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urrently, there are many developments required to meet the future challenges in engineering structural integrity. 

These span a wide range of industries where there are increasing demands for new components and plant with 

respect to both safe and economic operation. 

One example of these challenges arises from the need to 

extend the design life of new power generating plant to at 

least 60 years. However, the petro-chemical, transport 

(including aerospace), electronic and health sectors each 

have specific structural integrity demands where high 

confidence, predictive models are required. In the health 

sector improved evaluation of, for example, the life of hip 

joints remains a key factor in meeting the demands of an 

aging population.  
  
Recognising these broadening demands in the field of 

engineering structural integrity, the management team of 

FESI in conjunction with Council members, have been looking 

to the future. In this context there have been considerations 

for both the infrastructure of the organisation and the 

dissemination routes including conferences, symposia and 

workshops to meet members’ needs.  
 

With respect to the FESI infrastructure we have moved to 

new office accommodation, more commensurate with need 

and appointed a new office manager, Sue Lowe. Sue will work 

closely with John Sharples, Chief Technical Advisor. We 

would like to thank Kay Platts who is retiring for her 

contribution to FESI over the past 2 years. The office 

accommodation and the new appointment are envisaged to 

meet the future challenges that FESI will need to address. The 

office will operate on behalf of FESI and FESI Publishing 

(formerly EMAS Publishing).   
 

 

Closely linked with these changes is the new web-site. As I 
said in the Winter 2017 Issue of The FESI Bulletin, we have 
now trialled the new site with Council members and it will go 
live during April. We consider this to be a key vehicle for 
implementing the FESI aims which include communication 
across the industrial, business and academic communities. 
We hope you will find the site is informative but also 
interactive to facilitate communication between members. 
We look forward to feed -back since this is a living site that 
will be subject to ongoing improvement.   
   

Bearing in mind the potential challenges facing those working 

in the field of engineering structural integrity we have put 

together a programme of workshops that look to the future.  

In addition, the TAGSI – FESI Symposium will take place at 

TWI, Cambridge on the 18 April 2018, entitled Structural 

Integrity and Materials in Nuclear Power Plant. This 

Symposium is dedicated to the memory of the late Professor 

John Knott. John contributed so much to this field and served 

both as Chair of TAGSI and a Director of FESI. The 2016 

Symposium Proceedings that looked to the future ‘Materials 

and Methodology Challenges for Future Nuclear Power Plant’ 

is published.  However, we have included three of these 

papers in this issue of the Bulletin. The overall proceedings 

containing eleven papers can be purchased from FESI 

Publishing, again via the website. 
 

Finally, I hope you find this issue of the Bulletin both 

informative and stimulating. Please give us your views.   

Peter Flewitt  
Editor-in-Chief  
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FESI has moved … please note our new address. 
 

UK Forum for Engineering Structural Integrity (FESI) 
Suite 9, Derby House 
Lytham Road 
Fulwood 
Preston PR2 8JE 
United Kingdom 
 

+44 (0)1925 377694 

 

 

 

FESI’S New Office Manager, Sue Lowe 
 

Sue Lowe, FESI’s new Office Manager, has worked for over 30 years in the Financial Services 
Industry, starting at Royal and Sun Alliance and then moving to Commercial Insurance 
Broking as a Corporate Insurance Administrator.   
 

Sue has considerable experience in office administration including monitoring and training 
of staff, organising events, supporting the Directors, invoicing and month end company 
accounting. For the last seven years she has worked as a business administrator for an 
independent financial adviser.  

 

FESI says Thank You and Farewell to Kay Platts 
 

Kay Platts was FESI’s Office Manager for the two years the 
office was located at Birchwood Park.  
 

It’s been a very eventful two years for Kay – as well as having 
to cope with the everyday administrative rigours of FESI she 
had Total Knee Replacement surgery on 15 December and was 
on crutches over Christmas.  She made a good recovery, 
helped by pedalling daily on her exercise bike but, suffering 
from sciatica, was back on crutches for FESI’s office move in 
March.   
 

 

Just before ESIA14 in May 2017 she was called for jury service 
but fortunately managed to postpone it until October.  
 
 

We hope Kay has found time to unwind, relax and recover with 
Harvey, her gorgeous geriatric Dalmatian.  Kay and her 
husband Norman, who is retiring as Principal Scientist at Wood 
Group, plan to explore northern India, Sri Lanka, Vietnam and 
Cambodia (for starters). 
 

FESI wishes you very well, Kay, in the future and for your travels. 

 

FESI Workshops & Seminars in 2018 
 

 

TAGSI-FESI Symposium 2018: Structural 
Integrity and Materials in Nuclear Power Plant 
In Memory of the late Professor John Knott OBE, FRS, 
FREng 
 

18 April  TWI Conference Centre, Cambridge, UK 
 

twi-global.com/news-events 
/events/tagsi-fesi-symposium-2018 
 

TWI-FESI Seminar on Crack-Tip Constraint 
 

25 July  TWI Conference Centre, Cambridge, UK 
twi-global.com/news-events  
 

FESI-EIS Workshop on Interaction of 
Degradation Mechanisms 
 

11 September Cranfield University, Bedfordshire, UK 
fesi.org.uk 

Seminar on Human Factor Issues Associated 
with Engineering Structural Integrity  
 

t/b/c  HSL, Buxton, UK 
fesi.org.uk 

Seminar on Structural Integrity of Medical 
Devices and Tools 

t/b/c  TWI Conference Centre, Cambridge, UK 
twi-global.com/news-events  
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FESI Publishing provides ESI resources for the engineering community 
 
 Eng ineer ing  C ha l le nges  As so ciate d w it h the  L i f e  o f  Grap hi te  C ores  

Editors: P.E.J. Flewitt and A.J. Wickham 
Selected Papers from the 4th EDF Energy Nuclear Graphite Symposium  
€108   
€10 p&p UK / €20 p&p worldwide  
 

 ESI A1 2 –  12 th  I nter nat ion al  C o nfere nce  o n E ng inee r ing  Stru ct ura l  In tegr i ty  Assessm ent  
Editors: P E J Flewitt, A J Wickham 
32 papers from FESI’s biannual conference: Inspection, Failure Analysis, Integrity Assessment Modelling, and Materials Behaviour 
€80    
€10 p&p UK / €20 p&p worldwide          
 

 Fra ct ure  To ugh nes s  o f  En g ineer ing  Ma ter ia l s  
Kim Wallin 
€121 
€10 p&p UK / €20 p&p worldwide    
 

 Moder n Met a l  Fat ig ue  An alys is  
John Draper 
€58  
€10 p&p UK / €20 p&p worldwide 
 

 Stre ngt h a nd  Fr a ctur e  Cr i ter ia  
Antanas Žiliukas 
€48 
€10 p&p UK / €20 p&p worldwide                                 
 

 
FOR THE COMPLETE FESI PUBLISHING CATALOGUE SEE FESI.CO.UK  

[ 1 ]  FESI’s members get 20% off all FESI Publishing orders made through fesi.org.uk  
 

 

 

 

A huge free weekend 
of exciting science, 

new technology, live 
music, creative 

workshops and tasty 
street food!    

Hands On Zone for 
families with 
children aged up to 
12 and Breathing 
Together  - a special 
exhibition on 
childhood asthma 

. 

Time Out London:   
An equation for a good time! 

 

Academic, student, or member of the public?  You can volunteer! 
Go to imperial.ac.uk/festival/get-involved 

 
 

From the Editor … 
 

  Nature and engineering 

Researchers at the University of Illinois, Urbana-Champaign, 
and the Washington University in St Louis have developed a 
new surgical camera inspired by one of the world’s largest 
butterflies. The striking and recognisable blue morpho 
butterfly has a complex visual system which can detect 
multispectral images. The camera’s developers borrowed this 
ability for the camera which, connected to the surgeon’s 
goggles, provides a conventional colour image and also uses 
operating theatres’ bright lighting to locate the infra-red  
signals given off by tumour-binding dyes. The more complete 
removal of cancerous tissue and the conservation of non-
cancerous tissue are the outstanding benefits for cancer 
sufferers; another advantage is that it can detect signals  

through the skin, enabling surgeons to precisely but non-
invasively identify the locations of tumours prior to surgery. 
Surgery can take place in full theatre lighting instead of in the 
dimmed lighting required by some systems which affects 
surgeons’ vision. Health service providers will find its 
affordability – the cost is estimated to be around $200 as 
opposed to some $20,000 for existing FDA-approved systems 
– a huge bonus, which should encourage its roll-out. 
(sciencedaily.com and theenegineer.co.uk)  
 

Keep in touch with ESI developments: Structural Integrity of 
Medical Devices and Tools, will take place at TWI, Cambridge, 
later this year. See fesi.org.uk for details.  
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Will an engineer be Cuba’s next President? 
 

 

If Miguel Mario Díaz Canel Bermúdez succeeds Raoul Castro 
as President of Cuba in the 19 April elections, it will provide 
a unique proposition for universities to recruit engineering 
students: show them how transferable engineering skills  
could lead to becoming president of one of the most 
interesting countries in the world. 

Díaz Canel’s first degree (1982), from the Central University 
of Las Villas, where he also taught after graduating, is in 
electronic engineering.   
 

Professor Peter Flewitt, in his Editorial on page 1, draws 
attention to the electronics sector as an area having specific  

ESI challenges in the future.   
 

Industry skills gaps, shortages and challenges 
 

The Engineer (theengineer.co.uk) reports that “around half of the UK’s engineering companies are struggling to find suitable 
engineers”. But the picture is complex and there is no easy solution. The Institution of Engineering & Technology’s Skills & 
Demand in Industry 2017 Survey (theiet.org) collated its findings around four key themes:  
 

1. The potential impact of Brexit on skills,  
2. The rise of digitalisation and advanced automation,  
3. Employer responses to skills challenges, and  
4. Progress around diversity.   
 

The recruitment of engineering staff with the right skills was found to be employers’ biggest challenge. They expect Brexit to 
further complicate this picture, while new skills will be required will emerge as an outcome of Industry 4.0’s increased 
automation and digitalisation.  61% of respondents reported that finding suitably skilled engineering and technical staff is a 
barrier to business achievement, and although 84% said they thought employers should bear responsibility for facilitating 
the transition between education/training and work, and 75% believed that the UK Government’s industrial strategy was 
dependent on the skills issue being resolved, only 21% of employers would like to be more involved in improving the skills 
supply. Women account for only 11% of the engineering and technical workforce. 
 

“We believe that engineering education can be different” – NMiTE intends to address industry skills shortages 

and gaps, and encourage diversity in engineering  

NMiTE says: “We’re a totally new kind of 

university; here to find, equip and empower a 

generation of engineers to meet tomorrow’s 

business needs through creativity, design and 

innovation.” 

 

Russell group members the Universities of 

Bristol – a FESI Corporate Member – and 

Warwick, backed NMiTE: New Model in 

Technology and Engineering, which is private 

but not-for-profit. 
 

“We’re establishing a new model of high-value 

engineering education. We’re here to unlock 

the creativity and drive of Britain’s next 

generation – the designers and builders, problem solvers and innovators 

who will shape our future. [We will] create a beacon institution to help 

address the engineering skills shortage that threatens to hobble the UK’s 

ability to compete globally [by adopting] a new approach to learning – 

based on real-world problem solving and the blending of high quality 

engineering, design, liberal arts and humanities with communication and 

employability skills targeted at the growth sectors of the future [and] 

located on a new and different type of campus – designed for inspiration, 

collaboration and a deep connection to the global community.  
 

