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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help
governments respond to new developments and concerns, such as corporate governance, the information economy and the
challenges of an ageing population. The Organisation provides a setting where governments can compare policy
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international
policies.

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

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

This work is published on the responsibility of the OECD Secretary-General.
The opinions expressed and arguments employed herein do not necessarily reflect the official
views of the Organisation or of the governments of its member countries.

NUCLEAR ENERGY AGENCY

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

The mission of the NEA is:

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

— to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law
and liability, and public information.

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it
has a Co-operation Agreement, as well as with other international organisations in the nuclear field.
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

“The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the
activities of the Agency that support maintaining and advancing the scientific and technical knowledge
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.

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

The Committee shall review the state of knowledge on important topics of nuclear safety science
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach consensus on technical issues of
common interest. It shall promote the co-ordination of work in different member countries that serve to
maintain and enhance competence in nuclear safety matters, including the establishment of joint
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to
members in a timely manner.

The Committee shall focus primarily on the safety aspects of existing power reactors, other
nuclear installations and the construction of new power reactors; it shall also consider the safety
implications of scientific and technical developments of future reactor designs.

The Committee shall organise its own activities. Furthermore, it shall examine any other matters
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups
to further its objectives. In implementing its programme the Committee shall establish co-operative
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee
on matters of common interest, avoiding unnecessary duplications.

The Committee shall also co-operate with the Committee on Radiation Protection and Public
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on
matters of common interest.”
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of
Components and Structures (IAGE) has as a general mandate to advance the current understanding of those
aspects relevant to ensuring the integrity of structures, systems and components, to provide for guidance in
choosing the optimal ways of dealing with challenges to the integrity of operating as well as new nuclear
power plants, and to make use of an integrated approach to design, safety and plant life management.

The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and
structures.

Over the last two decades, the IAGE Concrete Sub-group has convened a series of workshops and
published reports on integrity and aging of thick-walled concrete structures, primarily aimed at
containment structures. The last workshop was “Ageing Management of Thick Walled Concrete
Structures, including ISI, Maintenance and Repair — Instrumentation Methods and Safety Assessment in
view of Long Term Operation” held in Prague, Czech Republic, on 1-3 October 2008. One of the
conclusions from that workshop was that further meetings or workshops should be held every few years to
review progress on non-destructive examination (NDE) of concrete, and to provide a forum for information
exchange.

With developments in NDE methodologies over the intervening 5 years, the IAGE working group
considered it was timely to host a follow-on to the 2008 workshop in 2013, with the objective to present
and discuss the state-of-the-art techniques for the integrity assessment of concrete structures, and to
recommend areas where further research is needed. This report documents the proceedings for the 2013
workshop on “Non-Destructive Evaluation of Thick Walled Concrete Structures”.

Overall, the workshop demonstrated there has been significant development in NDE methodologies for
thick-walled concrete since 2008. There is still substantial work to be done before fully qualified
techniques can be deployed on a regular basis to determine the overall health of a concrete structure. The
workshop concluded with recommendations for areas that would benefit from further study, and from
international cooperative programmes. These include: 1) appropriately capturing the information on
effects of irradiation in standards or guidance documents, ii) following up on the state-of-the-art report on
concrete NDE methodologies, iii) undertaking development of standard specimens and using round-robins
for intercomparisons, and iv) holding a subsequent meeting or workshop to review progress after a few
more years.
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SUMMARY AND CONCLUSIONS

1. Introduction

This report documents the proceedings for the workshop on “Non-Destructive Evaluation of Thick Walled
Concrete Structures”, held in Prague, Czech Republic on 17-19 September 2013. A total of 34 specialists
from 15 countries and international organisations attended. The Meeting was sponsored by the OECD
Nuclear Energy Agency Committee on the Safety of Nuclear Installations and hosted by the Nuclear
Research Institute Rez.

The objective of this workshop was to present and discuss the state of the art techniques for the integrity
assessment of concrete structures, and to recommend areas where further research is needed. The
workshop was structured in 4 technical sessions, with papers covering degradation mechanisms,
application of NDE methodologies, and test rigs for determining NDE effectiveness.

2. Background of the Workshop

Concrete structures are essentially passive components under normal operating conditions, but play a key
role in mitigating the impact of extreme or abnormal operating and environmental events. Structural
components are somewhat plant specific, may be difficult to inspect and the limiting factor for plant life
since they are mostly irreplaceable. Structures are subject to time-dependent changes that may impact their
ability to perform safety functions. As NPPs age, assurance is needed that the capacity of concrete
structures to mitigate extreme events has not deteriorated unacceptably.

Of particular importance to most nuclear facilities are concrete containment structures whose main
purposes are to provide the final physical barrier to the release of fission products to the environment and
to protect the reactor and other safety related structures, systems and components.

Although, it was thought that concrete was maintenance-free with a design life of hundreds of years, this
has proved to be optimistic. Experience has demonstrated that concrete structures can exhibit the first signs
of degradation after 20 years or even earlier. Concrete containments of the nuclear facilities are subjected
to many types of environmental effects that can, over time, initiate a variety of degradation mechanisms.

The safety significance of containment combined with the current trend towards life extension and the
regulatory authorities’ demands for even higher levels of safety assurance, means that ageing degradation
mechanisms must be effectively understood and monitored, and the recognised ageing mechanisms should
be continuously controlled. An important element of this control is inspection and monitoring to assess and
determine the condition of the concrete structures and associated components. Modern NDE methods and
instrumentation are providing useful techniques for the detection and measurement of the extent of internal

7
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damage and providing information on the quality of construction. Nevertheless, further work is required to
provide standardized and qualified inspection techniques.

3. Summaries for the Workshop Sessions

Session 1

Herbert Wiggenhauser summarized the “State-of-the-Art of non-destructive methods and technologies for
application to nuclear power plant safety-related concrete structures”. This state-of-the-art report provides
a comprehensive assessment of the various available NDE techniques (e.g. ultrasonics, radiography, radar,
etc.) and their strengths and limitations for various applications (thickness, cover depth, detection of rebar,
detection of defects, etc.). Recommendations are for further research to develop:

e validation and reference specimens

e software for data analysis and modelling

e combined techniques and automation

e improvements to equipment and techniques.

Georgios Michaloudis presented “Applying numerical simulations for the non-destructive evaluation of
concrete structural components subjected to high-dynamic loading”. Numerical simulations were used to
assess the damage induced in a concrete structure from a high-dynamic load (e.g. explosion). The complex
energy propagation through air and then into a structure was modelled and compared well with actual
results. The models can be used to determine the residual load capacity of the structure following an
impact event.

Brian Hohmann presented “Inspection of Containment Liners and Shells Utilizing Advanced
Nondestructive Examination Techniques”. Some areas of containment liners and shells are not readily
accessible for inspection, but can have installation defects and can degrade in-service. Ultrasonic
techniques have been developed to detect flaws in a liner or shell, and applied to full-scale mock-ups. The
techniques were able to detect flaws introduced in the mock-ups, but require further work to provide
reliable defect sizing and characterization. It was noted that discontinuities in a liner or shell, such as a
butt weld, can seriously attenuate the NDE signal.

Session 2

Jiri Zdarek presented “Temperature and Radiation Effects on the RPV Concrete Cavity: Project
Description on Irradiation, Testing and NDE Development”. Long term exposure to radiation and thermal
loading can result in degradation of mechanical properties of concrete structures such as RPV cavities. An
experiment is being conducted to determine the effects of high-radiation fields on concrete behaviour
(described further in a presentation in Session 3). In addition, NDE techniques using Non-linear Elastic
Wave Spectroscopy are being developed and applied to a sample of concrete from a biological shield from
a mothballed VVER. One possible opportunity is to use the ionization penetrations in the VVER
biological shield as access points for NDE probes in an operational VVER.

Fahim Al-Neshawy presented “Monitoring of hygrothermal performance of thick-walled concrete
structures”. Exposure of concrete structures to variations in temperature and humidity can lead to
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deterioration. Dr. Al-Neshawy described a technique for collecting data on the effects of temperature and
humidty on concrete, and using neural networks to forecast hygrothermal performance.

Brian Hohmann provided a summary of “The Effect of Irradiation on Thick Walled Concrete Structures in
Nuclear Power Plants with Respect to Long Term Operation”. Mr. Hohmann presented the available data
on the effects of irradiation on concrete, and showed that the data of most relevance to reactor containment
structures indicates there is not likely to be any deterioration for fast neutron fluences up to ~10"n/cm’.
Thus there is no indication that containment concrete will deteriorate due to irradiation, but additional data
(as is being sought in the experiment described in Sessions 2 and 3) will be useful to confirm the lack of
effect at high fluences.

Session 3

Sontra Yim presented “The Use of Digital Image Correlations for Detection of Degradation in Concrete
Structures”. The digital image correlation (DIC) - that combines photogrammetry and image correlation -
is an effective non-contact non-destructive evaluation (NDE) technique to quantify changes in shape,
deformation, displacement and strain. This method was successfully validated 2011 during a structural
integrity test (SIT) period in the framework of pressurization, hold and depressurization on inner concrete
surfaces (~1m?) of a NPP containment. The quantitative data that was recorded will provide a basis for
comparison to future tests (e.g. at 10 years interval). DIC can be used to detect, track and trend concrete
degradation.

Milan Marek presented “Projects Dealing with Radiation Damage of Concrete at the LVR Research
Reactor”. This contribution is a complement to the presentation “Temperature and Radiation Effects on
the RPV Concrete Cavity: Project Description on Irradiation, Testing and NDE Development” of the 2™
session. An experiment to determine the effects of irradiation on concrete using the LVR-15 reactor was
described. Concrete cylindrical samples (5 cm diameter, 10 cm height) will be irradiated with a neutron
flux of 1.5E+20 n/em? (E>0.1 MeV) below 90°C temperature. The samples will be investigated by means
of post irradiation examination (PIE) and NDE. The data will be useful in assessing the safety of NPP
concrete structures since they will provide information regarding degradation (material changes and
influence of chemical parameters) of irradiated concrete.

Sontra Yim presented “Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon”.
Fiber optic sensors were selected due to their expected stable performance over long time periods,
accuracy, immunity to electromagnetic interferences as well as electrical noise, and environmental
stability. The resulting fiber optic sensing system (FOSS) was installed in a NPP with a post-tensioned
tendon systems and provides real time tendon monitoring in order to detected tendon wire breaks, wire
relaxation, local concrete failure under tendon anchorage or loss of rock anchor. FOSS holds promise to be
an alternative to lift-off testing. It has worked robustly for over two years, and is anticipated to perform
over a long-time period (e.g. more than 10 years).

Session 4

Josef Machac presented his work on a “Hydraulic Vibration Exciter.” In this study numerical simulation of
the response of structures to a dynamic vibration load was performed and compared with the experimental
measured values. Experimental case studies included dynamic load test of bridges, the Orlik dam, the
tallest exhaust stack in Europe, and a power plant turbine and generator basemat. The technique shows
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promise for monitoring degradation through systematic repeated measurements over long time periods, e.g.
5-10 years.

Ladislav Pecinka presented the topic “Experimental Stend UJV Rez for Probability of Detection (POD)
Assessment.” He provided background on a methodology for quantifying the detection capability of a
NDE technique. A POD demonstration test is typically conducted using a set of standard specimens of the
same geometry and material that have a known number and distribution of indication sizes. An important
consideration is that the size distribution should go beyond the NDE technique’s detection capability to
establish the POD. Dr. Pecinka also elaborated on a set of four specimens of dimension 2mx2mx1m, UJV
has constructed with known defects and internal components (rebar, tendon ducts). UJV has examined the
specimens with ultrasound, ground penetration radar and impact echo NDE methods and identified which
method is suitable and successful to detect the particular types of defects. Although not a complete
spectrum of indication sizes, the set of specimens should be valuable for comparison testing by other
organizations.

4. Discussion

The workshop provided ample opportunity for discussion amongst participants on various aspects of
degradation of concrete structures, and use of NDE to monitor concrete performance. Key areas of
discussion are captured here.

Since the last workshop in 2008, there has been significant development of NDE methodologies for
concrete. The application of various ultrasonic techniques continues to be expanded and refined. Digital
Image Correlation is showing promise as a technique for monitoring deformation and tracking degradation.
The use of fiber optics is enabling reliable NDE measurements over an extended time period, and could
potentially avoid costly and dangerous direct measurement such as post-tensioning tendon lift-off.
Hydraulic exciters can be used to look at the mechanical response of large structures, and monitor for
changes over time.

Nevertheless, we are far from having a comprehensive set of qualified techniques that can be standardized
and applied by certified contractors. We are still at the stage of much of the work being performed in
research centres and universities, prior to standardization and commercialization. As techniques move
from the laboratory into regular application, there will be a need for appropriate training to ensure the
techniques are used properly and consistently. Given the complex and expansive nature of thick-walled
concrete structures, it is anticipated that multiple techniques will be required to assess the full-range of
potential indications, and to probe the entire volume of a structure.

A big challenge is posed by the lack of standardization in concrete. While there can be specifications for
mix ratios, aggregate size distribution, rebar arrangement, etc., key aspects of concrete can change with
location and time. For example, cement and aggregate composition can vary. The effects of these
differences are not well understood nor well characterized, and could influence properties enough to make
prediction of aging effects difficult.

In terms of aging, the work underway at UJV Rez should go a long way toward resolving the effects of
irradiation. Nevertheless, the challenges to integrity posed by environmental exposures (temperature,
moisture, contaminants, etc.) can stem from a wide range of phenomena, and continued investigation is

10
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required to ensure the phenomena of importance to nuclear structures are well understood and
characterized.

Advances in computer technologies are helping to improve NDE methodologies. Post-processing software
can be used to turn NDE measurements into 3-D representations of a structure, its internals, and any flaws
or defects. Finite-element and mechanical modelling is being used to supplement NDE methodologies in
determining the nature of discontinuities and defects, and in determining the consequences of detected
anomalies on mechanical properties. Statistical analysis and reliability methodologies are likewise
showing promise in extrapolating from NDE findings to the consequences for a structure.

5. Conclusions and Recommendations

1) There is a clear need for means of ensuring concrete structures meet their design criteria. During and
immediately following construction, NDE can provide quality control and verification. After being
subjected to aging degradation, NDE can be used to characterize material properties and ensure
adequate performance. It is therefore recommended that there be a follow-on workshop or meeting in
few years to allow for further exchange of information.

2) The state-of-the-art report [ORNL/BAM] provides a valuable assessment of the current applicability
and limitations of available concrete NDE methodologies. The IAGE Concrete subgroup should
review the recommendations in the report and identify areas that can benefit from international
collaboration.

3) Methodologies for concrete NDE continue to evolve, and there are, as yet, no standardized and
qualified techniques. As a result, international standard specimens should be developed to allow direct
comparisons between various techniques, with consideration given to ensuring a broad range of defects
to ensure the Probability of Detection (POD) for a method can be properly determined. Test rigs such
as those developed at UJV Rez and LPI could provide a starting point for such inter-comparisons. In
addition, samples should be removed from plants under decommissioning. A round-robin study could
be valuable in comparing between NDE techniques, and in determining variability in the application of
the same technique. The highest priority testing tasks should be determined to ensure that resources
are appropriately focussed.

4) Once the experiments on the effects of irradiation are completed, it is recommended that the results be
captured in standards and / or regulatory guides. This will likely require radiation effects to be
included in constitutive models for concrete used in finite-element modelling and used in fracture
mechanics assessments.

11
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{ynea Nuclear Energy Agency @) OECD

Introduction:
The NEA and Workshop Objectives

Andrew White
NEA Nuclear Safety Division

17 September 2013

{ynea Nuclear Energy Agency @) OECD

- The NEA Mission

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

+ To provide authoritative assessments and to forge
common understandings on key issues, as input
to government decisions on nuclear energy
policy, and to broader OECD policy analyses in
areas such as energy and sustainable development.

SaoeRitaiaks aiivamn:
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NEA member countries
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{ynea Nuclear Energy Agency @) OECD

NEA Basic Facts and Figures

Governing body: the Steering Committee for Nuclear Energy

31 membercountries(24 inthe Data Bank)
~ 50% of global nuclear electricity generating capacity.

55 years of international service.

7 standingtechnical committees (including nuclear development, economics,
safety, regulation...).

21 international joint projects funded by participants (17 in the safety area,
and cthers in radiclogical protection and radioactive waste management).

71 working parties and expert groups.
560 national experts participating in NEA committees and expert groups.

+ Technical Secretariat of the Generation IV International Forum (GIF)
andthe Multinational Design Evaluation Programme (MDEP).

Sipealbronk ook advaimn:
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L{ynea Nuclear Energy Agency @) OECD
NEA Co-operation and Interactions

« International Energy Agency (IEA). OECD family,

« International Atomic Energy Agency (IAEA): agreement,
« European Commission (EC): full participant,

« China: Joint Declaration on Co-operation approved,

« India: expert invitations,

« Ad hoc observers (national governments),

« Industry input to selected studies.

{ynea Nuclear Energy Agency @) OECD

NEA Committees

Steering Committee for Nuclear Energy
CSNI CNRA RWMC NDC
Committee
Committee Committec Radioactivo for Yochnical
on the Safety on Nuclear Waste Nuclear and Economic
of Nuclear Regulatory Management Sclence Studies on
Instaliations Activities Committee Committee Nuclear
Energy
T Devedopment
ﬂhm and&h;:uel
 Comemitee)
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WGIAGE Objectives

» Constitute a forum for exchange of views, information and
experience

« Stimulate research and lead international co-operative
projects

* Develop technical positions on integrity issues of nuclear
facilities and identify areas requiring further work

* Discuss potential impact of ageing and other integrity
challenges on safety, regulation and operation of nuclear
facilities

2391 Crpatain e R Corecacain o Cylrany
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{ynea

Nuclear Energy Agency @) OECD

WGIAGE Methods of Work

* Three subgroups established for seismic behaviour, metal
components and concrete structures

* Meetings and workshops to share information and coordinate
activities

+ Collaborative writing of consensus documents and focussed
technical reports

2801 g0 s Baeonk Carschcin e CyAyen.

L{ynea Nuclear Energy Agency @) OECD

2008 Workshop on Aging Management of
Thick Walled Concrete Structures

» Areas for additional research were identified and the
following recommendations were made:

— Meetings or workshops should be held every 2-3 years to promote
information exchange between operators and NDE scientists.

— Blind tests should be conducted on actual structures to benchmark
NDE methods.

— Structural reliability theory, incorporating uncertainties on time-
dependent changes, should be used to demonstrate acceptable
performance or estimates to end-of-life.

— S| results should be used to improve constitutive/damage models
and associate acceptance criteria.

— World-wide data should be compiled on application and performance
of repair technologies.

SaoeRitaiaks aiivamn:
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L{ynea Nuclear Energy Agency @) OECD

2013 Workshop Objectives

* Review existing methods for NDE of NPP’s thick-walled
concrete structures.

* Present state-of-the-art techniques for integrity assessment
of concrete structures and for detection of
— Voids and cracks
— Liner corrosion
— Loss of pre-stress in tendons

*» Recommend areas for further research.

L{ynea Nuclear Energy Agency @) OECD

2013 Workshop Scope

* More than 30 participants from a number of different
countries and diverse organizations

» Variety of presentations on concrete degradation
mechanisms and NDE in 4 different sessions
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Lynea Nuclear Energy Agency @) OECD

sSummary

* Akey activity for the NEA is addressing the integrity and
aging issues of concrete structures which are essential to the
safety of nuclear facilities

* This workshop will be important for contributing to our
understanding of how to ensure concrete structures continue
to meet their design requirements
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B

UJV Rei, a. s.
IAGE workshop
AMBASSADOR - Prague

Viadimir Stratil
September 18t 2013

Who we are &%@

& We are a company operating in the area of research and development
on the top national and global level more than 58 years.

& More than 1,000 persons employed by the UJV Group represent the
potential from scientific capacities through technology specialists,
designers to experienced production workers.
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Who we are &%{@

m Our divisions, departments and daughter companies
employ 62% of university-educated specialists, 26% of
secondary-educated specialists and 12% of technically
skilled persons.

| We are in possession of unique research, production
and process facilities in the Central and Eastern Europe.
& We belong among the recognized and respected

members of many of international and national
organizations and companies.

History and milestones @%@

m 1855 Foundation of the Nuclear Physicsinstitutein Rez
m 1957 VVR-S research reactor start-up

m 1872 The original Institute was separatedinto the Nuclear Physics Institute
and the Nuclear Research Institute

m 1993 The Nuclear Research Institute Rez was privatised to joint-stock company
m 2000 Scientific leadership of the commissioning of Temelin NPP

& Purchase ofinstitute of Applied Mechanics Brno, Ltd. (1AK)

& 2002 Research Centre Rez Ltd. (CVR)

m Purchase ofpart ofENERGOPROJEKT PRAHA a.s. —formation ofthe Division
ENERGOPROJEKT

m 2009 Acquisitionof
& Research and Testing Institute Plzen (VZU Plzefi)
& EGP INVEST, spol.sro. (EGPl)
m 2011 Formationof UJV Group
w UJV ReZ + CVR ReZ + VZU Pizeii + UAM Brno + EGP| Uhersky Brod
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Shareholders

m CEZ a.s - 52,46%
a Stovenské eleklrdme, a8, - 27, 77%
u SKODA JS as. - 17.3%%

& Municipality Husinec ~ 2,38%

Company strategy

To provide
Engineering, design, analytical and
scientific suppertin operating and
constructing new energy faciities
including nuciear facilities.
Comprehensive and systemR&D

services, especidllyin the area of
use of nuclear energy and ionizing
radiation sources.

To be
Professional authority-and
promoter in the area of nuclear
energy and utilization ofionizing
radiation.
Atransparent company with clear
management, well-arranged
finance and open information
about implemented projects.
Good neighbor in all places where
weimplement our oobjectives and
projects.
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International cooperation |.

m
L7

An inherent part of activities of the institute from
its foundation in 1955.
8 Multilateral cooperation
s Internstions! Atomic Energy Agency {IAEA), Vienns
s Nuclear Epzrgy Agency (NEA), Paris
a Participstion in framework programs of EURATOM, Brussels
& Member of the European Nuclear Education Network (ENEN)
u Member of the European Techmical Safety Organzations Network (ETSON)
p The Electric Powsr Research Institute (EFRI)

8 ¥y playerin Tounding process of NUGENIA

International cooperation Il.

B Bilateral cooperation
s Comnussion at Energy Atomic (CEA), France
a Institute for Radiclogical Protection and Nuciear Safety {IRSN), France
& Geselischaft flr Anlagen- und Resktorsicherhait (GRS), Garmany
a Czech-Russian Work Group for Nuclear Energy, MPO/RCSATOM

a State Scientific & Technical Centre for Nuclaar and Radiation Safety
{SSTC NRS), Ukraine

s Cooperation with US institutes through agreements concluded between the
reguistory bodies (USNRC—-S{UB) and ministries (USDOE-Ministry of
Industry and Trade)

s Bhabha Atomic Research Centre {BARC), India

a Centrum of Nuclear Research (NCBJ), Poland
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Certificates

&

m EN 50 14001:2004, valid until: 2014-08-23

m EN 150 5001:2008, valid until: 2014-06-23

m BS CHSAS 18001:2007, valid until: 2014-06-23
® Certificate of Facility Security Clearance

HE
wa

IAM
BRNO
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Subsidiary companies

S

® Research Centre Rez
a Foundsd in 2002; Director: Martin RuScak
u Ressarchand development organisation focusad on technologies in ensrgy; Operator of
research reactors LVR-15 and LRO

® Research and Testing Institute Plzen
» Founded in 1307, from 2002 ownad by (lV Rez,a.s., Director: Vaciav Lisks
& Research, sjopment and 3ccredited testing; Research of materials and mechanical
engineering; Computer modeliing

m EGP INVEST, spol.sr.o.
a Founded in 1581 in Uhersky Brod, from 2009 owned by UV RezZ, 3. 5., Director: Petr
Siadala
u Design activities, surveys; Engineering activity

& Institute of Applied Mechanics Brno, Ltd.
a Foundad in 1953, from 2004 owned by (UV ReZas. Director: Lubomir Junek
u Comprehensive analyses of strength, service fife and seismic resistance of stesl
structures, pressure vessels; Advisory servicss in the area of mechanical enginesring,
metaliurgy and energy

Divisions and their
main services
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Organization Chart

Ganersl Dirsctor

e ~done

Karel KRIZEX

Exevulive Dirscior
Mraosisy HORAK

Nuolexsr dafely indngrity - & Teohmios!
£ Ralisbity Enginearing
Mlisn PATRIK Viadimk STRATIL

Human ResOUTCss
Mirestaa SCHICHOVA

Finanoes Oparafion & Servioss Enorgoprojekt Prana
Framidex PIREK Ra¥m HAVLIK TR Tomas 2ZAK

Radiopharmaosubiosis
Payk SPATZAL

wa
CF

Nuclear Safety and Reliability Division

B Reactor physics and fuel cycle

n Safety analyses, including
@ Seversacodents
g Frobsbilistic safety assessmant
s Emergency preparedness
m Diagnostics and reliability of existing and new
reactor technologies
8 Non-nuclear activities
a Hydrogen technologies in ensrgy and
transportation
s Support to relizbility and risk management of

industria!l technologies, gas transport, electnic
power transmission, 3vistion
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Integrity and Technical
Engineering Division

B Structural and life time assessment of
sysetems, structures and components (RPY
including surveillance programme, piping
systems, valves, ...}

8 PLIW LTC programmes including specific AM
programmes

@ Technical support and maintenance of NPP
@ Tests and analyses of material properties
8 Equipment qualification

8 Non-destructive testing, in-service inspection
{151} and ISl gualificaticn

a Design and construction of experimental and
customer-requested equipment

am
e

Chemistry of Fuel Cycle
and Waste Management Division

B Radioactive waste management

g Services and technologies of processing,
treatment and conditioning of radioactive
wasts

s Radiochemical analyses, characterzation of
radiosctive waste, radistion monitoring

g Transport of spent nucikear fusl

8 Research and engineering support to the
Deep Geological Disposal Project and for
L&LW Repositories

u Barners, safety assessment, WAC
development, design, monitoning
8 Decommissioning of nuclear facilities,
fragmentation and decontamination

D]
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ENERGOPROJEKT PRAHA Division

a Design and engineering services

g Geners! designer or designer — 3l phases and
areas of investment process mainly in energy
sectors: electnic power production and heating

B Data processing and associated services
m Database graphics

s Freparation of technical documentation in the
environment of graphic and relation datsbases

s Devsiopment of applications tosupport
designing and operation of energy and
industrizl projects — GAMED and GADUS
application systems

L H7 ]

Radiopharmaceuticals Division

B Production of PET radiopharmaceuticais
g .Inthe place of the application”
u FDG (glucose marked “F)

8 Production of SPECT radiopharmaceuticals
and kits

8 Research and development of
radiopharmaceuticals

s Msiniy for diagnostic, but potentially also
therapeutic Use in the traatment of tumour
disaases, neurodegenarstive diseases

B Biological testing laboratory
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Significant
references

Area of nuclear safety and reliability

B Development and applications of advanced
algorithms for optimisation of fuel loadingin
NPPs

a Significant participation in power uprating

projects for Czech NPPs Dukovany and
Temelin

8 Application of advanced knowledge of severe
accident phenomenology during NPP safety
enhancement

m SCCRPIC

8 Measurements in the core, including
calcuiations {EDU, ETE)

a Non-nuclesr technologies
s Cevsiopment & Operation of hydrogen bus

a Accumulstion of energy in hydrogen
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Area of integrity and technical
engineering

A Development of the long-term operation and
plant life management strategy for the
Ukrainian nuclear power plants

a European Commission project
s Lesding consortium member

& WUV Rez, a.s.; NPPOSI Kiev;
ENERGORISK Kiev; VIUE, a.s. (SR)

m Evaluation of the technical conditions and
lifetime extension of the reactor pressure
vessel and internals for two units of
Ukrainian NPPs

8 Participation in EPRI (Electric Power
Research Institute) activities

a Sucoessful and efficient transfer of “know-how”
with unsque safety and economic benefit

8 Membership in NUGENIA association

a UV ReZ a.s isone of 7 founders

Area of chemistry of fuel cycle
and waste management

a Global Threat Reduction Initiative{GTRI)

g Transports of fresh and spent nuclear fusl
from resaarch resctors (projects
RRRFR,RERT)

s Executsd transports: Czech Republic, Poland,
Ukraine, Belarus, Serbia, Hungary, Bulgaris

8 Decommissioning and radwaste treatment

a Ares Nelks zbytky”, Rez project of ecological
solution of the past activities

8 Deep Geological Repesitory Development

s Provides technical stpport ard analyses for
RAWRA

8 Radicactive Waste Regulatory Auterity
{RANRA)
g Barriers, safety assessment, WAC
development, concaptual design

Epii
22

35



NEA/CSNI/R(2014)1

Area of NPP Design

B Feasibility Studies

B Al levels of Detail Design {studies, permit
documentation, etc.)

@ Safety reviews and analyses
8 Author's supervision

a Farticipation in the commissioning and
evaluation of defined success criteria
fulfilment

a Customers:
a Dukovany NPF (4x VVER 440 MWe)
8 Temeln NPP {2x VWER 1000 MWe)
u Bohunice NPP {4x VVER 440 MWe)
& Mochovoe NPP {2x VWER 440 MWe)

Area of radiopharmaceuticals

B PET Centres operation
s Pragus, Brno, Rez

B Supplier of PET radic-pharmaceuticais into
six Czech hospitals

8 PET Centre Rei constructed on the premises
of the company (2010-2042)

# with cyclotron for the production of positron
emitters intended mainhy for R&D PET
radopharmacsuticals

8 preducing the new genaration of
radiopharmacsutical charscterzed by ultra-
short fived radionuchides for diagnostics

o
4]
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Contacts @%‘E

Address: Hiavni 130, 250 68 Husinec — ReZ Czech Republic
Phone: +420 266 170 000

E-mail: name_ surmame@ujv.cz

Web: www.ujv.cz

Q2013 LWRe2, 3 5.
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SESSION ONE

State-of-the-Art of Nondestructive Testing Methods and Technologies for Application to NPPs
Safety-Related Concrete Structures
Herbert Wiggenhauser

Applying Numerical Simulations for the Non-destructive Evaluation of Concrete Structural
Components Subjected to High Dynamic Loading
Georgios Michaloudis

Inspection of Containment Liners and Shells Utilizing Advanced Non-destructiver Examination

Testing
Brian P. Hohman
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State-of-the-Art of Non-Destructive

Testing Methods and Technologies for
Nuclear Power Plant
Safety-Related Concrete Structures.

Herbert Wiggenhauser

BAM Federal Institute for Materials Research
snd Testing, Berlin, Germany

Dan J. Naus

Osk Ridge National Laboratory, Osk Ridge, TN

Appaarance af the fypical RC- and FT-concrate
contalment I the US-American nuciear Industry
Source: Strategic program Concrete (EPRY)

R0 M0t e DAL OO MOCS T VT ot Page pa1/1023473
concrete odf

CSNI Workshop 2013 BAM

Non-destructive testing of NPP RC
structures presents challenges different
from conventional civil engineering
structures

* Wall thickness can be in excess of one
meter

* Structures often have increased steel
reinforcement density with more
complex detailing

* Can be a number of penetrations or
cast-in-place items

* Accessibility may be limited due to
presence of liners or other components,
harsh environments, or structures may
be located below ground

* A broad experience base on
applications of NDE to NPP concrete
structures does not exist

8,00 s Mmoo Lasonsron CSNI Workshop 2013 BAM

High Concentration
of Steel Reinforcement
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Several areas have been identified where
improvementsin NDT methods are desired

+ Thick, heavily reinforced concrete sections
— As-built or current structural features
— Flaw detection and characterization
— Honeycombandembedded items
— Voids adjacent to liner

* Basemats and otherinaccessible areas
— Based on indirect approach(ie.

environmental qualfication)

* Liners-

— Global inspection methods

PWR Large Dry
Prestressed Concrete Containment

%01 Rives Nanosa Lasoxscosy

L - ey

CSHNI Workshop 2013

— [Inaccessible areas
* Prestressingtendons
— Real-time techniques to monitor post-
tensioningsystemsfortendonwire
failures and level of stressing

p<BAM

————

LAght Water Beacior
Aspndira i
Concirete Ressaryh and Owvelopment
Poascmay

Shear-Wave
Tomography

‘t)\f Rioce NATIONAL LABORATORY

L N e ey

CSNI Workshop 2013

General comments on application of NDT
methods to thick, heavily-reinforced
concrete structures

Use of NDT techniques is required for compliance
testing, collection of specific data orparameters,
condition assessments, and damage assessments
Quality of resuls is directly related to quality of concrete
Combination of methods is oftenthe most effective
approachwithfirst method used to detect and locate
suspect areas followed by use of second methodto
provide high quality images to permit assessment of
condition of area in question

Acoustic (UPV, UPE, SASW. L-E, and AT}, radar, and
radiographyappearto have greatest potential
Inaccessible structures (i.e.. foundations) are assessed
through opportunistic inspections orindirectly through
environmental qualification

Development of standards to quantify capabilities of NDT
for NPP safety-related concrete structures is desirable
As NPP concrete structures age. NDT is likelyto gainan
increasingly imporiant role intheiraging management
New designsshould give consideration to providing
improved acceasibility for application of NDT techniques

pP{BAM

42




NEA/CSNI/R(2014)1

A SOA report summarizing available data and
information on NDT methods and recommendations
for research has been completed

* Recent operating expenence has identified L E_.A.ﬂ
several areas of interest =
— Detection ofcracking, voids, delaminati
andhoneyconbh;‘g = O cscapnsod sy o OO
— Detection ofinclusions of different e
materials orvoids adjacent to concrete e St
side of liner RiReses
— Methods capable of identification of i Vo i
corrosion occumrence on the concrete side
of the containment liner P oot
— Applicability of laser-induced breakdown s
spectroscopy toassess occumence of ':»::--
concrete degradation inform of alkali-silica S S
reactions, sulfate attack, imadiation, and e
elevated temperature Str—tr
— Locatingsteel reinforcement and -~

identification of its coverdepth
— Locatingtendon ducts and identification of
the condition of grout materials

R b

B0 Rivus Nnosn Lsonseoss CSNI Workshop 2013 ><4 BAM

Methods very well suited for the describedtask:

« inductive method with low frequency excitation (< 10 cm cover max 2
layers)

* inductive method with high frequency excitation (eddy-current} (< 10cm
cover max 2 layers)

» radar (< 30 cm cover diameter not measurable)

Methods well suited for the describedtask:

» Ultrasonic (> 5 cm cover)

« radiography (multi-angle technique) (< 60 cm two sided access)
« magnetic flux leakage (< 20 cm)

Methods partially suited for the describedtask:
» active thermography (< 10 cm cover, nfa for depth > 10 cm)

%0 Rivoe Naniosal Lasowstosy CSNI Workshop 2013 8 BAM
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The combination of radar and magnetic methods—mentioned already inthe
1980ies —is still avery powerfultool for cover depth, rebarlocation and bar-
sizing. Several devices exist; strategies howto apply both methodsin
combination and software for data assessmentand imaging of both methods are
of great interestfor further development.

