Nuclear Generation Ltd. (EDF Energy), UK: WP7 leader  
− Électricité de France (EDF), France 
− Fraunhofer Institut für Werkstoffmechanik (IWM), Germany  
− Centre for Energy Research, Hungarian Academy of Sciences (AEKI), Hungary 
− Institut de Soudure (IDS), France 
− Joint Research Centre, Netherlands (JRC): WP4 leader 
− Nuclear Research Institute Řež (NRI), Czech Republic  
− Oak Ridge National Laboratory (ORNL), USA 
− Research and Development Institute of Power Engineering (NIKIET), Russian Federation 
− Serco Assurance Technical Services (SERCO), UK: WP3 leader and WP5 leader 
− Sucursala Cercetari Nucleare (INR), Romania 
− Technatom (TEC), Spain 
− Technical Research Centre of Finland (VTT), Finland 
− The Nuclear Research & Consultancy Group (NRG), Netherlands 
− University of Bristol (BU), UK 
− University of Manchester (UNIMAN), UK 
− Vattenfall, Sweden (RAB): WP6 leader 
 

3. Project Structure and tasks 
The project is organized in eight work packages reflecting different tasks and responsibilities. The 
coordination of the project is performed by AREVA NP GmbH. 
 
WP1 Experimental Work 
The main objective of WP1 is to perform manufacturing and material characterization for all planed 
mock-ups, which are dedicated to the further development and validation of numerical and analytical 
assessment tools. The most challenging task within WP1 is the preparation and execution of three 
large scale fracture tests: 
− The first Mock-up (MU-1), provided by ANP-F, is a pipe with a narrow gap dissimilar weld (DMW). 

The pipe thickness is about 40 mm and the outer diameter 450 mm. This first Mock-up is in effect a 
continuation of the ADIMEW (Assessment of aged piping dissimilar metal weld integrity) project 
and deals with the improvement of the assessment for DMW and Leak-before-break procedures. 

− The second Mock-up (MU-2), provided by EDF Energy (former British Energy), is an austenitic 
steel butt-welded pipe with a thermally aged weld repair austenitic weld (Outer diameter 180 mm – 
thickness 35 mm). This mock-up is aimed at the development and validation of defect assessment 
techniques for low toughness austenitic steels in the presence of weld residual stresses. Other 
complex factors, such as the consideration of crack tip constraint will also be taken into 
consideration. 

− The third Mock-up (MU-3), provided by ANP-G, is a cladded ferritic pipe (Outer diameter: 424 mm 
– thickness: 31 mm + 5 mm stainless steel cladding), which focuses mainly on transferability 
problems in the assessment procedure and the treatment of cladding. 

 
Additional laboratory mock-ups will also be provided to study specific topics of the project as follows: 
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− Three stainless steel pipe weld repair samples (MU- 4) for the welding simulation and residual 
stresses determination 

− Aged austenitic steel specimens (made from mock-up 2 material) containing controlled residual 
stress fields (MU-5) for the improvement of defect assessment methods taking into account residual 
stresses 

− Laboratory weld simulation of a VVER safe end dissimilar weldment (MU- 6) to calibrate a model 
used for residual stresses and material ageing evaluation 

− Piping under dynamic, pulse loading (MU-7) 
 
WP2 Numerical Analyses/Advanced Tools  
The main goal of WP2 is to develop highly sophisticated methods and advanced tools, which are able 
to describe realistically the complex physical mechanisms leading to ageing and failure of the reactor 
coolant system piping and components. A further important objective is to support the design of mock-
ups and specimens. In particular, the test goals will be set up and the corresponding test specifications 
for all planned mock-up tests will be elaborated. 
 
WP3 Engineering Assessment Methods (EAM), Leak-Before-Break (LBB) Analyses 
The general aim of WP3 is to firstly establish the state of the art national practices (including 
evolution, particularly in terms of LBB) and approaches in LBB and EAM, both from a deterministic 
and a probabilistic point of view. The approaches (i.e. procedures and codes where applicable) will 
then be applied/validated against Mock-up experiments and analytical case studies. The information 
obtained from these will then enable best practice guidance to be recommended on the various 
elements of LBB and EAM. 
 
WP4 Knowledge and Data Management 
The main goal of WP4 is to establish a comprehensive assessment of the available technology related 
to the LBB concept and other Assessment Methods as well as to collect information on selected 
aspects related to welding and weld repair in primary piping components of Nuclear Power Plants. 
Another task of WP4 is to develop and maintain the project web site. 
 