NMiTE, based in Hereford, aims to be the first higher education 

institution in the country to have equal numbers of men and women 

among both lecturers and students. This may well be achievable; the 

new-style university is modelled on Olin College of Engineering in Boston 

which has already attained this unique record. Karen Usher, from NMITE, 

said Olin had been “incredibly successful” in recruiting women, and they 

may be open to taking on applicants without the usual maths 

qualifications to address the traditional gender imbalance. “We aim to 

find out what might be putting women off applying for engineering 

courses,” she said. “For instance, what’s to stop someone with A-levels in 

history, English and philosophy deciding to switch to engineering?” 

NMiTE will launch in 2018. The website says Watch This Space …  

The FESI Bulletin’s Editorial team will do so for you.

Eliza Rawlings, Managing Director of Festo UK, a world-leading supplier of automation technology, discusses in the interview 

Managing Industry 4.0 how she will lead the company into 4IR (the Fourth Industrial Revolution), nurture young talent in 

engineering, and address the engineering skills gap.   
 

Rawlins sees a role for schools in broadening the appeal of A-level STEM and engineering: “schools… are very under- 
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informed about what engineering is, and we have a role to educate them. [Engineering is] such a diverse subject. It’s really 

hard to grasp what an engineer does… my own daughter told me a lot of girls don’t choose engineering, because they simply 

don’t know what it is.”   
 

Rawlings’ first degree, a BEng in electrical and electronic engineering at Swansea University, was sponsored by her then-

employers Renishaw.  She later received an MSc in management learning and change at the University of Bristol 

(bristol.ac.uk); a move which she feels has stood her in good stead throughout her career. The full interview is available at 

theengineer.co.uk/managing-industry-4-0.   

 

What is Industry 4.0, Anyway? Ian Wright argues that the ‘smart factory of the future’ is an optimisation of Industry 4.0 
technologies.  Wright (engineering.com) sets Industry 4.0 in the context of the three previous Industrial Revolutions and 
argues that the smart, automated factory –  key to the success of 4IR – will optimise manufacturing by combining the 
Industry 4.0 technologies of cyber-physical systems – physical assets connected to digital twins; the Industrial Internet of 
Things (IIoT); data analytics; additive manufacturing; and artificial intelligence.   
 

So what will these smart factories look like and how will they be different?  Joel Martin of Hexagon Manufacturing 
Intelligence says that the smart factory will not be so different: “I think that factory today and the factory of the future are, 
quite frankly, going to look very similar. If a factory is producing a quality product, the processes are tuned, the supplier 
channel is correctly monitored and everything is running like a well-oiled machine.” 
 

Lloyd’s Register Foundation’s HEC finds a role model for the future while exploring the past 

 
 
The LRF Heritage & Education Centre, London, exists to 
enhance public understanding in marine and 
engineering science and history, and is one of the finest 
library and archives of its kind. 

LRF HEC’s Project Undaunted team found an interesting entry for the iron sailing 
ship T. F. Oakes, otherwise known as the ‘Hell Ship’ for her disastrous first voyage 
from Hong Kong to New York. Running into high winds and rough seas she 
deviated from her course and drifted two thousand miles. 259 days later, under 
the command of the Captain’s wife, with most of the crew dead, starving or 
suffering from scurvy, T. F. Oakes was taken in tow by a passing British tanker and 
towed to New York. See lrfoundation.org.uk for information on this enterprising 
role model and more fascinating stories from the team as they catalogue the 
world’s far-flung ports. 
 

Lloyd’s Register Foundation Update 
 

Safety innovation: Lloyd’s Register launched a global programme to accelerate safety innovation in industry. The Lloyd's 
Register Safety Accelerator will bring together technology companies and industry to test innovative digital solutions to critical 
safety and risk challenges. 
 

Lloyd's Register Foundation & BLOC partner on maritime blockchain lab: The Foundation will fund BLOC to conduct three 
demonstrator projects and build collaborative network to explore application of blockchain technology in maritime risk and 
safety. 
 

New insight report published: A new report published by The Alan Turing Institute and Lloyd's Register Foundation identifies 
significant potential for engineers to use distributed ledger/blockchain technology to improve safety. 
 

 

Consultations on ocean engineering foresight review: "The Lloyd's Register Foundation foresight review on ocean engineering 
will highlight the intersections between the increased demands on our oceans and the technological trends enabling their 
further development.” said Professor Mark Cassidy, Lloyd's Register Foundation Chair of Offshore Foundations at the 
University of Western Australia, who is leading the review. To register as a participant, and for further information, go to 
lrfoundation.org.uk. Consultations on the ocean engineering foresight review will be held in Singapore: 19-20 April 2018, 
Southampton, UK: 26-27 April 2018, and St John’s, Canada: 6-7 June 2018. 

 

A tale of three bridges … 
 

 

MX3D bridge digital twin model developed by 
the Steel Structures research group in the 
Department of Civil and Environmental 
Engineering, Imperial College London 
 

The world’s first 3D printed bridge – a 12-metre long stainless steel span to be 
installed across an Amsterdam canal this year – is now complete and has undergone 
its first informal load tests, Lloyd’s Register Foundation (LRF) announced on 5 April.  
 
MX3D (mx3d.com), a company which develops innovative robotic additive 
manufacturing technology, was provided by the LRF with funding in 2016 to make the 
bridge and partner with a research team from the Alan Turing Institute.  
 
Scientists from Imperial College London – a FESI corporate member – will also be 
working on the project, and undertake material testing on the 3D printed steel 
(imperial.ac.uk/news/182593).  The Alan Turing Institute-Lloyd’s Register Foundation 
programme in data-centric engineering will design and install a comprehensive SHM 

http://www.lrfoundation.org.uk/news/2018/lrf-partners-with-bloc-to-establish-a-maritime-blockchain-lab.aspx
https://www.turing.ac.uk/research_projects/programme-data-centric-engineering/
https://www.turing.ac.uk/research_projects/programme-data-centric-engineering/
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system.  Data on structural measurements such as strain, displacement and vibration and environmental factors including air 
quality and temperature will be used to develop a ‘digital twin’ – a living computer model of the bridge. The digital twin will be 
tested against the performance and behaviour of the Amsterdam bridge, to inform designs for 3D printed metallic structures, 
while also allowing the bridge to be modified, if necessary, to ensure its safety for users. 
 

Past issues of The FESI Bulletin featured regular reports from a more conventionally 
constructed bridge monitoring scheme: the now-completed SHM project, NPL’s 
demonstrator footbridge project, in which an original footbridge, once used as a 
pedestrian crossing, was relocated to serve as an experimental test ground for assessing 
structural monitoring sensors. The report Tipping point analysis of the NPL footbridge, 
by Valerie Livina, Elena Barton and Alistair Forbes is available in the Journal of Civil 
Structural Health Monitoring, April 2014, Volume 4, Issue 2, pp 91–98, link.springer.com  

 
A method known as ‘accelerated assembly’, whereby large sections are put together at the roadside and raised into position, 
was used in the design of a new 53-metre 950-ton footbridge in Miami, Florida. A homicide investigation was opened after the 
bridge collapsed on 16 March over a road near Miami’s Florida International University, killing 6 people and injuring 9.  
 
Among the many factors which forensic engineers will consider during the investigation will be human error. The Florida 
Department of Transportation released the transcript of a voicemail left by a construction company’s lead engineer, reporting 
a crack in the structure. The person on whose landline the voicemail was left was, however, apparently out of the office at the 
time and didn’t hear the message until after the bridge collapsed. 
 
FESI’s Seminar on Human Factor Issues Associated with Engineering Structural Integrity (fesi.org.uk) will take place at the 
Health & Safety Laboratory (HSL) later this year. By that time, more may be known about the causes of the collapse. In the 
meantime, plans are being put forward to regenerate the damaged streetscape, focussing on safe, attractive integration between 
pedestrian, cyclists, cars and public transit (citylab.com).  
 

(bbc.co.uk/news/world-us-canada; How Do Forensic Engineers Investigate Bridge Collapses Like the One in Miami? Martin Gordon in Scientific American, 
(reprinted from The Conversation), 25 March 2018; Richard Luscombe, theguardian.com, 17 March 2018; Mary Ellen Klas, David Smiley and Daniel Chang, 
miaimiherald.com, 16 March 2018). 
 

  Grenfell Tower Fire, human factors, and ESI
Residents of London’s Lancaster West Estate are contributing to plans to reinvigorate the area.   Grenfell Tower is, however, 
the subject of a public enquiry into the July 2017 fire in which 71 lives were lost, and will not be part of the scheme. The 
Lancaster West Residents’ Association, the government’s Ministry of Housing, Communities and Local Government, and the 
Royal Borough of Kensington and Chelsea will work together on a ‘co-design’ process. Grenfell Tower may be demolished later 
this year, and the site will become a memorial for the victims of the fire.  
 

Existing guidelines and fire-safety guidance for high-rise buildings were found, in the wake of the fire, to be inadequate. The 
consequent government-ordered review of the fire safety of all high-rise buildings resulted in a 100% failure rate. 
  

However, the conditions which allowed the fire to spread so rapidly and disastrously are an ESI issue, and can, in part, be 
assigned to human factors.  It is possible that aluminium composite panels implicated in accelerating the fire were a 
substitution for the fire-resistant zinc cladding specified by Studio E Architects, and the final selection of the cladding panels 
was made for aesthetic, not safety, reasons.  
  

FESI’s Seminar on Human Factor Issues Associated with Engineering Structural Integrity will take place later this year at the 
Health & Safety Laboratory. The complexity and consequences of changes made in perhaps uniformed isolation are huge, but 
confirm ESI’s principle that all processes, from initial design to eventual disposal, must be considered. See also Structural-
Safety’s Report 706 below. 
 

(Grenfell Tower site to be turned into memorial to fire victims, Jessica Mairs, 2 March 2018, dezeen.com;  Adjaye and Cullinan among architects working 
on ideas for Grenfell Tower Estate, Tom Ravenscroft, 20 March 2018, dezeen.com; Grenfell cladding approved by residents was swapped for cheaper 
version, Robert Booth and Jamie Grierson, 30 June 2017, theguardian.com) 

Quality of Construction and Fire in Buildings are two 
matters being addressed by Structural-Safety. Cross 
confidential Report No. 706, General fire safety in 
residential blocks addresses issues such as uninformed, 
cost-saving substitutions to designs, a lack of appropriate 
professional knowledge at the right time, final safety checks 
being left undone, and the need for the intersection of 
involved professionals at critical times. 
    

 “A lack of appreciation and coordination within the industry 
in relation to fire safety, which when combined with poor 
construction, is likely to result in fire safety issues with many 
modern residential blocks”, the individual who reported 
anonymously to Structural-Safety said in summary. 
 