Research Needs

The inductive methods, both with high or low frequency excitation as well as the
Radar method have to be validatedto a large extent. Although commercial
devices are available, the application is still notwell establishedforthe
describedtasks and particularly notin the needed thickness range. For
radlography (e.g. Betatron) the time consumphon is very high and and safety
precautions have to be strictly followed.

%20t oouee CSNI Workshop 2013 BAM

Methods very well suited for the describedtask:

+ ultrasound echo imaging (MIRA)
locate (< 80 cm), cover (< 80 cm), arouting condition

+ radarlocate {< 50 cm) cover (< 50 cm)
Methods well suited for the describedtask:
» ultrasound echo {A-scan) locate (< 50 cm), cover (< 5¢ cm)

* radiography {x-ray, gamma, betatron, linear accelerator),
locate: {< 60 cm), cover: (< 60 cm), grouting

» ultrasound transmission, locate (<10 cm)
Methods parially suited for the describedtask:

+ radiography {x-ray, gamma, betatron, linear accelerator)
cover: + (< 60 cm),

« ultrasound echo {A-scan) for grouting condition

% 0u Rows Ninoss Lusonsron CSNI Workshop2013 >< BAM
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Acsys MIRA A1040
Acsys A1220
*‘.f.m Rinca NATIONA LAsonstow CSNI Workshop 2013 BAM
Task @)

Research Needs
Lineararray (ACSYS MIRA A1040) should be tested in comprehensive
experiments atnew specimens.
Improvement of the ultrasonic echo imaging technique with SAFT including
phase evaluation.

Special evaluation algorithmswith back propagation and RTM (reversetime
migration).

Hardware: development oftransducers with adapted focusing range.
Size and area of syntheticaperture should be extended.

To improve the performance, the development oflarger automated equipmentto
scanthe surfaces should be done.

MNewvision: air coupled ultrasound application with newtypes of nano sensors.

% deutpes i Lo SN Workshop 2013 BAM
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Methods very well suitedfor the describedtask:
* none

Methods well suited for the describedtask:

« imaging ultrasonic echo {delaminations, cracks, voids)
in a depth range <100 cm

= impact echo (delaminations) in a depth range < 50 cm
Methods partially suited for the describedtask:
* imaging ultrasonic echo {honeycombs) in a depth range < 100 cm

= ultrasound, surface + lamb + diffracted waves
{detaminations, cracks,voids) in a depth range <50 cm

« impact echo (cracks, voids) in a depth range < 50 cm

% Smwes Mmoo Lgonyons CSNI Workshop 2013 P4 BAM

‘Research Needs

It would be beneficial to do a comprehensive analysis ofinspection records to.
collectinformation aboutthe mosttypical defects in containments and related
NPP-structures. Following this, the design of a mock-up for the typical NPP-
containments with typical artificial defects (vertical cracks surface, near surface
crack, irregular crack or deep delamination, honeycombing) can be made.

%00 SN Losyen CSNI Workshop 2013 >4 BAM
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Methods well or very well suited for the describedtask:
*  none

Methods partially suited for the describedtask:

*  imaging ultrasound with large aperture (location, material), depth
range~2m

$0u s Narown Lusonson CSNI Workshop 2013 BAM
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Four different scenarios may be of interest: = o

inclusion

+ Direct contact between inclusion and
liner

» Early stagelinercorrosion -
+ Significantlinerthickness loss

« Concretelayer betweenlinerand l.._

Research Needs
To assess the ability of the techniques mentioned above to detect inclusions of
anomalous material properties itis recommendedto perferm a series oftestat
full scale mockups, including all scenarios described above. In 3 first phase
existingtechniques should be assessed Furtherresearch and developmenthas
to be discussed after evaluatingthe results.

9.0 Rioos Mmoo, Lsonsrom CSNI Workshop 2013 b4 BAM

Task )

Methods well orvery well suited for the describedtask:
none

Methods partially suited for the describedtask:

« ultrasound echo large aperture (delamination),

» ultrasound echeo high frequency (indirect measurement of corrosion by
determination of liner thickness)

* acoustic emission {active corrosion)

Only indirect measurements can eventually point out that corrosion in one of
the above described forms has happened. While uitrasound echo with large
aperture might be able to identify delaminations (which might be an indication
for corrosion and loss of contact near the liner), uitrasound echo high
frequency can measure the remaining liner thickness (accessto liner).

.00 Supon Manons Loonmmony CSNI Workshop 2013 BAM
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Research Needs
This task needs fundamental research.
Detection of corrosion through the steel liner
or through highly reinforced thick concrete.
Has any research inthis area beentried?

¥ 0 Rives NATIONAL LABORATORY. CSHNI Workshop 2013 B MM

« The biggest impact on research into NPP related NDE of reinforced
concrete structures may be found in improvement of the research
infrastructure and support of synergy effects.

= Combination of methods is
one of the key areas for
finding solutions to the
testing tasks

= Automation and scanning is vital for producing high quality data
which is the basis for any subsequent data analysis.

9 0mBemtinem Lusm CSNI Workshop 2013 BAM
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between research groups and comparability of results

* A majorrolein any research is software formodelling, simulation and data
analysis. It is necessaryto be ableto simulate atesting scenario as close as
possibletoreality to be ableto choose the appropriate equipmentand
parameters forthe test andthe subsequent data analysis.

+ A common data format would be a significant step towards more collaboration

Poyson of he Refoction of Bhe dom Poaton of voice S0004SNG
-ep of the Sndon duck 1 D exiaten
(9. 4me 1400 1 30) TG 1100 1000 ;300 | RS {000 o LB LMY 2000 L300r LAY 5000 S00KY LION LI
' : L ORI ] T

Resutt ofimaging tendon
ductin a specimen with
shear waves: B-scan above
the tendon duct from 3D-
SAFT reconstruction.

iy

% 0 Rivce Namosa LABORATORY

i [ I -
V- _*
v Qackwal  Postico of Roflecton of B sepep Postion o e

refioction  Dack wal

CSNI Workshop 2013
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should be assured. s X
%0 Rice Nanosa Lasoxstosy CSNI Workshop 2013 ,AV, BAM

A software pool with dedicated numerical routinesfor data analysis,
visualization, modeling, simulation and validation - asit is commonin
other areas ofresearch, e.g. geophysics or medicine -would be very

supportive for any NDE research and application.

y‘ Flaw dowcwa vy B O 2 fomeantise
raticgtiphy
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Reference specimens and A i K

validation are key elements A 2 .
for a streamlinedresearch Ry :
effort. Comparability of

experiments and results
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BAM Validation Site Horstwalde: Tendon Duct Inspection
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% 0 Rivce Namoxa) LABORATORY CSHNI Workshop 2013 B MM

L - ey

There is no single research effort which could solve the described NDT tasks.

%0 Rivce Nanosw Lusoxscosy CSNI Workshop 2013 BAM

L N L
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Thank you!

ORNL
E.M. Schilling

BAM
Dipl-Ing. Rosemarie Helmerich
Dr. Martin Krause
Dr. Frank Mielentz
Dr. ErnstNiederleithinger
Dr. Alexander Taffe
Dipl.-Phys. Gerd Wilsch
Dipl.-ing Christian Kdpp

%00 re Mot CSNI Workshop 2013 BAM
NDT candidate methods for foundations/piles
Haon Maasurad ] Candidats Meihods or Refersnce
Air
Ay ASTM D 1864, 060,02
Cardon doxids oontent 2ansors
Candidate methods Humadity ASTM D 4210 and E 3T
- Sonicecho Tamparsturs Zansors
- Impulse-respon Ton
B }:::clll:rge CorrosiviipH ASTM O 51; B 1377-28), BR 279
Iogging Sutale ton conoentration AZTM D 4542, B21377-UE), ER TE
~ Crosshole sonic | Chiorids lon conoentrasion AETM D 4842, EE13TT2)ER T8
legging Resistvity AETM O 87
— Parallel seismic  [“ygistre conent ASTM D 2218, D $077; DN $51214,2
- Gamma-gamma preesr ERz7e
NFPP 'Q’agsg";‘gts either | Permesomty AZTM D 2424; DIN 15130-1; preN 1667-2; B 5004, 6630
partially or totally Groundwaisr
inaccessible Wadsr tabis slsvation'samplng | ASTM D 512, D 1283 D 4445; waiis, plamsiers
'r'e‘fa't"::ttg‘ethws CorrostvitwpH ASTM D 1087, D 1280, E7%; B8R 279; B 1T77-48)
environmental Hydrosiaio pressure Sensors
qualification often Dissolved oxygen content AZTM D 228
utilized Toubie et ASTM D 615, D 4327, D 4130 D 4327, ER 275, 58 1277-3; DIN 254065
Noirats fon ASTM 4327; BR 278
Chiorids lon ASTM D 4462, D 4377, D612 BR 279, BL 13773
Carbon doxics content EN 12677
Wioroarganisms/dectaria ASTM D 4412
.00 fvca Rinows Luscosron CSNI Workshop 2013 PBAM
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General comments on NDT techniques
addressing containment metallic pressure
boundaries

High-frequency acousticimaging—

effect of concrete and bo « Inaccessible portions of containment metallic

A 3 pressure boundary have experienced corrosion
1: " | « Awvailable NDT techniques are time-consuming and

0 [ | costly because they generally examine only a small
i’ - - area at a time

R

AR ey | * Concrete bonded to metallic pressure boundary can

result in significant signal attenuation

I

L J
e * Techniques utilizing guided waves that interrogate

specimen cross-section appear promising

sreel glate eceiver
m:‘ . T § ! « Additional activities are required to develop global
] S == inspection system as well as to characterize defects
< o ore R and assess flaw significance
b2l 20
7 * Lucius Pitkin/EPRIVDOE is looking at feasibility of
NPT tandem- syntheti focusing techni d
Steel Plates 944 x 202 x 25.4 mm* ICREI RS pietian ﬁs'"g PN o
w and wio flaws Embedded in Concrete magnetostrictive sensors to detect corrosion in

inaccessible areas

$0:ufme D fanen CSNI Workshop 2013 BAM

Maintaining the post-tensioning system components
in good working order is essential for prestressed
concrete members

* Current examination programs adequate for determining
condition of PT tendon materials and evaluating effects
of conventional degradation

* Conventional material degradaion has not been a
significant agingconcem, but isolated incidences ofwire
failure due to corrosion have occurred

* Leakage of tendonsheathing filler (except forloss of
corrosion protection) appears to be primarily an aesthetic

~ problem

S " gnificant margh, it argerihansntcpdedioss o

; significant margin, rgerthan antic 038 0O

Ul Eandtendon aysten force has occumed in a few older plants

* What is the exact relationship between end-anchorage

~

PT systemexamination force measured by lift-off test and changein mean force
« Force detenminations along tendon length?
o : * Estimation of time-dependent loss of prestressingforce
7 :.;lreecal;agtéa;;ests i3 based on limited duration relaxation tests {e.g., 1000 h)
A and concrete creepresults {e.g. 6 mo). What is validity

Anchorageinspections of extrapolation of these results by time factors of ~ 500
and 120 (60 yr life)

Post-tensioning systemdegradationaffects whenconcretecracks
and steel reinforcementyields

%0 Rivos Nanown Lasonston CSNI Workshop 2013 BAM

53



NEA/CSNI/R(2014)1

General comments:

* Operating experience

— Performance of concrete structuree in NPP2 has generally besn gocd with majoriy of early
problems primarity related to construcon/design deficienciss or material sslechion probiems
that have basn addreesed

— Az the structurse age and scope of inapscSion Programs expands, INCrEasing incidences of
degradation ars fikely to occur, pRmanty dus to snvironmental effacts

—  Pariotic inapaciion, Maintenancsa, and repair ars sssential siements of an overall program o
maintain an accepiable leved of reliabiity for the strucfurss

» Damage models and acceptance criteria for current and future condition
assessments

—~  Methoas for condudt of condion asseeaments are fairly well established and genserafly start
with 3 visual examination of the sfructure’s exposed surfaces

— Development and validadon of improvsd damage models fincluding synergistic sfiects) and
guidelines for their uss ars reguired forimproved service e asseeaments and fo pradict
falure probabalfy azher 3t present or some future point in Sme

— CoSscSon of data and information from 2ged structurss can be usad to halp provide an
improved characterizafion of ssrvice environmants, understanding of degradasion
mechaniams, and svaiuats the impact of aging and environmantal {ressors on material
properties and siructural marging

— improved and mors apecific acosptance crieria for concrets degradation on both 2
determensstic and probabilistic basis (a.g. CONCrete Cracking and ASK) iz desired

% 0 Rivoe Nanosar Lasonscos CSNI Workshop 2013 BAM

General comments (cont.):

+ Several areas identified where improvements or development of NDT techniques is
desirable

— Technigues that can identfy weld defacts in stainkess stea! Winers of spent fusl pooils and reactor refusiing
cavitiee

— Giobal inspechon methods for metaliic preesurs boundary componants inCluding inaccsesibie areas and
backside of imer

—  Non-ntrusive techniques for inzpacton of thick-walied, heavily-reinforced concrets structure and
basemats

— Realtime fachniguss to mondor postiansioning sysfems for tandon wire failures and leved of stressing

— DefterminaSon of grout coninuty in grouted-tendon systems

« Repair of NPP concrete structures is an area requiring further investigation

—  Nuclear Ensrgy Standards Coordnaiing Commaas (NESCC) has drafled 3 reportthat identfiee rajgvant
repair #3ndards and areas o be 20dresaad in Order 10 provids an improvad bazis for repair of NPP
concrete structures

—  NO repair cods that specifically a0dressse nucisar struciurse
— Guidelings are required on application of mpair strategise to enhance structural reliabaiy

— Performancs charactsrisfics (e.g. effectivensss and durabiity) of candidals repair matsnals and
techniguss are required

% 0 Rivos Nanosar Lasonscosy CSNI Workshop 2013 MM
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General comments (concl.):

+ Extend application of time-dependent reliability-based approach
— Evaluation of structures for continued senvice should provide quantitative evidencethat their
capacity is sufficient towithstand future demands within the proposed service period witha
level of reliability sufficient to ensure public health and safety

Structural aging may causs tha infegrity of siructurss 1o &voive over Bms

+ Uncartainties that complicate ths evaluation of aging sfacts ariss from a number of sources and any
evaiuation of the refabiity or safely margine of 3 sfructure during #s service ifs must take thees
sourcss info account
Structural refiabiify analysis methods provide the framework for daafing with uncartaintise

- Am the current and future performance of degraded structures

Hazard funcSon jcondiSonal probabilty of failurs within the Sme interval £1#0¢) given that the
component has sunvved up to 1] i3 usad to analyze structural fBilurse due to aging

« Fragity analysis {gepicts the rods of uncartainSiee in responss of structurea to spacifisg challenges)
provides a structured framework fo:

— dendfy aging factors important to safely.
— lgenty areas whers the potantial for degradadion to impact aafaty is important;
— Focus in-sarvice inapacion. maintenancs, and repair;
— Guitde acquisition of adadonal dta; and
— Waks risk-informed service 0eCizions regarding conSinued service

+ Develop risk-informed condiion 2asssament guidsiines for evaluztng the performancs of aging
structurss

+ Formutaie in-service inspectionimaintsnance stratagies aimed 3 ensuring that structurss maintain a
desired performancs leval

% 0 Rivoe Nanosar Lasonscos CSNI Workshop 2013 BAM
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Applying numerical simulation for the
non-destructive evaluation of concrete
components subjected to high dynamic
loading

G. Michaloudis, N. Gebbeken

NON-DESTRUCTIVE EVALUATION OF THICK
WALLED CONCRETE STRUCTURES,
PRAGUE, CZECH REPUBLIC, 17-19.09.2013

Non-Destructive Evaluation of Thick Walled Concrate Structures

Outlook

1. Motivation

2. Characteristics of explosions

3. Description of conducted experiments

4. Applying numerical methods for the evaluation of
damage

5. Conclusions - Future work

Sor Dandeswede Department of Civil Engineering and Surveying
Universitat ;f}. Miinchen lnstitute of Enginéering Mechanics and Structural M Yies
A Univ-Prof. Dr-ing, habil. N. Gebbeken
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Motivation

Load carrying capacity tests of RC-plates

oy Drdeywene ) Department of Civ
Universitat (v Munchen Institute of Engineering Mec
A : Univ.-Prof. Dr.-in

Non-Destructive Evaluation of Thick Walled Concrate Structures

Motivation

Load carrying capacity tests of RC-plates

o

[Mangerig 2002}

dor Dyndeswede

: |
Universitat {12 Miinchen institute of Engineering Mechanics

Univ.-Prof. D
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic
Motivation
Load carrying capacity tests of RC-plates
200
/—v—\ ==undamaged plate

609 ~=damagad piste N
=
S p————— e, WD S
3 alculated residual load carrying capacity

200

0 . ' ' —
0 20 40 60 80 100

deflection [mm]
Goal: Calcuiate the load carrying capacity of concrete structural

members, partially damaged due to blast loading

s Dandeswene ] Department of Civil Engineering and Surveying
Universitat (v Munchen institute of Engineéering Mechanics and Structy
o~ : Univ.-Prof. Dr.-ing. habil

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Characteristics of Explosions

Categorization of Explosions withrespectto its:
a) Velocity of Propagation through theair

* Defiagration (subsonic propagation}
* Detonation (supersonic propagation)

b) Distance fromthetarget (Scaled Distancez = R/WY?3 R=distance, W=Mass of
explosive material)

Contact Explosion
* Close Range Explosion (z<0.5}
*  Wide Range Explosion {z>0.5)

Explosion = Propagaticn of large amounts of energy within microseconds
Typical detonation velocities: 8000-10000 m/s
Creation of a shock wave

ot Drsdes wede ) Department of Civil Engineering and Surveying
Universitat () Miinchen institute of Engineering Mechanics and Structura

Univ.-Prof, Dr.-ing. habil
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2013, Prague, Czech Republic

Characteristics of Explosions

L = armal time of e expiosion wae

1= curation of T2 posithe prse

p~-
%, = uration of n2g3te phEse
| Dose = D23K OVETDTRESUMS

Py po=Atmospneric pressure

- lﬂ

Frassure-Tre-Obgram iy 8 Dhaiai &pison wave (Free-Fe)

* What happenswhenthefree propagatfionis interrupted froma structure?

*  Which pressuredefinestheload?

o yndeswode
Universitat 5 Minchen institute of Engineering Mechanics and Stn
o~ : Univ.-Prof. Dr.-ing, hé

Characteristics of Explosions

OQwerpressure |kPa)
300 4 ( €.0. N 28
270 | |
240
210
180
150
120
20
ol N

30 ‘\\ .

peak reflacted gvarprassura

Reflection coefficient o= -
pddk Side-on suerprassure

Simuizion, Tree
Simuiztion, refiecied

o Time fms}
0 S >
30 15 25 35 43 3 65

w

* Given constant heat capacityratio: 2 < < 8

* In real conditions ¢ canbeeven larger (=14 or even higher)

* - does not depend on the thickness ofthe structural member

* Materials with low density and stiffness can reduce cr

* The peak refl. overpressure and the resulting impulse (I = [ peak reflected overpressure dt)
define the load by which the structure is loaded

s andeswede
Universitat Miinchen institute of Engineering Mechanics and St

Univ.-Prof, Dr.-ing.
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Non-Destructive Evaluation of Thick Walled Concrete Structures

Characteristics of Explosions

Equation of State for theair:

+  |deal Gas

* pV = mRAT (ideal gas law)

v U =mel(v) T (internal snergy)

Resulting strain rates of a material subjected to a blastload:

Areaof interest /5 &

107 105 10% 104 107 407 100 100 0 10 A 104 100 P 1 W £ ey

i
institute of Engineering Mechanics and Stn
Univ.-Prof, Dr.-ing,

oy Dandeswedr

Universitat |y Minchen

Non-Destructive Evaluation of Thick W.

Description of conducted experiments

* Blast experiments on reinforced and
unreinferced concrete structural members at WTDS2

» Cubes (dimension of specimen: 150 x 150 x 150
mm), columns, plates

* Different masses of explosive materialand
distances to the specimen tested

* Severaldiameters of reinforcement and
bend lengths tested

dor Dyndeswede

Universitét | Minchen
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aj negligible damage
by severedamage

c) total damage

Non-Destructive Evaluation of Thick Walled Concrete Struc

Description of conducted experiments

Scenaries leading to

aretested

In a second phase the structurai members are
tested regarding their residual loading carrying
capacity - Statictests

oy andeswede

Universitat .y Minchen nstitute of Engineering Mech:
i~ - Univ.-Prof

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

* Compression tests

. Evaluation ofthe residual load carrying
FAlcol fests capacity of the damaged structuralmembers

* Bending tesis

dor Dyndeswede

Universitat (s Munchen institute of Engineering Mechanics and
— : Univ.-Prof. Dr.-ing
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.08.2013, Prague, Czech Republic

Applying numerical methods for the evaluation of damage

* Simple butvalidated foermulas to determine

the load resufting from a blast
* Analytical methods (e.g0. Memeni-Curvature-Diagrams) for Engganesing Toge
the appreximation ofthe behavior efthe structure

* Detailed modeling of
a) explosion— wave propagation
b} interaction between blast wave and structure

c) structuralbehavior

~ Finite Element Method
. OF F.E-SOFTWARE

J\

o
——

simple butvalidated formulas te determine s
the load resutting from a blast

b) detailed modeling of structural behavier

oy andeswede

Universitat |-y Miinchen

Minstitute of Engineering Mechanics and Structural Me
: Univ.-Prof. Dr.-ing. habil. N. Gebb

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying numerical methods for the evaluation of damage

-

> Engineering Tools:
* User friendly and straight-forward input of data

Mass of expiesive material
= R Automatic calculation of resuitingblast

o Distanceto target load on the structure (e.g. Kinney)

o Simple definition of structural geometry

o  Ability to enter linear {e.g. columns, beams) as wellas surface(e.g. walls, plates)
structural paris

o Moment-Curvature-Relationships to describe the structural behavior

o Simple numerical algerithms to define a) material damage
b} residuallead carrying capacity of structure
* Limitations:
o Do notevaluate the wave propagation problem
o Simplified description of the structural behavior } Only foran
o Difficulties when betwesn the explosion and the target exist obstacles [ €ngineenng
estimaton
o Davsdes et 'i Department of Civil Engineering
Universitat { Minchen ..:lnslituie of Enginéering Mechanics and Sty

and Surveying
ural Mechanics

Univ.-Prof, Dr.-ing. habil. N. Gebbeken
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2013, Prague, Czech Republic
Short presentation of one of the EngTools developed at our Institute
> Engineering Took: T A==

2 X o 2

* Input of nodes > Definition of geometry ; — ;';_"; |

- Boundary conditions . ==

* Definition of cress-section and type of [
structure (e.q. plate) .

s W)

- ot o

S S b g i e ]
Feaaam SO ARV AT SR
y CERS

Department of Civil Engineering and Surv
Sinstitute of Engineering Mechanics and Stru
B Univ.-Prof. Dr.-ing, ha

oy ayndeswede

Universitat ()
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Short presentation of one of the EngTools developed at our Institute

»  Engineering Took:

* Loading parameters

* Automatic calculation ofthe
overpressure-time-diagram (Kinney-
Graham) en the structure

+ Stress-strain-relationships and moment-

curvature-relationships describe the
behavior ofthe cress-section

N " \ [+]
a Layer-iodel Py o
g

NI
M
Moey

o Dyndeswede

Universitat s Mianchen pinstitute of Engineéering Mechanics and Stru .

Univ.-Prof. Dr.-ing, habil. N. Gel
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2013, Prague, Czech Republic

Short presentation of one of the EngTools developed at our Institute

[0

> Engineering Tool:

| load

ot a0 lood
Ry
= »" N
e
-
=:
[j
|
.

sencostrand

* Simplified models, e.g. Single-degree-of-freedom
systemdescribe the behavier of the structural part

m ARG Nt 0

* The EngToel calculates the deformation-time- e
diagram ferthe structural part and alsc the
moment-time-diagram forthe cross-sections

* Delivers as finalresult the residuallecad carrying
capacity cfthe part and also the strain condition of|
the differentlayers ofthe crosssedtion. it
categorizes themin 3 conditions:

a) Totally elastic
b} Plastic-partly damaged
c) Totally damaged

.‘;u.l.v\rﬁMv
Universitat i Miinchen Institute of Engineering Mechanics an
~. : Univ.-Prof. D

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed FE-Models

Goal: Simulation of the entire experimental procedure— Describe all occurring phenomena

Simulation ofthe explosion

Capture the wave propagation phencmencn

Calculate the resulting strain and stresses ofthe structural part
Evaluate the damage ofthe material

Take into accountthe computed damage in order to evaluate the new condition of the structural
part

Calculate its Residual Load Carrying Capacity (R.L.C.C.)

0o W=

o

Up to now within this research project have been tested:
* Cubic specimens, with and without reinforcement
* Reinforced cencrete plates

The numerical models are created and computed with:
* ANSYS-AUTODYN + SOFISTIK (one computational scheme}, or/and
* LS-DYNA(second computational scheme)

o yndeswedr C
Universitat .y Manchen Hnstitute of Enginéering Mechanics and Stru
o~ : Univ.-Prof. Dr.-ing, hs

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed FE-Models

General aspects of the numerical simulation

1. Create an appropriate Euler mesh forthe wave propagation (convergence study—meshesin
the of mm upto 2-3 cmin the areas of high pressures)

2. Choose the parameters ofthe explosive material (explosion velocity, internal energy etc.)

3. Describe the complicated interacticn between the shock-wave and the structure (ALE
algorithms)

4. Create an appropriate Lagrange mesh for the structure

S. Choose appropriate material models ferthe structure

Mecdern F.E Codes provide adeguate solutions to all these aspects

Parallel computing allows the use of complicated algorithms and models with large numbers of

degrees of freedom per model
o e et 1 'i Department of Civil Engineering
Universitat .y Muanchen Unstitute of Enginéering Mechanics and St

Univ.-Prof, Dr.-ing.
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Non-Destructive Evaluation of Thick Walled Concrate Structures 17.-19.08.2012, Prague, Czech Republic
Applying detailed F.E Models

* Case of explosionof a spherical shaped explosive withan expected spherical
propagation: Does the geomefry of the Euler mesh matter?

* This symmetrical problem remains symmetrical only if it is described in spherical coordinates

* |f Cartesian coordinates are used, the equations are no more symmetrical = artificial
phenomena

e G Department of Civil Engineering and Surveying
Universitat .y Muanchen RStiiute of Enginéering Mechanics and Structural Mecha

Univ.-Prof, Dr.-ing. habil. N. Gebbeken

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.08.2012, Prague, Czech Republic
Applying detailed F.E Models

Expected: Time of arrival and resuiting pressure at equal radial distances from explosion to be
egual > Symmetric problem

* Time ofarrivaland pressure are measured on radial distances of 1,5m fromthe explosion

o te

i
I

.
.
£
.
.
v
.

393393337

* Spherical coordinates

P~
-

* Cartesian cocrdinates

e v ar

S )

s yrsdes wede Department of Civil Engineering and Surveying
Universitat .y Muanchen nStitute of Engineering Mechanics and Structural Mechanics

Univ.-Prof, Dr.-ing. habil. N. Gebbeken
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2013, Prague, Czech Republic

Applying detailed F.E Models

* Spherical coordinates: very similar pressure and identical times of arrival

* Cartesian coerdinates: error imposed due to the cancelation of the symmetry condition

Department of Civil Engineering and Surv
Minstitute of Engineering Mechanics and Structural Me
: Univ.-Prof. Dr.-ing. habil. N. Gebb

oy andeswede

Universitat |-y Miinchen

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

* Cubic specimens-— Simple models to validate complicated numerical algorithms
* General simulation strategy:
Goal: Simulation of the entire experimental procedure - Describe all cccurring phenomena

Simulation ofthe explosion

Capture the wave propagation phencmencn

Calculate the damage ofthe material

Transfer the values of damage to the F.E-Medel — Input for the material model
Calculate the Residual Load Carrying Capacity (R.L.C.C.} ofthe specimen

NHEWN =

Steps 1-3: Step5:
Explicit dynamic computation> AUTODYN Static F.E computation> SOFISTIK

v
Detailed models necessary — As consistentas possible I
o rsdes wone 1 'i Department of Civil Engineering and Surveying
Universitat (v Muanchen pinstitute of Engineering Mechanics and Structural Mechanics

Univ.-Prof, Dr.-ing. habil. N. Gebbeken
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.02.2013, Prague, Czech Republic

Applying detailed F.E Models

AUTODYN: Explicit Hydrocode

Appropriate for mixed-domain, multi-physics medeling

Tool for simulating dynamic high velocity events:

= High speed impacts
= Hine explosions
= Blastsin and around buildings

Ceoupling of Lagrangian-Eulerian meshes possible

Solvers for computational structural dynamics {computation of: deformations, stresses,
damage etc.)

Powerful tool for solving numerical problems withlarge deformations on short time scales

) Department of Civil Engineering and Surveying
jinstitute of Enginéering Mechanics and Structural Mechanics
Univ.-Prof, Dr.-ing, habil. N. Gebbeken
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.08.2012, Prague, Czech Republic

Applying detailed F.E Models

- Air
- Explosion material Euler-Lagrange |- Concrete specimen
- Wooden box (Consideration of interaction - Steel

inertia phenomena}

Material modelsin AUTODYN:

*  Air: ldeal gas
* Explosicn Material: AUTODYN PETN 1.5

* Wooden Box: Polynomial EOS
* Concrete: AUTODYN CONC -35MPA
* Reinforcement: Linear elastic behavior

Meshescreated:
* Unreinforced specimen: 1.25 mm — 1.728.000 Elements

* Reinforced specimen: 1.875 mm =700.000,
1.25 mm =2.200.000 Elements

dor Dardeswene [ Departiment of Civil Engineering and Surveying
Universitat .y Muanchen Institute of Enginéering Mechanics and Structural Mech

Univ.-Prof. Dr.-ing, habi
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Non-Destructive Evaluation of Thick Walled Concrate Structures

Applying detailed F.E Models

Influence of the wooden box on the distribution
of the maximum pressure and maximum impulse on the specimen surface

mas Frassues D] B max pssaDiser < 5]

i
institute of Engineering Mechanics and
Univ.-Prof. Dr.-ing.

oy Dandeswedr

Universitdt | Minchen

tructive Evaluation of Thick Walled Concr (v -19.08 C

Applying detailed F.E Models

Concrete material model in AUTODYN - RHT (Riedel, Hiermaier, Thoma)

Damage:
o=t
arf

| L
& 5 Tev(p) 7 Ter ()

”":éff

&7~ effecbve plastic strain
z £9(p )= strain at failure

Porc smemey VA ey . e siPeney
‘ .