WP5 Training activities 
The main goal of WP5 is to facilitate the training of eligible new scientists and engineers. Training 
will be provided in the development of project end products via short visits to the relevant partner 
establishments. It is foreseen that the training of eligible persons will be enhanced via suitable links 
with the Network of Excellence NUGENIA. 
 
WP6 End User Group 
The objective of WP6 is to establish a firm “need for information” basis in form of an issue matrix for 
the various topics of the project to facilitate the validation of the project. This will be achieved by 
reviewing the outcome of the respective work packages and establishing a platform under which the 
results can be implemented and put to use for the end user participants and other relevant partners of 
the STYLE project. 
 
WP7 End Product 
WP7 is intended to integrate the work undertaken in WP’s 1 to 4 in a form suitable for wider 
dissemination and adoption. This end product is called "STYLE TOOLS" and has two key objectives: 
− To provide harmonized best practice guidance for ageing and lifetime management of pressure 

circuit components at a European level 
− To provide detailed examples of the use of the structural integrity assessment tools developed within 

STYLE in the context of ageing and lifetime management of pressure boundary/pressure circuit 
components 

 



4 

4. Status of the project and present main results 
This paragraph gives an overview of the work which has been carried out within the first two years of 
the projects and highlights the main results which have been achieved during this period. 
 
WP1 Experimental Work 
Within WP1 activities comprising the manufacturing of planed mock-ups and their material 
characterization have made a considerable progress. The most important results under WP1 are 
summarized as follows: 
− Manufacturing of MU-1 (2 pipes with a narrow gap dissimilar weld) provided by ANP-F is 

completed. One pipe is dedicated to material characterization and one to fracture test. The post-
welding treatment has been done at CEA. The material characterization is currently in progress. The 
4-point bending frame is ready for testing after some modifications of the bearing points have been 
realised. A device for heating the test set-up by warm air has been developed to achieve a 
homogenous temperature of 300°C in the interesting area of the MU-1 during the fracture test. 
Testing of the mock-up is scheduled for November 2012. 

− Thermal ageing of MU-2 provided by BE/EDF Energy (aged austenitic steel pipe containing a 
repaired butt weld manufactured) at 650°C has been completed. Measurements of residual stresses 
using the deep hole drilling method have been completed on the additional samples to underline the 
work for MU-2. Appropriate extensions necessary for the fracture test are available at CEA. Finite 
element calculations performed by UMAN on MU-2 have been brought to a point where they can be 
used to support fatigue pre-cracking and test design. 

− MU-3 (Cladded ferritic pipe) is available at EDF. The 4-point bending frame and the mock-up are 
ready for testing. Instrumentation of the crack (inside of the pipe), has been installed and tested. The 
check of the notch dimensions after fatigue pre-cracking (around 50,000 cycles) was done by an 
ultrasonic measurement. The optical instrumentation for monitoring the crack during the test is 
achieved and tested. MU-3 is ready now; testing of MU-3 is planned early 2012. 

− MU-4 contains four stainless steel pipe samples, two of them with a repair welding. The welding 
parameters were defined in order to obtain the following configuration: 
- MU4-1: Girth weld with low energy 
- MU4-2: Girth weld with low energy, repair welding down to 40% of the pipe thickness 
- MU4-3: Girth weld with high energy 
- MU4-4: Girth weld with high energy, repair welding down to 75% of the pipe thickness 
IDS has finished the manufacturing and welding of the four mock-ups. The discussion during the 
general assembly in Miskolc revealed that the originally suggested repair welding does not introduce 
as high residual stresses as requested and further that the MU-4 is not suitable for the purpose of 
studying the relaxation cracking. BE/EDF Energy suggests using the mock-ups to help develop more 
realistic residual stress profiles. Such profiles are used to assess the integrity of pipe girth welds. As 
a result of this matter the work plan has been rescheduled to account for the new design of MU-4. 
Needs of material characterizations have been defined and scheduled. 

− MU-5 is about small scale aged austenitic weld specimens. Three Esshete pipe butt welds have been 
soaked at 650°C for 10000 hours. C(T) specimens have been extracted from thermally aged Esshete 
1250 weld and parent material for use in the mechanical pre-loading rig at Bristol University. It is 
planned to manufacture additional samples. 