For more reports, or to make a confidential report, see structural-safety.org 

   

https://link.springer.com/journal/13349
https://link.springer.com/journal/13349
https://link.springer.com/journal/13349/4/2/page/1
https://www.theguardian.com/us-news/florida
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 TAGSI/FESI Symposium  

April 18 2018 
 

 

Structural Integrity and Materials in Nuclear Power Plant 
 

 

 In Memory of 

Professor John Knott OBE, FRS, FREng 
 

 

 
 

Programme 

09.00 Registration  
TAGSI Chairman, Professor R Ainsworth, University 

 
09.30 

 
Welcome & Introduction 
 

of Manchester and FESI Director, Professor P 
Flewitt, University of Bristol 

10.00 Keynote 
Mechanistic Aspects of the Damage Tolerance of 
Advanced Multiple-Element Alloys and the Legacy of 
John Knott 

 
Professor R O Ritchie  
Chair, Department of Materials Science and 
Engineering, University of California, Berkeley 
 

10.30 
 
 

Assessment of Non-Sharp Defects Using the Notch 
Failure Diagram 

Dr A Horn 
Wood 

11.00 
 

Refreshments   

11.30 Creep Fatigue and Weldments 
 

Dr M Chevalier  
EDF Energy 
 

12.00 
 

Proof Stress Effects on the Integrity of Pressure Vessels Professor S Garwood  
Imperial College London 

12.30 
 

Lunch   

13.30 Stress-Based NDE: Taking Infra-Red Thermography 
Inspection from the Laboratory to The Power Station 
 

Professor J Barton 
University of Southampton 

14.00 Probabilistic Structural Integrity 
 

T/b/c 
University of Bristol 

14.30 
 

Refreshments  
 

 

15.00 ONR View of Current / Future GDA Needs 
 

Jim Caul  
Office of the Nuclear Regulator 
 

15.30 On-going Developments in France in Support of Fracture 
Mechanics of the UK-EPR Project 
 

Dr S Chapuliot  
Framatome 

16.00 
 

Discussion   

16.30 Close   
 

 

TWI Conference Centre  

Granta Park 

Cambridge, UK 
 

 For full details of how to enrol and register,  

please see overleaf. 
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To Register 
To pay by credit/debit card only, please go to: 
 
www.twi-global.com/news-events/events/ 
tagsi-fesi-symposium-2018  
 
Information and enquiries 
 

Becki Parratt    
E: becki.parratt@twi.co.uk   
T: +44(0) 1223 899000    
F: +44(0) 1223 892794 
 

TWI 
Granta Park, Great Abington,  
Cambridge CB21 6AL 
UK 
 

Registration Fee 
£220 + VAT: Standard 
£177 + VAT: TAGSI, FESI & ESIS members 
£60 + VAT: retired persons & full-time students 
 

The fee for the one-day event includes: 

• Lunch 

• Refreshments 

• Documentation 

• TAGSI/FESI Symposium 2018 Workbook 
 

TAGSI and FESI thank TWI: Sponsor of the TAGSI-FESI Symposium 
2018   

 
 

  

 

T •A •G •S •I 

UK Technical Advisory Group on the Structural Integrity of High Integrity Plant  

The potential consequences of failure in high integrity plant are extremely severe. As the UK prepares for the introduction of 
a new generation of nuclear power plants, TAGSI provides an important forum for the consideration of structural integrity 
issues of concern to the nuclear industry. 

TAGSI’s remit includes the evaluation of generic technical 
structural integrity matters, and the provision of advice and 
opinion on aspects of structural integrity methodology in 
relation to plant problems and safety issues with particular 
emphasis on suitably consistent codes and standards. Observer 
status is offered to a number of the nuclear industry’s 
regulatory organisations. 

Nuclear industry issues evaluated by TAGSI 
 

• Structural integrity methodologies 

• Acquisition and interpretation of materials data 

• Failure mechanisms 

• Inspection methods and applications 

• Probabilistic aspects of structural integrity methodology  

TAGSI’s Technical Responses 
 

TAGSI work is defined by specific structural integrity questions 
of relevance to the Nuclear Industry; these are rigorously 
clarified and addressed by working through small Sub-Groups 
comprising independent experts in the technical area under 
consideration together with representatives of sponsoring 
industry organisations. The Sub-Group’s draft response is sent 
to the Main Committee for ratification and is then issued as a 
formal technical response. 
TAGSI’s technical responses include: 

• Fracture 

• High temperature materials 

• Irradiation embrittlement 

• Risk and reliability 

• Inspection 

• Statistical methods 

• Environmentally assisted cracking 

• Impact 

 

TAGSI’s ‘Four Legs’ Methodology 
 

This methodology was developed for use in circumstances 
where there is insufficient deterministic information to give 
confidence in a quantitative probabilistic analysis. In such cases, 
TAGSI’s ‘Four Legs’ methodology makes it possible to construct 
a conceptual ‘defence in depth’, drawing on different strands or 
‘legs: 
 

1. Quality of build. 
2. Any critical test, such as the proof-pressure test. 
3. Analysis of failure mechanisms and sub-critical growth 

crack rates. 
4. Any forewarning of failure. 

Publications 
 

TAGSI has available a number of publications including 
symposia and conference proceedings. These are available 
through the website: tagsi.fesi.org.uk. 
 

Chairmen past and present 
 

Since it began in 1988, TAGSI has been chaired by Brian Eyre, 
Peter Hirsch, Michael Burdekin, and the late John Knott in 
whose memory the TAGSI/FESI Symposium 2018 is being held.  
Professor Bob Ainsworth, TAGSI’s current chair, will be 
welcoming attendees to the 2018 Symposium. 
 

Contact details 
TAGSI – UK Technical Advisory Group on the  
Structural Integrity of High Integrity Plant 
TAGSI Secretary 
FAO Peter James 
Walton House, Birchwood Park 
Warrington WA3 6GA 
UK 
 

T: +44(0) 1925 462657                  E: fesi@fesi.org.uk 
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The What’s On Listing 
A selection of the many conferences, seminars, workshops and opportunities for CPD.  
 

FESI members receive: 
➢ Discount on all events organised or co-sponsored by FESI 
➢ ImechE member rates for all events jointly organised by ImechE and FESI 
➢ A certificate of attendance that counts towards CPD targets 

 

To find out more about FESI’s CPD and training events, email john.sharples@fesi.org.uk 

2018 

TAGSI-FESI Symposium 2018 – Structural Integrity and Materials in 
Nuclear Power Plant in Memory of John Knott OBE, FRS, FREng 

18 April TWI, Cambridge becki.parratt@twi.co.uk   

Lloyd’s Register Foundation Heritage Education Centre Workshop 23 April London lrfoundation.org.uk 

2018 EU ARDC – Applied Reliability and Durability Conference  24-26 April Copenhagen ardconference.com 

Volcano Descent, Professor Chris Jackson, Imperial College London 25 April London www3.imperial.ac.uk 

Imperial Festival 2018 28-29 April London www3.imperial.ac.uk 

Lloyd’s Register Foundation International Conference 9-10 May London lrfoundation.org.uk 

ESIS TC9 Meeting – Innovation in Cement and Concrete Technology 10-11 May Turin structuralintegrity.eu 

Ist International Conference of the Greek Society of Experimental 
Mechanics of Materials 

10-12 May Athens gsemm.gr 

HSL: DSEAR – Compliance for Managers and Supervisors 17 May HSE hsl.gov.uk 

IGF Workshop: Fracture and Structural Integrity – Ten Years of 
Frattura ed Integrità Strutturale 

4-6 June Casino gruppofrattura.it 

BSSM Strain Analysis Course 11-14 June Sheffield bssm.org 

ICTAEM-1 – Theoretical, Applied and Experimental Mechanics 17-20 June Paphos ictaem.org 

ICEM 2018 – 18th International Conference on Experimental 
Mechanics 

1-5 July Brussels icem18.org 

ESMC 2018 – 10th European Solid Mechanics Conference 2-6 July Bologna esmc2018.org 

MDA 2018 – 2nd International Conference on Materials Design and 
Applications 

5-6 July Porto web.fe.up.pt 

ICEFA VIII – Eighth International Conference on Engineering Failure 
Analysis 

8-11 July Budapest 10lsevier.com 

Human Factors Issues Associated with Structural Integrity t/b/c HSL fesi.org.uk 

Excelling in Health and Safety Culture and Leadership 18 July London hsl.gov.uk 

Pressure Vessel and Piping Conference 15-20 July Prague asme.org/events/pvp 

NT2F18 – 18th International Conference on New Trends in Fatigue 
and Fracture 

17-20 July Lisbon nt2f.tecnico.ulisboa.pt 

ERPI Expert Workshop on Creep Continuum Damage Models for 
Structural Mechanics (with ASME) 

19-20 July Prague asme.org/events/pvp 

TWI-FESI Seminar on Crack-tip Constraint 25 July TWI, Cambridge becki.parratt@twi.co.uk   

Stress Analysis and Load Measurement Course 7-9 August Sheffield bssm.org 

ECF22: 22nd European Conference on Fracture 26-31 August Belgrade ecf22.rs 

13th International Conference on Advances in Experimental 
Mechanics 

29-31 August Southampton bssm.org 

IMEKO XXII World Congress 3-6 
September 

Belfast fesi.org.uk 

FESI-EIS Workshop on Interaction of Degradation Mechanisms 11 September Cranfield becki.parratt@twi.co.uk   

CP2018 – 6th International Conference on Crack Paths 19-21 
September 

Verona cp2018.unipr.it 

Structural Integrity of Medical Devices and Tools t/b/c TWI, Cambridge fesi.org.uk 

ICSID 2018 – 2nd International Conference on Structural Integrity and 
Durability 

2-5 October Dubrovnik icsid2018.fsb.hr 

Excelling in Health and Safety Culture and Leadership 15 November Manchester hsl.gov.uk 

Postgraduate Experimental Mechanics (PGEM) Conference 6-7 December Glasgow bssm.org 

ISSI2018 t/b/a China fesi.org.uk 
 

To receive The FESI Bulletin in your Inbox, email brian.daniels@fesi.co.uk 
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Help to shape the future of ESI 
 

Engage with ESI in the UK, 

in Europe, and globally 
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▪ Benefit from the combined knowledge and expertise of 
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Materials and Methodology 
Challenges for Future Nuclear  
Power Plant

Edited by R. A. Ainsworth and P. E. J. Flewitt 

the Proceedings of TAGSI-FESI Symposium 2016

The TAGSI-FESI Symposium 2016*

The focus of the TAGSI-FESI Symposium 2016 was Materials and Methodologies Challenges for Future Nuclear 
Power Plant.

While the UK rolls out its nuclear new-build programme, the existing nuclear power generation infrastructure 
can inform the materials and structural integrity challenges that will be encountered during its implementation.

The 2016 Symposium focused on the extent to which these challenges are being met, and discussed the need 
for nuclear new-build to operate long-term. Issues such as life extension for existing plant which must continue 
to operate as the new technology is introduced; the current status of relevant codes and methodologies; and the 
developments required to meet the identified materials and structural integrity challenges, were ESI issues explored 
at the Symposium. 

The following papers from the 2016 Symposium are reproduced here to provide context for the 2018 Symposium:
National Structural Integrity Research Centre: Fast-Tracking Innovation Through Industry-Led Research — By 

A. Khalid, T.-H. Gan, and C. Thirunavukkarasu (pp. 13–19).
Some Comparisons of the French RSE-M and UK R6 Defect Assessment Methods — By R. A. Ainsworth (pp. 20–31).
Structural Integrity Challenges Related to Long-Term Operation — By P. E. J. Flewitt (pp. 32–44). 

* The full proceedings are available by contacting us at fesi@fesi.org.uk.



 FESI 13

91

NSIRC Ltd, Granta Park, Great Abington, Cambridge CB21 6AL, UK.