W

Macroscopic conTas mooe! [RIEDE L 2000) Smay | 4
oON e DoUNCEy Suriaces orce: tom Cren

Failure surface: -
| #lp. 6. 7) = Yrxc(p)Ro(8 ) Frax(X) |

TXC: Triaxial compression

Comprassion ¥ssiShnseta]
Oesorigtion of manais| sofaning

Tanreriant Brwes_ o 500w
-
2

Y1xc= Pressure dependence 2
8: f(Js) -
Freer Strain rate influence ok
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2013, Prague, Czech Republic

Applying detailed F.E Models

Concrete material model in SOFISTIK - LADE
7
5 {’ %
¢

11

\._-

p.— atmospheric pressure
m— shape factor

~~fi= £~ £+ £) = 2
L=C£)-C£)-C 5= 1)
ﬂ(D)= fc.o ‘D'(f;.o‘ fcm)
FD)=Fo=D(Fio—Fram)  eonaics of Enpesni Matert. . 356403 (1884
N Department of Civil Engineering and Surv

lmsnMe of Engineering Mechanics and Structural A
Univ.-Prof, Dr.-ing, habil. N. Gebb
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

* Transferthe damage values from AUTODYN to SOFISTIK model >
Input parameters for the material model

* Coarser mesh forthe static analysis in SOFISTIK applicable
* Search algerithm: which AUTODYN elements belong to each SOFISTIK element

* Element wise calculaticn of damage in SOFISTIK
>Average of damage values of corresponding AUTODYN elements

Bond
Rigid connection between concrete and
steel elements on the interface

* Carrying capacity cf bond =
Carrying capacity of concrete

* Excess ofthe carrying capacity of
concrete > Failure ofthe bond

Laad oR]

s

o Davsdes e 'i Department of Civil Engineeri ”Z‘ and Surveving
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.08.2012, Prague, Czech Republic

Applying detailed F.E Models

AUTODYN — Unreinforced specimens — Mesh size: 1.25mm

Explosion Material Distance D ict
[g pE-I-N] [cm] amage picture

30

40

S gnnder el i
Universitat .y Muanchen lnsmute ofEngmcermg M h
i~ Univ.-Prof. Dr.-

Non-Destructive Evaluation of Thick Walled Concrete Structun

Applying detailed F.E Models
AUTODYN - Reinforced specdmens — Mesh size: 1.25mm
Reinforcement Explosion Dista
diameter de material TcmTe Damage picture
Bond length = [g PETN]
20 6
d:=10mm
ls=100mm
30 8
o Des O j Department of Civil Engineering anc
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Czech Rep

Applying detailed F.E Models

SOFISTIK— Unreinforced specimens

Numerical resuits rimants
RLCE O] RLCC D61
gocemezed 109 209
idz-som 21 Ec)
202 - 5¢ 7z 75
302 -2cm -] -]
20z - 10om 0 77
i .
' : _
) * =
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»
*
0 L]
0 R o0 10 0 20 NO o o
peak reflected overpeessuce (MPa]
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic
Applying detailed F.E Models
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institute of Engineering Mechanics and .
H Univ.-Prof, Dr.-ing, habil. N. Gebbeken

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

Goal: Use the algorithmswhich have been validated withthe smallermodels
1. The RHT model describes the behavior ofthe concrete

2. Linear, hexahedral, reduced integrated with appropriate Hourglass stabilization finite elements
tc model the plate

3. Beam elements with elastic material assumption forthe reinforcement

4. The model consists ofthree independent meshes: a} Lagrange for the plate, b) Lagrange for
the reinforcement and cj Euler for the air

S. ALE algorithms for the interaction between air and plate

6. Special coupling between the plate and the reinforcement in order te describe the influence of
the reinforcement on the behavior ofthe concrete

7. Alarge number of appropriate material models for concrete are newadaysimplemented and
available in commercial SOFTWARE (e.g. LS-DYNA)

vt tdes wehe ] ) Department of Civil Engineering &
Universitat (v Muanchen Ninstitute of Enginéering Mechanics and Stru

Univ.-Prof. Dr.-ing, habil. N. C
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ctive Evaluation of Thick Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

*  LS-DYNA-—= very efficient parallel computing algorithms: Wall times reduces fromdaysto
hours >Possible to create and compute very detailed models

* The entire experimental precedure (Explosion + Static test) can be modeled and computed
within LS-DYNA > No additional SOFTWARE reguired = Consistent simulations

Department of Civil Engineering and Surv
Sinstitute of Engineering Mechanics and Stru
B Univ.-Prof. Dr.-ing, ha

oy andeswede

Universitat |-y Manchen

bl

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

Alternative strategy within LS-DYNA:

1. Avoid the simulation of air

2. Explosicn is not modeled directly

3. Validated empirical formulas calculate the blasting load

4. Reduces strongly the number of finite elements used > Wall times reduced to minutes

Tests show that tends to underestimate the resulting pressures

n

0

Very attractive alternative due to reduced walltimes

N

Adeguate for cases of large distances between explesion and target

o rsdes wone 'i Department of Civil Engineering ¢
Universitat .y Munchen pinstitute of Engineéering Mechanics and Stru

Univ.-Prof. Dr.-ing, habil. N. Gel
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Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.02.2013, Prague, Czech Republic

Applying detailed F.E Models

Modeling ofthe air —
Wave propagation

ones of severe/tota

damage
Evaluation ofthe damage in a RC plate

subjected to blastload occurred from
2kg PETN in a distance of 10cm.

Alternative strategy

.-..n,,\:f.m-.\'
Universitat .y Manchen

Non-Destructive Evaluation of Thick Walled Concrete Structures 9.08.20132, Prague, Czech Republic

Conclusions — Future work

*  EngToels: User friendly SOFTWARE — Combines simplified assumptions of structural
behavior and validated formulas forthe determination ofthe load resulting from an
explosicn.

*  Within minutes the user can define and calculate the problem.
* Provide a gocd engineering solution which has limitations.

* With the Finite-Element-Methed cne can create detailed numerical medels which
describe all the aspects ofthe dynamic problem: explosion, wave propagation,
structuralresponse.

* Anumber ofissues must be taken inte account: reascnable meshes, appropriate
material parameters, good descripticn of interacticns.

* Detailed finite element models can reach several millions degrees-of-freedom >
Parallel computing is essential

* The numerical results deliver informaticn about the total stress-strainconditionof
the structural part, the developed damage, the post-damage behaviorof the
part 2 Numerical methods are a powerful moderntool for the evaluation of
local and global structural response

or Dadeswede T Department of Civil Engineering and Surveying
Universitat s Muanchen Institute of Enginéering Mechanics and Structural Méechanics
— Univ.-Prof. Dr.-ing. habil. N. Gebbeken

76



NEA/CSNI/R(2014)1

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Conclusions — Future work

Future work:

* Testing more material medeis which are available in the material libraries of medern
SOFTWARE

* Implement in LS-DYNA the material model HPG which was developed at our Institute and
is appropriate for describing the behavior of concrete subjected to blast loads

* Assumption of rigid connection ofthe bond: too coarse > refinement ofthe contact
descriptions: Segment-based penalty formulation on the interface with an embedded
failure criterion

* Development ofa “bond finite element™ for the medeling ofthe bond

i

Universitat |-y Miinchen

lmsmme ofEngmccnnq Mu! anics (md S
Univ.-Prof, Dr.-ing, habil

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic
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ELECTRIC POWER
= | RESEARCH INSTITUTE

Inspection of Containment Liners
and Shells Utilizing Advanced
Nondestructive Examination
Techniques

September 17,2013
Brian Hohmann, Thomas Esselman,

Theodore Taylor (Lucius Pitkin, Inc.),
James J. Wall (EPRI)

hﬁ Lucius Pitkin, inc. ==

INTRODUCTION

» Discussion of Operational Experience.
» Design and Construction of the Mockups.
» Flaw Map and Inspection Procedure.

» Advanced NDE techniques.
= Magnetostrictive Sensor (MsS) Guided Wave
= SAFT UT

» Results of inspections and Discussion of
Data.
» Conclusions.

=IC]
o
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Operational Experience -

ContainmentLinersand Shells

» Susceptible to ID and OD corrosion.

» Through-wall at Brunswick 2 (1999) North
Anna 2 (1999), DC Cook 2 (2001), Beaver
Valley 1 (2009).

» Some OD corrosion noted during concrete
removal for SG replacement at Beaver Valley 1.

» Liner corrosion from the ID was noted at
twenty three PWRs - all caused by coating
failures or moisture barrier degradation.

» Shell corrosion noted at Oyster Creek and
other BWR drywells.

=IC]
- &

Degradation Mechanisms
» Pitting
» Uniform Corrosion

» Other forms of corrosion may
contribute

1
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D. Dunn, A Pulvirents, and M. Hiser, Tontaamant Linsr Corrosion Oparating Expariencs
summary, Techalal Latter Report Revision 1%, US Nudkar Ssgulatory Commission, Offica of
Nazkear reguiation fassanh, AugustZ, 2070
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PWR Containment Liner Mock-Up

» The liner is 3" (9.5mm)
thick with the liner
thickness decreasing to
14" (6.3mm) at weld
location below the
basemat region. Mock-
up was full size.

» The liner had butt welds
and channels welded
over the welds. Studs
were on the concrete
side.

» Concrete is poured on
the outside of the shell
to represent the
containment and on the

the inside to represent a
5

PWR Con

Ic]
[ol

=
-

tainment Liner Mock-Up

-~
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PWR Containment Flat Wall Liner
Mock-Up

» The mock-up
simulates a large area
of flat accessible liner
wall. Liner is 14"
(6.3mm) thick.

» The liner has butt
welds, studs on the
concrete side, and
channels covering the
butt welds.

» Concreteis poured on v’
one side of the liner

to a thickness of 12 FRONT
inches (30.5 cm).

=IC]
- &

PWR Containment Flat Wall Liner
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BWR Drywell Shell Mock-Up

» [The drywell shell is

approximately 18" J ™ "
(28.6 mm) thick. A
Mock-up was full N ]
size. ; v
» [The shell section w,
selected has no welds &, vy *\
or studs. cmcet

» [Concrete is poured on
the outside of the
shell near the location
of the sand cushion
and on the inside to e Ot
representa floor. e

[LIP]
LN

w

BWR Drywell Shell Mock-Up

83



NEA/CSNI/R(2014)1

Constructlon of Mockups- PWR Liner

84
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FLAW PLAN FOR MOCK-UPS

Objective:

» Determine the ability to detectand size flaws in a liner
or shell in a generally accessible region of liner.

» Determine the ability to detectand size flaws in a liner
or shell that are inaccessible, like beneath poured
concrete.

v “Flaws™ are loss of material due to corrosion.

= Various flaw types placed in mockups, including pitting,
scalloped, cluster, and flat bottom hole (FBH)

+ Define the confidence in accuracy of detecting flaws.

» Provide basis to differentiate between normal features
of the liner or shell, including studs, brackets, butt
welds, leak detection channels, weld strikes, and other
features that are not indicative of degradation and

actual corrosion damage.

13

Flaw Map Development

» A Flaw Map was generated so the exact location
of everyflaw in each mockup could be
determined following concrete placement.

» Each mockup given a designated origin (0,0,0)
and flaws inserted at specific (x,y,z) locations.

» Same coordinate systemused for ID and OD side

» Full description of test procedure available in
EPRI Technical Report No. 000000003002001720
- Synthetic Aperture Focusing Technique and
Guided Wave Examination of Containment Liners
and Shells.

4
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Coordinate system for flaws - PWR
FlawWall Liner

Inspection Procedure

» Assemble mock-ups without concrete and
without flaws

= Generate a baseline for evaluation of NDE signal
attenuation due to flaws and concrete

» Perform Guided Wave and SAFT-UT

» Install flaws
- Replication samples taken on all flaws to quantify flaw
depth more accurately and keep for future testing

» Perform Guided Wave and SAFT-UT

» Material was placed in flaw to maintain space
between steel and concrete to simulate wall loss
that has occurred in-service

» Pour concrete and let it cure for 30 days
» Perform Guided Wave and SAFT-UT
» Evaluate flaw detection, flaw sizing, and signal

attenuation of complete dataset
[L]P] ,
m 5

86



NEA/CSNI/R(2014)1

Advanced NDE

. Guided Wave

- Based on
Magnetostrictive
Sensor

» SAFT-UT
= Synthetic
Aperture
Focused
Transducer

= System
previously used
to inspect
knuckle region
of double wall
tanks at

National

Laboratory in US

17

What is Guided Wave?

» Guided waves are ulfrasonic waves that propagate
along the length of a structure, guided by and confined
in the geometric boundaries of the structure

1
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MERITS OF GUIDED WAVE
INSPECTION

» Rapidly provides comprehensive
condition information on large areas of
structure

. Requires minimal preparation

= Insulation removal, scaffolding, excavation,
coating removal, etc.

» Inspects inaccessible areas remotely
« Pinpoints where to use quantitative

follow-up

- Reduces inspection cost and enhances overall
inspection efficiency

=IC]
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= 100 % of volume is inspected

MsS Guided Wave Testing System
for Generatmg Shear Horizontal Wave
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Inspection Data
of BWR-ID-1

at (-38,18.8)
with MsS Probe
at (-26,19)

SAFT/TSAFT Technology

» “Synthetic aperture focusing” refersto a process in
which the focal properties of a large-aperture
focused transducer are synthetically generated
from data collected over a large area using a small

transducer with a divergent sound field.
= For more information the see: Busse et al. 1984 or Hall et
al. 1988

» The processing required to focus this collection of
data has been called beam-forming, coherent
summation, or synthetic aperture processing.

(3
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Status of TSAFT Technology

» The Current TSAFT system was configured to
detectand size flaws in the double shelled tanks at
Hanford

» The current system is used in two modes

- Detection of Vertical Through-wall cracks
= Through-wall sizing of Cracks

» SAFT/TSAFT was originally used to improve the
detection and sizing of vertical defects

» SAFT/TSAFT was not designed to detect corrosion
in Containments of BWRs and PWRs - it has been
adapted for this purpose

=IC]
- &

e

PWR Flaw Wall Liner Mockup

MsS Probe placement
(96, 120) (0, 120

/ Quadrant 1l

i
iy
[j Quadant IV "5; Probes

fy 4 - 1]
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PWR Flat Wall Liner Mockup

Qou;':ld rant IV-Inspection Results

O X 00 oo
A-0D-16 A-OD-15 A-OD-13

i

PWR Flat Wall Liner Mockup
Quadrant IV - Defect Description

FLAWNo. LOCATION® (in.) DESCRIPTION
A-OD-13 (66, 23.5) *Pitting” flaw; approx. 3in.
diameter with 1/4 in. through-
wall
depth pits

A-OD-14 (745, 23.5) “Pitting” flaw; approx. 3in.
diameterand 1/8 in. depth

A-OD-15 (725, 45) “Cluster” flaw; four 0.5 in,
diameter FBHs of 1/32 in. depth

A-OD-16 (72.5,51) “Cluster” flaw; four 0.5 in,
diameter FBHs of 1/16in. depth
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PWR ContalnmentWaII Liner Mockup

swd

Results from MsS Inspections

» MsS system and plate probe works well for finding defects

» BWR Drywall Shell Mockup
11 defects tested (9 defects detected, 2 defects were not detected)
= Reduceinspection range for minimizing dispersion of SH1 mode

» PWR Containment Wall Liner Mockup
13 defectstested (8 defects detected, 5 defects were not detected)

= Install MsS probe in the tested plate .nstead of sending wave through U-
shaped channel

b PWR Flat Wall Liner Mockup
19 defects tested (17 defects detected, 2 defects were not detected)
= Geometric features (stud, U- shaped channel) make difficultto detect
defects. Recommend l}to perform monitering, 2) to use high frequency
and one cycle for increasing spatial resolution, and 3)to comparethe
acquired datawith data acquired at similar condition (geometric feature)

28
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Inspection results for BWR shell
mock-up ID side
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Status of TSAFT Technology

» Detection of Corrosion in the PWR
Contannment Mockup

L s
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Process of Sizing a Flaw in BWR Mockup
(25% Thru-Wall Flat Bottom Hole)

SR

O

o

T COMEn0G - 80 T

» The SAFT-UT estimate is 0.39 inches (9.9 mm) in Depth

» The Actual Depth is 0.28 inches (7.1 mm) based upon 25%
wall loss of 1.125 inches (28.6 mm) total thickness

21

Conclusions

» It is possible to detect defects such as corrosion in visually inaccessible
areas of containment liners and shells.

» Guided Wave detected most flaws under each set of conditions.

» No ID versus OD differentiation provided.

» Geometric features, such as channels over butt welds, affected
sensitivity.

» SAFT-UT detected most implanted flaws for conditions prior to concrete
installation.

» SAFT-UT lost some sensitivity after concrete pour

» The SAFT system performed better on thicker components such as the
drywell.

» The SAFT system was originally configured to detect cracks in welds and
not round corrosion-like defects. Optimization would improve SAFT
results.

» Neither system was sufficiently accurate at sizing defects.

» Additional development required regarding flaw characterization and

acceptance criteria.

iz
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SESSION TWO

Temperature and Radiation Effects on the RPV Concrete Cavity — Project Description on
Irradiation, Testing and NDE Development
Jiri Zdarek et al.

Monitoring of the Hydrothermal Performance of Thick-walled Concrete Structures
Fahim Al-Neshawny, Jari Puttonen

The Effects of Irradiation on Thick-walled Concrete Structures in NPPs with Respect to Long

Term Operation
Brian P. Hohmann et al.
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B

Temperature and radiation effect on the RPV
concrete cavity. Project description on
irradiation, testing and NDE development

UJV Rez, a. s.
J. Zdarek, L. Horacek, P. Brabec
17. 09. 2013

NPP containment ageing @

m More than 10 concrete degradation mechanism with influence on
containment building

m RPV concrete cavity exposed to temperature and radiation loading as most
critical damage mechanism

m No effective validated inspection procedure proposed for RPV cavity until
now!
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RPV cavity damage mechanisms

m Neutron and gamma rays irradiation has effect on concrete

m Changes of the concrete properties depend primarily on aggregates
behaviour

m Irradiation exposure can induce volume change of aggregates

m Heat generated from radiation absorption {(attenuation) in concrete may
have detrimental effect on physical, mechanical and nuclear properties of
the concrete

Influence of irradiation on mechanical properties

Long term exposure to radiation and thermal loading can result in
degradation of mechanical properties of RPV concrete

m Neutron radistion more than 10'% nfcm?or 10'° rads (more than 40 years of operation) of dose for
gamma radiation in some cases decreases tensile strengths, comprassive strengths and modulus of
elzsticity and causes marked incrassa in volums

@ High wradisbion gensrates growth of calcite crystals, which decreases both sze of pores and the
strength of the concrate

u Radistion induced temperature has minor influsnce on changes of concrate properties
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Damage mechanisms in NPPs

m Following table shows ranking of importance for specified concrete
damage mechanisms

m identification of research gaps in three principle areas:

u Materials

m inspaction

a Pradiction

Research Gap Analysis
Issue Ranking
;\lzleﬂals] Inspection Tl’r«llclion

L]
&g

Ranking and gap analysis of damage mechanisms
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Ranking and gap analysis of damage mechanisms
- radiation damage of reactor cavity concrete -

Rasescch Gop Anaiyss
s { a0 | e
Chivndge dMusnn
s corciete oo | %] %
Thore ated eflects on
conerete_ 2. b o
Camomin of
reeforceg vieel
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et canly Vot x T '
concyets
i —
200 G Socesie |
0 rocasidin b | *
L) 1 ‘A
Fost tecanning e | | ¥

m High ranking of damage mechanism
= Inspection and Prediction identified with question marks!

m
L7

Design of VVER 1000/320 RPV cavity

g steel frame embeddad in heavy
concrate construction transfers weight
of RPV to the cavity

8 sSsrpentine concrets segments,
opposite to 3ctive core serveas 3
biclogicsl shieid

s fermte stestcladding (11 mm thickness)
on outer surface of bickgical shield

i

!

l '
o

|
LIt

! O 8 Structural concrete in the lower part of
—_ cavity
~ m ionization channels sround cavity

circumference formed by embedded
f : stesl pipes
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Experimental project mock-up @%\3

m Irradiation damage simulation of RPV cavity concrete after long term
operation of NPPs

m Cylindrical samples (50 x 100 mm) of NPP Temelin type RPV cavity
concrete — ferro-serpentine concrete

m Irradiation of samples above neutron fluence 10" n/cm?

m Post irradiation examination of samples focused on changes of mechanical
and microstructural properties

m NDE inspection technique testing on model segment of outer part of
reactor cavity with ionization channels

in cooperation with:

4 Centrum vyzkumu Rez s.r.0.
Research Centre Rez

Uea sk piny U)l‘
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Irradiation experiment description

m Irradiation of concrete specimensin vertical channeis of
light water research reactor LVR-15

m Specimens in special aluminium capsules

m Thermocouples controiled temperature, temperature
maintenance by passive systems

m Neutron monitors for neutron flux and fluence
determination

m Monitoring of gas released from concrete sample during
irradiation experiment

Post irradiation examinations

U lv g in cooperation with:
[
®,

Co-

team- P. Stemberk et al.

CTU Prague

o
L Ji2]
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Post irradiation testing

® Nano Hardness Testing - Micromechanics

# Thermogravimetry and Differential Thermal Analysis

# Optical Polarization Microscopy

a Scanning Electron Microscopy and Microanalysis

Reasons for postirradiation testing

® Decisive mechanical parameters (strength and stiffness) of concrete decrease under

exposure to neutroen and gamma radiation.

Comp. strength

® Cnly collection of incompatible experimental data is

available. (by Hilsdorf)

m Systematic datafor real structural materials is
needed. (e.g. on cylindrical 50x100 mm specimens)

@t
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Comp. strength
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Optical polarization microscopy

ZEISS Axio Imager

g
[ F]

Optical polarization microscopy

m Detection of alteration processes in primary C-5-G gels {loss of bound water). Interpretation of
alteration processes in concrete on micro-level

m Changes in structures on micro-level; i.e. occurrence of newly-formed shrinkage in
consequence of mineral transformations and flux heat

m Cccurrence of newly-formed mineral phases as a products of alteration processes

um
[ Jié]
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Optical polarization microscopy

Cross polished section of Portland cement Partly hydrated Portland cement powder

o
L7

Scanning electron microscopy and microanalysis

8 EDX - elementary microanalysis &
simultaneous element mapping

8 WDS microprobe for precise elementary
analysis

® BSED - phase and chemical contrast

u EBSD 7 O - electron diffraction & preferential
orientation analyses of minerzl aggregates

® Resolution 0.8 nm @ 15 kV

® Probe current 10 pA - 300 nA: both for sensitive
o materials & analysis

2
o
[
w
P
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Scanning electron microscopy and microanalysis Gav

m Detection of changes in microstructure from initial stages
m Decomposition of C-5-H gels on sub-micro level
m Phase mineral alterations in all spectra of intensities

™ thication of newly-formed phases in consequence of exposure to radiation energy and heat
ux

m Interpretation of changes of mechanical properties on micro-level

m Textural arrangement of crystzlline structures — statistical evaluation of prevziled lattice

orientation
i
mm = 2
oo

Scanning electron microscopy and microanalysis av

C-5-H gel: high density gel {© ), low density gel (LT}, portiandite (CH) and
ettringite [}

w
ma
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Nano hardness testing - micromechanics Gav

NANOINDENTER - Nano Test, Micro Materials Ltd., UK

Nano hardness testing - micromechanics Gav

m Detection of changes in microstructure from initial stages
m Decomposition of C-5-H gels on sub-micro level in elementar clusters
m Phase mineral alterations in all spectra of intensities

™ };‘tdication of newly-formed phases in consequence of exposure to radiation energy and heat
ux

m Detection and measurement of changes in mechanical properties of exposed material on
micro-level

m Interpretation of changes of mechanical properties on micro-level

5 m
22
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Nano hardness testing - micromechanics @g

0 2000 4000 6000
Penetration depth [nm])

Matrix of nanocindents Modulus of elasticity

Hm
&

Thermogravimetry and differential thermal analysis @%g

Quantitative detection of phase transitions during constant heat flux
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Thermogravimetry and differential thermal analysis

a ldentification and quantification of changes of phases in dependence on continual heat flux
into the sample.

8 The technigue is based on the fact that when substance is heated, it undergoes reactions and
phase changes thatinvolve absorption or emission of heat. In DTA, the temperature of the test
material is measured relative to that of an adjacent inert material.

m DTA can clearly identify the phase changes of material in original {intact} state, thatis phase
transformation in concrete due to irradiation.

(]
s

Thermogravimetry and differential thermal analysis

Fomturps of a 5L v

Cryriniention "

et fow |wW)

Torrperstwe ['C)

Heat flux vs. temperature of the system as 3 demonstration of phase and chemical changes in
material
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NDE technique development and testing

UJV g in cooperation with:
&
9,

xJ~ retegate

040

Institute of Thermomechanics AS CR, v. v. L.
Academy of Sclences of the Czech Republic

Pavel Kudrna, Zdenek Prevorovsky, Milan Chilada, Josef Krofta, Jan Kober

Non-linear Elastic Wave Spectroscopy - NEWS

® Objective of RPV biological shieldingtesting:
s Original archive matsrisl of WWER type biological shislding

& Daveloped inspaction procadures {IP) based on NEWS methods to be optimized for validation
purpozes

& Futurs finzl varification to obtain 0° lzvel site fesdback before site trials
B Cbjective to manufacture two {unirradiated) segments:;
® Testing of different concrete compasitions,

& NEWS IP dzvelopment with repaatable eguipmeant application in clean environment without
doses

®m Available NEWS methods taken into account: NRUS, NWMS, NLTRM, SSM
m Methods selected for preliminary testing:

n Non-Linear Wave Modulation Spectroscopy - NWMS

& Non-Linear Time reversal Mathod - NLTRM

# Scaling Substraction dethod - SSM
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Original Biological Shielding Specimen
and Specific Concrete Model Blocks

B

Part of the reactor bislogical
shialding from NPP Greifswald

retegate
L O

methods testing — concrete composition

Two new manufactured model test blocks for NEWS @
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Cementid2s 435
Crinkwer PO
Crashad ngp g e { Sornm o Quwry)

0-2 o1
35 mm 1%
&8 om 3.2
&1l mm &2
1316 mm 113
Glassiey 2WBE
Cast-won 122 118
FLasiclr ng samintute Stachesian L0

Serpeatine w/
concrete g3 Structwrsl coacrete m3
Comentidls i Cament1425 B
Dinie water 19 Ovink water 150
Cushed Crushed sppagene (Dobkovitiy quarny)
predae X
(Batnaece o= =
QuaTy) 816 mm WO
-4 men 30 16-22 mm e
215 mm 5% Flasteiyng somntur e Stachectng a
16-22 mm 57
Plasteyng
amanue
Stachepias <l

111



NEA/CSNI/R(2014)1

Non-linear Elastic Wave Spectroscopy - NEWS
Method overview

+ NRAS / NRUS (Nonlinear Resonant Acoustic/Ultrasonic Spectroscopy)
+ SIMONRUS (Single-Mode NRUS)

JNWMS (Non-linear Wave Modulation Spectroscopy)

+ SD (Slow Dynamics)

+ NDIS (Nonlinear DISsipation / attenuation)

+ Travelling Waves (Nonlinear ultrasonic wave transmission)

JNLTRA (Nonlinear Time Reversal Acoustics)

~1 SSM (Scale Subtraction Method)

Non-linear Elastic Wave Spectroscopy - NEWS

Three main classes of phenonema associated to the non-linear elastic elements in the test-blocks
are:

m Amplitede dependence of the elastic constants and, consequently, of the wave speed whick causes
changes in the phases of the racorded signal

& Non-linzar attenuation mechanisms, which influsnce the amplituds of the recordaed signa!

m Non-fingsr coupling in the wave egustion, which allows the genaration of higherorder harmonics,
sidebands, or sub-harmonics

B Follow some examples of the preliminary resulttrends:
® NWHMS {Non-inear Wave Modulstion Spactroscopy)

& Expectsd trend value can be provided by amplitude growth of the sideband {f.+21;) vs. driving
frequency (%) amplitude, higher value trend than:

s Amplitude growth of the 3™ harmonic vs. f; driving frequency amplitude, will be comparad with:
g Amplitude growth of the ratio 2™ harmonic vs. f; dnving freguency amplitude
s SSM (Scaling Subtraction Method)

w tested for ferro-serpenting concrate, serpenting concrets

& nonlinear ensrgy vs. driving amplituds ssems to provide rezsonsble results
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Advantages & Limitations of NEWS techniques:

m \ers3atile tools for SHM

High sansitive dataction of defactsand damaged zores

Up to 1000x more s2nsitiva than linaar ultrssonic methods
Detection of defects smaller than wavelength

Distinguishing defects from pssudo-defects {.g. structural notches)
NDT/NDE at hidden places in complex structures

Remots defsct sensing relativaly far from installed ultrasonic probes

Aone e

Materiz| penstration depth (~0.01- 1) m

o

Low-amplituds interrogation of tested parts (2 @ 10-5 - 10-4)

m Procedurss 3re mostly global, and mostly reflect only presencs

3 of dafects without their pracise location = solution s 2.3. multiplexing of transmitting / recaiving
channels using dependency of ronlinsarity on the wave paths {"pseudo-tomography”)

g Sze of defzcts cannot be 23sily determinad

Hm
a3

NEWS Equipment

MM c .. measured longitudinal wave celerity in the concrete
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Wave propagation testing
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Nonlinear Wave Modulation Spectroscopy
(NWMS)

EXCITING SOURCES

F—

Amplitude

Analysis of harmonics and
Inter-modulations & Dependencies
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NWMS Specimen #1 (two kind of concrete)
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NWMS - Non-linear parameter (results)

Nonlinearities charakter/dependencies clearance
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Future comparative works on unique segment of
biological shielding from decommissioned NPP

m NPP Greifswald Unit § {Germany) — trial run stopped in 1930
m VWWER 440 type reactor — PWR of Russian construction

m UJV Rezin 2012 purchased a block of biclogical shielding
as a surveillance material for complex testing WWER 420 reszior caumy
- UDDST D3M -

m Segment of steel lined serpentine concrete

& Documentation available - plant operation history, recipe of
concrete mix, drawings,...

a Ssgment 1 of RPV biciogical shisiging
v ;Rngpre'oe-f;s Sl construction height (2738 m) and Siciess: (0.7
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iological enisisihg
s Segment comprice WO OTigIngi newnn Mux messuring channels
= Onginal construction snd comgposition referencs matenal |

Sagpned Mo | mmen e v e e e dnte | it onteshtien | s sonie |
Bl iavs T e “ oy ~Day

| Lo eaviy | jeien) | Bgow] | DBqew] | (ol
§ "’v LEE 2] + X524 s e FIRES

Movie — Wave propagation

[t
4]

118



NEA/CSNI/R(2014)1

Thank you for your attention
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Monitoring, evaluation and long-term forecasting of hygrothermal performance of thick-walled
concrete structure

Woubishet Zewdu Taffese, Fahim Al-Neshawy Jukka Piironen, Esko Sistonen and Jari Puttonen

Aalto University School of Engineering, Department of Civil and Structural Engineering, Espoo, Finland
Abstract

A thick-walled concrete structure may be considered as a massive, often heavily-reinforced concrete
structure with thickness greater than one meter. The main reinforcement consists of steel bars located on
the both sides of the concrete wall. Thick-walled concrete structures are extensively used for
infrastructures and industrial installations such as nuclear containments, dams, and waste water treatment
plants. They are among the biggest structures in civil engineering which demand high level of safety and
huge amount of construction budgets.

Thermal and moisture interactions inside thick-walled concrete structures are one of the decisive factors
influencing its durability. Hence, long-term, in-service monitoring of thick-walled concrete structures in
regular interval is very essential especially those require high level of safety. In addition, long-term
hygrothermal interactions in thick-walled concrete structure can result in changes in mechanical properties
and may cause serious service failures. Accordingly, knowledge of the long-term hygrothermal
performance in thick-walled concrete structures is of great interest when considering extension of its
service-life.

Several concrete deterioration forecasting models are caused by long-term hygrothermal interactions.
However, these models are not based on real-time monitored data and contain assumptions and
approximations. Assumptions and simplifications compounded with the dynamic behavior of hygrothermal
interaction as well as complexity of thick-walled concrete structure the existing models may inadequate to
use for service-life forecasting especially those structures require high level of safety .

In this paper, long-term and in-service hygrothermal monitoring in nuclear containment is discussed. The
monitored hygrotermal performance was also analyzed statistically before processing with artificial neural
network. Non-linear autoregressive with exogenous inputs (NARX) network was used to model the
observed time-series hygrothermal data and to perform long-term hygrothermal performance forecast. The
forecasting performance evaluations revealed that the model forecast long-term hygrothermal behaviour
inside concrete with good accuracy.

1. Introduction

Thick-walled concrete structures are extensively used for infrastructures and industrial installations such as
nuclear containments, dams, and waste water treatment plants. They are among the biggest structures in
civil engineering which demand high level of safety and huge amount of construction budgets. Thick-
walled concrete structures are often heavily-reinforced, with thickness greater than one meter. Thermal and
moisture interactions inside thick-walled concrete structures are one of the decisive factors influencing its
durability. Understanding of the foremost deterioration mechanisms caused by hygrothermal interaction
inside concrete is vital to extend service-life and insure safety of the structures.
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1.1 Moisture effect on durability of concrete structures

The presences of moisture filled pores in the concrete will remarkable influence on the kinetics of transport
processes of aggressive substances. High moisture content in concrete hinders those processes that take
place easily in the gaseous phase, such as oxygen and carbon dioxide diffusion. On the other hand, it
facilitates those processes that occur in aqueous solution, like the diffusion of chlorides, or ions in general
[1] and [2]. Consequently, it contributes a significant impact on several physical and chemical deterioration
of reinforced concrete structures, including corrosion of reinforcement steel, alkali-aggregate reaction,
freezing and thawing, as well as sulphate attack [3], [4], [5], [6], [7], [8] and [9].

Moisture content in the concrete strongly influences on the formation of corrosion products and the rate of
corrosion of reinforcement steel [10] and [11]. The amount of moisture content close to saturation makes
the departure of corrosion products easier, but it decreases the oxygen diffusivity and makes the supply of
oxygen more difficult [12] and [13]. The optimum relative humidity range is between 70% and 80% that
allows enough oxygen to diffuse into the concrete and initiate corrosion of reinforcement steel [10].

Moisture content in the concrete can chemically react with harmful substances (e.g. alkali and sulphate
ions) penetrated in the concrete. The reactions can form products that are deleterious to concrete because of
the volume expansion of the reaction products. The volume expansion is increasing with rising of the
moisture content in the concrete. If the relative humidity inside the concrete is above 98%, the damage
caused by such reactions is high [14] The amount of moisture content in the concrete also controls damage
risk associated with frost. Concrete with high internal relative humidity (85-95%) and saturated (>98%) the
damage risk related with frost attack is medium and high, respectively [14].

1.2 Thermal effect on durability of concrete structures

Thermal effects cause expansion or contraction of the concrete structures. There are three types of thermal
effects on concrete structures: (i) bulk temperature change, where the entire structural components or
segments of the component are subject to a uniform temperature change; (ii) thermal gradient, which is
caused by different thermal conditions on two faces of a structure, such as two sides of a wall or the top
and bottom of a beam; and (iii) local thermal exposure, which is elevated temperature at a local surface that
is caused by an external source such as operating equipment or piping or an abnormal event such as a fire
[14].

Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration
processes caused by chemical and physical factors. To mention few, an increment of temperature by 10°C
increases the corrosion rate of reinforcement steel in concrete by two fold. When temperature of pore
solution drops below freezing temperature, corrosion of reinforcement steel stops completely since ions
cannot move in the pore solution. In carbonated concrete, the corrosion rate is increased logarithmically
with temperature in the range between -20°C and around 30°C. In chloride contaminated concrete, the

concentration of chloride in pore solution is increased for temperature above 55°C while the concentration
of hydroxide decreases, in turn it may accelerate chloride associated deteriorations [12].