− The design of MU-6 provided by AEKI (VVER-400 safe end dissimilar metal weld) has been 
reconsidered. MU-6 includes now 12 real nozzles at the Paks NPP Maintenance and Training Center 
and so called "calibration piece", which is a 1:5 scale modified replica of a VVER-440 primary feed 
water nozzle. On the Paks NPP nozzles Barkhausen noise measurements will be performed. The 
calibration piece is dedicated to validation of the weld simulation approach developed at AEKI. 

− IWM has obtained the material 16Mo3 that will be used for manufacturing MU-7 (pipes with cracks 
under dynamic loading). Material characterization has been planned among VTT and IWM and 
specimen preparation for the material characterization has been started. Preliminary FE analyses 
have been performed by VTT, BZF and IWM. First results might change slightly the test 
arrangement of the Mock-up tests. The first testing of Mock-up 7 is scheduled for May 2012 with a 
second and a third test along with participants from WP 5 "training opportunities" in June 2012. 
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− Specimens of Inconel 52 have been designed and manufactured. The objective is to investigate the 
stress corrosion cracking behaviour (crack growth rate and crack initiation) under PWR primary 
water condition. 

 
WP2 Numerical Analyses/Advanced tools 
The activities within WP2 support the design of planned mock-ups and specimens. During the first 
two years of the project a particular focus was placed on the three large-scale mock-up tests. The most 
important results under WP2 are summarized as follows: 
− Work on pre-design of MU-1 has been started at CEA and ANP-F. CEA works on the analysis of the 

uncracked pipe to design the extension of the pipe ends. Subsequently optimization of the design 
(especially the shape of the crack) using available material properties will be performed. ANP-F will 
perform additional simplified analysis to support the CEA’s design analysis. Although the material 
characterization is not yet completed, the work has started using existing data. The first proposal is a 
crack about 4mm of thickness and a length about 200mm, with a specific geometry at the extremities 
to ensure the suitable shape of the front crack after the fatigue test stage. The final design will be 
fixed early 2012. 

− A R6 analysis of MU-2 has been performed using residual stress distributions from earlier work to 
assess the sensitivity of the applied loading conditions for ductile fracture for the aged Eshette pipe. 
In addition, a series of FE analyses is being conducted to explore the effect of residual stress on local 
and global plastic collapse of pipes. These include a series of elastic and elastic-plastic 3D FEA to 
quantify the elastic crack driving force (K) under primary and secondary loading, the collapse 
moment, and the elastic-plastic crack driving force (J) under primary and under secondary loading. 
A number of crack sizes were included in the analyses. 

− The in-kind simulation of MU-2 has been completed. Furthermore, the weld simulation protocol for 
MU-2 (including all MU-2 material properties) has been completed and delivered to participants in 
June 2011. 

− Design of the MU-3 was completed and the final crack configuration was passed to the EDF where 
the test of MU-3 will be performed. A synthesis containing all necessary information for the 
preparation of the large scale test was delivered to EDF. The design of constraint modified 
specimens dedicated to the investigation of transferability issues related to MU-3 has been finished. 

− The final design of all weld repair samples for MU-4 and their manufacturing has been completed. 
The work on the weld simulation of MU-4 will start in the second half of 2012. 

− A finite element analysis of MU-5 was conducted by BU to simulate the combination of residual 
stress and applied loading for ductile fracture. Further analyses will be planned after the material 
characterisation has been finished. 

− The initial coarse model for the calibration piece (MU-6) has been developed by AEKI. A second 
preliminary model has been made for predicting of deformations during welding. There were large 
differences between predicted and measured deformations, so there is a real need for updated 
material properties. Based on the photos taken during welding, the dimensions and locations of 
welding rows can be determined. Based on this, a FEM mesh for the welding simulation is being 
developed. 

− The main aim of mock-up MU-7 study is to produce crack growth data under dynamic impact 
loading. In order to plan these tests successfully, preliminary numerical studies are required. A 
specific mock-up to be tested later was simulated. To investigate the influence of dynamic effects on 
the local crack tip loading, a test program with different model parameters was designed by IWM 
and analysed by VTT and BZF. First results are now being analysed to define the MU-7 dimensions. 
The results from the initial analyses show the expected decreasing natural frequency of the system 
with an increasing length of the pipe. Additionally, near crack tip stresses respectively crack tip 
loading show the influence of propagating waves which modulate the underlying natural vibration of 
the system. This effect becomes less distinct with decreasing pipe length and smoothes out over the 
loading time. Depending now on the velocity of the striker and the size of the specimen, the crack 
initiation can occur in the early phase of loading and thus these effects have to be taken into account. 
Differences in the magnitude of the crack tip loading among the VTT and BZF results were 
observed, which still requires further investigation. 
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WP3 Engineering assessment methods, LBB analyses 
WP3 deals with deterministic and probabilistic engineering assessment methods (EAM) with 
particular focus on Leak-Before-Break (LBB). The most important results of the work package are 
summarized as follows: 
− WP3.1 has been completed, whereby an overview of national practices, including the regulatory 