Email: enquiries@nsirc.co.uk; Telephone: 44 (0) 1223 899000

National Structural Integrity Research Centre:  
Fast-Tracking Innovation Through  

Industry-Led Research

A. Khalid, T.-H. Gan, and C. Thirunavukkarasu

The increasing need for industry ready engineers to tackle today’s complex engineering 
challenges, stemming from a lack of experienced engineers ( 1  ), called for a new type of 
higher education in the UK. This dearth of engineers, and growing demand for research 
programmes to address structural integrity problems through an industrial framework 
( 2  ), led to the setting-up of a new type of research centre.

This initiative, the National Structural Integrity Research Centre (NSIRC), was formed 
by a partnership between leading industrial organisations with support from the UK 
government. Since its launch in 2012, NSIRC has progressed from a national research 
centre for structural integrity to a research provider of choice for international partners 
interested in leading research. 

NSIRC is a £150m, 10 year project funded by the Regional Growth Fund, Higher Edu-
cation Funding Council for England (HEFCE) and industry. The initiative is set to deliver 
530 postgraduate students and over 60 staff spanning industrial and academic disciplines, 
through a new world class, purpose-built facility designed and equipped specially for 
structural integrity research. 

NSIRC is tackling three of the major demands facing the engineering sector: 
 increasing the capabilities of the next generation of engineers 
 sustaining the flow of new products and services to ensure the safety and integrity of 
structures, both modern and aged 

 encouraging women into engineering. 

I.  Generating Engineering Talent

It is vital that the next generation of engineers have the appropriate balance of knowledge, 
skills and training required to tackle the industrial needs of tomorrow. 

In a recent survey, over half of businesses (55%) stated they were not confident there will 
be enough people available in the future with the necessary skills to fill their high-skilled 

Abstract. — The formation of NSIRC has provided broad opportunities to accelerate the indus-
try uptake of research and development of new products and services. The NSIRC model has 
strategically evolved to cover the full technology readiness level (TRL) spectrum from one to nine.

 



 FESI 14

a. khalid, t.-h. gan, and c. thirunavukkarasu

92

jobs ( 3  ). This uncertainty will have a significant effect on the engineering landscape and 
the wider economy in the UK. 

NSIRC and its founding academic partner, Brunel University London, are successfully 
addressing the academic-industrial gap through the MSc in Structural Integrity. This 
course, delivered in TWI’s industrial environment at Granta Park, Cambridge, provides 
graduates with the necessary skills and training to make an instant impact in industry. 
The programme is run by both academic and industry staff, with a 50/50 split. All final 
year projects are provided, supported and co-supervised by industry. 

Now in its third year, this year the course is expected to attract more than 20 students. 
The success of the programme, and its effectiveness tackling the UK’s shortage of qualified 
engineers, has led to leading UK universities partnering with NSIRC to deliver similar 
MSc courses. The following courses with partner institutions are planned:

Clockwise From Top : Inauguration of Women’s Engineering Society at TWI on 23rd June 2016; 
NSIRC students are industry ready through training and experience gained doing industry-led 
research; NSIRC students work on equipment tailor-made for research in structural integrity.
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 MSc in Oil and Gas Engineering with Brunel University, London 
 MSc in Condition Monitoring with London South Bank University 
 MSc in Engineering Leadership with Aston University, Birmingham
NSIRC has gone further in generating human capital by addressing the gender gap that 

is prevalent in the UK engineering sector. Currently only nine per cent of engineering 
and technology staff in the UK are women ( 4  ). Sponsoring and participating in national 
events organised by the Women’s Engineering Society ( 5  ), NSIRC is determined to nur-
ture talented young women’s interest in engineering subjects to redress this imbalance. 
Forty per cent of researchers in NSIRC are women, suggesting progress is being made, 
but there is still some way to go. The centre hopes to achieve absolute gender parity in 
the coming years, with 50% of its students being women. 

II.  Research Leading to Industrial Solutions

Academic research at NSIRC is mainly focused on fundamental science, while industry-
oriented research is driven by application and designed to lead to improvements in 
standards and the creation of new services and products. While it is possible for universities 
to accommodate industry needs, it could come at the expense of their academic freedom 
and lead to a compromise in the delivery of the core science and engineering skills at 
which they excel.

Major engineering organisations have dedicated research laboratories to carry out 
research related to their technologies. Their research provides a competitive advantage 
but is potentially prone to tunnel vision, with a limited focus on opportunities dictated 
by market demands. 

The majority of UK engineering organisations are small to medium-sized and do not 
have a dedicated research team or laboratory. This lack of research into innovative new 
technologies could hinder the UK’s ambition to become the world leader in STEM subjects. 

The creation of the new strain of postgraduate research organisation pioneered by 
NSIRC was a direct response to these needs and ambitions. TWI, with its 70 years of 
unparalleled experience in research and consultancy across major industrial sectors such 
as aerospace, oil and gas, transport, nuclear, construction, power, and automotive, was 
excellently placed to meet this challenge. 

NSIRC is dedicated to applied research. Informed by industry, the scope of its research 
is designed to tackle real life structural integrity challenges. Industrial participation 
brings benefits to PhD researchers including access to real time data, in-service materials, 
industrial placements, site visits, and many other opportunities not available on purely 
academic courses. 

The Lloyd’s Register Foundation, BP, and TWI are the founder sponsors of NSIRC. 
These leading organisations inform NSIRC’s research direction. NSIRC also benefits from 
an technology advisory board (TAB), whose objectives are as follows:
 to advise and recommend future research strategy
 to identify and recommend new research directions
 to identify and prioritise collaborations with other research providers.
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The TAB committee, which meets at least once a year, consists of leading experts from 
academia, industry, government, standards agencies, professional membership organi-
sations, and other key experts in the field of structural integrity. 

To ensure maximum benefit is achieved in the longer term, NSIRC has clustered its 
sponsors’ and TAB committee’s ideas into four research themes and 16 topics. 

The four research themes are as follows:
 advanced manufacturing, and repair methods and optimised materials
 development of sensors leading to prognostics
 datacentric engineering — design to analytics
 advancing the fundamentals of loading and stress 
All the research will be roadmapped, to provide NSIRC with the direction required to 

best exploit available resources in a way that delivers sustainable solutions to industry.
In November 2015, NSIRC launched its first open call for research proposals. This was 

an international invitation for universities to submit and receive funding for research 
topics addressing the structural integrity challenges outlined in the Lloyd’s Register 
Foundation’s “Foresight Review of Structural Integrity and Systems Performance”. The 
call received 48 excellent ideas and NSIRC selected 12 research programmes it will sponsor 
to be carried out in TWI:

a. Robustness of steel-framed offshore structures against fire and blast.
b. Enhancement of RBI for structural integrity management.
c. Structural integrity assessment for wire and arc additive manufacturing.
d. A mechanistic approach to predicting the realistic long-term corrosion performance 

of coatings.

Above : NSIRC research themes.
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e. Multiscale experimental and computational techniques for optimising selective laser 
melting additive manufacturing process parameters.

f. Structural longevity for advanced marine vehicles in extreme environments.
g. Critical defect size in additive manufactured metallic components — development of 

structural integrity assessment methods through novel experimentation and computer 
modelling.

h. Non-destructive evaluation of stress and heterogeneity using acoustic methods.
i. Development of enhanced structural integrity assessment methods applied to additive 

manufacturing for the rectification and repair of metallic components using power beam 
and gas-shielded deposition techniques.

j. Development of self-healing coating systems for mitigating corrosion of offshore wind 
turbines.

k. Vibration-based structural health monitoring through self-diagnosing structural com-
ponents made of nano-enriched composites.

l. An enhanced failure assessment protocol based on accurate defect detection and sizing.
The success of its open call has led NSIRC to launch further calls on specific themes (e.g. 

additive manufacturing and robotics), inviting proposals from leading research institutions 
worldwide. NSIRC will, for example, collaborate with the Alan Turing Institute (ATI) to 
tackle structural integrity challenges from a big data perspective. NSIRC hopes to collab-
orate with other research centres around the world, complementing its research activities 
and taking an approach that not only tackles the problem from multiple perspectives, but 
also provides a holistic solution. 

The balanced ecology of NSIRC, consisting of universities, industry, and TWI ensures 
the research carried out has both academic rigour and practical application leading to 
industrial uptake.

NSIRC is currently engaged with 66 PhD students affiliated to more than 20 universities. 
The PhD students conduct their research in an industrial environment where they are also 
provided with non-technical training and the skills required to succeed in a commercial 
environment. The PhD students also receive guidance from their industrial supervisors 
and mentors. 

III.  Fast-Tracking Innovation Through Strategic Partnerships 

To date, the research initiative has successfully completed the infrastructure developments 
required to host over 500 industry-led postgraduates and deployed equipment worth £15m, 
specifically designed for structural integrity research. 

While the MSc is focused on developing industry ready skills and the PhDs on delivering 
industry-led research, there was a final link missing to accelerate the uptake of developed 
solutions from PhD research to products and services in industry. This gap was filled with 
the introduction of innovation centres.

NSIRC formed strategic partnerships with universities and research organisations to 
create these innovation centres, ensuring the research conducted at NSIRC is progressed 
into new technologies.



 FESI 18

a. khalid, t.-h. gan, and c. thirunavukkarasu

96

The Innovation Centres

Innovation centres have access to the state-of-the-art testing facilities. They also benefit 
from TWI’s years of experience converting applied research into innovative industrial 
solutions. 

Brunel University, the lead academic partner for NSIRC, was the first to form its inno-
vation centre. Three more have subsequently been established, meaning NSIRC now hosts 
researchers from four innovation centres: 

a. Brunel Innovation Centre (BIC), established to focus on acoustic wave and allied 
technologies covering a range of materials, sensors, electronics, and software systems. 
BIC aims to develop a financially sustainable research facility, drawing on its academic 
strength to complement and underpin the applied research activities at TWI and NSIRC. 

b. London South Bank Innovation Centre (LSBIC), intends to develop intelligent auto-
mated NDT technologies to improve the quality and probability of defect detection. Its 
ultimate ambition is for industry to adopt its autonomous robot deployment systems that 
can perform NDT with minimal human intervention. Through NSIRC and TWI, LSBIC 
will perform research, develop prototypes and design systems to achieve this goal. 

c. Smart Asset Management Innovation Centre (SAMIC), objectives are to enhance 
infra   structure maintenance using condition monitoring and to reduce costs and delays 
by eliminating unnecessary repair work, improving infrastructure quality. 

Above : The NSIRC facility at TWI Granta Park.
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Its focus is on developing profitable solutions for asset management and promoting the 
use of condition monitoring for centralised management and utilisation of data. 

d. Advanced Resin and Coating Technologies Innovation Centre (ARCTIC), newly cre-
ated innovation centre that aims to become a world leading centre in the areas of high 
performance coatings and materials, green solvent-based recycling technologies, and 
durable, highly repellent coatings. 

Discussions are ongoing to create four more innovation centres focusing on specific 
themes in structural integrity. 

In four years, NISRC has experienced exponential growth, providing its partners with a 
unique opportunity to bridge the gap between industry and academia, sustaining the flow 
of industry-ready graduates and the next generation of solutions in structural integrity. 

There are various ways for industrial partners to benefit from involvement with NSIRC, 
from becoming a principal sponsor (directing the course of research by becoming a mem-
ber of the council) to participating as a research project mentor (sponsoring individual 
research projects and leading the industrial direction of their research). 

For more information on NSIRC, please visit our website at www.nsirc.co.uk.
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MACE, The University of Manchester, Pariser Building, Sackville Street, Manchester M13 9PL, UK.