1.3 Combined effect of moisture and temperature on durability of concrete structures

Based on moisture content changes as well as progressive deterioration of concrete constituent's, the
mechanical properties of structure may vary considerably. As temperature increases, water is partly
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evaporated and generates a pressure in the pore structure. If the stresses applied internally by the induced
vapor pressures exceed the tensile strength of the concrete, spalling of concrete or even catastrophic
service failures may be caused [15], [16] and [17]. Generally, significant deterioration of concrete strength
occurs when the exposure temperature goes above 400°C at which decomposition of calcium hydroxide
occurs. The decomposition process can lead to the increase of porosity and degrade the mechanical
properties of concrete. The compressive strength, modulus of elasticity and volume deformation, decrease
remarkably upon heating, in turn, jeopardize the structural integrity and load bearing capacity of the
structure [15], [16], [18], [19], [20] and [21]. Not only elevated temperature, but also long-term
hygrothermal interactions in reinforced concrete structure can result in changes in mechanical properties
and may cause catastrophic service failures.

2. Monitoring of hygrothermal performance

Currently, there are several concrete deterioration forecasting models caused by long-term hygrothermal
interactions. Nonetheless, the models are not based on real-time monitored data and contain assumptions
and approximations. Assumptions and simplifications compounded with the dynamic behavior of
hygrothermal interaction as well as complexity of thick-walled concrete structure the existing models may
not adequate to use for service-life forecasting especially those structures require high level of safety.
Without systematic hygrothermal monitoring and modelling, it is impossible to maintain significant level
of reliability over service-life of thick-walled concrete structures. Hence, long-term, in-service monitoring
of thick-walled concrete structures in regular interval is very essential Precise knowledge of hygrothermal
performance of concrete is also required at the time of performing various non-destructive testing such as
ground penetrating radar, ultrasonic pulse velocity and impact-echo because they are very sensitive to
hygrothermal conditions [22], [23], [24], [25] and [26].

In this paper, long-term real-time hygrothermal performance monitoring and evaluation in a thick-walled
concrete structure is discussed. The case thick-walled concrete structure is containment in power plant
situated in Northern Europe. The containment wall consists of an outer and an inner cylindrical wall with
thicknesses of 850 mm and 250 mm, respectively, and of a 5 mm thick steel liner between them as shown
in Figure 1.

T P vy«
25 cm concrete

Figure 1. Cross-sections of the containment wall and pressure vessel wall made of concrete and steel.

The containment structure is heavily-reinforced, with a number of liners or cast-in-place items. The
hygrothermal interaction among various elements in thick-walled concrete is complex. This makes
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mathematical analysis of hygrothermal performance in specific positions inside thick-walled concrete
structure is challenging. The hygrothermal performance in the nuclear containment was monitored using
HMP44L sensors. The sensors were produced by Vaisala Oy (Ltd.), Finland.

The ambient temperature and relative humidity were collected inside containment at elevation of 1000mm.
Temperature and relative humiditv of concrete inside the containment in the depth of 400mm at various
locations were also] A—A e 2 illustrates the sensors location in the case containment structure.
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31.8 838 839 ariort 408
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2.5 831 828 830 832 .
1.0 827 829 = —

Figure 2. Locations of temperature and relative humidity sensors within the containment structure.

The monitored hygrothermal performance is corresponded to about a year period from 4 June 2011 to 24
April 2012 and illustrated in Figure 3 and Figure 4. Measurements were made at regular time intervals of
24 hours. Temperature inside concrete seems to have the same trend with the ambient temperature. In case
of relative humidity, the ambient relative humidity measurements do not have the same trend with relative
humidity inside concrete. Strong association can be observed among the relative humidity measurements
inside concrete. Relative humidity measurements inside concrete, in many cases, are above 80%.
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Figure 3.Time-series plot of temperature measurements in nuclear containment.
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Figure 4. Time-series plot of relative humidity measurements in nuclear containment.

The correlation coefficients between hygrothermal performances at different locations were statistically
analyzed and presented in Table 1. Hygrothermal dataset within the same elevation in the containment
structure are presented in respective cells. Correlation coefficients of relative humidity and temperature are
presented in bottom left triangle - and upper right triangle, respectively. The correlations between ambient
temperature and temperature inside concrete at all locations are generally strong and positive. This implies
that, when the ambient temperature increases or decreases the temperature inside the concrete increases or
decreases accordingly. The temperature correlation coefficients are in the range between 0.66 and 0.88.
The ambient temperature is found to be more strongly correlated with temperature inside concrete at a
location labelled 829 with correlation coefficient of 0.88. This location is found in lower drywall with the
same elevation as that of the ambient temperature monitoring location, labelled 827. This is one of the
most probable reasons why location labelled 827 obtained a strong positive relation with the ambient
temperature compared with the other locations.
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Table 1. Correlation coefficients between temperature and relative humidity measurements in
nuclear containment structure.

827 | 829 | 830 | 831 832 | 833 834 | 835 836 837|838 839|840 841 842 | T
827 0.88 | 0.84 |0.85 0.80 |0.78 0.78 |0.72 0.81 0.79 |0.70 0.66 | 0.79 0.70 0.72 827
829|-0.11 083 0.85 0.84| 0.78 0.78 | 0.70 0.83 0.78 | 0.64 0.59| 0.81 0.68 0.72 | 829
830|-0.03 | 0.93 090 096 | 098 098 | 0.69 0.84 091 | 0.81 0.78| 0.93 0.87 091 |830
831/ 0.00 | 0.80 | 0.82 0.89 | 0.86 085| 0.81 0.88 091 | 0.80 0.77| 091 0.85 0.88 |831
832(-0.09| 0.90 | 0.90 | 0.92 095 095|068 0.86 093 | 0.83 0.81 | 0.96 091 0.94|832
833|-0.07| 0.93 | 091 | 0.90 0.98 1.00 | 0.68 0.84 0.90| 0.82 0.80| 0.92 0.87 0.90 | 833
834(-0.16 | 0.60 | 0.51 | 0.78 0.81 | 0.80 0.67 083 0.89| 0.82 0.80| 092 0.87 0.90 | 834
835(-0.02| 0.89 | 0.85| 0.95 091 | 093 0.75 0.83 0.81| 072 068 0.75 0.67 0.67 | 835
836 0.04 | 0.87 | 0.82 | 0.82 0.79 | 0.84 0.57 | 0.89 0.94 | 0.93 090 | 091 0.89 0.84|836
837(-0.04| 093 | 091 | 095 097 097 0.77 | 0.98 0.88 093 092|097 09 095|837
838/ 0.01 | 0.92| 090 | 0.92 0.95| 095 0.73| 095 091 0.98 0.99 | 0.89 095 0.83 |838
839|0.01 | 0.93| 094 | 091 0.95| 096 0.68| 0.95 090 0.98 | 0.99 0.87 095 0.88 |839
840/-0.09| 0.55| 048 | 0.81 0.79 | 0.70 0.88 | 0.73 0.55 0.75| 0.73 0.68 0.96 0.98 |840
841|-0.02| 0.94| 093 | 090 0.96| 097 0.71 | 0.93 089 098] 0.99 0.99 | 0.71 0.98 | 841
842(-0.01| 097 | 098 | 0.82 091 | 094 0.56| 0.88 0.86 0.93| 093 095 0.51 0.95 842
RH]| 827 | 829 | 830 | 831 832 | 833 834 | 835 836 837 | 838 839|840 841 842

It can be also observed that the correlation coefficients between temperature inside concrete (categorized in
the same location or elevation) are generally strong and positive. Even there is a perfect positive
correlation between sensors labelled 833 and 834. The correlation analysis between relative humidity of
ambient and inside concrete showed that the ambient relative humidity do not have any linear correlation,
even with the closest location labelled 829. Similar to temperature, positive linear correlation between
relative humidity inside concrete within the same group is noticed.

3. Artificial neural network for long-term forecasting of hygrothermal performance

Knowledge of the future hygrothermal performance in thick-walled concrete structures is of great interest
when considering extension of its service-life. Developing a model to forecast hygrothermal performance
in thick-walled concrete structure is a major problem because of its dynamic, complex and nonlinear
characteristics. Such a problem requires systems approach where the most essential features of a complex
problem with multiple interactions are modelled so that the system behaviour can be forecasted reliably.
Thus, the best solution is to learn system behaviour through observations. Artificial neural network (ANN)
has been found useful in solving complex time-series problems in different applications as they are
modelled after the brain.

ANN is a computational network which attempt to simulate the networks of nerve cell (neurons) of the
biological central nervous system [27], [28] and [29]. Artificial neurons form massively parallel networks,
whose function is determined by the network structure, the connection strengths between neurons, and the
processing performed at neurons [28].

The model of a neuron, which forms the basis for designing artificial neural networks are shown in Figure
5. It basically consists of:
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e A set of synapses or connecting links, each of which is characterized by a weight or strength of its
own. Specifically, a single x; at the input of synapse j connected to network k is multiplied by
synaptic weight W ;.

e An adder for summing the input signals, weighted by the respective synapses of the neuron;

e An activation function for limiting the amplitude of the output of a neuron.

A neuron k, can be mathematically described by the following equations:

m
Uy, :ZWH X;j D
j=1

Y = (’P(Uk + bk) (2)
Where:

X1,X3 ey X are the input signals;

Wi1,Wia,... ; Wim  are the synaptic weights of neuron k;

Uy, is the linear combiner output due to the input signals;
by, is the bias;

() is the activation function; and ;

Vi is the output signal of the neuron.

The externally applied bias by has the effect of increasing or lowering the net input of the activation
function, depending on whether it is positive or negative, respectively.

Activation
function

Input

Output
()
signals ﬁ

Summing °
junction

Synaptic
weights

Figure 5. A simplified model of artificial neuron [29].

ANNSs are flexible, adaptive learning systems that follow the observed data freely to find patterns in the
data and develop nonlinear system models to make reliable forecast of the future [28]. By the help of
hygrothermal sensors real-time data can be monitored. The real-time data can be modelled using ANN, in
turn makes self-learning smart structure which speaks the future hygrothermal performance for itself.
Figure 6, Venn diagram indicates self-learning smart structure by confluence of thick-walled concrete
structure, hygrothermal sensors and artificial neural networks.
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Figure 6. Venn diagram indicates self-learning smart structure by confluence of thick-walled
concrete structure, hygrothermal sensors and artificial neural networks.

3.1 Neural Network Architecture

The pattern of connections between the neurons is called the architecture of the neural network [30].
Depending on their architecture neural networks may be classified in a number of different ways which is
intimately linked with the learning algorithm used to train the network. Different neural network
architectures are widely described in the literature. However, there are three fundamentally different
classes of network architectures: Single-layer feedforward networks, multilayer feedforward networks and
recurrent networks [29].

Recurrent neural network model have been successfully used for various time-series forecasting tasks. It
attempts to incrementally build the autocorrelation structure of a series into the model internally, using
feedback connections relying solely on the current values of the input(s) provided externally. The network
learn the dynamics of the series over time from the present state of the series, which is continuously fed
into it, and then the network uses this memory when forecasting [28] and [29]. The architectural layout of
recurrent network takes many different forms. In this study, non-linear autoregressive with exogenous
inputs (NARX) model was selected.

3.2 Non-linear autoregressive with exogenous inputs (NARX)

NARX model is recurrent dynamic network and in this model external inputs are presented to the network
in addition to those fed back from the output [28]. This model may have input that is applied to a tapped-
delay-line memory of ¢ units. The output is also fed back to the input via another tapped-delay-line
memory of g units. The contents of these two tapped-delay-line memories are used to feed the input layer
of the multilayer perceptron. The present value of the model input is denoted byw(n), and the
corresponding value of model output is denoted ¥ (7 + 1); that is, the output is ahead of the input by one
time unit. Thus, the signal vector applied to the input layer of the multilayer perceptron consists of a data
window made up as follows:
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e Present and past values of the input, namely w(n), u(n — 1),...,u(n — g + 1), which represent
exogenous inputs originating from outside the network,

e Delayed values of the output, namely, y(n), y(n —1),..,v(n — g + 1), on which the model
output y(n + 1)is regressed.

The dynamic behaviour of the NARX model is described by Equation 3.

yin+1) = F(y(n), o yn—g+ 1), uln),.., uln —q+ 1)) (27)
(3)

where F is a non-linear function of its arguments.
4. Modelling of artificial neural network
4.1 Network structure

Two long-term hygrothermal forecasting models: one is for temperature and the other is for relative
humidity was developed. MATLAB® neural network toolbox [31] was used for modelling the data. The
models use ambient hygrothermal data as inputs to forecast the hygrothermal performance inside nuclear
containment structure. The dependency of the hygrothermal behaviour inside the containment with the
ambient hygrothermal performance is somewhat identical in all locations of the structure as proofed by the
correlation analysis. Accordingly, in this paper, forecasting performance of hygrothermal behaviour in
nuclear containment structure only for the location labelled 829 is presented.

Non-linear autoregressive with exogenous inputs (NARX) network with two layers was used to model the
data. The fundamental architecture of the network is the same as shown in Figure 7. The model has two
inputs, one is an external input (e.g monitored ambient temperature), and the other is a feedback
connection from the model output. The feedback connection from the model output at future time-steps
(which are then used as inputs) are forecasted hygrothermal data. The model must recursively make
forecasts for the n required time-steps of (t + 1), (t + 2),..., (t + n) using only the inputs at time t.
As a consequence, long-term forecasting performance depends on its own prediction in a single-step to
recursively predict the outcome for the next step.
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Figure 7. NARX model with three hidden neurons [29].
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The time-steps of the inputs were equals to the whole hygrothermal time-steps minus n size of required
future time-steps. The subtracted n size of required time-steps is monitored hygrothermal data which are
used to evaluate the model forecasting performance since they were not used for network training. A
tapped-delay-line memory of two units was assigned for both input and feedback. The network obtained
five hidden neurons and one output neuron. The optimal number of neurons in the hidden layer and a
tapped-delay-line memory was based on the generalization error and found after several trainings. The
activation functions selected for the layers were hyperbolic tangent transfer function in the hidden layer
and linear transfer function in the output layer. The input and target outputs were randomly divided to 70%
for training, 20% for validation and 10% for testing. The training hygrothermal dataset was used to train
the network. Training begins with the third data point since a tapped-delay-line memory of two units was
assigned. Validation dataset was used to measure the network generalization, and to halt training when the
generalization stops improving. Test dataset used to measure network performance during and after
training. The applied training algorithm was the Levenberg-Marquardt. This algorithm is an iterative
technique that locates the minimum of a multivariate function that is expressed as the sum of squares of
non-linear real-valued functions and is the fastest method for training.

4.2 Result analyses

Training performance of the NARX model for long-term (90-steps-ahead) forecasting of hygrothermal
behaviour inside containment structure is shown in Figure 8. It illustrates training, validation and testing
performance functions versus the iteration number. The error on the validation set is monitored during
training, and the training is stopped when the validation error stop decreasing further. As indicated by the
dashed line in the performance plot, the best model generalization for temperature was obtained at epoch
23 where minimum mean square error of validation is dropped to 6.82¢-03. In case of relative humidity,
best validation performance was occurred at epoch 54 with minimum mean square error of 9.1e-04. The
error in case of temperature is a bit higher compared to relative humidity.
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Figure 8. Plot of training of the NARX model for long-term forecasting of hygrothermal
performance inside containment concrete a) temperature b) relative humidity.

A linear regression between the network outputs and the corresponding targets were conducted and shown
in Figure 9. The R-value for temperature response was 0.99321 and for relative humidity was 0.99053. In
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both cases the R-values are above 0.99 which indicates the model outputs tracks the targets (observed
hygrothermal behaviour inside concrete) very well.
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Figure 9. Plots indicate a linear regression between the network outputs and the corresponding
targets a) temperature b) relative humidity.

Hygrothermal forecast of 90-steps-ahead is plotted in Figure 10. It can be observed that the forecasted
temperature (90-steps-ahead) do not fit with the observed data fully. This is because of the used small
training dataset. It is clearly seen that the last 90 time-steps has different trend compared with the other
time steps which were used for training the model. The forecasting performance of the models was
measured by mean square error. The mean square error for 90-steps-ahead forecast of temperature and
relative humidity inside concrete were 0.0155 and 0.008, respectively. These findings revealed that the
NARX model can forecast long-term hygrothermal condition inside concrete that have not been observed
before with good accuracy.
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Figure 10. Plots of observed and forecasted data (90-steps-ahead) a) temperature b) relative
humidity

A number of long-term forecasts with different time-steps-ahead were also performed using the NARX
models and summarized in Table 2. It can be seen that the error range for the models is small, indicating
that they all perform adequately. Table 2 also shows that when the forecasting horizon increases from 30-
steps to 90-steps the mean square error is also increases, which in turn, deteriorates the forecasting ability.
This is due to the compounding effects of the errors in the forecasted outputs at each time-step for n
required time-steps. Though the forecasting ability decreases with increasing the time-steps, the developed
NARX model reasonably forecast hygrothermal performance of 90-steps-ahead. This investigation
confirmed that, even with small dataset, NARX model can forecast long-term hygrothermal behaviour
inside concrete. The performance of long-term forecasting can be improved using large data since neural
networks can learn very well from large data. Once trained, the model learns the aging effect on
hygrothermal performance and can be used to make pragmatic decisions with regard to service-life
extension of the structure.

Table 2. Mean square error of hygrothermal forecast of 30-steps, 60-steps and 90-steps-ahed

30-steps-ahead 60-steps-ahead 90-steps-ahead
Temperature mse=0.0151 mse= 0.0161 mse=0.0155
Relative humidity = mse=0.0022 mse=0.0064 mse=0.0080

5. Conclusions

Moisture and thermal interactions in concrete are the decisive factors influencing the durability of the
concrete. Moisture content contributes a significant impact on several deterioration mechanisms, including
corrosion of reinforcement steel, alkali-aggregate reactions, freezing and thawing, as well as sulphate
attack. Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration
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processes caused by chemical and physical factors. The compressive strength, modulus of elasticity and
volume deformation of concrete structures decrease remarkably upon elevated temperature.

Today, there are several concrete deterioration forecasting models caused by long-term hygrothermal
interactions. However, the models contain assumptions and approximations about the hygrothermal
performance inside concrete and other parameters. Assumptions and simplifications compounded with the
dynamic behavior of hygrothermal interaction as well as complexity of thick-walled concrete structure the
existing models are inadequate to use for service-life forecasting. Long-term, in-service hygrothermal
performance monitoring of thick-walled concrete structures in regular interval using sensors is essential. It
increases reliability of deterioration prediction models significantly.

Understanding of the long-term hygrothermal performance in thick-walled concrete structures is of great
interest when considering extension of its service-life. Two NARX (artificial neural network based long-
term hygrothermal forecasting models) for temperature and relative humidity were developed. The models
were trained to forecast the future hydrothermal behaviour inside concrete ranging from 30-steps to 90-
steps-ahead. When the forecasting horizon increases the mean square error is also increases. It indicates
that the larger samples have the advantage of reducing the total error. Even though the forecasting ability
decreases with increasing the time-steps, the developed NARX model reasonably forecast for 90-steps-
ahead. The mean square error for 90-steps-ahead forecast of temperature and relative humidity inside
concrete were 0.0155 and 0.008, respectively. Thus, using long-term hygrothermal data, it is possible to
capture the aging effect on hygrothermal performance and can be used to make realistic decisions with
regard to service-life extension of the structure.
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Effect of moisture and temperature on the
durability of thick-walled concrete structures

* Thick-walled concrete
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differences between the interior
and exterior surfaces

*  While the thick walls provide for
low average temperature
and/or moisture gradient, near
surface gradients can be
substantial due to exposure to
rapid environmental condition
changes.

*  Temperature and moisture
contrnibute a significant impact on
several physical and chemical
deterioration
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Monitoring of the hygrothermal
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Temperature inside concrete seems to have the same
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Long-term forecasting of the
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+ Alinear regression between the
network outputs and the
corresponding targets were
conducted

» R-value for temperature response
was 0.99321

R-value for relative humidity was
0.99053,

In both cases the R-values are
above 0.99 which indicates the
model outputs tracks the targets
(observed hygrothermal behaviour
inside concrete) very well.
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Long-term forecasting of the
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Conclusions

* Understanding of the long-term
hygrothermal performance in thick-
walled concrete structures is of
great interest when considering
extension of its service-life.

*  Two NARX (artificial neural
network based long-term
hygrothermal forecasting models)
for temperature and relative
humidity were developed

* The models were frained to
forecast the future hydrothermal
behaviour inside concrete ranging
from 30-steps to 90-steps-ahead

The mean square error for 80-
steps-ahead forecast of
temperature and relative humidity
inside concrete were 0.0155 and
0.008, respectively.

Thus, using long-term hygrothermal
data, it is possible to capture the
aging effect on hygrothermal
performance and can be used to
make realistic decisions with regard
to service-life extension of the
structure.
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Literature Review

» H.K. Hilsdorf's 1978 paper described the effects
of nuclear radiation on concrete properties.
» Hilsdorf compiled previously published data on
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Nuclear Radiationon the Mechemical Properties of
Concrete. American Concratz Institute. Report SP-33-10
4| p-223-251. 1978.
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Hilsdorf cont.

» Hilsdorf concluded that neutron radiation
with a fluence of greater than 1x10'® n/cm?
and a gamma dose greater than 10'° rads
could have a detrimental effect on concrete
strength.

» This data is currently still being used as a
reference threshold levels by many.

Kontani, et.al. - 2010

» Concluded that the test conditions from some of
the experiments on which Hilsdorf based his
conclusions were not representative of the typical
operating history of a commercial nuclear
reactor, and thus may not be applicable

Pt Somanown A T R S
LR ® Dby © Do

& Alexaader l ¢ Cunngerssve Stuength

& Novdom & N A Mar N TNE 1) @3 J
& Guay  Tezaile Streugth

L1
[ B Viw oo lowna
txuf

Resdus Sepeagth Rato

: )
W 5 K2 TR e
Coormress Ry Dosssnad]
Kootaed, O. ot 2l Impadistion Efach or Concrese Durabilyy of
Muclear Poner Plerts, IC.-\FP“O)ICoam('kpxll.%l;.
Nice, Frzace, May 25, 2011
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Fujiwara Neutron Data

» Test Results -No loss in compressive strength
for specimens tested at fluence dose up to
1.2 E+19 n/cm? for E>=0.1 MeV

» Test Reactor - JMTR

» Currently this is the most reliable and well
documented research performed at
E>0.1MeV.

Fujiwara Data =
(“Fast Neutrons" > 0.1 MeV) poutront

{blue arrows}

1.4 : I
1.2 I ‘

1.0 N r—{ /
0.8
0.6

r.";'}
L4
]

04 !
‘ @ Present data
0.2 ® Data screened from Hilsdorf  [[7]

T T I 1 1111l

LE+17 1LE+18 1.LE+19 1.E+20
Fast Neutron Fluence (n/cm?)

Compressive Strength Ratio
(Irradiated/Non-Irradiated)

Craph 15 from Fugiwara, ot. 3l Expanimental Study of Erfect of Radiation Exposurs to
Concrata, SMIET, 2003

Alsxander data ars for £ 0.4 V. Whan rascalkd to £ > 0.7 ARV, thay ars axoected to
wewsiitotha el o

148



NEA/CSNI/R(2014)1

Radiation Exposure

» Determine the neutron and gamma exposure
in the reactor cavity concrete for eighty years
of operation (Note 1).

» For fluence considerenergy at > 0.1 MeV
(Note 2).

» Determine rate of attenuation of fluence into
concrete.

» Define effect of gamma heating.

Note 1: A 92% capacity factor is considered, resultingin80yrsx 0.92 CF= 736
EFPY equivalent

Note 2: Energy > 1 MeV has been used to assess damage to the steel of the RPV. A

value of >0.1 MeV is commonly used for assessing concrete.
[L]P]
[ -

Radiation Exposure

» Concrete fluence derived as the fluence at the
OD of the RPV (i.e. thickness of the RPV - i.e.
1F)

» Fluence value at the RPV ID (i.e. “OT” value)
derived from licensee reports to NRC for
reported values of EFPY, scaled to 73.6 EFPY

» RPV fluence values reported are for > 1.0
MeV energy.

=IC]
o
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Typical Neutron Flux Curve

RPV Wall

1E412

1.6+11

! BiologiaE
hield Wall

~

16409 - : ,
16408 | - , » \
16407 - |
190 210 220 250 270 290 210

1E10

Flux (nfem™2-se¢)

Radius {em)
w—THERMAL (E<D.4 Ev) —FAST (E>1 MeV)
w—EPITHERMAL {0.4 ¢V < £< 1 MeV) IR of Pressure Vessel
w— (R Of Pressure Vessol IR of Primary Shicld Wall

Attenuation

» Attenuation through RPV wall based on
exponential fluence attenuation equations.

» US Nuclear Regulatory Commission Regulatory
Guide 1.99 provides a basis for determining RPV
OD fluence, but it is based on “dpa attenuation”
to account for changes in vessel steel.

» Prior to the “dpa attenuation”, the following
relationship was used by the US NRC to
determine neutron fluence (fgp) at outside
surface of the RPV (RPV thickness = t):

fop = fip x e-0-33t

12
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US PWR Fleet - OD Fluence (E> 1MeV)
at 80 Years of Operation
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Neutron Fluence Summary

» A two loop plant has the highest 80 year RPV OD
fluenceof 9.0 E+18 at E > 1MeV.

» Fluence at = 0.1 MeV is higher than at > 1 MeV. The
ratio depends on RPV wall thickness - two loop plant
vesselwall thickness is 6.5 inches (16.7 c¢m).

» Fluence calculations provide a “>0.1 MeVto > 1 MeV
ratio” of 8.5 for this vessel thickness.

» Fluence at RPV OD is then 7.6E+19 for E > 0.1 MeV.
» The fluence at the concrete ID is somewhat lower due
to an increase in impacted surface area due to gap

between vessel OD and concrete. Reduction will be
approximately 10%.
» The fluence (E = 0.1 MeV) at the concrete ID will be

6.9 E+19 for 80 years of operation.
[L]P]
. ”

Neutron Fluence Summary

» The highest three loop plant has an RPV OD fluence
of 7.1E+18 at E > 1MeV.

» This plant has a RPV thickness of 7.75 inches(19.7
am).

» Fluence calculations provided a “>0.1 MeVto > 1
MeV ratio” of approximately 9.5 for this vessel
thickness.

» Fluence at RPV OD is then 6.7E+19 for E > 0.1
MeV.

» With the 10% reduction for the areadifference, the
fluence at the concrete ID willbe 6.1 E+19 for 80
years of operation.

» A value of 7 E+19 n/cm? for 80 years appears to
conservatively bound the US fleetfor E > 0.1 MeV.

=IC]
o
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Neutron Fluence (E>0.1MeV)

US Fleet at
80 years
- 7.0E+19
2 -
:
! L) . % Rl
£ ° o o "
Es .
™
%é thy ® fugnvara
‘"

o
LO0Ls | 1LOOE+ 15 1L0o0t+-12 100+20

Neutron Fluence lrradiation for E > 0.1 MeV (neutron/ ard)

17

Shield Wall Requirements

» The biological shield wall concrete provides
shielding, transfers load to the rebar, and reacts
normal and accident loads from the RPV support.

» The fluence (E > 0.1 MeV) attenuates in the concrete.
= In many plants, the major structural rebar is well below the
surface of the concrete.

= Reactor vessel supports are typically above the top of the
core and out of the zone of maximum fluence.

= The critical regions of the shield wall are not in the highest
fluence regions of the concrete.
» Fluence at critical locations less than the maximum

location.

18
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Temperatuee ('F)

Terperaticg Increase
Due Yo radation {'F)

1
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1
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Uradianea
Urwrodased

Gamma Heating
Effect

Gamma Heating Evaluation

— —_—

- | If inner cavity

+ | wall assumed to
.| be 150F (660),
| the peak

| temperature in
| | the concrete is

| 167F (75C) 5

" |inches (13 cm)
" | below the

Font om Isnee Surtace of Concreto

surface.

T | Maximum

| | temperature

" | increase due to
" | gamma heating

approximately
30F (17C).

i}

9

Temperature Effects

» Based on 150F (66C) cavity temperature
(based on forced cooling of the cavity), the
cavity concrete temperature is expected to be
below 180F (82C).

» This is within American Concrete Institute
code and US Plant FSAR requirements.
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Strategy to Augment Knowledge

» Improved knowledge of the performance of
irradiated concrete would be helpful to
support the long term operation of nuclear
plants around the world.

» Testing i1s ongoing or is planned for
radiation levels up to and exceeding 6 E+19
n/cm2(E = 0.1 MeV).

» This testing will be useful to augment
existing knowledge.

2

=IC]
o

Conclusions

» There is no indication that concrete will not
be adequate to 80 years of operation

» Additional data will be useful to augment
existing data on the long term effects of
radiation on concrete.

(3
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SESSION THREE

The Use of Digital Image Correlations for Detection of Degradation in Concrete Structures
Paul Bruck, Sontra Yim, James Wall

Projects Dealing with Radiation Damage of Concrete at the LVR Research Reactor
Milan Marek et al.

Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon
Sontra Yim, Thomas Esselman, James Wall
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ELECTRIC POWER
=Rzl | RESEARCH INSTITUT

The Use of Digital Image
Correlation (DIC) for Degradation
Detection and Trending in
Concrete Containment Structures
September 18, 2013

SontraYim, Tom Esselman,

Paul Bruck, Brian Hohmann (Lucius Pitkin, Inc.)
James Wall (Electric Power Research Institute)

hﬂ Lucius Pitkin; inc. =

Introduction

» Motivation

» What is Digital Image Correlation (DIC)
» DIC technique

» Case study at Pilot Nuclear Plant

» Results

» Conclusions

» Questions

=IC]
o
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EPRaN | i,
Motivation

» Nuclear Power Plant Extended Life Operation (Beyond 40 Years)

» Concrete Containment Structure Vital Part of Nuclear Power Plant
« Withstand P&T of DEA w/o exceeding leak rate
+ Missile Shield and Fission Product Barrier

» Augment Existing Inspections and Testing

+ Effective Condition Assessment Requires Knowledge of Design and Expected
Degradaticon

» Detect, Track and Trend Degradation

+ Obtain guantitative and repeatable data on the performance of the containment
structure.

» Structural Integrity Test
+ Accurately measure behavicor of the concrete surface duringthe SIT

+ Data can be taken again at the next SIT to confirm that the structural behavior of the
containment has not changed.

ErPRI| i
=
HSLARCH NATITUM

Whatis DIC?

» Digital Image Correlation (DIC) is an optical
method that employs pattern matching and image
registration techniques for accurate two- and
three-dimensional measurements

» System defines unique correlation areas, known as
facets(typically 5-20 square pixels in size)

» Image correlation software tracks facets from
successive images with sub-pixel accuracy
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CPE' fucrnc rowis
HSEARCH A TOUM

Whatis DIC?

» Sensitivity with 3D DIC is 1/30,000 the field of
view
» Used to Measure

= Changes in Shape
- Deformation

- Displacement

= Strain

» Data can be taken for static or dynamic tests

» Common Example of DIC?
- The Optical Mouse

C‘:E LTI POWIN
—— ' STARCH NATAUTY

DIC Technique

3D Technique Overview

Dot Linoae Toer-
o) nerasio fun

Toree 2o Paoe

» Apply Non-repetitive Isotropic
High-contrast pattern to
object under test

» Set up 2 camera system - 3D

7 vision

=20 vt tesruie s v Calibrate Camera System

- | » Data Acquisition system
Dssimac v IV
— collects data

—_— — Y
» DIC software interprets data

Lotrdnyn Frive
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EFPIEN | e wammm
DIC Technique

Example
» Tube Pushed into a Mandrel

1 Major Strain

Suge
Tone  315.415%

Y

W10 360 00 40 421
Y Cooedinane [mem)

W —m
u{ T °/h—'
20

16+

EPRI | i T

DIC Technique

Example
Keviar Helmet Impact Out-of-Plane
March 5, 2010 Displacement
fmm)
200
l %
oS

£ar Flap Bottom Near Front!
V40,600 mm |

|Ear Flap Bottom
V' +0.000 mm

Time Frem Impact -0.90 ms
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, ErPRI| .,
Pilot Plant

Containment

+ 2 Loop PWR

» >40 years of operation

+ Vertical containment
cylinder
= 112Ft (34m) high saorecre cones
= 105 ft (32m) inside

diameter — -12FT

» Axially post-tensioned
with 160 tendons
connected to rock
anchors "~

» SIT performed to 59.8
psi (0.41 MPa) pressure

COUPMENT MATCH
REOHNEL FATCH

REACTOR CONTANMENT OOME

-P crac rowie
C E' | HSEARCH iTOUM

Pilot Plant

DIC Test Setup
» DIC at Three

locations

= Monitored just prior,
durin?, and for a sho
time following the
pressurization of
containment

» Monuments
affixed for £
future Fibes
comparison

0
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EPR | .,
DIC Test Setup

» Test area approximately 3 ft (~1m) square

» Working distance of 5ft (1.5m)
= Angle between two DIC cameras 15-25 degrees

» Two DIC systems utilized for testing

= One system mounted at
personnel hatch to
monitor response
behavior during entire SIT
pressurization and
depressurization.

= One system used to
measure displacements at
the two other locations -
equipment moved

between locations during

hold times.