position, on LBB, has been provided in the D3.1 report. The report provides a commentary 
summarizing the commonalities and the differences between the countries in the national LBB 
practices and regulatory requirements. The countries included are Germany, France, UK, Hungary, 
Czech Republic, Spain, The Netherlands and the USA. 

− Work within WP3.2 has been finished at the end of November 2011 with the issue of the final 
version of report D-3.2.1 “Overview of the EAM deterministic approaches and associated 
procedures and codes in the various countries”. It was delivered to the WP3.2 partners and submitted 
to the official STYLE web site. Thus, the work within WP3.2.1 has been completed. Concerning the 
application to Case studies via performing benchmarks, the process of specifying the benchmarks 
(based on Case study definitions) as well as compiling input data has been started. It is performed by 
NRI in cooperation with Serco and CEA. 

− Within WP3.3 the report D-3.3.1 “Overview of national practices and regulatory position on EAM 
(LBB) probabilistic approaches” was distributed for reviewing and improvement to the STYLE 
partners at the end of January. It considers Engineering Assessment Methods, probabilistic 
approaches and associated procedures and codes in the various countries; it provides an overview of 
LBB national practices and regulatory positions for nine different STYLE participants. Each 
participant was asked to complete an overview of EAM/LBB probabilistic practices for their 
respective country. As such, this review is based on the response provided by each participant. All 
participants were asked to complete a short report with six subheadings based on the EAM/LBB 
probabilistic practice for the country, regulatory position, historical development and future plans. 
All of these reviews are treated as independent appendices in this report. The main part provides an 
overview of the different practices, highlighting similarities and differences between these countries. 
In the case of “Application of probabilistic approaches to case studies” a mathematic model for LBB 
probabilistic approach is in progress. It is an elastic-plastic fracture model based on the probabilistic 
fracture mechanics principles and uses certain methods from Structural reliability analysis. The work 
involves the J-tearing theory, which is a very prominent concept for calculating the maximum load-
carrying capacity of pipe. Mechanical and fracture mechanics parameters are considered as random 
input parameters for a given through wall crack of the pipe, and a specific performance criterion 
(limit state function) is used to obtain the probability of failure. 

 
WP4 Knowledge and Data Management 
WP4 comprises two sub work packages. WP4.1 covers aspects related to the Leak-Before-Break 
concept and other assessment methods whereas WP4.2 addresses selected aspects related to welding 
and weld repair procedures in primary piping components of Nuclear Power Plants. The most 
important results under WP4 are summarized as follows: 
− WP4.1 has been completed. An overview of the conventional LBB acceptance criteria and on the 

reviewing of the LBB assessment methodology from both deterministic and probabilistic approaches 
point of view has been provided in D4.1.1. A second report D4.1.2 & D4.2.2 (combined for WP4.1 
and WP4.2) defines STYLE LBB case studies associated with experiments planned to be performed 
on three Mock-ups during the subsequent stages of the project. The LBB related input to the 
combined report D4.1.3 & D4.2.3 has been provided subsequently to the Knowledge Consolidation 
Workshop to be held in April 2011. 

− The work within WP4.2 is ongoing, where significant progress has already been made. Based on the 
input provided by the partners prior to and during the Consolidation Workshop the combined reports 
D4.1.2 & D4.2.2 and D4.1.3 & D4.2.3 have been drafted. Both reports are almost complete with 
only a small number of entries still missing. Report D4.2.1 “Priority Assessment in relation to Weld 
and Weld Repair” is not yet completed. After a considerable delay had already built up on this 
deliverable, it was finally decided to prepare this report as the last one in this work package. A draft 
version is expected for the beginning of 2012. 

− Within the context of WP4, JRC has set up and is hosting for the duration of the project the webpage 
of STYLE. The corresponding web address is: http://style.jrc.ec.europa.eu/. 
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This web presentation offers public information such as a project overview, in the future also the 
publishable information from the project reports, the list of project participants, etc. There is also a 
confidential part of the website accessible to STYLE partners only. This area contains the STYLE 
document repository and a work area where documents under development can be exchanged 
amongst the partners. Other features in the confidential area include a STYLE internal calendar, and 
a discussion board. 