Some Comparisons of the French RSE-M and  
UK R6 Defect Assessment Methods

R. A. Ainsworth

I.  Introduction 

In the UK, assessments of postulated or detected defects in nuclear power plant are rou-
tinely assessed using the R6 defect assessment procedures ( 1  ). These procedures use a 
failure assessment diagram (FAD) but the FAD may be interpreted as an approximate 
method for estimating the elastic-plastic crack tip characterising parameter, J ( 2 ). The R6 
approach has been developed for many years ( 2  ) and treats issues such as combinations 
of primary and secondary loadings and mixed mode loadings. 

In France, defect assessments are performed using the RSE-M ( 3  ) and A16 approaches 
( 4  ). These methods were based on extensive FE results specific to the loadings and defects 
expected in nuclear power plant. Hence, they may be expected to be less widely applicable 
than the more generic methods in R6, but more accurate for cases within their scope.

The defect tolerance of the proposed EPR reactor in the UK at Hinkley has been assessed 
using RSE-M. It is pertinent to consider how such assessments compare with those which 
would have been obtained had R6 been used. This is the subject of this paper.

First, section II briefly outlines the background to the R6 and RSE-M approaches. Then, 
some comparisons of the two approaches are given in sections III–VI for four specific cases: 
pure primary loading; mixed mode loading; combined primary and thermal loading; and 
treatment of residual stress. Finally, section VII gives discussion and concluding remarks.

II.  Background to R6 and RSE-M

1.  Background to R6

In the UK nuclear industry, there has been a need to develop methods for assessing defects 
in diverse reactor designs (Magnox, AGR, fast reactor, PWR) with their different mate-

Abstract. — The paper examines and contrasts some of the approaches in the UK R6 procedure 
and the French RSE-M approach. Specifically, pure mechanical loading under mode I and mixed 
mode loading, combined primary and secondary loadings and the treatment of residual stresses 
are considered. It is demonstrated that often R6 and RSE-M lead to similar results. However, 
it is shown that small differences in J may lead to large differences in limiting defect size for 
thermally dominated loadings.
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rials, loadings, and temperatures of operation. This has led to the simplified, robust, and 
validated methods in R6 ( 1  ), which require only limited materials data and enable the 
practitioner to quickly determine key components and loadings.

Dowling and Townley ( 5  ) identified two principal failure criteria for a defective struc-
ture: linear elastic fracture mechanics (LEFM) and plastic collapse. These criteria were 
subsequently used to define the failure assessment diagram (FAD) in what is now known 
as the R6 defect assessment procedure. Over the 40 years since its introduction, the FAD 
approach has been updated and extended to permit treatment of complexities that occur 
in practical applications and to apply state-of-the-art analysis to reduce conservatism and 
increase accuracy ( 6  ). Some of these extensions are described in this paper.

The FAD requires evaluation of two parameters: the elastic fracture ratio K r defined 
for pure primary loading by 

(1) K r  K / Kmat   ,

where K is the stress intensity factor for the applied loading and Kmat is the material 
fracture toughness; and the collapse load ratio Lr

(2) L r  P / PL (y , a)   ,

where P is the applied loading and PL is the magnitude of P at plastic collapse for a per-
fectly plastic material of yield stress, y , allowing for the crack size, a. Fracture is then 
avoided if

(3) K r  f (L r )   , and

 L r  L r
max   ,

where f (L r ) is a failure assessment curve and L r
max is a plastic collapse cut-off defined by 

Fig.  1. — The R6 failure assessment diagram (FAD).
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(4) L r
max  /y   ,

where  is a flow stress, usually the mean of the yield stress and the ultimate stress, so 
that the cut-off allows for some strain hardening in the plastic collapse limit. If the point 
(L r  , K r ) plotted on the FAD of Fig. 1, lies below the failure assessment curve and to the 
left of the cut-off, then fracture is avoided. 

The failure assessment curve may be used to estimate the elastic-plastic fracture param-
eter, J, through

(5) f₃ (L r )  (Jel / J)½   ,

where Jel is the elastically calculated value of J for the applied loading and the subscript 
“3” has been included to indicate that Eq. (5) is the option 3 failure assessment curve in 
R6. R6 also contains approximate option 1 and 2 failure assessment curves which do 
not require J to be calculated explicitly.

R6 was introduced in 1976 by the UK Central Electricity Generating Board ( 6  ). There 
was a major revision, revision 3, in 1986 ( 7  ) when reference stress methods ( 8  ) were 
introduced to define the option 2 failure assessment curve and another major revision, 
revision 4, in 2001 ( 9  ) to recognize developments in Europe, particularly production of 
a European procedures ( 10  ). The R6 document is now maintained by EDF Energy, is 
updated regularly to account for developments in fracture mechanics, and is currently 
at revision 4, amendment 11 ( 1  ). It is used routinely to assess postulated defects and 
defects found by inspection and to estimate limiting defect sizes in EDF Energy plant.

2.  Background to RSE-M 

RSE-M ( 3  ) is a French code, which addresses PWR design, manufacture, qualification, 
and maintenance. The first edition of RSE-M was in 1990, but like R6 it has been updated 
regularly and there were new editions in 1997 and 2010 ( 3  ). It has been developed and 
maintained by EDF, AREVA, and the French Atomic Energy Commission (CEA) under 
AFCEN (the French Association for Design, Construction and In-service Inspection 
Rules for Nuclear Island Components). It contains appendices which provide fracture 
mechanics calculation methods including materials data, specifically appendix 5.4 which 
provides the main fracture mechanics calculations so that margins against failure can 
be assessed. 

Although RSE-M covers design etc., and hence is much broader in scope than R6, 
the fracture mechanics parts are specific to certain geometries and loadings relevant 
to PWRs and hence are less general than R6.

The development of the fracture assessment methodology in RSE-M is described in 
( 11 – 14  ). In contrast to R6, which uses the FAD as described above, RSE-M provides 
estimation formulae for J, which is then compared to the corresponding fracture tough-
ness. Much attention has been given to the treatment of thermal shock loadings, which 
are important in PWR assessments, with estimates for J being based on a large number 
of finite element analyses.
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III.  Treatment of Primary Loading 

It was noted above that the R6 failure assessment curve may be used to provide an esti-
mate of J through Eq. (5). Conversely, the RSE-M estimate of J for mechanical loading 
may be interpreted as a failure assessment curve. The RSE-M estimate can be written

 
(6) J  (K²/E ) / (f₂ )²   ,

where E is Young’s modulus, E, in plane stress and E / (1  ²), where  is Poisson’s ratio, 
in plane strain. The function f₂ is defined in RSE-M as

 
f₂                       

0.5

  
0.5L r

²

1  L r
²

Eref

ref
(7)                                                                                       ,

where 

(8) L r  ref  / y

Here the reference stress, ref , may be defined from the limit load through Eq. (2), which 
is consistent with Eq. (8), and is the strain on the material stress-strain curve at the ref-
erence stress level. RSE-M gives formulae for K, the reference stress and materials data 
for the corresponding strain. Eq. (7) has been written in the form given here because it 
is very similar to the option 2 failure assessment curve, f₂, in R6

(9) f₂                           

0.5

  
0.5L r

²

Eref  / ref

Eref

ref
,

Fig.  2. — Effect of strain hardening exponent, n, on ratio of failure assessment curves in R6 and 
RSE-M.
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In fact, the form of Eq. (7) was originally developed for R6 ( 8  ) but the minor modifica-
tions to the option 2 curve of Eq. (9) were made at the time of R6 revision 3 ( 7  ). If the 
material stress-strain (  ) curve is fitted by a Ramberg-Osgood equation 

    / E  0.002 (/y )n   , 

where n is a constant and the multiplier has been chosen as 0.002 to ensure that y is the 
0.2% proof stress, then the ratio f₂ / f₂  follows from Eq. (7) and Eq. (9) as

 
(10)                                                          

0.5

  
(1  L r

n ) { (1  L r
n ) (1  L r

² )  0.5L r
²  } 

(1  L r
² ) { (1  L r

n ) (1  L r
n )  0.5L r

²  }

f₂
f₂

,

This ratio is unity for n  2 and differs little from unity, typically less than 5% for realistic 
values of n, as shown in Fig. 2.

Thus, differences between RSE-M and R6 for primary loading acting alone due to the 
different formulations of Eq. (7) and Eq. (9) are small. Note, however, that differences may 
also occur due to differences in stress intensity factor and limit load, or reference stress, 
solutions, but these are also generally small. Indeed, in some cases these solutions in the 
two approaches are identical.

IV.  Treatment of Mixed Mode Loading

Postulated defects are often assumed to be in a plane normal to a maximum principal 
stress such that they can be taken as under pure opening, mode I loading. However, 
postulated defects in complex components or defects found in service are more difficult 
to characterise and may be subject to combinations of tension, in-plane shear and out-of-
plane shear, corresponding to mode I, mode II and mode III loadings, respectively, with 
stress intensity factors KI, KII and KIII. Both R6 and RSE-M include methods for treating 
such combinations of loadings.

To treat plasticity in the R6 approach, the parameter Lr of Eq. (2) is defined in terms 
of the limit load, allowing for the effects of shear loadings. A similar requirement to 
allow for the effects of shear loadings on plasticity is included in RSE-M. Therefore, in 
this section attention is focused on the elastic treatment of mixed mode loading, where, 
in R6, K in Eq. (1) is replaced by an effective stress intensity factor, Keff. RSE-M also 
defines an effective stress intensity factor. Both codes use the mode I fracture toughness 
in assessments (e.g. in the denominator in Eq. [1] for R6) so that mixed mode loading and 
material effects are incorporated in the definition of Keff.

R6 makes a distinction between low strength, high toughness materials (Kmat/y  0.2 
m) high strength, low toughness materials (Kmat / y  0.2 m). For the former category, 
Keff is defined by a quadratic combination rule

(11) Keff  K I
²  K II

²   K III
²  / (1  )½   ,
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where  is a factor that can allow for a reduced effect of mode III if materials data are 
available, but   1 is used in general. 

For Kmat / y  0.2 m, R6 defines Keff as

 (12) Keff  K ₁₂²    K III
²  / (1  )½   ,

where

(13) K₁₂                                                                                      

3/2

8

2K I  6 (K I
²   8K II

² )½ K I
²  12K II

²   K I (K I
²  8K II

² )½

2K I
²  18K II

²{ {   ,
for |K  I /K II|  0.466, and

(14) K₁₂  |K II| / 0.7   ,

for |KI /KII|  0.466. Again,   1 is generally used in Eq. (12).
When the primary stresses are limited to specific fractions of the material yield strength, 

RSE-M adopts a theta combination method set out below but for all other cases uses a 
quadratic combination rule. The quadratic combination rule defines the effective stress 
intensity factor as

(15) Keff   {max (K I , 0 ) }²  K II
²  K III

²   / (1  )½

This differs from that in R6, Eq. (11), in two respects. First, it does not include the term 
 allowing for a reduced effect of mode III; however, as noted above   1 is used in 
general in R6. Secondly, compressive mode I loading is neglected and hence RSE-M is 
less conservative than R6 in such cases. However, otherwise the quadratic combination 
rules are identical.