1

EPRI | i,
Results
Location 3: Principal Strainat 35 psi Hold

» The “principal strain” is
the maximum strain June 1,2011 315 Level Major Strain
independent of directio

(%)

» Significant strain ! 0.427
“fingers” observed at 0.350
locations of hairline 0,300
cracks in surface of H 0.250
concrete 0.200

» The higher strain value 9.139
on the left side means 0.100
that the crack is wider 0.050
there -0.029

35 psi Hold

2
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ErPrRI| .,
Results

Location 3: Circumferential and Vertical Strain at 35
psi Hold Point

June 1, 2011 315 Level Epsibon X

%}
l 0.169
0.120
0.0% June 1, 2011 315 Level Epsilon Y
0.060 24
0.030 l 0201
0.160
0.000 ]
0.120
-0.030
0.060 0.080
0.092 0.040

35 psi Hold

35 psi Hold

3

ErRI| .,
Results
Vertical Displacement Map at 35 psi
» Visible MJune 1, 2011 315 Level Displacement Y
horizontal ‘ngg
discontinuity I ‘
despite the "f’-‘;::
overall upward :000
rigid body 0-980
motion of 0:960
approximately s
40 mils (Imm)
0.904
35 psi Hold (Note Imil = 0.0254mm)

4
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EPIE | i
Results |
Vertical Displacement Map at 35 psi after Rigid Body
Movement Correction
Ginna ILRT 315 Level Displacement Y
» Shows only the i
local relative 0.0484
displacements B i
I 0.0200
0.0100
0.0000
-0.0100
-0.0200
-0.0332
35 psi Hold (Note Imil = 0.0254mm)
15
Ginna ILRT 315 Level Major Strain
Results o
10" Long Extensometers e
N - 0.250
» Strain data calculated -
by DIC software 0,150
» “Virtual” strain gages o
Q
set-up to compare =
i 0018
with future DIC data.
35 psi Hold
» Compares well to i e
Fiber Optic Strain By
Concrete Gage Near | P
this Location ~ 190p¢ : - 1--*/“gy.»"""
§ e Y i, ‘ !
£ ; nk""‘ M
”: ) .’.,1"...4{‘ “.'-:'vt."-'"’zn l
T R

B e R T

° N “w N .In 0 W W M W n‘h
Elagiad Tvee M)

%
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EPR | .,
Results
Location 2: Out of Plane Movement
» Shows only Ginna ILRT Personnel Hatch Displacement Z
[mil}
the local dn
relative
displacements 72,00
7050
69.00
67,50
66.00
64.50
.00
35 psi Hold o= o
7
EPRI | i,
Results
Location 2: Out of Plane Movement
Personnel Hatch
105.9 —
M“—“—'M‘”’“’"‘\
90.0 "
80.0 ——
_"g: 70.04 ﬁﬂ“‘“'*--m._,_.w_,,-/“
'.:. 0.0
£ 5004
¥ — Bottom Right Corner
§ 40,04 Top Left Comer
30,04
20,04
10.04
oﬂ 2 g 1 4 L4 T ¥ L] L 4
00 40 8.0 120 160 200 20 280 320 378
Elapsed Time (Hours)

8
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EPR |,
Conclusions

» Digital Image Correlation is an effective
non-contact NDE technique to Quantify
= Changes in Shape
= Deformation
= Displacement
= Strain

» Validated During SIT Period
» Can be used to Detect, Track and Trend
Concrete Degradation

=IC]
- &

%
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—
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Questions
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ﬁ j Centrum vyzkumu RezZ s.r.o.

Project Dealing with Radiation
Damage of Concrete at the
LVR-15 Research Reactor

M. Marek, Z. Lahodova, M. Koleska, O. Frybort, J, Vit,
P. Hajek Jr.,

QECD NEA YWimshop NDE of NPF3 Condrets Strucures” Frague, Septemoet 1713

QOutlines 6

= LVR-15 Research Reactor

= Preparation of Concrete Irradiation Project
= Mock-up

= Discussion
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LVR-15 Research reactor at CV Rez @

Reactor type Tank

Pressure Atmospheric
Average temperature 45°C

LEU IRT-4M 19.7% 9%V
Coolant demineralized water
Reflector beryllium

Nominal power 10 MW

Thermal flux 1.6 x 10" n'm’s
Fast flux 25 x 10" wWm's

= Material research
= Rigs - CHOUCA, Flat rgs, TW3
= Loops - 2x BWR, 2x PWR
= |sotope production
= Medical application - *Mo
» Defektoskopy - '“ir
= Sidoping (NTD)
= 2 |rradiation facdities- DONA"
= Horizontal channels - basic research
= BNCT Facility
= Neutronography

= 3 beams - neutron diffraction, scattering,
neutron interactions

Material Irradiation at CV Rez 6

~ e

= Design of experimental facilities
= Loops
= Rigs — inert gas,
= Autoclaves

= [rradiation in LVR-15 reactor

= |rradiation experiments oriented on research
of material changes and influence of
chemical parameters and radiation (VGB,
Hitachi, MHI, TVEL,...)

= |rradiation in epithermal neutron beam -
materials of storage casks -
CASTOR/CONSTOR, concretes (GNB-
GNS)
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Material Irradiation at CV Rez <¢¢
Loops Irradiation Rigs
= PWR (RVS-3)

= |nert gas He, Ar

& DR (BVR 1 aad SR = Temperature control from 200T to

= Zinc injection rig

- RVS-4 (Hydrogen { amm°n|a) 350C. 110 C .
= CHOUCA rig - Charpy V, tensile, SSRT,
Special Loop Channels 0.5CT |
= SSRT (slow strain rate testing) of PWR * Flat Rigs — 1 CT, 2CT specimens (total
pre-irradiated samples irradiation volume 40x120x450mm)

= [ASCC — static / cyclic load
« 1CTand 2 CT,

= Electrically heated fuel rods * Reactor dosimetry

= Neutron monitors
Control of water chemistry = Calculations
= system for gas dosing = Mock - up experiments
= orb sphere - H2/02 measurement
= Dionex ion - chromategraph

Irradiation Conditions @

= We will use a 5cm diameter cylindrical sample, 10 cm long
= Concrete mix is still to be determined

= The sample will be housed in an He-filled, water cooled
aluminum, casing

= Thermocouples will measure the sample core and surface
temperatures

= The sample will be irradiated
= Neutron fluence1.5E+20 n/cm?, E>0.1 MeV
= The sample temperature will be bellow 90T
= The sample will be removed from the reactor for PIE and NDE

= J, Wall, Nuclear Power Council Advisory Meeting, 08/26/13 - 08/29/13
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Irradiation possibilities for concrete  (*3

:
1 .
w |-

Neutron spectrum in the LVR-15 reactor

differs from the neutron spectrum in the

concrete of PWR reactor especially the

ratio of the neutron flux above 1 MeV to

that above 0.1 MeV.

ar | m e e

*Neutron fluence and gamma dose will
be monitored during irradiation.
*1.5E+20, E>0.1 MeV

i Des01mev | Irradiation | Heating
Position | [em?s] | time [days] | [W/g]

A1l 1.42E+13 122 1.6
B1 1.73E+13 100 2

E2 B.70E+13 20 3.1
E1 4.83E+13 36 2.8

CFD Calculations for Concrete <3
Sample Cooling C/

cooling water -

= Models of cooling
= #1 — helium gap
= #2 — full contact
= #3 — partial contact
= Four types of concrete -
= density 2.42 to 3.56 g/cm?

concrete
sample

full contact with
aluminum case

inlet (t=45<T,

concrete helium - free space
e \ P v=1m/s)

hellum gap = case -
0.5 mm aluminum
helium - free concrete helium - free space
sample \

space

case -
aluminum

172

partial contact case -
with aluminum aluminum
case, local
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CFD Calculations for Concrete Sample @
Cooling

density | Conductivity| Heat Model #1 | Model #2 | Model #3
[g/lem?) [W/mK] source | - helium — full - partial
(Estimation) | [W/g] gap contact | contact
Max. Temperature [T]

1.7 0.1 91 78 80

3.56 3.2 0.1 76 63 64

3.2 0.2 - - 84

1.7 0.1 76 68 69

=9 1.7 0.2 108 91 94

2.42 1.7 0.1 - Z 69

25 0.1 - - 69

25 0.2 - - 79

o 5.0 01 - - 54

== 5.0 0.5 - - 89

Irradiation possibilities @

= At present

= Based on contemporary knowledge of concrete
parameters
= Conductivity

= Position out of core — in reflector area

= Proposed action

= Mock-up test for irradiation - used to verify the thermal
conductivity of the considered concrete and composition
(impurities) of the material

= Reactor availability
= In 2014 - since Feb.

= Modified irradiation arrangement

= Special irradiation cell with Bi shielding to decrease gamma
heating in concrete

= |rradiation time - ~100 days
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Irradiation capsule desian

:

Mock-up experiment

= Aim:
= Determination of thermal condition - reactor
power
= Test of gas measurement

= Composition of the concrete — for the mock-
up the Temelin type of concrete will be used

= Test of concrete release
» Design:
= Simple case with thermocouple and caplllary
= Position in the core — A1
= Program
= Temperature measurement

= at different power levels - case in central
position

= at 10 MW — case moving up
= Activity measurement

= Released gas

« Concrete sample

174

Capilary for gas measurement
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Discussion @

= Preparation of specimens and capsules

Design of the case - according to the mockup design

Concrete will be cast in the metallic case with/without thermocouple
= Irradiation

Evaluation of the mock-up and comparison of thermal conditions in the
sample using gamma heating calculation

Determination of the irradiation condition and time

Additional gamma shielding in the irradiation channel is considered
= Gas release

Gas pressure measured on-line using capillary

Collection of gas after irradiation

= Removal of concrete specimen from metallic case — has been
tested

&

=Thank you
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ELECTRIC POWER
=Rzl | RESEARCH INSTITUT

The Use of Fiber OpticSensors
for Monitoring Loads in Post-
Tensioned Containment Tendons

September 18, 2013

Sontra Yim, Tom Esselman,
Paul Bruck, Bahaa Elaidi (Lucius Pitkin, Inc.)
James Wall (Electric Power Research Institute)

hﬂ Lucius Pitkin; inc. =

Introduction

» Motivation

» Fiber Optic Sensors

» Case study at Pilot Nuclear Plant
» Results

» Conclusions

» Questions

=IC]
o
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ErPR | .,

Motivation

+ Nuclear Power Plant Extended Life Operation
(Beyond 40 Years)

» Augment Existing Inspections and Testing

Effective Conditicn Assessment Requires . |
Knowledge of Designand Expected Degradation

Concrete - Good in Compression; Pocr in
Tension

+ Post-Tensioned Tendons Verified by Lift Off
Testing

+ Costly, time and |abor intensive, requires special
equipment. Load 700,0001b (~3,1 14kN)

+ Potentially Alleviate Need to Perform Lift-Off
Teasting

+ Robust Real-Time Moenitoring

+ ViaFoil Based Load Cells - Not Robust —

Electrical sensors susceptible totransmission £
loss and EMI{noise)

-

Detect, Track and Trend Degradation “//1‘
Detect Wire Break, Relaxation, Loss of Anchor A,.E//

Fiber Optic Sensors

+ Fiber Optics
Fairly simple, and relatively cld technelogy

Principle that makesfiber optics possible, was first demonstrated
by and Sin intheearly1840s
Core - Transmits light; Cladding - reflects light; Coating - Protects

Why Fiber Optic Sensors?

+ Immunity to EMI and not susceptible to cabling-induced
noise

+ Totally passive (no resistive heating) and requires no power
atthe sensor

+ Long cable runs up to 31 miles (S0km) are possible
+ Resistant to corresion, chemicals, lighting

+ Ability to multiplex, Sensors measuring different physical
parameters can be put on the same fiber

+ No less of calibration when disconnected cr power is lost
v Retuited LM

B rOe I reteton
ner
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ErPRI | s,
Fiber Optic Sensors
» Fiber Bragg Grating (FBG) Sensor
= Most Widely Used

= Input Spectrum, FBG Reflects Specific Wavelength
= FBG Wavelength is Dependent on Grating Spacing

Fiber Bragg
Grating
\ -
«
A i«
A, =2nA
. ErRI | s,
Fiber Optic Sensors

» Wavelength Shift with Physical Parameter

Perform a direct transformation of the sensed parameter to optical

wavelength, independent of light levels, connector or fiber losses, or
other FBGs at different wavelengths

Strain

® e |
A~ L —Sa

X Z.,
L= g

h f

)

Temperature change

v

»
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ErPRI | i,
Fiber Optic Sensors

» Wavelength Division and Multiplexing

= Ability to daisy chain multiple sensors with different Bragg
wavelengths along a single fiber over long distances
= Allows ability to measure multiple parameters along a single fiber

L)
— CHE—
— T >
1510 e
——y
0
e 2em
1918 0 s

Pilot Plant
Containment

» 2 Loop PWR

» >40 years of operation

+ Vertical containment
cylinder
= 112ft (34m) high oo meas o
: 105 ft (32m) inside” "

diameter

» Axially post-tensioned
with 160 tendons
connected to rock
anchors PERSONRER MATCH 7

» SIT performed to 59.8
psi (0.41 MPa) pressure

HDGMT
-2
TEANDON

F EQUIFVENT YATCH

BEACTOR CONTAUNENT DONE,
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FLECRL POWTR
— EESTARCH SATOOT]

Pilot Plant

Monitored Tendons
» Selected 20 of 160 Tendons
= Statistically sufficient confidence {(98.5%)
in the condition of all 160 tendons (as
compared to the current inspection [~ PEN. 300
program of randomly testing 14 tendons
every 5 years}is acbieved.

A PEN. 401 ik
o T

Pilot Plant

Tendon Anchor Head Design

181



NEA/CSNI/R(2014)1

Pilot Plant

Tendon Sensor Array

Pilot Plant
Concrete and Rebar Array

FRER TO JUNCTION 80X FEER 70 CONCRETE
FTRAN QAGK
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Results
Real-Time Monitoring

Cp‘a FLACHEL POWTR
' I EESTARCH BATOOT]

e a o
)
Cnx)

et e L L ST
'“W”“.J-"

Results
During SIT

» Compares Favorably to FEA

= 11 Kips (45 KkN) Tendon T83 (During RRT/SIT)
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FLECRL POWTR
— EESTARCH W)

Results

During SIT
+ Concrete and Rebar also Compares Favorably to FEA, DIC

Containment Circumderential Rebar and Concrete Strain and Temperature

5

CPE FLECEL POWTR
lI EESTARCH W)

Results

Long Term Monitoring

» Greater Than 2 years

» 18 of 20 Perform as Predicted by FEA
» Other 2, Issues with Installation

"2
\\\\\\ PP DD DD D DD D P o
*v * "f oo T T IS L 6“0‘ o c-"(v' ;r-vv-__r_c " _J‘

%
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ErPRI | i,
Conclusions

» Fiber Optic Sensing System Provides Real
Time Tendon Monitoring

» Accurately Detected Load Change During
SIT of 11,000 Ib (49 kN)

» Should Detect Wire Break 7,777 |b (34.6 kN)

» Robust - Continues to Perform as Expected
with More Than 2 Years of Service

» Holds Promise as Alternative to Lift-off
Testing

=0
- &

7

ErPRI| s

Questions

=IC]
o

8
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SESSION FOUR

Hydraulic Exciter of Vibrations
Josef Machac

Experimental Stand UVJ Rez for Probability of Detection Evaluation
Ladislav Pecinka
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nsel

Hydraulic vibration exciter

Ing. Josef Machac

Dynamic measurement

- vibration exciter
+ three dimensional velocity sensors
(or acceleration sensors, or displacement sensors)

* modal analysis (fourier transformation)
* natural frequencies, mode shapes
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Equation of motion

K -r(t)+ C-#(t)+ M -#(f) = F(?)

stiffness

displacement loading

vibration exciter
damping
velocity

mass
acceleration

* horizontal or vertical movement
sframe 08 x20 m

» maximal force + 10.0 kN

» weight of frame 750 kg, weight of moving mass up to 900 kg
» weight of attached engine 1200 kg
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Dynamic load test of bridges

Nuselsky Bridge in Prague
485m long, 26.5 mwide
prestressed concrete

box girder bridge
subway and road traffic

Dynamic test of exhauster in Trbovlje

Power plant Trbovlje

360 m high exhauster
tube intube construction
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Dynamic test of turbine and generator
foundations

Power plant Pocerady
270 MW

aprox. 37 mlong, 15 mwide,
15 mhigh

Power plant Pocerady
gasturbine 284 MW

42 mlong,upto 8.6 mwide 24 m
high (4.3 mhigh})

el o v R T
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Comparison between experiment and simulation

* comparison of calculated natural frequencies and in-
situ measured frequencies
* improving numerical model
— realistic boundary conditions
— overall structural stiffness (Young modulus)
— prestress concrete simulation

— damping coefficient

Comparison between experiment and simulation

First natural frekvency

.......

&

g P
[y )

» measured frequency 3.40 Hz
« calculated frequency 3.45 Hz
 variance 1.47%
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Comparison between experiment and simulation

Second natural frekvency

B
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. ——— 3 fhisi ! T g
'y it THEIRE ‘

- T .
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\
’
.

» measured frequency 5.70 Hz
« calculated frequency 5.44 Hz
« variance 4.68%

Comparison between experiment and simulation

Vertical direction Harizontal direction
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* measured frequency 109 Hz
« calculated frequency 10.5 Hz
« variance 3.8%
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Comparison between experiment and simulation
Vertical direction

Horizontal direction
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* measured frequency 18.9 Hz
« calculated frequency 19.4 Hz
« variance 2.6%

(TR TTTTT
ool &
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Experimental examination of damage structure

* degradation processes (chemical, mechanical

degradation, cracks or corrosion) change stiffness of
whole structure (or structural part)

* vibration characteristics of the structure change

according to degradation processes and can be
measured
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Experimental examination of damage structure

Article: Dynamic behaviour comparison of the damaged bridge
before and after its reconstruction, prof. ing. Michal Polak, CSc._,
CTU in Prague

~ ast e TR Walies Consrete Strushures

Transfer function

I

i
T red — damage state {
]

blue —virgin state
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Article: Dynamic behaviour comparison of the damaged bridge
before and after its reconstruction, prof. ing. Michal Polak, CSc._,
CTU in Prague

o o TR Waliad Conoete Strusbures
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Containment structure examination

« vibration exciter can be used for in-situ measuring
structural natural-frequencies and modal shape

« experimentally measured values can be compared with
the numerical modeling (mass and stiffness of a whole
structure)

* repeated measurements (with time period 5 - 10 years)
can be used for the monitoring of temporal changes and
for the estimation of concrete degradation (overall
loosing of stiffness)

Thank you for your atention
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uJv

UV Rez, a. s

EXPERIMENTALSTEND UJVREZ
FOR PROBABILITY OF
DETECTIONASSESSMENT

Ladislav Pecinka

OECD-NEA WORKSHOP NDE OF NPPs CONCRETE STRUCTURES
PRAGUE, 17-19 SEPTEMBER 2013

GOAL OF PRESENTATION &%@

« WHAT IS PROBABILITY OF DETECTION (POD)
« LESSONS LEARNTFROM NDE EXPERIMENTS IN UJV REZ
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CONTENT R

« BASIC IDEAS

« POD EXPECTED INDICATIONS
« UJV EXPERIMENTAL STEND

« SOME RESULTS OF NDE

« POD VERSUS NDE METHODS
« CONCLUSIONS

BASIC IDEAS R

= POD DEMONSTRATION TEST AND ANALYSIS IS THE BEST AVAILABLE
TECHNIQUE FOR QUANTIFYING THE DETECTION CAPABILITY OF A NDT
SYSTEM

= DEPARTMENT OF DEFENSE MIL-HDBK-1823A: NON-DESTRUCTIVE
EVALUATION SYSTEM REALIABLITY ASSESSMENT:

PROBABILITY OF DETECTION IS THE FRACTION OF TARGETS OF NOMINAL
SIZE, A EXPECTED TO BE FOUND, GIVEN THEIR EXISTENCE

= IN GENERAL, POD IS EXPECTED TO INCREASE AS TARGET SIZE (THAT IS,
INDICATION SIZE) INCREASES

= A POD DEMONSTRATION TEST IS TYPICALLY CONDUCTED USING A SET
OF STANDARD SPECIMENS OF THE SAME GEOMETRY AND MATERIAL
THAT HAVE A KNOWN NUMBER AND DISTRIBUTION OF INDICATION SIZES
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BASIC IDEAS — cont. 1

=« DATA GENERATED BY A POD TEST ARE EITHER BINARY OR
MEASURABLE, DEPENDING ON THE RESPONSE PRODUCED BY THE NDT

SYSTEM
= THEORETICAL BACKGROUND

« STATISTICS ISTHE FIELD IN WHICH THE THEORY IS DEVELOPED
« NDT ISTHE FIELD IN WHICH THE THECORY IS AFPPLIED

= THE SUCCES OF POD, AS WELL AS FUTURE ADVANCEMENTS, DEPENDS
ON THE PARTNERSHIP FORMED AND COLLABORATION BETWEEN

STATISTICS AND NDT

« FOR THE DETAIL INFORMATIONS SEE THE JOURNAL OF THE AMERICAN
SOCIETY FOR NONDESTRUCTIVE TESTING ,,MATERIALS EVALUATION®,

Vol.70, No. 4, pp 421-426, April 2012:

Jennifer Brown: IT TAKES MORE THAN A STATISTICIAN TO DO PROBABILITY OF DETECTION

POD-EXPECTEDINDICATIONS

« DEFECTS,i.e.

« QUALITY OF CONCRETE (DENSIFICATION, MOISTURE etc)

« CRACKS
« DELAMINATION
« VOIDS

- DEBONDING BETWEEN LINERAND CONCRETE

. CREEP
« SHRINKAGE

« INTERNAL STEEL COMPONENTS AS LINER etc.

« REBARS

« DUCTS OF PRESTRESS TENDONS
» TECHNOLOGICAL CHANELS
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EXPERIMENTALSTEND ;g%:g
DESCRIPTION OF THE STAND
am
o
EXPERIMENTALSTEND &%g
DESCRIPTION OF THE STAND —cont. 1
am - SPECIMEN Ne 1
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EXPERIMENTALSTEND é%rﬂ
DESCRIPﬂON OF THESTAND —-cont. 2

E R séecmeﬁ Ne 2

g

EXPERIMENTALSTEND 5%:{

— ]

.

DESCRIPTION OF THESTAND —cont. 3

o

o INTERNAL LINER WITH DEFECTS
L5
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EXPERIMENTALSTEND &%ﬁ
SPECIMEN Ne 3

4

s

EXPERIMENTAL STEND 5%8

= SPECIMEN Ne 4 WITH GRID OF REBARS
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EXPERIMENTALSTEND 8%33

DESCRIPTION OF THE STAND —
AR O [ 7

|

48 SPECIMEN Ne 5: CONTAINMENT WALL WITH REBARS AND DUCTS

SOME RESULTS OF NDE Zerﬂ

ve [}

o 2500
20000
84150400
400
030505100
0 $00.80%0

vz (o)

Wa200.425
@4150-4200
41004150
40504100
4000-4050
1 3950-4000

-

E EF ¥ ¥ G GH -
=g DETECTION OF THE ARTIFICIAL CAVITY
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&

SOMERESULTSOFNDE - cont.1

o
W 4425-4500
| 4275-4350
8 4200-4275
B 4125-4200
£4050-4125
£13975-4050
1 3900-3975

R - AT I N P I

ABCDEFGHTIJKILM

== DETECTION OF HOLES & 150 AND 100 mm

SOMERESULTSOFNDE - cont. 2 &%{{

v.

»[mas00320
42504300
042008240
1541504200
3 au1004150
4204100

HOLE WITH 6 50 mm
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i
SOME RESULTSOF NDE - cont. 3 &
2
2
3
3
4 |@43504400
4 |maz0oa3se
.- |m42504300
8 5 |ma2004250
8 841504200
7 0400415
7 lo4ososie
8 040004050
g 039502000
030063950
038503900
- |o 38003850
an DETECTION OF THE DUCTS
L FiS|
o
POD VERSUS NDE METHODS eha

- IN OUR EXPERIMENTS THE FOLLOWING METHODS HAVE BEEN USED
~ ULTRASOUND
« GROUND PENETRATION RADAR
- IMPACT ECHO

~ APPLICATIONS WITH HIGH VALUE OF POD

NDE METHCD SUCCESFUL AFPUCATIONTO
UT, impact Edho, Laser Delamiration
UT, impect Echo Crades
GPR, ImpactEcha, UT Voids, Chamnels
GPR Coverdepth
GPR, Impact Echo Reirforosnent
uT Conceie properties
GPR, impact Echo Interal Liner
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CONCLUSIONS R

~ NDE IS VERY IMPORTANT TOOL FOR AGEING MANAGEMENT AND
PLEX OF NPPs

~ DETERMINISTIC OR PROBABILITY BASED APPROACHES ARE
POSSIBLE

~ PSAAPPROACH NEED AS INPUT DATA PROBABILITY OF FAILURE
AND/OR POD

» CALCULATION METHODS OF CONCRETE STRUCTURES FAILURE
PROBABILITY ARE WELL KNOWN

~ POD CALCULATION REPRESENT NEW CHALLENGE

- QUESTION: IS IT POD, MI-HDBK-1823A ,,NON DESTRUCTIVE
EVALUATION SYSTEM RELIABILITY ASSESSMENT" GUIDE ONLY
ONE?

~ IF YES, EXISTS POSSIBILITY TO OBTAIN HIM AND DISTRIBUTE TO
FAMILY OF IAEG MEMBERS?

~ IT IS EVIDENT THAT IN POD FIELD NDE PEOPLES MUST COOPERATE
WITH STATISTICIENS

THANK YOU
FOR YOUR
ATTENTION
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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help
governments respond to new developments and concerns, such as corporate governance, the information economy and the
challenges of an ageing population. The Organisation provides a setting where governments can compare policy
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international
policies.

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

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

This work is published on the responsibility of the OECD Secretary-General.
The opinions expressed and arguments employed herein do not necessarily reflect the official
views of the Organisation or of the governments of its member countries.

NUCLEAR ENERGY AGENCY

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

The mission of the NEA is:

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

— to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law
and liability, and public information.

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it
has a Co-operation Agreement, as well as with other international organisations in the nuclear field.

This document and any map included herein are without prejudice to the status of or sovereignty over any territory, to the delimitation of
international frontiers and boundaries and to the name of any territory, city or area.

Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda.
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

“The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the
activities of the Agency that support maintaining and advancing the scientific and technical knowledge
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.

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

The Committee shall review the state of knowledge on important topics of nuclear safety science
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach consensus on technical issues of
common interest. It shall promote the co-ordination of work in different member countries that serve to
maintain and enhance competence in nuclear safety matters, including the establishment of joint
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to
members in a timely manner.

The Committee shall focus primarily on the safety aspects of existing power reactors, other
nuclear installations and the construction of new power reactors; it shall also consider the safety
implications of scientific and technical developments of future reactor designs.

The Committee shall organise its own activities. Furthermore, it shall examine any other matters
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups
to further its objectives. In implementing its programme the Committee shall establish co-operative
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee
on matters of common interest, avoiding unnecessary duplications.

The Committee shall also co-operate with the Committee on Radiation Protection and Public
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on
matters of common interest.”
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of
Components and Structures (IAGE) has as a general mandate to advance the current understanding of those
aspects relevant to ensuring the integrity of structures, systems and components, to provide for guidance in
choosing the optimal ways of dealing with challenges to the integrity of operating as well as new nuclear
power plants, and to make use of an integrated approach to design, safety and plant life management.

The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and
structures.

Over the last two decades, the IAGE Concrete Sub-group has convened a series of workshops and
published reports on integrity and aging of thick-walled concrete structures, primarily aimed at
containment structures. The last workshop was “Ageing Management of Thick Walled Concrete
Structures, including ISI, Maintenance and Repair — Instrumentation Methods and Safety Assessment in
view of Long Term Operation” held in Prague, Czech Republic, on 1-3 October 2008. One of the
conclusions from that workshop was that further meetings or workshops should be held every few years to
review progress on non-destructive examination (NDE) of concrete, and to provide a forum for information
exchange.

With developments in NDE methodologies over the intervening 5 years, the IAGE working group
considered it was timely to host a follow-on to the 2008 workshop in 2013, with the objective to present
and discuss the state-of-the-art techniques for the integrity assessment of concrete structures, and to
recommend areas where further research is needed. This report documents the proceedings for the 2013
workshop on “Non-Destructive Evaluation of Thick Walled Concrete Structures”.

Overall, the workshop demonstrated there has been significant development in NDE methodologies for
thick-walled concrete since 2008. There is still substantial work to be done before fully qualified
techniques can be deployed on a regular basis to determine the overall health of a concrete structure. The
workshop concluded with recommendations for areas that would benefit from further study, and from
international cooperative programmes. These include: 1) appropriately capturing the information on
effects of irradiation in standards or guidance documents, ii) following up on the state-of-the-art report on
concrete NDE methodologies, iii) undertaking development of standard specimens and using round-robins
for intercomparisons, and iv) holding a subsequent meeting or workshop to review progress after a few
more years.
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SUMMARY AND CONCLUSIONS

1. Introduction

This report documents the proceedings for the workshop on “Non-Destructive Evaluation of Thick Walled
Concrete Structures”, held in Prague, Czech Republic on 17-19 September 2013. A total of 34 specialists
from 15 countries and international organisations attended. The Meeting was sponsored by the OECD
Nuclear Energy Agency Committee on the Safety of Nuclear Installations and hosted by the Nuclear
Research Institute Rez.

The objective of this workshop was to present and discuss the state of the art techniques for the integrity
assessment of concrete structures, and to recommend areas where further research is needed. The
workshop was structured in 4 technical sessions, with papers covering degradation mechanisms,
application of NDE methodologies, and test rigs for determining NDE effectiveness.

2. Background of the Workshop

Concrete structures are essentially passive components under normal operating conditions, but play a key
role in mitigating the impact of extreme or abnormal operating and environmental events. Structural
components are somewhat plant specific, may be difficult to inspect and the limiting factor for plant life
since they are mostly irreplaceable. Structures are subject to time-dependent changes that may impact their
ability to perform safety functions. As NPPs age, assurance is needed that the capacity of concrete
structures to mitigate extreme events has not deteriorated unacceptably.

Of particular importance to most nuclear facilities are concrete containment structures whose main
purposes are to provide the final physical barrier to the release of fission products to the environment and
to protect the reactor and other safety related structures, systems and components.

Although, it was thought that concrete was maintenance-free with a design life of hundreds of years, this
has proved to be optimistic. Experience has demonstrated that concrete structures can exhibit the first signs
of degradation after 20 years or even earlier. Concrete containments of the nuclear facilities are subjected
to many types of environmental effects that can, over time, initiate a variety of degradation mechanisms.

The safety significance of containment combined with the current trend towards life extension and the
regulatory authorities’ demands for even higher levels of safety assurance, means that ageing degradation
mechanisms must be effectively understood and monitored, and the recognised ageing mechanisms should
be continuously controlled. An important element of this control is inspection and monitoring to assess and
determine the condition of the concrete structures and associated components. Modern NDE methods and
instrumentation are providing useful techniques for the detection and measurement of the extent of internal
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damage and providing information on the quality of construction. Nevertheless, further work is required to
provide standardized and qualified inspection techniques.

3. Summaries for the Workshop Sessions

Session 1

Herbert Wiggenhauser summarized the “State-of-the-Art of non-destructive methods and technologies for
application to nuclear power plant safety-related concrete structures”. This state-of-the-art report provides
a comprehensive assessment of the various available NDE techniques (e.g. ultrasonics, radiography, radar,
etc.) and their strengths and limitations for various applications (thickness, cover depth, detection of rebar,
detection of defects, etc.). Recommendations are for further research to develop:

e validation and reference specimens

e software for data analysis and modelling

e combined techniques and automation

e improvements to equipment and techniques.

Georgios Michaloudis presented “Applying numerical simulations for the non-destructive evaluation of
concrete structural components subjected to high-dynamic loading”. Numerical simulations were used to
assess the damage induced in a concrete structure from a high-dynamic load (e.g. explosion). The complex
energy propagation through air and then into a structure was modelled and compared well with actual
results. The models can be used to determine the residual load capacity of the structure following an
impact event.

Brian Hohmann presented “Inspection of Containment Liners and Shells Utilizing Advanced
Nondestructive Examination Techniques”. Some areas of containment liners and shells are not readily
accessible for inspection, but can have installation defects and can degrade in-service. Ultrasonic
techniques have been developed to detect flaws in a liner or shell, and applied to full-scale mock-ups. The
techniques were able to detect flaws introduced in the mock-ups, but require further work to provide
reliable defect sizing and characterization. It was noted that discontinuities in a liner or shell, such as a
butt weld, can seriously attenuate the NDE signal.

Session 2

Jiri Zdarek presented “Temperature and Radiation Effects on the RPV Concrete Cavity: Project
Description on Irradiation, Testing and NDE Development”. Long term exposure to radiation and thermal
loading can result in degradation of mechanical properties of concrete structures such as RPV cavities. An
experiment is being conducted to determine the effects of high-radiation fields on concrete behaviour
(described further in a presentation in Session 3). In addition, NDE techniques using Non-linear Elastic
Wave Spectroscopy are being developed and applied to a sample of concrete from a biological shield from
a mothballed VVER. One possible opportunity is to use the ionization penetrations in the VVER
biological shield as access points for NDE probes in an operational VVER.

Fahim Al-Neshawy presented “Monitoring of hygrothermal performance of thick-walled concrete
structures”. Exposure of concrete structures to variations in temperature and humidity can lead to
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deterioration. Dr. Al-Neshawy described a technique for collecting data on the effects of temperature and
humidty on concrete, and using neural networks to forecast hygrothermal performance.

Brian Hohmann provided a summary of “The Effect of Irradiation on Thick Walled Concrete Structures in
Nuclear Power Plants with Respect to Long Term Operation”. Mr. Hohmann presented the available data
on the effects of irradiation on concrete, and showed that the data of most relevance to reactor containment
structures indicates there is not likely to be any deterioration for fast neutron fluences up to ~10"n/cm’.
Thus there is no indication that containment concrete will deteriorate due to irradiation, but additional data
(as is being sought in the experiment described in Sessions 2 and 3) will be useful to confirm the lack of
effect at high fluences.