 
WP5 Training activities 
The main goal of WP5 is to facilitate the training of eligible early career scientists and engineers via 
short visits to the relevant partners’ establishments. Eligibility criteria for training candidates were 
discussed in Manchester in June 2010 and issued formally in July 2010. A template for contributions 
to the training course manual to be used by organizations preparing to host training visits was issued in 
September 2010. An outline training programme, based on 13 case studies linked to the STYLE 
technical programme, was agreed during the consolidation workshop held in Miskolc (4-6 April 2011). 
Specific training opportunities were identified for each case study; hosting organizations were 
identified, as were those organizations wishing to send trainees on visits addressing the various 
training opportunities. The STYLE training programme was subsequently issued in June 2011. The 
first training visit will take place during April of 2012, with a Leak-Before-Break seminar linked to 
the 2012 STYLE Plenary meeting in Manchester, UK. Further training visits will be conducted at the 
premises of the various host organisations between April and October 2012. 
 
WP6 End User Group 
During the first period the work performed in the End Users Group was focused on formulating the 
Style Issue Matrix from an End User perspective; the final issue matrix was released in January 2011. 
 
WP7 End Product 
WP7 provided input and supported the activities of WP4, culminating in the WP4 consolidation 
workshop. There is also an interaction with WP6 for generating the Issues Matrix. 
 
WP8 Cooperation with non EU partners 
WP8 provided an efficient interface to the parallel Russian project led by NIKIET in terms of the 
coordination of the work on selected topics and regular information exchange in form of periodical 
meetings. The Cooperation with the Oak Ridge National Laboratory (ORNL) is ongoing according to 
plan. ORNL has contributed mainly to WP3 deliverables. 
The most important results under WP8 are summarized as follows: 
− Cooperation has been initiated by a cooperation kick-off meeting held in October 2010 in Erlangen, 

Germany. 
− A detailed work program and time schedule on the topic “Leak-Before-Break procedures” was 

defined. 
− The draft of the coordination agreement is available. 
 

5. Summary 
The project will reinforce the competitiveness of the European nuclear industry by achieving 
innovative research results in the field of maintenance of nuclear power plants and by bringing 
together leading industrial companies in this field. The project activities will enhance the specific 
capabilities of the acknowledged and well-experienced European research institutions involved to the 
STYLE project. 
The project will contribute to safe operation of existing nuclear power plants and to maintaining high 
safety standards due to more accurate assessment methods resulting in increased safety. Moreover, the 
long-term availability of skill and knowledge in European manufacturing and service industries and 
research organisations will be maintained and improved. 
The project will contain many innovation-related activities such as realistic assessment of component 
failure by advanced fracture mechanics analyses validated on small and large scale experiments, 
quantification of weld residual stresses by numerical analysis and by measurements, simulation of 
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fluid-structure interaction, prediction of thermal fatigue, stress corrosion crack initiation/growth 
effects and assessment of RCPB components under dynamic and seismic loading. 
 
Key features of the project are large scale demonstration fracture experiments on pipe specimens. The 
experiment will test and validate in realistic plant geometries the advanced assessment tools developed 
within the project using numerical simulation and small scale experiments. The large scale experiment 
will bring together the key themes of material ageing, repair weld residual stresses, and defect 
assessment. Similar large scale validation experiments have proved highly successful in previous 5th 
Framework projects such as SMILE, VOCALIST, ADIMEW and ENPOWER as well as in the series 
of projects performed by the NESC network. Their expense makes them impracticable for a single 
organisation to fund. European cooperation is the only way they may be performed, and the 
involvement of multiple, highly skilled project partners ensures maximum added value from the 
experiment. 
The expected impact of the work is summarised as follows: 
− Development of an overall approach with criteria to assure the qualification of key mechanical 

components relevant for safety from the plant life assessment point of view 
− Improvements to the design of mechanical components in some specific areas, with special 

emphasis on new plants 
− Contribution to development of an overall strategy within the EU for the safe life prediction of 

pressure boundary/pressure circuit components of nuclear plant 
− Dissemination of best practice guidelines on the use of advanced fracture assessment tools for 

structural integrity assessment and plant lifetime management of pressure boundary/pressure circuit 
components 

− Contribution to improvements in cost-effectiveness and safety of both existing and future nuclear 
power plants in the EU 

− Enhancement of the role of NUGENIA in relation to End Users and Regulators 
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