For low levels of plasticity, RSEM uses a so-called -combination rule

(16) Keff   K I cos² ( / 2)  1.5K II    sin () ] cos ( / 2)  0.74 |K III|   , and

 ( (  2 tan¹      K I   K I
²   8K II

²     / 4K II

Although, Eq. (13) and Eq. (16) look very different, in fact for combined mode I and 
mode II loadings, they are both the solution of Erdogan and Sih ( 14  ) who assumed 
that fracture occurred when the maximum circumferential stress reached a critical value. 
In R6, the equations are solved for the angle,  , but the solutions are identical apart 
from for low K I / K II where R6 provides the slightly more conservative approach of  
Eq. (14).
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V.  Treatment of Combined Primary and Thermal Loading

Under combined primary and secondary (thermal or residual stress) loading, the elas-
tic-plastic crack tip parameter, J, depends in a complex manner on both loadings. This 
is illustrated schematically in Fig. 3. For pure primary loading, J is zero for zero load 
and increases with increasing load as shown. For combined loading in which the thermal 
or residual stresses are imposed first, J will have an initial value and then there will be 
increases in J as mechanical loading is applied. Fig. 3 illustrates two types of response. 
For type 1, the rate of increase of J from its initial value is similar to that for mechanical 
loading acting alone. For type 2, the rate of increase of J is much higher and is strongly 
influenced by plasticity induced by the thermal or residual stresses. This type of response 
is sometimes referred to as exhibiting elastic follow-up ( 16  ) and in extreme cases the 
secondary loading acts like an additional primary load. The detailed response illustrated 
in Fig. 3 depends on the order in which loads are applied but both R6 and RSE-M include 
procedures which cover any load order.

The R6 approach for combined loading is equivalent to a J estimate

(17)                                               J                   f (L r )²
E

(Kp  VKs )2

   

,

where superscripts “p” and “s” denote primary and secondary, respectively, and f is the 
failure assessment curve, the option 2 curve of Eq. (9), for example. There are a range of 
options in R6 for estimating V, covering loadings of both types 1 and 2 in Fig. 3. Currently, 
RSE-M is limited to loadings of type 1, which is adequate for typical PWR thermal shock 
loadings, although A16 covers both type 1 and type 2 cases. The RSE-M estimate of J 
may be written

Fig.  3. — Schematic of crack tip response under combined loading.
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(18) J                       (f₂  )²
E

(Kp  k th
*  

 f₂ K
s )2

   

,

where k th
*   is defined in terms of a related quantity kth in RSE-M and there are options 

in RSE-M for defining kth. It can be seen that Eq. (17) and Eq. (18) are similar in form in 
modifying the elastic contribution of thermal stresses by a factor (V in R6, k th

*   
 f₂ in RSE-M).

Some numerical comparisons of the R6 and RSE-M approaches have been made in ( 17  ) 
for the defective cylinder under mechanical and thermal loading, shown in Fig. 4. In this 
figure, a and c are the depth and semi-length of the defect, t is the thickness of the cylinder, 
N denotes the magnitude of the primary end load and T denotes the magnitude of the 
thermal loading. For R6, both simplified and detailed approaches in the document ( 1  ) have 
been considered. It can be seen from Fig. 4 that the loading order has also been studied. 

Illustrative results are shown in Fig. 5 for fully circumferential defects and in Fig. 6 for 
part-circumferential defects. In these figures the magnitude of the thermal loading is 
defined by a normalised parameter,  , which is defined in ( 17  ) and may be interpreted 
qualitatively as the magnitude of the elastic thermal stress divided by the yield stress; 

Fig.  4. — Geometry and combined loading. 
After H.-S. Nam et al. ( 17  ).

a

b
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the magnitude of the axial load for which L r
  1 is shown in the figures to indicate where 

gross yielding occurs. 
It can be seen that the finite element results for J are affected by the order of the loading 

with a more pronounced effect at higher loads, higher L r. At low loads, the load order 
is less significant. It appears thermal loading applied after mechanical loading, such as 
pressurized thermal shock loading, is the most severe loading case. 

Under contained yielding conditions, the estimates of J from R6 (simplified and detailed) 
and RSE-M (or A16) are higher than the finite element values for both types of defect. The 
R6 detailed estimates are the most accurate. The R6 simplified estimates become more 
conservative for larger thermal stresses (larger  values). The RSE-M estimates are the 
least accurate. This is due to an embedded conservatism factor, which can be removed 
to increase accuracy as discussed in (  17  ). In the large-scale yielding regime, the R6 
detailed estimates are generally the most accurate, but can be slightly non-conservative 

Fig.  5. — Finite element results and code predictions for fully circumferential defects. 
After H.-S. Nam et al. ( 17  ).

Fig.  6. — Finite element results and code predictions for part circumferential defects. 
After H.-S. Nam et al. ( 17  ).
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for thermal and mechanical loads which are both large, when thermal loading is applied 
after mechanical loading. The RSE-M and R6 simplified estimates are conservative even 
for combinations of loads which are large.

The results in ( 17  ) show that both R6 and RSE-M treat combined loadings in an accurate 
manner, although there is generally some conservatism. Small conservatisms can, however, 
lead to large differences in estimates of limiting defect size as illustrated qualitatively in 
Fig. 7. This shows a case where primary loading leads to a value of J equal to the limiting 
material value at a limiting normalised defect size, a/t  0.4. The case “Primary  Sec-
ondary (1)” shows that for the same material limit, the limiting normalised defect size is 
dramatically reduced to a/t  0.08. The variation of J shown is typical of thermal shock 
loading combined with mechanical load; the thermal stresses are high near the surface 
and make the major contribution to J for small defects but thermal stresses are low away 
from the surface and for larger defects the value of J is close to that for the mechanical 
load acting alone. The case “Primary  Secondary (2)” is similar to “Primary  Second-
ary (1)” but the contribution of the secondary loadings has been reduced by 10%; this is 
equivalent to reducing V in Eq. (17) by 10% or the multiplying factors on Ks in Eq. (17) and 
Eq. (18) differing by 10%. It can be seen that the effect on the variation of J with load is 
small but the effect on limiting defect size is very large: this now increases to a/t  0.32.

The case illustrated in Fig. 7 shows that care needs to be taken for combined loadings 
where the variation of J with crack size can be small over a wide range of crack sizes. 
Then, small differences in estimates of J from different codes or finite element analyses 
may lead to dramatically different estimates of limiting defect size. Sensitivity studies, as 
recommended in R6, are important in such cases.

Fig.  7. — Schematic response of a defect to thermal shock loading. 
After H.-S. Nam et al. ( 17  ).
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VI.  Treatment of Residual Stress 

R6 has extensive advice in a section devoted to modelling welding residual stress, par-
ticularly for austenitic welds where phase transformations are not important. It also has 
advice on treating residual stresses in fracture mechanics assessments, including the 
treatment of combinations of mechanical, thermal and residual stress loadings, essentially 
following the approach summarised above for combinations of mechanical and thermal 
stresses. The driver for these developments has been the UK advanced gas-cooled reactor 
plant, which contains many non-stress relieved austenitic welds. 

In contrast, RSE-M does not currently address residual stresses. Such methods are 
however under development for specific residual stresses expected in PWR plant. In 
the absence of methods in RSE-M, a pragmatic approach has been adopted for the UK 
EPR, based on that for thermal stresses. For typical PWR loadings and geometries this 
leads to similar results to the more developed methods in R6.

VII.  Concluding Remarks

This paper has summarized and contrasted some of the approaches in the UK R6 
procedure and the French RSE-M approach. R6 and RSE-M are both well-developed 
procedures (R6  40 years; RSE-M  25 years) but have been developed for different 
purposes. 

For purely mechanical loading, if similar stress intensity factor and reference stress 
solutions are used in both R6 and RSE-M, then the procedures lead to similar results. 
Stress intensity factor solutions are often similar (indeed, in some cases R6 uses the 
French solutions) and so are limit load solutions so that differences between the two 
codes for mode I mechanical loading are small.

For mixed mode primary loading, the codes have different combination formulae. 
However, in some cases the different formulae lead to identical results and major dif-
ferences only occur for compressive mode I loading.

There are detailed differences between R6 and RSE-M for combined primary and 
secondary loadings. For typical PWR thermal shock loadings, the differences often 
correspond to small differences in J, but depend on which option within each code 
is followed. However, it has been shown that small differences in J may lead to large 
differences in limiting defect size for thermally dominated loadings.

Finally, it is noted that there is ongoing collaboration by the developers of the codes, 
recognising that international collaboration is important for future nuclear plant.

Acknowledgments

Collaboration with colleagues involved in the R6 and RSE-M programmes and colleagues at the 
University of Korea are gratefully acknowledged.



 FESI 31

defect assessment methods compared

79

References 

1. EDF, “R6: Assessment of the Integrity of Structures Containing Defects, Including Amendments 
1–11”, Revision 4. EDF Energy Nuclear Generation, Gloucester, UK, 2015.

2. R. A. Ainsworth, “Failure Assessment Diagram Methods” in “Comprehensive Structural Integrity” 
(I. Milne, R. O. Ritchie, and B. Karihaloo, eds.), pp. 89–132. Elsevier, Oxford, UK, 2003.

3. RSE-M, “In Service Inspection Rules for the Mechanical Components of PWR Nuclear Power 
Islands”. Association Française pour les règles de Conception, de construction et de surveillance 
en exploitation des matériels des Chaudières Electro Nucléaires (AFCEN), Paris, France, 2010. 

4. RCC-MR, “Code, Design and Construction Rules for Mechanical Components of FBR Nuclear 
Islands and High Temperature Applications”, Appendix A16, Vol Z. Association Française pour 
les règles de Conception, de construction et de surveillance en exploitation des matériels des 
Chaudières Electro Nucléaires (AFCEN),, Paris, France, 2010.

5. A. R. Dowling and C. H. A. Townley, Int. J. Press. Vess. Pip. 3, pp. 77–107 (1975).
6. R. P. Harrison, K. Loosemore, and I. Milne, “Assessment of the Integrity of Structures Containing 

Defects”, Report, R/H/R6. Central Electricity Generating Board, London, 1976.
7. I. Milne, R. A. Ainsworth, A. R. Dowling, and A. T. Stewart, Int. J. Press. Vess. Pip. 32, pp. 3–104 

(1988).
8. R. A. Ainsworth, Engng Fract. Mech. 19, pp. 633–42 (1984).
9. British Energy, “Assessment of the Integrity of Structures Containing Defects”, Report R6, 

Revision 4. British Energy Generation , Gloucester, UK, 2001.
10. S. Webster and A. Bannister, Engng Fract. Mech. 67, pp. 481–514 (2000).
11. S. Marie, S. Chapuliot, Y. Kayser, M. H. Lacire, B. Drubay, B. Barthelet, P. Le Delliou, V. Rougier, 

C. Naudin, P. Gilles, and M. Triay, Int. J. Press. Vess. Pip. 84, pp. 590–600 (2007).  
12. S. Marie, S. Chapuliot, Y. Kayser, M. H. Lacire, B. Drubay, B. Barthelet, P. Le Delliou, V. Rougier, 

C. Naudin, P. Gilles, and M. Triay, Int. J. Press. Vess. Pip. 84, pp. 601–13 (2007).  
13. S. Marie, S. Chapuliot, Y. Kayser, M. H. Lacire, B. Drubay, B. Barthelet, P. Le Delliou, V. Rougier, 

C. Naudin, P. Gilles, and M. Triay, Int. J. Press. Vess. Pip. 84, pp. 614–58 (2007).  
14. S. Marie, S. Chapuliot, Y. Kayser, M. H. Lacire, B. Drubay, B. Barthelet, P. Le Delliou, V. Rougier, 

C. Naudin, P. Gilles, and M. Triay, Int. J. Press. Vess. Pip. 84, pp. 659–86 (2007).
15. F. Erdogan and G. C. Sih, ASME J. Basic Eng. 85, pp. 519–27 (1963).
16. R. A. Ainsworth, Engng Fract. Mech. 96, pp. 558–69 (2012).
17. H.-S. Nam, C.-Y. Oh, Y.-J. Kim, D. W. Jerng, R. A. Ainsworth, P. J. Budden, and S. Marie, Int. 