Session 3

Sontra Yim presented “The Use of Digital Image Correlations for Detection of Degradation in Concrete
Structures”. The digital image correlation (DIC) - that combines photogrammetry and image correlation -
is an effective non-contact non-destructive evaluation (NDE) technique to quantify changes in shape,
deformation, displacement and strain. This method was successfully validated 2011 during a structural
integrity test (SIT) period in the framework of pressurization, hold and depressurization on inner concrete
surfaces (~1m?) of a NPP containment. The quantitative data that was recorded will provide a basis for
comparison to future tests (e.g. at 10 years interval). DIC can be used to detect, track and trend concrete
degradation.

Milan Marek presented “Projects Dealing with Radiation Damage of Concrete at the LVR Research
Reactor”. This contribution is a complement to the presentation “Temperature and Radiation Effects on
the RPV Concrete Cavity: Project Description on Irradiation, Testing and NDE Development” of the 2™
session. An experiment to determine the effects of irradiation on concrete using the LVR-15 reactor was
described. Concrete cylindrical samples (5 cm diameter, 10 cm height) will be irradiated with a neutron
flux of 1.5E+20 n/em? (E>0.1 MeV) below 90°C temperature. The samples will be investigated by means
of post irradiation examination (PIE) and NDE. The data will be useful in assessing the safety of NPP
concrete structures since they will provide information regarding degradation (material changes and
influence of chemical parameters) of irradiated concrete.

Sontra Yim presented “Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon”.
Fiber optic sensors were selected due to their expected stable performance over long time periods,
accuracy, immunity to electromagnetic interferences as well as electrical noise, and environmental
stability. The resulting fiber optic sensing system (FOSS) was installed in a NPP with a post-tensioned
tendon systems and provides real time tendon monitoring in order to detected tendon wire breaks, wire
relaxation, local concrete failure under tendon anchorage or loss of rock anchor. FOSS holds promise to be
an alternative to lift-off testing. It has worked robustly for over two years, and is anticipated to perform
over a long-time period (e.g. more than 10 years).

Session 4

Josef Machac presented his work on a “Hydraulic Vibration Exciter.” In this study numerical simulation of
the response of structures to a dynamic vibration load was performed and compared with the experimental
measured values. Experimental case studies included dynamic load test of bridges, the Orlik dam, the
tallest exhaust stack in Europe, and a power plant turbine and generator basemat. The technique shows
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promise for monitoring degradation through systematic repeated measurements over long time periods, e.g.
5-10 years.

Ladislav Pecinka presented the topic “Experimental Stend UJV Rez for Probability of Detection (POD)
Assessment.” He provided background on a methodology for quantifying the detection capability of a
NDE technique. A POD demonstration test is typically conducted using a set of standard specimens of the
same geometry and material that have a known number and distribution of indication sizes. An important
consideration is that the size distribution should go beyond the NDE technique’s detection capability to
establish the POD. Dr. Pecinka also elaborated on a set of four specimens of dimension 2mx2mx1m, UJV
has constructed with known defects and internal components (rebar, tendon ducts). UJV has examined the
specimens with ultrasound, ground penetration radar and impact echo NDE methods and identified which
method is suitable and successful to detect the particular types of defects. Although not a complete
spectrum of indication sizes, the set of specimens should be valuable for comparison testing by other
organizations.

4. Discussion

The workshop provided ample opportunity for discussion amongst participants on various aspects of
degradation of concrete structures, and use of NDE to monitor concrete performance. Key areas of
discussion are captured here.

Since the last workshop in 2008, there has been significant development of NDE methodologies for
concrete. The application of various ultrasonic techniques continues to be expanded and refined. Digital
Image Correlation is showing promise as a technique for monitoring deformation and tracking degradation.
The use of fiber optics is enabling reliable NDE measurements over an extended time period, and could
potentially avoid costly and dangerous direct measurement such as post-tensioning tendon lift-off.
Hydraulic exciters can be used to look at the mechanical response of large structures, and monitor for
changes over time.

Nevertheless, we are far from having a comprehensive set of qualified techniques that can be standardized
and applied by certified contractors. We are still at the stage of much of the work being performed in
research centres and universities, prior to standardization and commercialization. As techniques move
from the laboratory into regular application, there will be a need for appropriate training to ensure the
techniques are used properly and consistently. Given the complex and expansive nature of thick-walled
concrete structures, it is anticipated that multiple techniques will be required to assess the full-range of
potential indications, and to probe the entire volume of a structure.

A big challenge is posed by the lack of standardization in concrete. While there can be specifications for
mix ratios, aggregate size distribution, rebar arrangement, etc., key aspects of concrete can change with
location and time. For example, cement and aggregate composition can vary. The effects of these
differences are not well understood nor well characterized, and could influence properties enough to make
prediction of aging effects difficult.

In terms of aging, the work underway at UJV Rez should go a long way toward resolving the effects of
irradiation. Nevertheless, the challenges to integrity posed by environmental exposures (temperature,
moisture, contaminants, etc.) can stem from a wide range of phenomena, and continued investigation is
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required to ensure the phenomena of importance to nuclear structures are well understood and
characterized.

Advances in computer technologies are helping to improve NDE methodologies. Post-processing software
can be used to turn NDE measurements into 3-D representations of a structure, its internals, and any flaws
or defects. Finite-element and mechanical modelling is being used to supplement NDE methodologies in
determining the nature of discontinuities and defects, and in determining the consequences of detected
anomalies on mechanical properties. Statistical analysis and reliability methodologies are likewise
showing promise in extrapolating from NDE findings to the consequences for a structure.

5. Conclusions and Recommendations

1) There is a clear need for means of ensuring concrete structures meet their design criteria. During and
immediately following construction, NDE can provide quality control and verification. After being
subjected to aging degradation, NDE can be used to characterize material properties and ensure
adequate performance. It is therefore recommended that there be a follow-on workshop or meeting in
few years to allow for further exchange of information.

2) The state-of-the-art report [ORNL/BAM] provides a valuable assessment of the current applicability
and limitations of available concrete NDE methodologies. The IAGE Concrete subgroup should
review the recommendations in the report and identify areas that can benefit from international
collaboration.

3) Methodologies for concrete NDE continue to evolve, and there are, as yet, no standardized and
qualified techniques. As a result, international standard specimens should be developed to allow direct
comparisons between various techniques, with consideration given to ensuring a broad range of defects
to ensure the Probability of Detection (POD) for a method can be properly determined. Test rigs such
as those developed at UJV Rez and LPI could provide a starting point for such inter-comparisons. In
addition, samples should be removed from plants under decommissioning. A round-robin study could
be valuable in comparing between NDE techniques, and in determining variability in the application of
the same technique. The highest priority testing tasks should be determined to ensure that resources
are appropriately focussed.

4) Once the experiments on the effects of irradiation are completed, it is recommended that the results be
captured in standards and / or regulatory guides. This will likely require radiation effects to be
included in constitutive models for concrete used in finite-element modelling and used in fracture
mechanics assessments.
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{ynea Nuclear Energy Agency @) OECD

Introduction:
The NEA and Workshop Objectives

Andrew White
NEA Nuclear Safety Division

17 September 2013

{ynea Nuclear Energy Agency @) OECD

- The NEA Mission

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

+ To provide authoritative assessments and to forge
common understandings on key issues, as input
to government decisions on nuclear energy
policy, and to broader OECD policy analyses in
areas such as energy and sustainable development.

SaoeRitaiaks aiivamn:
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{ynea Nuclear Energy Agency @) OECD
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{ynea Nuclear Energy Agency @) OECD

NEA Basic Facts and Figures

Governing body: the Steering Committee for Nuclear Energy

31 membercountries(24 inthe Data Bank)
~ 50% of global nuclear electricity generating capacity.

55 years of international service.

7 standingtechnical committees (including nuclear development, economics,
safety, regulation...).

21 international joint projects funded by participants (17 in the safety area,
and cthers in radiclogical protection and radioactive waste management).

71 working parties and expert groups.
560 national experts participating in NEA committees and expert groups.

+ Technical Secretariat of the Generation IV International Forum (GIF)
andthe Multinational Design Evaluation Programme (MDEP).

Sipealbronk ook advaimn:
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L{ynea Nuclear Energy Agency @) OECD
NEA Co-operation and Interactions

« International Energy Agency (IEA). OECD family,

« International Atomic Energy Agency (IAEA): agreement,
« European Commission (EC): full participant,

« China: Joint Declaration on Co-operation approved,

« India: expert invitations,

« Ad hoc observers (national governments),

« Industry input to selected studies.

{ynea Nuclear Energy Agency @) OECD

NEA Committees

Steering Committee for Nuclear Energy
CSNI CNRA RWMC NDC
Committee
Committee Committec Radioactivo for Yochnical
on the Safety on Nuclear Waste Nuclear and Economic
of Nuclear Regulatory Management Sclence Studies on
Instaliations Activities Committee Committee Nuclear
Energy
T Devedopment
ﬂhm and&h;:uel
 Comemitee)

SRRt Sronktasiakn i Dikon:
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WGIAGE Objectives

» Constitute a forum for exchange of views, information and
experience

« Stimulate research and lead international co-operative
projects

* Develop technical positions on integrity issues of nuclear
facilities and identify areas requiring further work

* Discuss potential impact of ageing and other integrity
challenges on safety, regulation and operation of nuclear
facilities

2391 Crpatain e R Corecacain o Cylrany
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{ynea

Nuclear Energy Agency @) OECD

WGIAGE Methods of Work

* Three subgroups established for seismic behaviour, metal
components and concrete structures

* Meetings and workshops to share information and coordinate
activities

+ Collaborative writing of consensus documents and focussed
technical reports

2801 g0 s Baeonk Carschcin e CyAyen.

L{ynea Nuclear Energy Agency @) OECD

2008 Workshop on Aging Management of
Thick Walled Concrete Structures

» Areas for additional research were identified and the
following recommendations were made:

— Meetings or workshops should be held every 2-3 years to promote
information exchange between operators and NDE scientists.

— Blind tests should be conducted on actual structures to benchmark
NDE methods.

— Structural reliability theory, incorporating uncertainties on time-
dependent changes, should be used to demonstrate acceptable
performance or estimates to end-of-life.

— S| results should be used to improve constitutive/damage models
and associate acceptance criteria.

— World-wide data should be compiled on application and performance
of repair technologies.

SaoeRitaiaks aiivamn:
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L{ynea Nuclear Energy Agency @) OECD

2013 Workshop Objectives

* Review existing methods for NDE of NPP’s thick-walled
concrete structures.

* Present state-of-the-art techniques for integrity assessment
of concrete structures and for detection of
— Voids and cracks
— Liner corrosion
— Loss of pre-stress in tendons

*» Recommend areas for further research.

L{ynea Nuclear Energy Agency @) OECD

2013 Workshop Scope

* More than 30 participants from a number of different
countries and diverse organizations

» Variety of presentations on concrete degradation
mechanisms and NDE in 4 different sessions

22
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Lynea Nuclear Energy Agency @) OECD

sSummary

* Akey activity for the NEA is addressing the integrity and
aging issues of concrete structures which are essential to the
safety of nuclear facilities

* This workshop will be important for contributing to our
understanding of how to ensure concrete structures continue
to meet their design requirements
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UJV Rei, a. s.
IAGE workshop
AMBASSADOR - Prague

Viadimir Stratil
September 18t 2013

Who we are &%@

& We are a company operating in the area of research and development
on the top national and global level more than 58 years.

& More than 1,000 persons employed by the UJV Group represent the
potential from scientific capacities through technology specialists,
designers to experienced production workers.
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Who we are &%{@

m Our divisions, departments and daughter companies
employ 62% of university-educated specialists, 26% of
secondary-educated specialists and 12% of technically
skilled persons.

| We are in possession of unique research, production
and process facilities in the Central and Eastern Europe.
& We belong among the recognized and respected

members of many of international and national
organizations and companies.

History and milestones @%@

m 1855 Foundation of the Nuclear Physicsinstitutein Rez
m 1957 VVR-S research reactor start-up

m 1872 The original Institute was separatedinto the Nuclear Physics Institute
and the Nuclear Research Institute

m 1993 The Nuclear Research Institute Rez was privatised to joint-stock company
m 2000 Scientific leadership of the commissioning of Temelin NPP

& Purchase ofinstitute of Applied Mechanics Brno, Ltd. (1AK)

& 2002 Research Centre Rez Ltd. (CVR)

m Purchase ofpart ofENERGOPROJEKT PRAHA a.s. —formation ofthe Division
ENERGOPROJEKT

m 2009 Acquisitionof
& Research and Testing Institute Plzen (VZU Plzefi)
& EGP INVEST, spol.sro. (EGPl)
m 2011 Formationof UJV Group
w UJV ReZ + CVR ReZ + VZU Pizeii + UAM Brno + EGP| Uhersky Brod
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Shareholders

m CEZ a.s - 52,46%
a Stovenské eleklrdme, a8, - 27, 77%
u SKODA JS as. - 17.3%%

& Municipality Husinec ~ 2,38%

Company strategy

To provide
Engineering, design, analytical and
scientific suppertin operating and
constructing new energy faciities
including nuciear facilities.
Comprehensive and systemR&D

services, especidllyin the area of
use of nuclear energy and ionizing
radiation sources.

To be
Professional authority-and
promoter in the area of nuclear
energy and utilization ofionizing
radiation.
Atransparent company with clear
management, well-arranged
finance and open information
about implemented projects.
Good neighbor in all places where
weimplement our oobjectives and
projects.
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International cooperation |.

m
L7

An inherent part of activities of the institute from
its foundation in 1955.
8 Multilateral cooperation
s Internstions! Atomic Energy Agency {IAEA), Vienns
s Nuclear Epzrgy Agency (NEA), Paris
a Participstion in framework programs of EURATOM, Brussels
& Member of the European Nuclear Education Network (ENEN)
u Member of the European Techmical Safety Organzations Network (ETSON)
p The Electric Powsr Research Institute (EFRI)

8 ¥y playerin Tounding process of NUGENIA

International cooperation Il.

B Bilateral cooperation
s Comnussion at Energy Atomic (CEA), France
a Institute for Radiclogical Protection and Nuciear Safety {IRSN), France
& Geselischaft flr Anlagen- und Resktorsicherhait (GRS), Garmany
a Czech-Russian Work Group for Nuclear Energy, MPO/RCSATOM

a State Scientific & Technical Centre for Nuclaar and Radiation Safety
{SSTC NRS), Ukraine

s Cooperation with US institutes through agreements concluded between the
reguistory bodies (USNRC—-S{UB) and ministries (USDOE-Ministry of
Industry and Trade)

s Bhabha Atomic Research Centre {BARC), India

a Centrum of Nuclear Research (NCBJ), Poland
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Certificates

&

m EN 50 14001:2004, valid until: 2014-08-23

m EN 150 5001:2008, valid until: 2014-06-23

m BS CHSAS 18001:2007, valid until: 2014-06-23
® Certificate of Facility Security Clearance

HE
wa

IAM
BRNO
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Subsidiary companies

S

® Research Centre Rez
a Foundsd in 2002; Director: Martin RuScak
u Ressarchand development organisation focusad on technologies in ensrgy; Operator of
research reactors LVR-15 and LRO

® Research and Testing Institute Plzen
» Founded in 1307, from 2002 ownad by (lV Rez,a.s., Director: Vaciav Lisks
& Research, sjopment and 3ccredited testing; Research of materials and mechanical
engineering; Computer modeliing

m EGP INVEST, spol.sr.o.
a Founded in 1581 in Uhersky Brod, from 2009 owned by UV RezZ, 3. 5., Director: Petr
Siadala
u Design activities, surveys; Engineering activity

& Institute of Applied Mechanics Brno, Ltd.
a Foundad in 1953, from 2004 owned by (UV ReZas. Director: Lubomir Junek
u Comprehensive analyses of strength, service fife and seismic resistance of stesl
structures, pressure vessels; Advisory servicss in the area of mechanical enginesring,
metaliurgy and energy

Divisions and their
main services
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Finanoes Oparafion & Servioss Enorgoprojekt Prana
Framidex PIREK Ra¥m HAVLIK TR Tomas 2ZAK

Radiopharmaosubiosis
Payk SPATZAL

wa
CF

Nuclear Safety and Reliability Division

B Reactor physics and fuel cycle

n Safety analyses, including
@ Seversacodents
g Frobsbilistic safety assessmant
s Emergency preparedness
m Diagnostics and reliability of existing and new
reactor technologies
8 Non-nuclear activities
a Hydrogen technologies in ensrgy and
transportation
s Support to relizbility and risk management of

industria!l technologies, gas transport, electnic
power transmission, 3vistion
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Integrity and Technical
Engineering Division

B Structural and life time assessment of
sysetems, structures and components (RPY
including surveillance programme, piping
systems, valves, ...}

8 PLIW LTC programmes including specific AM
programmes

@ Technical support and maintenance of NPP
@ Tests and analyses of material properties
8 Equipment qualification

8 Non-destructive testing, in-service inspection
{151} and ISl gualificaticn

a Design and construction of experimental and
customer-requested equipment

am
e

Chemistry of Fuel Cycle
and Waste Management Division

B Radioactive waste management

g Services and technologies of processing,
treatment and conditioning of radioactive
wasts

s Radiochemical analyses, characterzation of
radiosctive waste, radistion monitoring

g Transport of spent nucikear fusl

8 Research and engineering support to the
Deep Geological Disposal Project and for
L&LW Repositories

u Barners, safety assessment, WAC
development, design, monitoning
8 Decommissioning of nuclear facilities,
fragmentation and decontamination

D]
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ENERGOPROJEKT PRAHA Division

a Design and engineering services

g Geners! designer or designer — 3l phases and
areas of investment process mainly in energy
sectors: electnic power production and heating

B Data processing and associated services
m Database graphics

s Freparation of technical documentation in the
environment of graphic and relation datsbases

s Devsiopment of applications tosupport
designing and operation of energy and
industrizl projects — GAMED and GADUS
application systems

L H7 ]

Radiopharmaceuticals Division

B Production of PET radiopharmaceuticais
g .Inthe place of the application”
u FDG (glucose marked “F)

8 Production of SPECT radiopharmaceuticals
and kits

8 Research and development of
radiopharmaceuticals

s Msiniy for diagnostic, but potentially also
therapeutic Use in the traatment of tumour
disaases, neurodegenarstive diseases

B Biological testing laboratory
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Significant
references

Area of nuclear safety and reliability

B Development and applications of advanced
algorithms for optimisation of fuel loadingin
NPPs

a Significant participation in power uprating

projects for Czech NPPs Dukovany and
Temelin

8 Application of advanced knowledge of severe
accident phenomenology during NPP safety
enhancement

m SCCRPIC

8 Measurements in the core, including
calcuiations {EDU, ETE)

a Non-nuclesr technologies
s Cevsiopment & Operation of hydrogen bus

a Accumulstion of energy in hydrogen
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Area of integrity and technical
engineering

A Development of the long-term operation and
plant life management strategy for the
Ukrainian nuclear power plants

a European Commission project
s Lesding consortium member

& WUV Rez, a.s.; NPPOSI Kiev;
ENERGORISK Kiev; VIUE, a.s. (SR)

m Evaluation of the technical conditions and
lifetime extension of the reactor pressure
vessel and internals for two units of
Ukrainian NPPs

8 Participation in EPRI (Electric Power
Research Institute) activities

a Sucoessful and efficient transfer of “know-how”
with unsque safety and economic benefit

8 Membership in NUGENIA association

a UV ReZ a.s isone of 7 founders

Area of chemistry of fuel cycle
and waste management

a Global Threat Reduction Initiative{GTRI)

g Transports of fresh and spent nuclear fusl
from resaarch resctors (projects
RRRFR,RERT)

s Executsd transports: Czech Republic, Poland,
Ukraine, Belarus, Serbia, Hungary, Bulgaris

8 Decommissioning and radwaste treatment

a Ares Nelks zbytky”, Rez project of ecological
solution of the past activities

8 Deep Geological Repesitory Development

s Provides technical stpport ard analyses for
RAWRA

8 Radicactive Waste Regulatory Auterity
{RANRA)
g Barriers, safety assessment, WAC
development, concaptual design

Epii
22
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Area of NPP Design

B Feasibility Studies

B Al levels of Detail Design {studies, permit
documentation, etc.)

@ Safety reviews and analyses
8 Author's supervision

a Farticipation in the commissioning and
evaluation of defined success criteria
fulfilment

a Customers:
a Dukovany NPF (4x VVER 440 MWe)
8 Temeln NPP {2x VWER 1000 MWe)
u Bohunice NPP {4x VVER 440 MWe)
& Mochovoe NPP {2x VWER 440 MWe)

Area of radiopharmaceuticals

B PET Centres operation
s Pragus, Brno, Rez

B Supplier of PET radic-pharmaceuticais into
six Czech hospitals

8 PET Centre Rei constructed on the premises
of the company (2010-2042)

# with cyclotron for the production of positron
emitters intended mainhy for R&D PET
radopharmacsuticals

8 preducing the new genaration of
radiopharmacsutical charscterzed by ultra-
short fived radionuchides for diagnostics

o
4]
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Contacts @%‘E

Address: Hiavni 130, 250 68 Husinec — ReZ Czech Republic
Phone: +420 266 170 000

E-mail: name_ surmame@ujv.cz

Web: www.ujv.cz

Q2013 LWRe2, 3 5.
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SESSION ONE

State-of-the-Art of Nondestructive Testing Methods and Technologies for Application to NPPs
Safety-Related Concrete Structures
Herbert Wiggenhauser

Applying Numerical Simulations for the Non-destructive Evaluation of Concrete Structural
Components Subjected to High Dynamic Loading
Georgios Michaloudis

Inspection of Containment Liners and Shells Utilizing Advanced Non-destructiver Examination

Testing
Brian P. Hohman
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State-of-the-Art of Non-Destructive

Testing Methods and Technologies for
Nuclear Power Plant
Safety-Related Concrete Structures.

Herbert Wiggenhauser

BAM Federal Institute for Materials Research
snd Testing, Berlin, Germany

Dan J. Naus

Osk Ridge National Laboratory, Osk Ridge, TN

Appaarance af the fypical RC- and FT-concrate
contalment I the US-American nuciear Industry
Source: Strategic program Concrete (EPRY)

R0 M0t e DAL OO MOCS T VT ot Page pa1/1023473
concrete odf

CSNI Workshop 2013 BAM

Non-destructive testing of NPP RC
structures presents challenges different
from conventional civil engineering
structures

* Wall thickness can be in excess of one
meter

* Structures often have increased steel
reinforcement density with more
complex detailing

* Can be a number of penetrations or
cast-in-place items

* Accessibility may be limited due to
presence of liners or other components,
harsh environments, or structures may
be located below ground

* A broad experience base on
applications of NDE to NPP concrete
structures does not exist

8,00 s Mmoo Lasonsron CSNI Workshop 2013 BAM

High Concentration
of Steel Reinforcement
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Several areas have been identified where
improvementsin NDT methods are desired

+ Thick, heavily reinforced concrete sections
— As-built or current structural features
— Flaw detection and characterization
— Honeycombandembedded items
— Voids adjacent to liner

* Basemats and otherinaccessible areas
— Based on indirect approach(ie.

environmental qualfication)

* Liners-

— Global inspection methods

PWR Large Dry
Prestressed Concrete Containment

%01 Rives Nanosa Lasoxscosy

L - ey

CSHNI Workshop 2013

— [Inaccessible areas
* Prestressingtendons
— Real-time techniques to monitor post-
tensioningsystemsfortendonwire
failures and level of stressing

p<BAM

————

LAght Water Beacior
Aspndira i
Concirete Ressaryh and Owvelopment
Poascmay

Shear-Wave
Tomography

‘t)\f Rioce NATIONAL LABORATORY

L N e ey

CSNI Workshop 2013

General comments on application of NDT
methods to thick, heavily-reinforced
concrete structures

Use of NDT techniques is required for compliance
testing, collection of specific data orparameters,
condition assessments, and damage assessments
Quality of resuls is directly related to quality of concrete
Combination of methods is oftenthe most effective
approachwithfirst method used to detect and locate
suspect areas followed by use of second methodto
provide high quality images to permit assessment of
condition of area in question

Acoustic (UPV, UPE, SASW. L-E, and AT}, radar, and
radiographyappearto have greatest potential
Inaccessible structures (i.e.. foundations) are assessed
through opportunistic inspections orindirectly through
environmental qualification

Development of standards to quantify capabilities of NDT
for NPP safety-related concrete structures is desirable
As NPP concrete structures age. NDT is likelyto gainan
increasingly imporiant role intheiraging management
New designsshould give consideration to providing
improved acceasibility for application of NDT techniques

pP{BAM
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A SOA report summarizing available data and
information on NDT methods and recommendations
for research has been completed

* Recent operating expenence has identified L E_.A.ﬂ
several areas of interest =
— Detection ofcracking, voids, delaminati
andhoneyconbh;‘g = O cscapnsod sy o OO
— Detection ofinclusions of different e
materials orvoids adjacent to concrete e St
side of liner RiReses
— Methods capable of identification of i Vo i
corrosion occumrence on the concrete side
of the containment liner P oot
— Applicability of laser-induced breakdown s
spectroscopy toassess occumence of ':»::--
concrete degradation inform of alkali-silica S S
reactions, sulfate attack, imadiation, and e
elevated temperature Str—tr
— Locatingsteel reinforcement and -~

identification of its coverdepth
— Locatingtendon ducts and identification of
the condition of grout materials

R b

B0 Rivus Nnosn Lsonseoss CSNI Workshop 2013 ><4 BAM

Methods very well suited for the describedtask:

« inductive method with low frequency excitation (< 10 cm cover max 2
layers)

* inductive method with high frequency excitation (eddy-current} (< 10cm
cover max 2 layers)

» radar (< 30 cm cover diameter not measurable)

Methods well suited for the describedtask:

» Ultrasonic (> 5 cm cover)

« radiography (multi-angle technique) (< 60 cm two sided access)
« magnetic flux leakage (< 20 cm)

Methods partially suited for the describedtask:
» active thermography (< 10 cm cover, nfa for depth > 10 cm)

%0 Rivoe Naniosal Lasowstosy CSNI Workshop 2013 8 BAM
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The combination of radar and magnetic methods—mentioned already inthe
1980ies —is still avery powerfultool for cover depth, rebarlocation and bar-
sizing. Several devices exist; strategies howto apply both methodsin
combination and software for data assessmentand imaging of both methods are
of great interestfor further development.

Research Needs

The inductive methods, both with high or low frequency excitation as well as the
Radar method have to be validatedto a large extent. Although commercial
devices are available, the application is still notwell establishedforthe
describedtasks and particularly notin the needed thickness range. For
radlography (e.g. Betatron) the time consumphon is very high and and safety
precautions have to be strictly followed.

%20t oouee CSNI Workshop 2013 BAM

Methods very well suited for the describedtask:

+ ultrasound echo imaging (MIRA)
locate (< 80 cm), cover (< 80 cm), arouting condition

+ radarlocate {< 50 cm) cover (< 50 cm)
Methods well suited for the describedtask:
» ultrasound echo {A-scan) locate (< 50 cm), cover (< 5¢ cm)

* radiography {x-ray, gamma, betatron, linear accelerator),
locate: {< 60 cm), cover: (< 60 cm), grouting

» ultrasound transmission, locate (<10 cm)
Methods parially suited for the describedtask:

+ radiography {x-ray, gamma, betatron, linear accelerator)
cover: + (< 60 cm),

« ultrasound echo {A-scan) for grouting condition

% 0u Rows Ninoss Lusonsron CSNI Workshop2013 >< BAM
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Acsys MIRA A1040
Acsys A1220
*‘.f.m Rinca NATIONA LAsonstow CSNI Workshop 2013 BAM
Task @)

Research Needs
Lineararray (ACSYS MIRA A1040) should be tested in comprehensive
experiments atnew specimens.
Improvement of the ultrasonic echo imaging technique with SAFT including
phase evaluation.

Special evaluation algorithmswith back propagation and RTM (reversetime
migration).

Hardware: development oftransducers with adapted focusing range.
Size and area of syntheticaperture should be extended.

To improve the performance, the development oflarger automated equipmentto
scanthe surfaces should be done.

MNewvision: air coupled ultrasound application with newtypes of nano sensors.

% deutpes i Lo SN Workshop 2013 BAM
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Methods very well suitedfor the describedtask:
* none

Methods well suited for the describedtask:

« imaging ultrasonic echo {delaminations, cracks, voids)
in a depth range <100 cm

= impact echo (delaminations) in a depth range < 50 cm
Methods partially suited for the describedtask:
* imaging ultrasonic echo {honeycombs) in a depth range < 100 cm

= ultrasound, surface + lamb + diffracted waves
{detaminations, cracks,voids) in a depth range <50 cm

« impact echo (cracks, voids) in a depth range < 50 cm

% Smwes Mmoo Lgonyons CSNI Workshop 2013 P4 BAM

‘Research Needs

It would be beneficial to do a comprehensive analysis ofinspection records to.
collectinformation aboutthe mosttypical defects in containments and related
NPP-structures. Following this, the design of a mock-up for the typical NPP-
containments with typical artificial defects (vertical cracks surface, near surface
crack, irregular crack or deep delamination, honeycombing) can be made.

%00 SN Losyen CSNI Workshop 2013 >4 BAM
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Methods well or very well suited for the describedtask:
*  none

Methods partially suited for the describedtask:

*  imaging ultrasound with large aperture (location, material), depth
range~2m

$0u s Narown Lusonson CSNI Workshop 2013 BAM
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Four different scenarios may be of interest: = o

inclusion

+ Direct contact between inclusion and
liner

» Early stagelinercorrosion -
+ Significantlinerthickness loss

« Concretelayer betweenlinerand l.._

Research Needs
To assess the ability of the techniques mentioned above to detect inclusions of
anomalous material properties itis recommendedto perferm a series oftestat
full scale mockups, including all scenarios described above. In 3 first phase
existingtechniques should be assessed Furtherresearch and developmenthas
to be discussed after evaluatingthe results.

9.0 Rioos Mmoo, Lsonsrom CSNI Workshop 2013 b4 BAM

Task )

Methods well orvery well suited for the describedtask:
none

Methods partially suited for the describedtask:

« ultrasound echo large aperture (delamination),

» ultrasound echeo high frequency (indirect measurement of corrosion by
determination of liner thickness)

* acoustic emission {active corrosion)

Only indirect measurements can eventually point out that corrosion in one of
the above described forms has happened. While uitrasound echo with large
aperture might be able to identify delaminations (which might be an indication
for corrosion and loss of contact near the liner), uitrasound echo high
frequency can measure the remaining liner thickness (accessto liner).

.00 Supon Manons Loonmmony CSNI Workshop 2013 BAM
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Research Needs
This task needs fundamental research.
Detection of corrosion through the steel liner
or through highly reinforced thick concrete.
Has any research inthis area beentried?

¥ 0 Rives NATIONAL LABORATORY. CSHNI Workshop 2013 B MM

« The biggest impact on research into NPP related NDE of reinforced
concrete structures may be found in improvement of the research
infrastructure and support of synergy effects.

= Combination of methods is
one of the key areas for
finding solutions to the
testing tasks

= Automation and scanning is vital for producing high quality data
which is the basis for any subsequent data analysis.

9 0mBemtinem Lusm CSNI Workshop 2013 BAM
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between research groups and comparability of results

* A majorrolein any research is software formodelling, simulation and data
analysis. It is necessaryto be ableto simulate atesting scenario as close as
possibletoreality to be ableto choose the appropriate equipmentand
parameters forthe test andthe subsequent data analysis.

+ A common data format would be a significant step towards more collaboration

Poyson of he Refoction of Bhe dom Poaton of voice S0004SNG
-ep of the Sndon duck 1 D exiaten
(9. 4me 1400 1 30) TG 1100 1000 ;300 | RS {000 o LB LMY 2000 L300r LAY 5000 S00KY LION LI
' : L ORI ] T

Resutt ofimaging tendon
ductin a specimen with
shear waves: B-scan above
the tendon duct from 3D-
SAFT reconstruction.

iy

% 0 Rivce Namosa LABORATORY
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CSNI Workshop 2013
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should be assured. s X
%0 Rice Nanosa Lasoxstosy CSNI Workshop 2013 ,AV, BAM

A software pool with dedicated numerical routinesfor data analysis,
visualization, modeling, simulation and validation - asit is commonin
other areas ofresearch, e.g. geophysics or medicine -would be very

supportive for any NDE research and application.

y‘ Flaw dowcwa vy B O 2 fomeantise
raticgtiphy

e e Farboianay (ol swmmewvent 83ckn

Reference specimens and A i K

validation are key elements A 2 .
for a streamlinedresearch Ry :
effort. Comparability of

experiments and results
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BAM Validation Site Horstwalde: Tendon Duct Inspection
0LAFT noco xbﬁc‘l,ﬂ? m
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% 0 Rivce Namoxa) LABORATORY CSHNI Workshop 2013 B MM
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There is no single research effort which could solve the described NDT tasks.

%0 Rivce Nanosw Lusoxscosy CSNI Workshop 2013 BAM
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Thank you!

ORNL
E.M. Schilling

BAM
Dipl-Ing. Rosemarie Helmerich
Dr. Martin Krause
Dr. Frank Mielentz
Dr. ErnstNiederleithinger
Dr. Alexander Taffe
Dipl.-Phys. Gerd Wilsch
Dipl.-ing Christian Kdpp

%00 re Mot CSNI Workshop 2013 BAM
NDT candidate methods for foundations/piles
Haon Maasurad ] Candidats Meihods or Refersnce
Air
Ay ASTM D 1864, 060,02
Cardon doxids oontent 2ansors
Candidate methods Humadity ASTM D 4210 and E 3T
- Sonicecho Tamparsturs Zansors
- Impulse-respon Ton
B }:::clll:rge CorrosiviipH ASTM O 51; B 1377-28), BR 279
Iogging Sutale ton conoentration AZTM D 4542, B21377-UE), ER TE
~ Crosshole sonic | Chiorids lon conoentrasion AETM D 4842, EE13TT2)ER T8
legging Resistvity AETM O 87
— Parallel seismic  [“ygistre conent ASTM D 2218, D $077; DN $51214,2
- Gamma-gamma preesr ERz7e
NFPP 'Q’agsg";‘gts either | Permesomty AZTM D 2424; DIN 15130-1; preN 1667-2; B 5004, 6630
partially or totally Groundwaisr
inaccessible Wadsr tabis slsvation'samplng | ASTM D 512, D 1283 D 4445; waiis, plamsiers
'r'e‘fa't"::ttg‘ethws CorrostvitwpH ASTM D 1087, D 1280, E7%; B8R 279; B 1T77-48)
environmental Hydrosiaio pressure Sensors
qualification often Dissolved oxygen content AZTM D 228
utilized Toubie et ASTM D 615, D 4327, D 4130 D 4327, ER 275, 58 1277-3; DIN 254065
Noirats fon ASTM 4327; BR 278
Chiorids lon ASTM D 4462, D 4377, D612 BR 279, BL 13773
Carbon doxics content EN 12677
Wioroarganisms/dectaria ASTM D 4412
.00 fvca Rinows Luscosron CSNI Workshop 2013 PBAM
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General comments on NDT techniques
addressing containment metallic pressure
boundaries

High-frequency acousticimaging—

effect of concrete and bo « Inaccessible portions of containment metallic

A 3 pressure boundary have experienced corrosion
1: " | « Awvailable NDT techniques are time-consuming and

0 [ | costly because they generally examine only a small
i’ - - area at a time

R

AR ey | * Concrete bonded to metallic pressure boundary can

result in significant signal attenuation

I

L J
e * Techniques utilizing guided waves that interrogate

specimen cross-section appear promising

sreel glate eceiver
m:‘ . T § ! « Additional activities are required to develop global
] S == inspection system as well as to characterize defects
< o ore R and assess flaw significance
b2l 20
7 * Lucius Pitkin/EPRIVDOE is looking at feasibility of
NPT tandem- syntheti focusing techni d
Steel Plates 944 x 202 x 25.4 mm* ICREI RS pietian ﬁs'"g PN o
w and wio flaws Embedded in Concrete magnetostrictive sensors to detect corrosion in

inaccessible areas

$0:ufme D fanen CSNI Workshop 2013 BAM

Maintaining the post-tensioning system components
in good working order is essential for prestressed
concrete members

* Current examination programs adequate for determining
condition of PT tendon materials and evaluating effects
of conventional degradation

* Conventional material degradaion has not been a
significant agingconcem, but isolated incidences ofwire
failure due to corrosion have occurred

* Leakage of tendonsheathing filler (except forloss of
corrosion protection) appears to be primarily an aesthetic

~ problem

S " gnificant margh, it argerihansntcpdedioss o

; significant margin, rgerthan antic 038 0O

Ul Eandtendon aysten force has occumed in a few older plants

* What is the exact relationship between end-anchorage

~

PT systemexamination force measured by lift-off test and changein mean force
« Force detenminations along tendon length?
o : * Estimation of time-dependent loss of prestressingforce
7 :.;lreecal;agtéa;;ests i3 based on limited duration relaxation tests {e.g., 1000 h)
A and concrete creepresults {e.g. 6 mo). What is validity

Anchorageinspections of extrapolation of these results by time factors of ~ 500
and 120 (60 yr life)

Post-tensioning systemdegradationaffects whenconcretecracks
and steel reinforcementyields

%0 Rivos Nanown Lasonston CSNI Workshop 2013 BAM
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General comments:

* Operating experience

— Performance of concrete structuree in NPP2 has generally besn gocd with majoriy of early
problems primarity related to construcon/design deficienciss or material sslechion probiems
that have basn addreesed

— Az the structurse age and scope of inapscSion Programs expands, INCrEasing incidences of
degradation ars fikely to occur, pRmanty dus to snvironmental effacts

—  Pariotic inapaciion, Maintenancsa, and repair ars sssential siements of an overall program o
maintain an accepiable leved of reliabiity for the strucfurss

» Damage models and acceptance criteria for current and future condition
assessments

—~  Methoas for condudt of condion asseeaments are fairly well established and genserafly start
with 3 visual examination of the sfructure’s exposed surfaces

— Development and validadon of improvsd damage models fincluding synergistic sfiects) and
guidelines for their uss ars reguired forimproved service e asseeaments and fo pradict
falure probabalfy azher 3t present or some future point in Sme

— CoSscSon of data and information from 2ged structurss can be usad to halp provide an
improved characterizafion of ssrvice environmants, understanding of degradasion
mechaniams, and svaiuats the impact of aging and environmantal {ressors on material
properties and siructural marging

— improved and mors apecific acosptance crieria for concrets degradation on both 2
determensstic and probabilistic basis (a.g. CONCrete Cracking and ASK) iz desired

% 0 Rivoe Nanosar Lasonscos CSNI Workshop 2013 BAM

General comments (cont.):

+ Several areas identified where improvements or development of NDT techniques is
desirable

— Technigues that can identfy weld defacts in stainkess stea! Winers of spent fusl pooils and reactor refusiing
cavitiee

— Giobal inspechon methods for metaliic preesurs boundary componants inCluding inaccsesibie areas and
backside of imer

—  Non-ntrusive techniques for inzpacton of thick-walied, heavily-reinforced concrets structure and
basemats

— Realtime fachniguss to mondor postiansioning sysfems for tandon wire failures and leved of stressing

— DefterminaSon of grout coninuty in grouted-tendon systems

« Repair of NPP concrete structures is an area requiring further investigation

—  Nuclear Ensrgy Standards Coordnaiing Commaas (NESCC) has drafled 3 reportthat identfiee rajgvant
repair #3ndards and areas o be 20dresaad in Order 10 provids an improvad bazis for repair of NPP
concrete structures

—  NO repair cods that specifically a0dressse nucisar struciurse
— Guidelings are required on application of mpair strategise to enhance structural reliabaiy

— Performancs charactsrisfics (e.g. effectivensss and durabiity) of candidals repair matsnals and
techniguss are required

% 0 Rivos Nanosar Lasonscosy CSNI Workshop 2013 MM
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General comments (concl.):

+ Extend application of time-dependent reliability-based approach
— Evaluation of structures for continued senvice should provide quantitative evidencethat their
capacity is sufficient towithstand future demands within the proposed service period witha
level of reliability sufficient to ensure public health and safety

Structural aging may causs tha infegrity of siructurss 1o &voive over Bms

+ Uncartainties that complicate ths evaluation of aging sfacts ariss from a number of sources and any
evaiuation of the refabiity or safely margine of 3 sfructure during #s service ifs must take thees
sourcss info account
Structural refiabiify analysis methods provide the framework for daafing with uncartaintise

- Am the current and future performance of degraded structures

Hazard funcSon jcondiSonal probabilty of failurs within the Sme interval £1#0¢) given that the
component has sunvved up to 1] i3 usad to analyze structural fBilurse due to aging

« Fragity analysis {gepicts the rods of uncartainSiee in responss of structurea to spacifisg challenges)
provides a structured framework fo:

— dendfy aging factors important to safely.
— lgenty areas whers the potantial for degradadion to impact aafaty is important;
— Focus in-sarvice inapacion. maintenancs, and repair;
— Guitde acquisition of adadonal dta; and
— Waks risk-informed service 0eCizions regarding conSinued service

+ Develop risk-informed condiion 2asssament guidsiines for evaluztng the performancs of aging
structurss

+ Formutaie in-service inspectionimaintsnance stratagies aimed 3 ensuring that structurss maintain a
desired performancs leval

% 0 Rivoe Nanosar Lasonscos CSNI Workshop 2013 BAM
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Applying numerical simulation for the
non-destructive evaluation of concrete
components subjected to high dynamic
loading

G. Michaloudis, N. Gebbeken

NON-DESTRUCTIVE EVALUATION OF THICK
WALLED CONCRETE STRUCTURES,
PRAGUE, CZECH REPUBLIC, 17-19.09.2013

Non-Destructive Evaluation of Thick Walled Concrate Structures

Outlook

1. Motivation

2. Characteristics of explosions
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Motivation

Load carrying capacity tests of RC-plates
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Motivation
Load carrying capacity tests of RC-plates
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Goal: Calcuiate the load carrying capacity of concrete structural

members, partially damaged due to blast loading
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Characteristics of Explosions

Categorization of Explosions withrespectto its:
a) Velocity of Propagation through theair

* Defiagration (subsonic propagation}
* Detonation (supersonic propagation)

b) Distance fromthetarget (Scaled Distancez = R/WY?3 R=distance, W=Mass of
explosive material)

Contact Explosion
* Close Range Explosion (z<0.5}
*  Wide Range Explosion {z>0.5)

Explosion = Propagaticn of large amounts of energy within microseconds
Typical detonation velocities: 8000-10000 m/s
Creation of a shock wave
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Characteristics of Explosions
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* What happenswhenthefree propagatfionis interrupted froma structure?

*  Which pressuredefinestheload?
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* Given constant heat capacityratio: 2 < < 8

* In real conditions ¢ canbeeven larger (=14 or even higher)

* - does not depend on the thickness ofthe structural member

* Materials with low density and stiffness can reduce cr

* The peak refl. overpressure and the resulting impulse (I = [ peak reflected overpressure dt)
define the load by which the structure is loaded
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Characteristics of Explosions

Equation of State for theair:

+  |deal Gas

* pV = mRAT (ideal gas law)

v U =mel(v) T (internal snergy)

Resulting strain rates of a material subjected to a blastload:

Areaof interest /5 &
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Description of conducted experiments

* Blast experiments on reinforced and
unreinferced concrete structural members at WTDS2

» Cubes (dimension of specimen: 150 x 150 x 150
mm), columns, plates

* Different masses of explosive materialand
distances to the specimen tested

* Severaldiameters of reinforcement and
bend lengths tested
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aj negligible damage
by severedamage

c) total damage

Non-Destructive Evaluation of Thick Walled Concrete Struc

Description of conducted experiments

Scenaries leading to

aretested

In a second phase the structurai members are
tested regarding their residual loading carrying
capacity - Statictests
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* Compression tests

. Evaluation ofthe residual load carrying
FAlcol fests capacity of the damaged structuralmembers

* Bending tesis
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Applying numerical methods for the evaluation of damage

* Simple butvalidated foermulas to determine

the load resufting from a blast
* Analytical methods (e.g0. Memeni-Curvature-Diagrams) for Engganesing Toge
the appreximation ofthe behavior efthe structure

* Detailed modeling of
a) explosion— wave propagation
b} interaction between blast wave and structure

c) structuralbehavior

~ Finite Element Method
. OF F.E-SOFTWARE

J\

o
——

simple butvalidated formulas te determine s
the load resutting from a blast

b) detailed modeling of structural behavier
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Applying numerical methods for the evaluation of damage

-

> Engineering Tools:
* User friendly and straight-forward input of data

Mass of expiesive material
= R Automatic calculation of resuitingblast

o Distanceto target load on the structure (e.g. Kinney)

o Simple definition of structural geometry

o  Ability to enter linear {e.g. columns, beams) as wellas surface(e.g. walls, plates)
structural paris

o Moment-Curvature-Relationships to describe the structural behavior

o Simple numerical algerithms to define a) material damage
b} residuallead carrying capacity of structure
* Limitations:
o Do notevaluate the wave propagation problem
o Simplified description of the structural behavior } Only foran
o Difficulties when betwesn the explosion and the target exist obstacles [ €ngineenng
estimaton
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Short presentation of one of the EngTools developed at our Institute
> Engineering Took: T A==

2 X o 2

* Input of nodes > Definition of geometry ; — ;';_"; |

- Boundary conditions . ==

* Definition of cress-section and type of [
structure (e.q. plate) .
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Short presentation of one of the EngTools developed at our Institute

»  Engineering Took:

* Loading parameters

* Automatic calculation ofthe
overpressure-time-diagram (Kinney-
Graham) en the structure

+ Stress-strain-relationships and moment-

curvature-relationships describe the
behavior ofthe cress-section
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Short presentation of one of the EngTools developed at our Institute

[0

> Engineering Tool:

| load
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* Simplified models, e.g. Single-degree-of-freedom
systemdescribe the behavier of the structural part

m ARG Nt 0

* The EngToel calculates the deformation-time- e
diagram ferthe structural part and alsc the
moment-time-diagram forthe cross-sections

* Delivers as finalresult the residuallecad carrying
capacity cfthe part and also the strain condition of|
the differentlayers ofthe crosssedtion. it
categorizes themin 3 conditions:

a) Totally elastic
b} Plastic-partly damaged
c) Totally damaged
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Applying detailed FE-Models

Goal: Simulation of the entire experimental procedure— Describe all occurring phenomena

Simulation ofthe explosion

Capture the wave propagation phencmencn

Calculate the resulting strain and stresses ofthe structural part
Evaluate the damage ofthe material

Take into accountthe computed damage in order to evaluate the new condition of the structural
part

Calculate its Residual Load Carrying Capacity (R.L.C.C.)

0o W=

o

Up to now within this research project have been tested:
* Cubic specimens, with and without reinforcement
* Reinforced cencrete plates

The numerical models are created and computed with:
* ANSYS-AUTODYN + SOFISTIK (one computational scheme}, or/and
* LS-DYNA(second computational scheme)
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Applying detailed FE-Models

General aspects of the numerical simulation

1. Create an appropriate Euler mesh forthe wave propagation (convergence study—meshesin
the of mm upto 2-3 cmin the areas of high pressures)

2. Choose the parameters ofthe explosive material (explosion velocity, internal energy etc.)

3. Describe the complicated interacticn between the shock-wave and the structure (ALE
algorithms)

4. Create an appropriate Lagrange mesh for the structure

S. Choose appropriate material models ferthe structure

Mecdern F.E Codes provide adeguate solutions to all these aspects

Parallel computing allows the use of complicated algorithms and models with large numbers of

degrees of freedom per model
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Applying detailed F.E Models

* Case of explosionof a spherical shaped explosive withan expected spherical
propagation: Does the geomefry of the Euler mesh matter?

* This symmetrical problem remains symmetrical only if it is described in spherical coordinates

* |f Cartesian coordinates are used, the equations are no more symmetrical = artificial
phenomena

e G Department of Civil Engineering and Surveying
Universitat .y Muanchen RStiiute of Enginéering Mechanics and Structural Mecha

Univ.-Prof, Dr.-ing. habil. N. Gebbeken

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.08.2012, Prague, Czech Republic
Applying detailed F.E Models

Expected: Time of arrival and resuiting pressure at equal radial distances from explosion to be
egual > Symmetric problem

* Time ofarrivaland pressure are measured on radial distances of 1,5m fromthe explosion
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* Spherical coordinates

P~
-

* Cartesian cocrdinates
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Applying detailed F.E Models

* Spherical coordinates: very similar pressure and identical times of arrival

* Cartesian coerdinates: error imposed due to the cancelation of the symmetry condition
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Applying detailed F.E Models

* Cubic specimens-— Simple models to validate complicated numerical algorithms
* General simulation strategy:
Goal: Simulation of the entire experimental procedure - Describe all cccurring phenomena

Simulation ofthe explosion

Capture the wave propagation phencmencn

Calculate the damage ofthe material

Transfer the values of damage to the F.E-Medel — Input for the material model
Calculate the Residual Load Carrying Capacity (R.L.C.C.} ofthe specimen

NHEWN =

Steps 1-3: Step5:
Explicit dynamic computation> AUTODYN Static F.E computation> SOFISTIK

v
Detailed models necessary — As consistentas possible I
o rsdes wone 1 'i Department of Civil Engineering and Surveying
Universitat (v Muanchen pinstitute of Engineering Mechanics and Structural Mechanics

Univ.-Prof, Dr.-ing. habil. N. Gebbeken

68



NEA/CSNI/R(2014)1

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.02.2013, Prague, Czech Republic

Applying detailed F.E Models

AUTODYN: Explicit Hydrocode

Appropriate for mixed-domain, multi-physics medeling

Tool for simulating dynamic high velocity events:

= High speed impacts
= Hine explosions
= Blastsin and around buildings

Ceoupling of Lagrangian-Eulerian meshes possible

Solvers for computational structural dynamics {computation of: deformations, stresses,
damage etc.)

Powerful tool for solving numerical problems withlarge deformations on short time scales
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Applying detailed F.E Models

- Air
- Explosion material Euler-Lagrange |- Concrete specimen
- Wooden box (Consideration of interaction - Steel

inertia phenomena}

Material modelsin AUTODYN:

*  Air: ldeal gas
* Explosicn Material: AUTODYN PETN 1.5

* Wooden Box: Polynomial EOS
* Concrete: AUTODYN CONC -35MPA
* Reinforcement: Linear elastic behavior

Meshescreated:
* Unreinforced specimen: 1.25 mm — 1.728.000 Elements

* Reinforced specimen: 1.875 mm =700.000,
1.25 mm =2.200.000 Elements
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Applying detailed F.E Models

Influence of the wooden box on the distribution
of the maximum pressure and maximum impulse on the specimen surface
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Applying detailed F.E Models

Concrete material model in AUTODYN - RHT (Riedel, Hiermaier, Thoma)

Damage:
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Applying detailed F.E Models

Concrete material model in SOFISTIK - LADE
7
5 {’ %
¢

11

\._-

p.— atmospheric pressure
m— shape factor

~~fi= £~ £+ £) = 2
L=C£)-C£)-C 5= 1)
ﬂ(D)= fc.o ‘D'(f;.o‘ fcm)
FD)=Fo=D(Fio—Fram)  eonaics of Enpesni Matert. . 356403 (1884
N Department of Civil Engineering and Surv

lmsnMe of Engineering Mechanics and Structural A
Univ.-Prof, Dr.-ing, habil. N. Gebb

oy andeswede

Universitat |-y Minchen

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Applying detailed F.E Models

* Transferthe damage values from AUTODYN to SOFISTIK model >
Input parameters for the material model

* Coarser mesh forthe static analysis in SOFISTIK applicable
* Search algerithm: which AUTODYN elements belong to each SOFISTIK element

* Element wise calculaticn of damage in SOFISTIK
>Average of damage values of corresponding AUTODYN elements

Bond
Rigid connection between concrete and
steel elements on the interface

* Carrying capacity cf bond =
Carrying capacity of concrete

* Excess ofthe carrying capacity of
concrete > Failure ofthe bond

Laad oR]
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Applying detailed F.E Models

AUTODYN — Unreinforced specimens — Mesh size: 1.25mm

Explosion Material Distance D ict
[g pE-I-N] [cm] amage picture
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Applying detailed F.E Models
AUTODYN - Reinforced specdmens — Mesh size: 1.25mm
Reinforcement Explosion Dista
diameter de material TcmTe Damage picture
Bond length = [g PETN]
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Applying detailed F.E Models

SOFISTIK— Unreinforced specimens
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Applying detailed F.E Models

SOFISTIK- Reinforced specimens

&=10mm Nammaricel rar sty ity E=10mm Numenical resuits Sxparimants
£=100mm RLCC 1] RLCC %) St RLCC ] RO PR
|_ungsmazed 100 100 | undsmazed 100 100
152 -5 2= 21 20z - Som 72 77
20z - 5om 22 73 30z -8cn =3 3
= 40z - 10am
1‘1\1 |
*
#0 K &
F
= w0
@ L
o
o 40
- 4
n
0 - n
o w0 Lo 1% xo ) 0 1% 400
peak rafected overpressure [MPa}

dor Dyndeswede

Universitat |-y Minchen

73

institute of Engineering Mechanics and Stry

Univ.-Prof, Dr.-ing.




NEA/CSNI/R(2014)1

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic
Applying detailed F.E Models
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Applying detailed F.E Models

Goal: Use the algorithmswhich have been validated withthe smallermodels
1. The RHT model describes the behavior ofthe concrete

2. Linear, hexahedral, reduced integrated with appropriate Hourglass stabilization finite elements
tc model the plate

3. Beam elements with elastic material assumption forthe reinforcement

4. The model consists ofthree independent meshes: a} Lagrange for the plate, b) Lagrange for
the reinforcement and cj Euler for the air

S. ALE algorithms for the interaction between air and plate

6. Special coupling between the plate and the reinforcement in order te describe the influence of
the reinforcement on the behavior ofthe concrete

7. Alarge number of appropriate material models for concrete are newadaysimplemented and
available in commercial SOFTWARE (e.g. LS-DYNA)
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Applying detailed F.E Models

*  LS-DYNA-—= very efficient parallel computing algorithms: Wall times reduces fromdaysto
hours >Possible to create and compute very detailed models

* The entire experimental precedure (Explosion + Static test) can be modeled and computed
within LS-DYNA > No additional SOFTWARE reguired = Consistent simulations
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Applying detailed F.E Models

Alternative strategy within LS-DYNA:

1. Avoid the simulation of air

2. Explosicn is not modeled directly

3. Validated empirical formulas calculate the blasting load

4. Reduces strongly the number of finite elements used > Wall times reduced to minutes

Tests show that tends to underestimate the resulting pressures

n

0

Very attractive alternative due to reduced walltimes

N

Adeguate for cases of large distances between explesion and target
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Applying detailed F.E Models

Modeling ofthe air —
Wave propagation

ones of severe/tota

damage
Evaluation ofthe damage in a RC plate

subjected to blastload occurred from
2kg PETN in a distance of 10cm.

Alternative strategy
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Conclusions — Future work

*  EngToels: User friendly SOFTWARE — Combines simplified assumptions of structural
behavior and validated formulas forthe determination ofthe load resulting from an
explosicn.

*  Within minutes the user can define and calculate the problem.
* Provide a gocd engineering solution which has limitations.

* With the Finite-Element-Methed cne can create detailed numerical medels which
describe all the aspects ofthe dynamic problem: explosion, wave propagation,
structuralresponse.

* Anumber ofissues must be taken inte account: reascnable meshes, appropriate
material parameters, good descripticn of interacticns.

* Detailed finite element models can reach several millions degrees-of-freedom >
Parallel computing is essential

* The numerical results deliver informaticn about the total stress-strainconditionof
the structural part, the developed damage, the post-damage behaviorof the
part 2 Numerical methods are a powerful moderntool for the evaluation of
local and global structural response
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Conclusions — Future work

Future work:

* Testing more material medeis which are available in the material libraries of medern
SOFTWARE

* Implement in LS-DYNA the material model HPG which was developed at our Institute and
is appropriate for describing the behavior of concrete subjected to blast loads

* Assumption of rigid connection ofthe bond: too coarse > refinement ofthe contact
descriptions: Segment-based penalty formulation on the interface with an embedded
failure criterion

* Development ofa “bond finite element™ for the medeling ofthe bond

i

Universitat |-y Miinchen

lmsmme ofEngmccnnq Mu! anics (md S
Univ.-Prof, Dr.-ing, habil

Non-Destructive Evaluation of Thick Walled Concrete Structures 17.-19.09.2012, Prague, Czech Republic

Acknowledgement

Special thanks to WTD 52 for the continuing financial support of
the projects and for the very good collaboration over the years

Wehrtechnische Dienststelle
fiir Schutz- und Sondertechnik

dor Dandeswee i 'i Department of Civil Engineering and Surveying
Universitat s Manchen lnsmute of Engineering Mechanics and Structural Mechanics

Univ.-Prof, Dr.-ing, habil. N. Gebbeken

77



NEA/CSNI/R(2014)1

78



NEA/CSNI/R(2014)1

ELECTRIC POWER
= | RESEARCH INSTITUTE

Inspection of Containment Liners
and Shells Utilizing Advanced
Nondestructive Examination
Techniques

September 17,2013
Brian Hohmann, Thomas Esselman,

Theodore Taylor (Lucius Pitkin, Inc.),
James J. Wall (EPRI)

hﬁ Lucius Pitkin, inc. ==

INTRODUCTION

» Discussion of Operational Experience.
» Design and Construction of the Mockups.
» Flaw Map and Inspection Procedure.

» Advanced NDE techniques.
= Magnetostrictive Sensor (MsS) Guided Wave
= SAFT UT

» Results of inspections and Discussion of
Data.
» Conclusions.

=IC]
o
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Operational Experience -

ContainmentLinersand Shells

» Susceptible to ID and OD corrosion.

» Through-wall at Brunswick 2 (1999) North
Anna 2 (1999), DC Cook 2 (2001), Beaver
Valley 1 (2009).

» Some OD corrosion noted during concrete
removal for SG replacement at Beaver Valley 1.

» Liner corrosion from the ID was noted at
twenty three PWRs - all caused by coating
failures or moisture barrier degradation.

» Shell corrosion noted at Oyster Creek and
other BWR drywells.

=IC]
- &

Degradation Mechanisms
» Pitting
» Uniform Corrosion

» Other forms of corrosion may
contribute

1
£
{
!
l.- l.
‘( o Sy €
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D. Dunn, A Pulvirents, and M. Hiser, Tontaamant Linsr Corrosion Oparating Expariencs
summary, Techalal Latter Report Revision 1%, US Nudkar Ssgulatory Commission, Offica of
Nazkear reguiation fassanh, AugustZ, 2070
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PWR Containment Liner Mock-Up

» The liner is 3" (9.5mm)
thick with the liner
thickness decreasing to
14" (6.3mm) at weld
location below the
basemat region. Mock-
up was full size.

» The liner had butt welds
and channels welded
over the welds. Studs
were on the concrete
side.

» Concrete is poured on
the outside of the shell
to represent the
containment and on the

the inside to represent a
5

PWR Con

Ic]
[ol

=
-

tainment Liner Mock-Up

-~
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PWR Containment Flat Wall Liner
Mock-Up

» The mock-up
simulates a large area
of flat accessible liner
wall. Liner is 14"
(6.3mm) thick.

» The liner has butt
welds, studs on the
concrete side, and
channels covering the
butt welds.

» Concreteis poured on v’
one side of the liner

to a thickness of 12 FRONT
inches (30.5 cm).

=IC]
- &

PWR Containment Flat Wall Liner
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BWR Drywell Shell Mock-Up

» [The drywell shell is

approximately 18" J ™ "
(28.6 mm) thick. A
Mock-up was full N ]
size. ; v
» [The shell section w,
selected has no welds &, vy *\
or studs. cmcet

» [Concrete is poured on
the outside of the
shell near the location
of the sand cushion
and on the inside to e Ot
representa floor. e

[LIP]
LN

w

BWR Drywell Shell Mock-Up
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Constructlon of Mockups- PWR Liner

84
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FLAW PLAN FOR MOCK-UPS

Objective:

» Determine the ability to detectand size flaws in a liner
or shell in a generally accessible region of liner.

» Determine the ability to detectand size flaws in a liner
or shell that are inaccessible, like beneath poured
concrete.

v “Flaws™ are loss of material due to corrosion.

= Various flaw types placed in mockups, including pitting,
scalloped, cluster, and flat bottom hole (FBH)

+ Define the confidence in accuracy of detecting flaws.

» Provide basis to differentiate between normal features
of the liner or shell, including studs, brackets, butt
welds, leak detection channels, weld strikes, and other
features that are not indicative of degradation and

actual corrosion damage.

13

Flaw Map Development

» A Flaw Map was generated so the exact location
of everyflaw in each mockup could be
determined following concrete placement.

» Each mockup given a designated origin (0,0,0)
and flaws inserted at specific (x,y,z) locations.

» Same coordinate systemused for ID and OD side

» Full description of test procedure available in
EPRI Technical Report No. 000000003002001720
- Synthetic Aperture Focusing Technique and
Guided Wave Examination of Containment Liners
and Shells.

4
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Coordinate system for flaws - PWR
FlawWall Liner

Inspection Procedure

» Assemble mock-ups without concrete and
without flaws

= Generate a baseline for evaluation of NDE signal
attenuation due to flaws and concrete

» Perform Guided Wave and SAFT-UT

» Install flaws
- Replication samples taken on all flaws to quantify flaw
depth more accurately and keep for future testing

» Perform Guided Wave and SAFT-UT

» Material was placed in flaw to maintain space
between steel and concrete to simulate wall loss
that has occurred in-service

» Pour concrete and let it cure for 30 days
» Perform Guided Wave and SAFT-UT
» Evaluate flaw detection, flaw sizing, and signal

attenuation of complete dataset
[L]P] ,
m 5
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Advanced NDE

. Guided Wave

- Based on
Magnetostrictive
Sensor

» SAFT-UT
= Synthetic
Aperture
Focused
Transducer

= System
previously used
to inspect
knuckle region
of double wall
tanks at

National

Laboratory in US

17

What is Guided Wave?

» Guided waves are ulfrasonic waves that propagate
along the length of a structure, guided by and confined
in the geometric boundaries of the structure

1
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Guided Wave Probe

Reflected Wave
ontal wave prapagates through plate wall a
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MERITS OF GUIDED WAVE
INSPECTION

» Rapidly provides comprehensive
condition information on large areas of
structure

. Requires minimal preparation

= Insulation removal, scaffolding, excavation,
coating removal, etc.

» Inspects inaccessible areas remotely
« Pinpoints where to use quantitative

follow-up

- Reduces inspection cost and enhances overall
inspection efficiency

=IC]
- &

= 100 % of volume is inspected

MsS Guided Wave Testing System
for Generatmg Shear Horizontal Wave

7.2 N
L e, -’ !
X\ .
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- MsSR3030R MsS plate probes
|8
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Inspection Data
of BWR-ID-1

at (-38,18.8)
with MsS Probe
at (-26,19)

SAFT/TSAFT Technology

» “Synthetic aperture focusing” refersto a process in
which the focal properties of a large-aperture
focused transducer are synthetically generated
from data collected over a large area using a small

transducer with a divergent sound field.
= For more information the see: Busse et al. 1984 or Hall et
al. 1988

» The processing required to focus this collection of
data has been called beam-forming, coherent
summation, or synthetic aperture processing.

(3
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Status of TSAFT Technology

» The Current TSAFT system was configured to
detectand size flaws in the double shelled tanks at
Hanford

» The current system is used in two modes

- Detection of Vertical Through-wall cracks
= Through-wall sizing of Cracks

» SAFT/TSAFT was originally used to improve the
detection and sizing of vertical defects

» SAFT/TSAFT was not designed to detect corrosion
in Containments of BWRs and PWRs - it has been
adapted for this purpose

=IC]
- &

e

PWR Flaw Wall Liner Mockup

MsS Probe placement
(96, 120) (0, 120

/ Quadrant 1l

i
iy
[j Quadant IV "5; Probes

fy 4 - 1]
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PWR Flat Wall Liner Mockup

Qou;':ld rant IV-Inspection Results

O X 00 oo
A-0D-16 A-OD-15 A-OD-13

i

PWR Flat Wall Liner Mockup
Quadrant IV - Defect Description

FLAWNo. LOCATION® (in.) DESCRIPTION
A-OD-13 (66, 23.5) *Pitting” flaw; approx. 3in.
diameter with 1/4 in. through-
wall
depth pits

A-OD-14 (745, 23.5) “Pitting” flaw; approx. 3in.
diameterand 1/8 in. depth

A-OD-15 (725, 45) “Cluster” flaw; four 0.5 in,
diameter FBHs of 1/32 in. depth

A-OD-16 (72.5,51) “Cluster” flaw; four 0.5 in,
diameter FBHs of 1/16in. depth

91



NEA/CSNI/R(2014)1

PWR ContalnmentWaII Liner Mockup

swd

Results from MsS Inspections

» MsS system and plate probe works well for finding defects

» BWR Drywall Shell Mockup
11 defects tested (9 defects detected, 2 defects were not detected)
= Reduceinspection range for minimizing dispersion of SH1 mode

» PWR Containment Wall Liner Mockup
13 defectstested (8 defects detected, 5 defects were not detected)

= Install MsS probe in the tested plate .nstead of sending wave through U-
shaped channel

b PWR Flat Wall Liner Mockup
19 defects tested (17 defects detected, 2 defects were not detected)
= Geometric features (stud, U- shaped channel) make difficultto detect
defects. Recommend l}to perform monitering, 2) to use high frequency
and one cycle for increasing spatial resolution, and 3)to comparethe
acquired datawith data acquired at similar condition (geometric feature)

28
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Inspection results for BWR shell
mock-up ID side
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Status of TSAFT Technology

» Detection of Corrosion in the PWR
Contannment Mockup

L s

= Comosion Smuaton ﬂ
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Process of Sizing a Flaw in BWR Mockup
(25% Thru-Wall Flat Bottom Hole)

SR

O

o

T COMEn0G - 80 T

» The SAFT-UT estimate is 0.39 inches (9.9 mm) in Depth

» The Actual Depth is 0.28 inches (7.1 mm) based upon 25%
wall loss of 1.125 inches (28.6 mm) total thickness

21

Conclusions

» It is possible to detect defects such as corrosion in visually inaccessible
areas of containment liners and shells.

» Guided Wave detected most flaws under each set of conditions.

» No ID versus OD differentiation provided.

» Geometric features, such as channels over butt welds, affected
sensitivity.

» SAFT-UT detected most implanted flaws for conditions prior to concrete
installation.

» SAFT-UT lost some sensitivity after concrete pour

» The SAFT system performed better on thicker components such as the
drywell.

» The SAFT system was originally configured to detect cracks in welds and
not round corrosion-like defects. Optimization would improve SAFT
results.

» Neither system was sufficiently accurate at sizing defects.

» Additional development required regarding flaw characterization and

acceptance criteria.

iz
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SESSION TWO

Temperature and Radiation Effects on the RPV Concrete Cavity — Project Description on
Irradiation, Testing and NDE Development
Jiri Zdarek et al.