J. Press. Vess. Pip. 135–136, pp.12–25 (2015). 



 FESI 32

1

H. H. Wills Physics Laboratory, School of Physics, University of Bristol, Bristol BS8 1TL, UK.

Structural Integrity Challenges  
Related to Long-Term Operation

P. E. J. Flewitt

I.  Introduction

From the earliest days of civil nuclear electrical power generation in the UK, the struc-
tural integrity of key components has been recognised to be an essential factor related 
not just to safety but also to economic operation. The UK is now entering a new era for 
the civil nuclear power industry. In addition to extending the operating life of the fleet 
of advanced gas-cooled reactors to about 40 years, both new build plant and the designs 
of plant for the future fission reactors classed as Gen IV will be required to operate for 
periods of 60 years plus. This indeed presents challenges for the present materials and 
methodologies to achieve this ambition. Certainly, major construction, process, manufac-
turing, power generation and transport industries seek to assure the safe and economic 
production by use of suitably designed structures and components. An essential input for 
demonstrating the necessary assurance is a structural integrity assessment. To achieve the 
required service life the design engineer is required to create a structure or a component 
using analytical tools and data most appropriate for the application and subsequently 
the operator has to ensure that throughout the service life it is secure against the design 
intent ( 1  ). For this it is essential to have a knowledge of the mechanical and physical 
properties of the materials both for construction and over the subsequent operating life. 

At the present time, structural integrity assurance may be considered as the demon-
stration that a structure or a component meets the required duty with an appropriate 
accommodation of safety and economics. As a consequence, it is a multidisciplinary 
activity ( 2 ,  3  ) that draws together a number of specialised fields including inspection 
and plant monitoring, materials microstructure and mechanical properties at the appro-
priate length scale, welding technology, fracture mechanics, structural analysis together 

Abstract. — The UK is entering a new era for civil nuclear power which covers extending the 
operating life of the fleet of advanced gas-cooled reactors to about 40 years, new build plant, and 
the designs of plant for future fission reactors classed as Generation IV (“Gen IV”). The latter two 
will be required to operate for periods of 60 years plus. This presents challenges for the present 
materials and methodologies to achieve this ambition. This paper reviews these potential chal-
lenges in the context of current understanding of materials performance and existing assessment 
methodologies with emphasis on environmentally assisted cracking and creep. The former is 
particularly important for new build plant and the latter for the next generation, Gen IV, plant.
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with general engineering safety, and economic assessment. The main structural integrity 
inputs when a particular operational plant problem emerges are the inspection and mon-
itoring together with diagnosis and assessment (Fig. 1). These span the range from plant 
investigation work at site to longer term research and development activities that are 
required to understand and provide the necessary solutions to the problems. Inspection 
includes provision of the hardware for techniques together with the associated interpreta-
tive capability to support the detection limits and the resolution for sizing defects. When 
diagnosing a problem, work is required to provide an understanding of the mechanisms 
leading to any deterioration of the plant integrity or potential failure to allow the correct 
structural assessment to be undertaken. These are the overall inputs to the structural 
integrity argument or safety case that would be used to underwrite continued operation, 
a repair or replacement strategy, or an operational solution. An example of the latter is 
decreasing temperature to accommodate a creep related problem. Equally, the designer 
of plant follows a guided, interactive process directed to achieving a practical balance 
between state-of-the-art structural capability and the intended service demands ( 4  ). 
These capabilities and requirements are typically assessed through a process comprising 
regulation, methods of analysis, databases and validation tests. Static design of structures 
and components has evolved alongside the development of widely accepted analytical 
tools and design procedures that reflect combined engineering experience derived from 
service or operational knowledge.

As pointed out previously by Dowling and Flewitt ( 5  ), design is focused on expectation, 
whereas safe continued operation is more concerned with reality. As a consequence, for 
plant design and through life management to be secure we need to have a detailed under-
standing of how materials behave over a wide range of length scale. As summarised in 
Fig. 2, this should span the atomic behaviour (nano length scale) which influences and con-

Fig.  1. — Schematic diagram showing the main inputs when diagnosing structural integrity 
problems and the associated output options.
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trols the evolution of the microstructure of material and the micromechanical processes 
when subject to stress, temperature and environment. Finally, it is these processes that 
influence the macro scale mechanical properties which, in turn, are the necessary inputs 
to the assessment methodologies adopted when assessing structures and components 
in the various service environments. Ideally, rather than making measurements at each 
length scale, we require predictive models that can be incorporated over the scale range 
to predict the appropriate macro scale properties for input to the structural integrity 
assessments. We are far removed from this capability, but this should not deter the intent.

II.  Safety Case Requirements

A major principle in nuclear safety is “defence in depth” which, wherever possible, is 
sought through diversity, redundancy and segregation to ensure and demonstrate a 
robust and fault tolerant design. However, for some structures and components it is not 
possible to satisfy such requirements by physical means. In cases where the failure of a 
single component would result in unacceptable consequences for public safety, “incred-
ibility of failure” is sought, whilst retaining the principle of defence in depth through 
application of appropriate experience, testing, analysis and monitoring. 

Since a safety case is a formal statement of comprehensive and systematic safety assess-
ments, it is a requirement to demonstrate that the risks to workers and the public are 
sufficiently low. Where multiple physical barriers to failure do not exist, it is necessary 
to introduce the alternative of “conceptual defence in depth” based arguments. When 
asked to address this challenge TAGSI ( 6 , 7  ) argued that four conceptually different 
legs of a safety case may be defined, namely:

a. Leg 1, interpolation/extrapolation of experience — “having done it before”.
b. Leg 2, functional testing — “having demonstrated functionality by representative 

testing”.
c. Leg 3, failure analysis — “fitness for purpose using current best scientific under-

standing”.
d. Leg 4, forewarning of failure — “the promise of future action on gaining new infor-

mation”. 

Fig.  2. — For plant design and through life management there is a need to understand atomic 
processes (a), evolution of microstructure (b), micromechanical processes (c), macroscopic 
mechanical properties (d) which input to the final application (e).
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These four legs were perceived to form the basis of any argument for inclusion in a 
safety case. For example, in the case of steel pressure vessels these legs become: 

a. Leg 1, high reliability derived from historic experience of good design and construc-
tion as typically expressed in design codes.

b. Leg 2, an overpressure or proof test. 
c. Leg 3, an assessment of failure modes, for example via fracture mechanics.
d. Leg 4, plant monitoring or in-service inspection. 
Therefore, a knowledge of materials ageing and degradation characteristics is fundamen-

tal to legs 3 and 4. As pointed out by Burdekin ( 7  ), the risk of creep failure is dominated 
by selection of material for the required operating temperatures and control of the oper-
ating conditions to ensure that both the loading and temperature are maintained with the 
prescribed design limits. To achieve this, leg 1 has to be strong and leg 3 may be required 
to contribute to the detailed stress analysis and failure considerations. However, for these 
arguments leg 2 contributes little, whereas leg 4 provides the option of monitoring for 
leakage. Finally, an engineering judgement that the plant is fit for duty is made on the 
basis of the evaluation of all of the legs. 

III.  Assessment Methodologies

Fracture mechanics as a basis of assessment of the integrity of engineering structures 
moved forward with the publication of “Fracture Toughness Testing and its Applications” 
(  8 ) and the associated concepts of crack tip opening displacement. This led to the R6 
procedure that was developed and first published in 1976 for assessing defects in electrical 
power generating plant structures and components and entitled “Assessment of the Integ-
rity of Structures Containing Defects” ( 9 – 12 ). It was based on the two principal failure 
criteria proposed by Dowling and Townley ( 15 ), namely linear elastic fracture mechan-
ics, and plastic collapse. These two criteria were adopted to define a failure assessment 
diagram (Fig. 3) that is equivalent to a J-integral analysis combined with plastic collapse. 
Here the two parameters Kr and Lr are defined as
 
(1) Kr = (KI

P  V KI
S )  K   , and   

    
(2) Lr = P  PL

 (a, )   ,
    
where KI

P , KI
S are stress intensity factors for primary and secondary stresses, V allows 

for plasticity interaction between primary and secondary stress, K is fracture toughness, 
P the applied load and PL is the plastic collapse load. Over the intervening years this 
procedure has been continually subject to update and revision. Indeed, it provides an 
excellent basis for avoiding failure of a structure or component in service ( 5  ). R6 is now in 
revision four ( 12  ) and is maintained by EDF Energy Nuclear Generation in collaboration 
with a number of other organisations.

To accommodate operating at higher temperatures the R5 document was developed in 
the early 1990s entitled “Assessment Procedure for High Temperature Response of Struc-
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tures” ( 14 – 17  ). The procedures described are relevant to creep, fatigue and creep-fatigue 
loadings and allow assessment of components that are defect free and contain crack-like 
flaws. The objective of R5 is to provide a comprehensive assessment procedure for high 
temperature operation. It augments, where appropriate, the ASME ( 18  ) and the French 
RCC-MR ( 18  ) design codes and the materials data associated with the R5 procedure is 
contained in a complementary document ( 20  ).

Although both R6 and R5 procedures provide an excellent basis for failure avoidance 
during service of components and structures they are now mature. Developments are 
still underway but there must be a question as to their appropriateness for application 
to the new era of nuclear power generation plant where extended periods of operation 
 60 years are required. Hence it is appropriate to consider whether procedures based 
upon improved physical understanding of the mechanisms controlling failure, both at low 
and higher temperatures, should be developed? Certainly assessments have to take into 
account the longer term time dependent changes in material properties arising from the 
hostile environment, which can be gaseous, aqueous, irradiation and temperature under 
service loads.

IV.  New Era Challenges for Long-Term Operation

The UK is now moving into a new era for the generation of electrical power by nuclear 
plant. In the immediate term there is the new build which includes various plant including 
two pressurised water reactor designs, the EPR and the Westinghouse AP1000, together 

Fig.  3. — A typical R6 failure assessment diagram showing an assessment point within the safe 
region, together with the trajectories of this point when fracture toughness K lc load and crack size 
are varied axes K r and L r are defined in the text.
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with the advanced boiling water reactor (ABWR). In each case there is a requirement to 
operate for design life periods of 60 years. Although the reactor designs are based upon 
mature technology, these plants operate at relatively low temperatures so that there is the 
potential for both materials and methodology challenges to achieve the declared design 
life. One of these challenges arises from environmental assisted cracking. As described 
( 21  ), it is clear that since the turn of the millennium most advanced nuclear systems have 
been considered under the Generation IV initiative. The aim of these new designs is to 
have systems with high level safety features, competitive economics, enhanced resource 
usage and minimum production of waste. Within this framework, six systems have been 
selected ( 22  ): gas-cooled fast reactor (GFR); very high temperature reactor (VHTR); 
sodium-cooled fast reactor (SFR); lead-cooled fast reactor (LFR); molten salt reactor 
(MSR); and supercritical water-cooled reactor (SCWR).

Aspirations of the overall programme are to produce systems that operate a high tem-
perature to achieve good thermal efficiency and support the production of hydrogen from 
water by thermochemical processes. The metallic alloys suitable for such high tempera-
ture operation are, in general, limited to austenitic stainless steels and nickel-base alloys. 
Hence an area of challenge arises from creep related problems.

V.  Environmentally Assisted Cracking

Environmentally assisted cracking remains a potential threat to the long-term operation, 
of at least 60 years, for nuclear power plant that operates at lower temperatures, such 
as the pressurised water reactors and boiling water reactors. Hence there is a need to 
consider this challenge for the new build generation of reactors as well as future designs 
associated with Gen IV ( 23 – 25  ). In general a range of materials have been and will be 
used for the construction of nuclear power generating plants that fulfil the design intent. 
However, for extended periods of operation there is less experience on which to base such 
evaluations. Environmentally assisted cracking spans several forms including intergranular 
attack, stress corrosion cracking and corrosion fatigue ( 26 , 27  ). It is widely recognised and 
indeed well established that there are three prerequisites for environmentally assisted crack-
ing to occur (Fig. 4): (i) a susceptible material; (ii) an appropriate environment; and (iii) a 
tensile stress, either applied or residual. In general, stress corrosion cracking occurs under 
steady or slowly varying loads whereas corrosion fatigue is associated with cyclic loads. 
Often stress corrosion cracks have been observed to arise from a three stage process. In 
the first stage there is degradation of the smooth surface as a precursor to the cracking. As 
shown by Doig and Flewitt ( 27  ), this stage can involve localised corrosion at preferential 
sites leading to the development of occluded cells that fill with corrosion products. As 
a consequence, a local pit is formed. The next stage combines the local stresses-strains 
associated with these local pits to initiate a stress corrosion crack. Turnbull ( 28  ), using 
X-ray computed tomography, showed that the transition from a pit to a crack does not 
necessarily occur at the base of such a pit. Rather, it can occur at the side of a pit where 
finite element analysis revealed localised dynamic strain is sufficient to initiate a stress 
corrosion crack. The final stage is crack propagation where the growth rate is controlled 
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by the material microstructure and composition along the crack path, the applied stress 
intensity and solution environment. The crack can follow either a transgranular or inter-
granular path at that stage. However, as shown by the Venn diagram in Fig. 4, the com-
plexity of these many contributions make it difficult to ensure stress corrosion cracking 
will not be encountered in plant components over long-term operation, because of the 
challenges of potentially changing material properties, environment and service load.

Environmentally assisted crack in both BWR and PWR plants has lead to stress corro-
sion cracking and corrosion fatigue resulting in coolant leakage rather that catastrophic 
failure ( 25  ). In many cases in service inspection has identified such cracking which has 
occurred in both PWR and BWR materials including:

a. Ferritic steels. Low-alloy steels such as A533B and A508-III used for main pressure 
vessels, carbon steels used for PWR steam generator tubesheets, piping in some BWRs 
and various other piping applications, and high strength quench and tempered steels 
used for bolting applications;

b. Stainless steels. Type 300 series austenitic stainless steels used widely in both BWRs 
and PWRs for piping, pump and valve bodies and a variety of other applications. Mar-
tensitic stainless steels are employed where higher strength is required such as in valve 
stems and some fastener applications. Precipitation-hardened alloys such as A-286 and 
17-4PH are also used for high strength applications; and

c. Nickel-based alloys. Alloy 600 has been extensively used in PWRs, for steam generator 
tubing and other applications including control rod drive penetrations, bottom head 
penetrations and steam generator divider plates. The weld metal alloys 182, 82 and, in 
Japan, 132. Alloy 690 and weld metal alloys 52, 152 and variants are being widely used 
for replacement and new build due to relatively poor service experience of alloy 600. Pre-
cipitation-hardened alloys X-750 and 718 are employed for higher strength requirements, 
such as internal bolting, fasteners and springs.

Fig.  4. — A Venn diagram showing the main contributions to environmentally assisted cracking.
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There is clearly a requirement to develop mechanistically based models to predict the 
service life of components with improved confidence to achieve not less than 60 years oper-
ation. In addition, there is a need for significantly improved assessment methodologies 
and codes. In the case of the R6 failure avoidance methodology there is little more than 
simple guidance provided to accommodate this complex problem. Moreover, although 
the “ASME Boiler and Pressure Vessel Code” provides rules for the design of class 1 
components of nuclear power plants, appendix I to section III of the code specify fatigue 
design curves for applicable structural materials, the effects of light water reactor coolant 
environments are not explicitly addressed ( 29  ). The existing fatigue strain versus life (-N) 
data illustrate potentially significant effects of LWR coolant environments on the fatigue 
resistance of pressure vessel and piping steels. Under certain environmental and loading 
conditions, fatigue life in water relative to that in air can be a factor of approximately 
12 lower for austenitic stainless steels, approximately three lower for Ni-Cr-Fe alloys, and 
approximately 17 lower for carbon and low-alloy steels. Subsequently NUREG/CR609 
provided guidance on fatigue of piping and pressure vessel assessments in light water 
reactor environments ( 30  ). This has been further updated to address concerns related to:
 the constants in the environmental fatigue correction factor (Fen) expressions that result 
in values of about two even when either the strain rate is very high or the temperature 
is very low; 

 the temperature dependence of Fen for carbon and low-alloy steels; and 
 the dependence of Fen on water chemistry for austenitic stainless steels. 
The Fen methodology was validated by comparing the results of five different experi-

mental data sets obtained from fatigue tests that simulated plant conditions. However, 
there is clearly much to do to provide more realistic approaches to accommodate stress 
corrosion and corrosion fatigue cracking to meet the  60 year life time challenge.

VI.  Creep

A candidate material for the design of GFR and VHTR main structural components is the 
austenitic stainless steel AISI Type 316L(N). Here the major alloying elements are 18Cr, 
12Ni, 2Mo (all wt%) and the L denotes low-carbon  0.03 wt% and the N denotes additions 
of nitrogen in the range 0.06 to 0.08 wt%. In this context the UK has unique experience 
of operating the advanced gas cooled reactor plant at temperatures of the order of 550C 
over extended periods with a related material ISI Type 316H austenitic stainless steel. 

There are two significant interactive contributions to the creep lifetime of engineering 
materials, i.e. creep deformation and creep fracture ( 31  ). Materials may deform by several 
different mechanisms when subjected to an applied stress at high temperature, and it is 
convenient to present these mechanisms in the form of a deformation mechanism map 
( 32 , 33  ). Similarly, materials may fracture by one of several possible mechanisms, and 
these can be described by a fracture mechanism map ( 34 , 35  ). More importantly, over 
the operational service life there is a potential to change the initial microstructure of a 
material by thermal ageing which can affect the controlling deformation and fracture 
mechanisms. 



 FESI 40

structural integrity challenges

9

In the specific case of type 316 austenitic stainless steel a typical deformation mecha-
nism map for the steady state creep response has been established by Frost and Ashby 
( 33  ). The deformation mechanism map was generated by fitting generic models to creep 
data. Fig. 5 shows a map for this material with a typical grain size of 50 m in the 
solution treated condition. Power-law creep, dominated by dislocation movement, and 
diffusional creep are the two main high temperature deformation mechanisms (Fig. 5). 
The former operates at a relatively high stress and the latter at a relatively low stress. 
Two widely accepted physically based models that describe diffusional creep deformation 
were proposed by Nabarro-Herring ( 36  ) and Coble ( 38  ). Data to support the diffusional 
creep mechanism are limited, and most designs are assumed to fall within the regime 
where dislocation mechanisms dominate the material response. Many different forms 
of constitutive equations have been proposed to describe dislocation dominated creep 
deformation ( 39 – 45  ). These include the power-law relationships employed by Frost and 
Ashby ( 32  ) and exponential and hyperbolic sine relationships ( 44  ). However, to date no 
unified mechanistic models have been proposed and most of the equations simply provide a 
functional form of constitutive model that can be fitted to data. Thus the resulting models 
can be used to predict creep behaviour only within the bounds of test data ( 46  ). There are 
at least two obvious drawbacks associated with the development of constitutive equations 

Fig.  5. — A deformation mechanism map for type 316 austenitic stainless steel, with a typical 
grain size of 50 m ( 32 ).
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in this way — the difficulty of transferring the model from one tested material to another, 
and the limitation of predicting material behaviour beyond the test data range, i.e. life 
evaluation. Hence it does not avoid the requirement for expensive creep test programmes 
to develop long-term creep lifetime predictions. 

Microstructural changes can result from prolonged exposures at temperatures up to 
650C. The kinetics and type of precipitates formed depend upon several factors including 
the specific composition of the material, the microstructure arising from the thermo-
mechanical history when entering service, and the state and magnitude of the service 
stresses. Different secondary phases evolve in type 316H austenitic stainless steel during 
long-term ageing and service ( 47  ), including -ferrite, carbides and intermetallic phases 
( 47 – 55  ). Carbides M₂₃C₆ and M₆C, where M is Fe, Cr, Ni or Mo, have been identified in 
type 316H austenitic stainless steel, but other types such as M₇C₃ or MC may also evolve 
depending on the specific composition ( 47  ). Such precipitates can lead to a change in 
creep deformation rate by pinning dislocations ( 51  ) but the presence of specific precip-
itates at grain boundaries, such as -ferrite, can promote creep cavitation. It is also 
recognised that intermetallic phases, such as sigma and chi, degrade creep life. All of 
these precipitates have the potential to form over the service life by thermal ageing. Phase 
diagrams provide a useful guide to the phases present in stainless steel in equilibrium; 
however, the situation becomes complex in application to plant in service due to the need 
to adopt multicomponent thermodynamic calculations. At present their usage to predict 
the phases present as a result of long-term service is at best an estimation. Time-tem-
perature-transformation diagrams (TTT) show the sequence of precipitation and the 
competition among different phases. Phase diagrams and the TTT curves are a function 
of the specific composition (nominal composition given by the AISI standards) and, as 
a consequence, they vary from cast to cast. Fig. 6 shows the TTT diagram of type AISI 

Fig.  6. — A time-temperature-transformation diagram of type AISI 316 austenitic stainless steel, 
solution annealed for 1.5 h at 1,260C and water-quenched prior to ageing.
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316 austenitic stainless steel, solution annealed for 1.5 h at 1,260C and water-quenched 
prior to ageing ( 50  ). Initially, M₂₃C₆ carbides precipitate at all ranges of temperature 
indicated by the diagram, followed by precipitation of the intermetallic phases (,  and 
). The sequence and precise moment of precipitation formation varies as function of 
the ageing temperature. Most mechanistic models provide only a good prediction for 
nominally pure metals and simple solid solution alloys ( 42 , 45 , 47 , 48  ) because of the 
incomplete understanding of the dislocation creep deformation mechanisms and ageing 
processes. Nevertheless, there has been some success recently in the development of 
mechanistic models for the behaviour of nickel based superalloys ( 49 , 50  ). Therefore, 
the development of physically based creep deformation models is required and remains 
a significant challenge, particularly to meet the desire to determine the creep behaviour 
of many engineering alloys subject to long periods of operation,  60 years.

VII.  Concluding Comments

It is clear that in the era where 60 years of operation of nuclear plant is expected, this 
presents several major challenges to achieve safe and economic operation. In particular, 
there is a need to improve models that are physically based so that the evaluation of ser-
vice life can be set in a secure framework. In addition, the structural integrity assessment 
methodologies at low and high temperature, such as R6 and R5, may be insufficient and 
there is a need to review these and potentially move to a mechanistic basis if the 60 year 
challenge is to be successfully achieved.
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