Monitoring of the Hydrothermal Performance of Thick-walled Concrete Structures
Fahim Al-Neshawny, Jari Puttonen

The Effects of Irradiation on Thick-walled Concrete Structures in NPPs with Respect to Long

Term Operation
Brian P. Hohmann et al.
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B

Temperature and radiation effect on the RPV
concrete cavity. Project description on
irradiation, testing and NDE development

UJV Rez, a. s.
J. Zdarek, L. Horacek, P. Brabec
17. 09. 2013

NPP containment ageing @

m More than 10 concrete degradation mechanism with influence on
containment building

m RPV concrete cavity exposed to temperature and radiation loading as most
critical damage mechanism

m No effective validated inspection procedure proposed for RPV cavity until
now!
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RPV cavity damage mechanisms

m Neutron and gamma rays irradiation has effect on concrete

m Changes of the concrete properties depend primarily on aggregates
behaviour

m Irradiation exposure can induce volume change of aggregates

m Heat generated from radiation absorption {(attenuation) in concrete may
have detrimental effect on physical, mechanical and nuclear properties of
the concrete

Influence of irradiation on mechanical properties

Long term exposure to radiation and thermal loading can result in
degradation of mechanical properties of RPV concrete

m Neutron radistion more than 10'% nfcm?or 10'° rads (more than 40 years of operation) of dose for
gamma radiation in some cases decreases tensile strengths, comprassive strengths and modulus of
elzsticity and causes marked incrassa in volums

@ High wradisbion gensrates growth of calcite crystals, which decreases both sze of pores and the
strength of the concrate

u Radistion induced temperature has minor influsnce on changes of concrate properties
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Damage mechanisms in NPPs

m Following table shows ranking of importance for specified concrete
damage mechanisms

m identification of research gaps in three principle areas:

u Materials

m inspaction

a Pradiction

Research Gap Analysis
Issue Ranking
;\lzleﬂals] Inspection Tl’r«llclion

L]
&g

Ranking and gap analysis of damage mechanisms
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Ranking and gap analysis of damage mechanisms
- radiation damage of reactor cavity concrete -

Rasescch Gop Anaiyss
s { a0 | e
Chivndge dMusnn
s corciete oo | %] %
Thore ated eflects on
conerete_ 2. b o
Camomin of
reeforceg vieel
* Hoh ‘ x x
[T —r]
et canly Vot x T '
concyets
i —
200 G Socesie |
0 rocasidin b | *
L) 1 ‘A
Fost tecanning e | | ¥

m High ranking of damage mechanism
= Inspection and Prediction identified with question marks!

m
L7

Design of VVER 1000/320 RPV cavity

g steel frame embeddad in heavy
concrate construction transfers weight
of RPV to the cavity

8 sSsrpentine concrets segments,
opposite to 3ctive core serveas 3
biclogicsl shieid

s fermte stestcladding (11 mm thickness)
on outer surface of bickgical shield

i

!

l '
o

|
LIt

! O 8 Structural concrete in the lower part of
—_ cavity
~ m ionization channels sround cavity

circumference formed by embedded
f : stesl pipes
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Experimental project mock-up @%\3

m Irradiation damage simulation of RPV cavity concrete after long term
operation of NPPs

m Cylindrical samples (50 x 100 mm) of NPP Temelin type RPV cavity
concrete — ferro-serpentine concrete

m Irradiation of samples above neutron fluence 10" n/cm?

m Post irradiation examination of samples focused on changes of mechanical
and microstructural properties

m NDE inspection technique testing on model segment of outer part of
reactor cavity with ionization channels

in cooperation with:

4 Centrum vyzkumu Rez s.r.0.
Research Centre Rez

Uea sk piny U)l‘
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Irradiation experiment description

m Irradiation of concrete specimensin vertical channeis of
light water research reactor LVR-15

m Specimens in special aluminium capsules

m Thermocouples controiled temperature, temperature
maintenance by passive systems

m Neutron monitors for neutron flux and fluence
determination

m Monitoring of gas released from concrete sample during
irradiation experiment

Post irradiation examinations

U lv g in cooperation with:
[
®,

Co-

team- P. Stemberk et al.

CTU Prague

o
L Ji2]
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Post irradiation testing

® Nano Hardness Testing - Micromechanics

# Thermogravimetry and Differential Thermal Analysis

# Optical Polarization Microscopy

a Scanning Electron Microscopy and Microanalysis

Reasons for postirradiation testing

® Decisive mechanical parameters (strength and stiffness) of concrete decrease under

exposure to neutroen and gamma radiation.

Comp. strength

® Cnly collection of incompatible experimental data is

available. (by Hilsdorf)

m Systematic datafor real structural materials is
needed. (e.g. on cylindrical 50x100 mm specimens)

@t

3

5
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|
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Comp. strength
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Optical polarization microscopy

ZEISS Axio Imager

g
[ F]

Optical polarization microscopy

m Detection of alteration processes in primary C-5-G gels {loss of bound water). Interpretation of
alteration processes in concrete on micro-level

m Changes in structures on micro-level; i.e. occurrence of newly-formed shrinkage in
consequence of mineral transformations and flux heat

m Cccurrence of newly-formed mineral phases as a products of alteration processes

um
[ Jié]
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Optical polarization microscopy

Cross polished section of Portland cement Partly hydrated Portland cement powder

o
L7

Scanning electron microscopy and microanalysis

8 EDX - elementary microanalysis &
simultaneous element mapping

8 WDS microprobe for precise elementary
analysis

® BSED - phase and chemical contrast

u EBSD 7 O - electron diffraction & preferential
orientation analyses of minerzl aggregates

® Resolution 0.8 nm @ 15 kV

® Probe current 10 pA - 300 nA: both for sensitive
o materials & analysis

2
o
[
w
P
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Scanning electron microscopy and microanalysis Gav

m Detection of changes in microstructure from initial stages
m Decomposition of C-5-H gels on sub-micro level
m Phase mineral alterations in all spectra of intensities

™ thication of newly-formed phases in consequence of exposure to radiation energy and heat
ux

m Interpretation of changes of mechanical properties on micro-level

m Textural arrangement of crystzlline structures — statistical evaluation of prevziled lattice

orientation
i
mm = 2
oo

Scanning electron microscopy and microanalysis av

C-5-H gel: high density gel {© ), low density gel (LT}, portiandite (CH) and
ettringite [}

w
ma
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Nano hardness testing - micromechanics Gav

NANOINDENTER - Nano Test, Micro Materials Ltd., UK

Nano hardness testing - micromechanics Gav

m Detection of changes in microstructure from initial stages
m Decomposition of C-5-H gels on sub-micro level in elementar clusters
m Phase mineral alterations in all spectra of intensities

™ };‘tdication of newly-formed phases in consequence of exposure to radiation energy and heat
ux

m Detection and measurement of changes in mechanical properties of exposed material on
micro-level

m Interpretation of changes of mechanical properties on micro-level

5 m
22
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Nano hardness testing - micromechanics @g

0 2000 4000 6000
Penetration depth [nm])

Matrix of nanocindents Modulus of elasticity

Hm
&

Thermogravimetry and differential thermal analysis @%g

Quantitative detection of phase transitions during constant heat flux
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Thermogravimetry and differential thermal analysis

a ldentification and quantification of changes of phases in dependence on continual heat flux
into the sample.

8 The technigue is based on the fact that when substance is heated, it undergoes reactions and
phase changes thatinvolve absorption or emission of heat. In DTA, the temperature of the test
material is measured relative to that of an adjacent inert material.

m DTA can clearly identify the phase changes of material in original {intact} state, thatis phase
transformation in concrete due to irradiation.

(]
s

Thermogravimetry and differential thermal analysis

Fomturps of a 5L v

Cryriniention "

et fow |wW)

Torrperstwe ['C)

Heat flux vs. temperature of the system as 3 demonstration of phase and chemical changes in
material

i
LS
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NDE technique development and testing

UJV g in cooperation with:
&
9,

xJ~ retegate

040

Institute of Thermomechanics AS CR, v. v. L.
Academy of Sclences of the Czech Republic

Pavel Kudrna, Zdenek Prevorovsky, Milan Chilada, Josef Krofta, Jan Kober

Non-linear Elastic Wave Spectroscopy - NEWS

® Objective of RPV biological shieldingtesting:
s Original archive matsrisl of WWER type biological shislding

& Daveloped inspaction procadures {IP) based on NEWS methods to be optimized for validation
purpozes

& Futurs finzl varification to obtain 0° lzvel site fesdback before site trials
B Cbjective to manufacture two {unirradiated) segments:;
® Testing of different concrete compasitions,

& NEWS IP dzvelopment with repaatable eguipmeant application in clean environment without
doses

®m Available NEWS methods taken into account: NRUS, NWMS, NLTRM, SSM
m Methods selected for preliminary testing:

n Non-Linear Wave Modulation Spectroscopy - NWMS

& Non-Linear Time reversal Mathod - NLTRM

# Scaling Substraction dethod - SSM
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Original Biological Shielding Specimen
and Specific Concrete Model Blocks

B

Part of the reactor bislogical
shialding from NPP Greifswald

retegate
L O

methods testing — concrete composition

Two new manufactured model test blocks for NEWS @

Feno-serpentine coscrele g/md
Cementid2s 435
Crinkwer PO
Crashad ngp g e { Sornm o Quwry)

0-2 o1
35 mm 1%
&8 om 3.2
&1l mm &2
1316 mm 113
Glassiey 2WBE
Cast-won 122 118
FLasiclr ng samintute Stachesian L0

Serpeatine w/
concrete g3 Structwrsl coacrete m3
Comentidls i Cament1425 B
Dinie water 19 Ovink water 150
Cushed Crushed sppagene (Dobkovitiy quarny)
predae X
(Batnaece o= =
QuaTy) 816 mm WO
-4 men 30 16-22 mm e
215 mm 5% Flasteiyng somntur e Stachectng a
16-22 mm 57
Plasteyng
amanue
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Non-linear Elastic Wave Spectroscopy - NEWS
Method overview

+ NRAS / NRUS (Nonlinear Resonant Acoustic/Ultrasonic Spectroscopy)
+ SIMONRUS (Single-Mode NRUS)

JNWMS (Non-linear Wave Modulation Spectroscopy)

+ SD (Slow Dynamics)

+ NDIS (Nonlinear DISsipation / attenuation)

+ Travelling Waves (Nonlinear ultrasonic wave transmission)

JNLTRA (Nonlinear Time Reversal Acoustics)

~1 SSM (Scale Subtraction Method)

Non-linear Elastic Wave Spectroscopy - NEWS

Three main classes of phenonema associated to the non-linear elastic elements in the test-blocks
are:

m Amplitede dependence of the elastic constants and, consequently, of the wave speed whick causes
changes in the phases of the racorded signal

& Non-linzar attenuation mechanisms, which influsnce the amplituds of the recordaed signa!

m Non-fingsr coupling in the wave egustion, which allows the genaration of higherorder harmonics,
sidebands, or sub-harmonics

B Follow some examples of the preliminary resulttrends:
® NWHMS {Non-inear Wave Modulstion Spactroscopy)

& Expectsd trend value can be provided by amplitude growth of the sideband {f.+21;) vs. driving
frequency (%) amplitude, higher value trend than:

s Amplitude growth of the 3™ harmonic vs. f; driving frequency amplitude, will be comparad with:
g Amplitude growth of the ratio 2™ harmonic vs. f; dnving freguency amplitude
s SSM (Scaling Subtraction Method)

w tested for ferro-serpenting concrate, serpenting concrets

& nonlinear ensrgy vs. driving amplituds ssems to provide rezsonsble results
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Advantages & Limitations of NEWS techniques:

m \ers3atile tools for SHM

High sansitive dataction of defactsand damaged zores

Up to 1000x more s2nsitiva than linaar ultrssonic methods
Detection of defects smaller than wavelength

Distinguishing defects from pssudo-defects {.g. structural notches)
NDT/NDE at hidden places in complex structures

Remots defsct sensing relativaly far from installed ultrasonic probes

Aone e

Materiz| penstration depth (~0.01- 1) m

o

Low-amplituds interrogation of tested parts (2 @ 10-5 - 10-4)

m Procedurss 3re mostly global, and mostly reflect only presencs

3 of dafects without their pracise location = solution s 2.3. multiplexing of transmitting / recaiving
channels using dependency of ronlinsarity on the wave paths {"pseudo-tomography”)

g Sze of defzcts cannot be 23sily determinad

Hm
a3

NEWS Equipment

MM c .. measured longitudinal wave celerity in the concrete
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Wave propagation testing
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Nonlinear Wave Modulation Spectroscopy
(NWMS)

EXCITING SOURCES

F—

Amplitude

Analysis of harmonics and
Inter-modulations & Dependencies

RECEIVER

ki 3
I I “h, | I I U I
S 2 freq
o
L F7]

NEWS C-SCAN
(previous concrete structure research)
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NWMS Specimen #1 (two kind of concrete)
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NWMS - Non-linear parameter (results)
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Monitoring, evaluation and long-term forecasting of hygrothermal performance of thick-walled
concrete structure
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Aalto University School of Engineering, Department of Civil and Structural Engineering, Espoo, Finland
Abstract

A thick-walled concrete structure may be considered as a massive, often heavily-reinforced concrete
structure with thickness greater than one meter. The main reinforcement consists of steel bars located on
the both sides of the concrete wall. Thick-walled concrete structures are extensively used for
infrastructures and industrial installations such as nuclear containments, dams, and waste water treatment
plants. They are among the biggest structures in civil engineering which demand high level of safety and
huge amount of construction budgets.

Thermal and moisture interactions inside thick-walled concrete structures are one of the decisive factors
influencing its durability. Hence, long-term, in-service monitoring of thick-walled concrete structures in
regular interval is very essential especially those require high level of safety. In addition, long-term
hygrothermal interactions in thick-walled concrete structure can result in changes in mechanical properties
and may cause serious service failures. Accordingly, knowledge of the long-term hygrothermal
performance in thick-walled concrete structures is of great interest when considering extension of its
service-life.

Several concrete deterioration forecasting models are caused by long-term hygrothermal interactions.
However, these models are not based on real-time monitored data and contain assumptions and
approximations. Assumptions and simplifications compounded with the dynamic behavior of hygrothermal
interaction as well as complexity of thick-walled concrete structure the existing models may inadequate to
use for service-life forecasting especially those structures require high level of safety .

In this paper, long-term and in-service hygrothermal monitoring in nuclear containment is discussed. The
monitored hygrotermal performance was also analyzed statistically before processing with artificial neural
network. Non-linear autoregressive with exogenous inputs (NARX) network was used to model the
observed time-series hygrothermal data and to perform long-term hygrothermal performance forecast. The
forecasting performance evaluations revealed that the model forecast long-term hygrothermal behaviour
inside concrete with good accuracy.

1. Introduction

Thick-walled concrete structures are extensively used for infrastructures and industrial installations such as
nuclear containments, dams, and waste water treatment plants. They are among the biggest structures in
civil engineering which demand high level of safety and huge amount of construction budgets. Thick-
walled concrete structures are often heavily-reinforced, with thickness greater than one meter. Thermal and
moisture interactions inside thick-walled concrete structures are one of the decisive factors influencing its
durability. Understanding of the foremost deterioration mechanisms caused by hygrothermal interaction
inside concrete is vital to extend service-life and insure safety of the structures.
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1.1 Moisture effect on durability of concrete structures

The presences of moisture filled pores in the concrete will remarkable influence on the kinetics of transport
processes of aggressive substances. High moisture content in concrete hinders those processes that take
place easily in the gaseous phase, such as oxygen and carbon dioxide diffusion. On the other hand, it
facilitates those processes that occur in aqueous solution, like the diffusion of chlorides, or ions in general
[1] and [2]. Consequently, it contributes a significant impact on several physical and chemical deterioration
of reinforced concrete structures, including corrosion of reinforcement steel, alkali-aggregate reaction,
freezing and thawing, as well as sulphate attack [3], [4], [5], [6], [7], [8] and [9].

Moisture content in the concrete strongly influences on the formation of corrosion products and the rate of
corrosion of reinforcement steel [10] and [11]. The amount of moisture content close to saturation makes
the departure of corrosion products easier, but it decreases the oxygen diffusivity and makes the supply of
oxygen more difficult [12] and [13]. The optimum relative humidity range is between 70% and 80% that
allows enough oxygen to diffuse into the concrete and initiate corrosion of reinforcement steel [10].

Moisture content in the concrete can chemically react with harmful substances (e.g. alkali and sulphate
ions) penetrated in the concrete. The reactions can form products that are deleterious to concrete because of
the volume expansion of the reaction products. The volume expansion is increasing with rising of the
moisture content in the concrete. If the relative humidity inside the concrete is above 98%, the damage
caused by such reactions is high [14] The amount of moisture content in the concrete also controls damage
risk associated with frost. Concrete with high internal relative humidity (85-95%) and saturated (>98%) the
damage risk related with frost attack is medium and high, respectively [14].

1.2 Thermal effect on durability of concrete structures

Thermal effects cause expansion or contraction of the concrete structures. There are three types of thermal
effects on concrete structures: (i) bulk temperature change, where the entire structural components or
segments of the component are subject to a uniform temperature change; (ii) thermal gradient, which is
caused by different thermal conditions on two faces of a structure, such as two sides of a wall or the top
and bottom of a beam; and (iii) local thermal exposure, which is elevated temperature at a local surface that
is caused by an external source such as operating equipment or piping or an abnormal event such as a fire
[14].

Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration
processes caused by chemical and physical factors. To mention few, an increment of temperature by 10°C
increases the corrosion rate of reinforcement steel in concrete by two fold. When temperature of pore
solution drops below freezing temperature, corrosion of reinforcement steel stops completely since ions
cannot move in the pore solution. In carbonated concrete, the corrosion rate is increased logarithmically
with temperature in the range between -20°C and around 30°C. In chloride contaminated concrete, the

concentration of chloride in pore solution is increased for temperature above 55°C while the concentration
of hydroxide decreases, in turn it may accelerate chloride associated deteriorations [12].

1.3 Combined effect of moisture and temperature on durability of concrete structures

Based on moisture content changes as well as progressive deterioration of concrete constituent's, the
mechanical properties of structure may vary considerably. As temperature increases, water is partly
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evaporated and generates a pressure in the pore structure. If the stresses applied internally by the induced
vapor pressures exceed the tensile strength of the concrete, spalling of concrete or even catastrophic
service failures may be caused [15], [16] and [17]. Generally, significant deterioration of concrete strength
occurs when the exposure temperature goes above 400°C at which decomposition of calcium hydroxide
occurs. The decomposition process can lead to the increase of porosity and degrade the mechanical
properties of concrete. The compressive strength, modulus of elasticity and volume deformation, decrease
remarkably upon heating, in turn, jeopardize the structural integrity and load bearing capacity of the
structure [15], [16], [18], [19], [20] and [21]. Not only elevated temperature, but also long-term
hygrothermal interactions in reinforced concrete structure can result in changes in mechanical properties
and may cause catastrophic service failures.

2. Monitoring of hygrothermal performance

Currently, there are several concrete deterioration forecasting models caused by long-term hygrothermal
interactions. Nonetheless, the models are not based on real-time monitored data and contain assumptions
and approximations. Assumptions and simplifications compounded with the dynamic behavior of
hygrothermal interaction as well as complexity of thick-walled concrete structure the existing models may
not adequate to use for service-life forecasting especially those structures require high level of safety.
Without systematic hygrothermal monitoring and modelling, it is impossible to maintain significant level
of reliability over service-life of thick-walled concrete structures. Hence, long-term, in-service monitoring
of thick-walled concrete structures in regular interval is very essential Precise knowledge of hygrothermal
performance of concrete is also required at the time of performing various non-destructive testing such as
ground penetrating radar, ultrasonic pulse velocity and impact-echo because they are very sensitive to
hygrothermal conditions [22], [23], [24], [25] and [26].

In this paper, long-term real-time hygrothermal performance monitoring and evaluation in a thick-walled
concrete structure is discussed. The case thick-walled concrete structure is containment in power plant
situated in Northern Europe. The containment wall consists of an outer and an inner cylindrical wall with
thicknesses of 850 mm and 250 mm, respectively, and of a 5 mm thick steel liner between them as shown
in Figure 1.

T P vy«
25 cm concrete

Figure 1. Cross-sections of the containment wall and pressure vessel wall made of concrete and steel.

The containment structure is heavily-reinforced, with a number of liners or cast-in-place items. The
hygrothermal interaction among various elements in thick-walled concrete is complex. This makes
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mathematical analysis of hygrothermal performance in specific positions inside thick-walled concrete
structure is challenging. The hygrothermal performance in the nuclear containment was monitored using
HMP44L sensors. The sensors were produced by Vaisala Oy (Ltd.), Finland.

The ambient temperature and relative humidity were collected inside containment at elevation of 1000mm.
Temperature and relative humiditv of concrete inside the containment in the depth of 400mm at various
locations were also] A—A e 2 illustrates the sensors location in the case containment structure.
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Figure 2. Locations of temperature and relative humidity sensors within the containment structure.

The monitored hygrothermal performance is corresponded to about a year period from 4 June 2011 to 24
April 2012 and illustrated in Figure 3 and Figure 4. Measurements were made at regular time intervals of
24 hours. Temperature inside concrete seems to have the same trend with the ambient temperature. In case
of relative humidity, the ambient relative humidity measurements do not have the same trend with relative
humidity inside concrete. Strong association can be observed among the relative humidity measurements
inside concrete. Relative humidity measurements inside concrete, in many cases, are above 80%.
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Figure 3.Time-series plot of temperature measurements in nuclear containment.
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Figure 4. Time-series plot of relative humidity measurements in nuclear containment.

The correlation coefficients between hygrothermal performances at different locations were statistically
analyzed and presented in Table 1. Hygrothermal dataset within the same elevation in the containment
structure are presented in respective cells. Correlation coefficients of relative humidity and temperature are
presented in bottom left triangle - and upper right triangle, respectively. The correlations between ambient
temperature and temperature inside concrete at all locations are generally strong and positive. This implies
that, when the ambient temperature increases or decreases the temperature inside the concrete increases or
decreases accordingly. The temperature correlation coefficients are in the range between 0.66 and 0.88.
The ambient temperature is found to be more strongly correlated with temperature inside concrete at a
location labelled 829 with correlation coefficient of 0.88. This location is found in lower drywall with the
same elevation as that of the ambient temperature monitoring location, labelled 827. This is one of the
most probable reasons why location labelled 827 obtained a strong positive relation with the ambient
temperature compared with the other locations.
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Table 1. Correlation coefficients between temperature and relative humidity measurements in
nuclear containment structure.

827 | 829 | 830 | 831 832 | 833 834 | 835 836 837|838 839|840 841 842 | T
827 0.88 | 0.84 |0.85 0.80 |0.78 0.78 |0.72 0.81 0.79 |0.70 0.66 | 0.79 0.70 0.72 827
829|-0.11 083 0.85 0.84| 0.78 0.78 | 0.70 0.83 0.78 | 0.64 0.59| 0.81 0.68 0.72 | 829
830|-0.03 | 0.93 090 096 | 098 098 | 0.69 0.84 091 | 0.81 0.78| 0.93 0.87 091 |830
831/ 0.00 | 0.80 | 0.82 0.89 | 0.86 085| 0.81 0.88 091 | 0.80 0.77| 091 0.85 0.88 |831
832(-0.09| 0.90 | 0.90 | 0.92 095 095|068 0.86 093 | 0.83 0.81 | 0.96 091 0.94|832
833|-0.07| 0.93 | 091 | 0.90 0.98 1.00 | 0.68 0.84 0.90| 0.82 0.80| 0.92 0.87 0.90 | 833
834(-0.16 | 0.60 | 0.51 | 0.78 0.81 | 0.80 0.67 083 0.89| 0.82 0.80| 092 0.87 0.90 | 834
835(-0.02| 0.89 | 0.85| 0.95 091 | 093 0.75 0.83 0.81| 072 068 0.75 0.67 0.67 | 835
836 0.04 | 0.87 | 0.82 | 0.82 0.79 | 0.84 0.57 | 0.89 0.94 | 0.93 090 | 091 0.89 0.84|836
837(-0.04| 093 | 091 | 095 097 097 0.77 | 0.98 0.88 093 092|097 09 095|837
838/ 0.01 | 0.92| 090 | 0.92 0.95| 095 0.73| 095 091 0.98 0.99 | 0.89 095 0.83 |838
839|0.01 | 0.93| 094 | 091 0.95| 096 0.68| 0.95 090 0.98 | 0.99 0.87 095 0.88 |839
840/-0.09| 0.55| 048 | 0.81 0.79 | 0.70 0.88 | 0.73 0.55 0.75| 0.73 0.68 0.96 0.98 |840
841|-0.02| 0.94| 093 | 090 0.96| 097 0.71 | 0.93 089 098] 0.99 0.99 | 0.71 0.98 | 841
842(-0.01| 097 | 098 | 0.82 091 | 094 0.56| 0.88 0.86 0.93| 093 095 0.51 0.95 842
RH]| 827 | 829 | 830 | 831 832 | 833 834 | 835 836 837 | 838 839|840 841 842

It can be also observed that the correlation coefficients between temperature inside concrete (categorized in
the same location or elevation) are generally strong and positive. Even there is a perfect positive
correlation between sensors labelled 833 and 834. The correlation analysis between relative humidity of
ambient and inside concrete showed that the ambient relative humidity do not have any linear correlation,
even with the closest location labelled 829. Similar to temperature, positive linear correlation between
relative humidity inside concrete within the same group is noticed.

3. Artificial neural network for long-term forecasting of hygrothermal performance

Knowledge of the future hygrothermal performance in thick-walled concrete structures is of great interest
when considering extension of its service-life. Developing a model to forecast hygrothermal performance
in thick-walled concrete structure is a major problem because of its dynamic, complex and nonlinear
characteristics. Such a problem requires systems approach where the most essential features of a complex
problem with multiple interactions are modelled so that the system behaviour can be forecasted reliably.
Thus, the best solution is to learn system behaviour through observations. Artificial neural network (ANN)
has been found useful in solving complex time-series problems in different applications as they are
modelled after the brain.

ANN is a computational network which attempt to simulate the networks of nerve cell (neurons) of the
biological central nervous system [27], [28] and [29]. Artificial neurons form massively parallel networks,
whose function is determined by the network structure, the connection strengths between neurons, and the
processing performed at neurons [28].

The model of a neuron, which forms the basis for designing artificial neural networks are shown in Figure
5. It basically consists of:
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e A set of synapses or connecting links, each of which is characterized by a weight or strength of its
own. Specifically, a single x; at the input of synapse j connected to network k is multiplied by
synaptic weight W ;.

e An adder for summing the input signals, weighted by the respective synapses of the neuron;

e An activation function for limiting the amplitude of the output of a neuron.

A neuron k, can be mathematically described by the following equations:

m
Uy, :ZWH X;j D
j=1

Y = (’P(Uk + bk) (2)
Where:

X1,X3 ey X are the input signals;

Wi1,Wia,... ; Wim  are the synaptic weights of neuron k;

Uy, is the linear combiner output due to the input signals;
by, is the bias;

() is the activation function; and ;

Vi is the output signal of the neuron.

The externally applied bias by has the effect of increasing or lowering the net input of the activation
function, depending on whether it is positive or negative, respectively.

Activation
function

Input

Output
()
signals ﬁ

Summing °
junction

Synaptic
weights

Figure 5. A simplified model of artificial neuron [29].

ANNSs are flexible, adaptive learning systems that follow the observed data freely to find patterns in the
data and develop nonlinear system models to make reliable forecast of the future [28]. By the help of
hygrothermal sensors real-time data can be monitored. The real-time data can be modelled using ANN, in
turn makes self-learning smart structure which speaks the future hygrothermal performance for itself.
Figure 6, Venn diagram indicates self-learning smart structure by confluence of thick-walled concrete
structure, hygrothermal sensors and artificial neural networks.
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Figure 6. Venn diagram indicates self-learning smart structure by confluence of thick-walled
concrete structure, hygrothermal sensors and artificial neural networks.

3.1 Neural Network Architecture

The pattern of connections between the neurons is called the architecture of the neural network [30].
Depending on their architecture neural networks may be classified in a number of different ways which is
intimately linked with the learning algorithm used to train the network. Different neural network
architectures are widely described in the literature. However, there are three fundamentally different
classes of network architectures: Single-layer feedforward networks, multilayer feedforward networks and
recurrent networks [29].

Recurrent neural network model have been successfully used for various time-series forecasting tasks. It
attempts to incrementally build the autocorrelation structure of a series into the model internally, using
feedback connections relying solely on the current values of the input(s) provided externally. The network
learn the dynamics of the series over time from the present state of the series, which is continuously fed
into it, and then the network uses this memory when forecasting [28] and [29]. The architectural layout of
recurrent network takes many different forms. In this study, non-linear autoregressive with exogenous
inputs (NARX) model was selected.

3.2 Non-linear autoregressive with exogenous inputs (NARX)

NARX model is recurrent dynamic network and in this model external inputs are presented to the network
in addition to those fed back from the output [28]. This model may have input that is applied to a tapped-
delay-line memory of ¢ units. The output is also fed back to the input via another tapped-delay-line
memory of g units. The contents of these two tapped-delay-line memories are used to feed the input layer
of the multilayer perceptron. The present value of the model input is denoted byw(n), and the
corresponding value of model output is denoted ¥ (7 + 1); that is, the output is ahead of the input by one
time unit. Thus, the signal vector applied to the input layer of the multilayer perceptron consists of a data
window made up as follows:
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e Present and past values of the input, namely w(n), u(n — 1),...,u(n — g + 1), which represent
exogenous inputs originating from outside the network,

e Delayed values of the output, namely, y(n), y(n —1),..,v(n — g + 1), on which the model
output y(n + 1)is regressed.

The dynamic behaviour of the NARX model is described by Equation 3.

yin+1) = F(y(n), o yn—g+ 1), uln),.., uln —q+ 1)) (27)
(3)

where F is a non-linear function of its arguments.
4. Modelling of artificial neural network
4.1 Network structure

Two long-term hygrothermal forecasting models: one is for temperature and the other is for relative
humidity was developed. MATLAB® neural network toolbox [31] was used for modelling the data. The
models use ambient hygrothermal data as inputs to forecast the hygrothermal performance inside nuclear
containment structure. The dependency of the hygrothermal behaviour inside the containment with the
ambient hygrothermal performance is somewhat identical in all locations of the structure as proofed by the
correlation analysis. Accordingly, in this paper, forecasting performance of hygrothermal behaviour in
nuclear containment structure only for the location labelled 829 is presented.

Non-linear autoregressive with exogenous inputs (NARX) network with two layers was used to model the
data. The fundamental architecture of the network is the same as shown in Figure 7. The model has two
inputs, one is an external input (e.g monitored ambient temperature), and the other is a feedback
connection from the model output. The feedback connection from the model output at future time-steps
(which are then used as inputs) are forecasted hygrothermal data. The model must recursively make
forecasts for the n required time-steps of (t + 1), (t + 2),..., (t + n) using only the inputs at time t.
As a consequence, long-term forecasting performance depends on its own prediction in a single-step to
recursively predict the outcome for the next step.
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Figure 7. NARX model with three hidden neurons [29].
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The time-steps of the inputs were equals to the whole hygrothermal time-steps minus n size of required
future time-steps. The subtracted n size of required time-steps is monitored hygrothermal data which are
used to evaluate the model forecasting performance since they were not used for network training. A
tapped-delay-line memory of two units was assigned for both input and feedback. The network obtained
five hidden neurons and one output neuron. The optimal number of neurons in the hidden layer and a
tapped-delay-line memory was based on the generalization error and found after several trainings. The
activation functions selected for the layers were hyperbolic tangent transfer function in the hidden layer
and linear transfer function in the output layer. The input and target outputs were randomly divided to 70%
for training, 20% for validation and 10% for testing. The training hygrothermal dataset was used to train
the network. Training begins with the third data point since a tapped-delay-line memory of two units was
assigned. Validation dataset was used to measure the network generalization, and to halt training when the
generalization stops improving. Test dataset used to measure network performance during and after
training. The applied training algorithm was the Levenberg-Marquardt. This algorithm is an iterative
technique that locates the minimum of a multivariate function that is expressed as the sum of squares of
non-linear real-valued functions and is the fastest method for training.

4.2 Result analyses

Training performance of the NARX model for long-term (90-steps-ahead) forecasting of hygrothermal
behaviour inside containment structure is shown in Figure 8. It illustrates training, validation and testing
performance functions versus the iteration number. The error on the validation set is monitored during
training, and the training is stopped when the validation error stop decreasing further. As indicated by the
dashed line in the performance plot, the best model generalization for temperature was obtained at epoch
23 where minimum mean square error of validation is dropped to 6.82¢-03. In case of relative humidity,
best validation performance was occurred at epoch 54 with minimum mean square error of 9.1e-04. The
error in case of temperature is a bit higher compared to relative humidity.
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Figure 8. Plot of training of the NARX model for long-term forecasting of hygrothermal
performance inside containment concrete a) temperature b) relative humidity.

A linear regression between the network outputs and the corresponding targets were conducted and shown
in Figure 9. The R-value for temperature response was 0.99321 and for relative humidity was 0.99053. In
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both cases the R-values are above 0.99 which indicates the model outputs tracks the targets (observed
hygrothermal behaviour inside concrete) very well.
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Figure 9. Plots indicate a linear regression between the network outputs and the corresponding
targets a) temperature b) relative humidity.

Hygrothermal forecast of 90-steps-ahead is plotted in Figure 10. It can be observed that the forecasted
temperature (90-steps-ahead) do not fit with the observed data fully. This is because of the used small
training dataset. It is clearly seen that the last 90 time-steps has different trend compared with the other
time steps which were used for training the model. The forecasting performance of the models was
measured by mean square error. The mean square error for 90-steps-ahead forecast of temperature and
relative humidity inside concrete were 0.0155 and 0.008, respectively. These findings revealed that the
NARX model can forecast long-term hygrothermal condition inside concrete that have not been observed
before with good accuracy.
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Figure 10. Plots of observed and forecasted data (90-steps-ahead) a) temperature b) relative
humidity

A number of long-term forecasts with different time-steps-ahead were also performed using the NARX
models and summarized in Table 2. It can be seen that the error range for the models is small, indicating
that they all perform adequately. Table 2 also shows that when the forecasting horizon increases from 30-
steps to 90-steps the mean square error is also increases, which in turn, deteriorates the forecasting ability.
This is due to the compounding effects of the errors in the forecasted outputs at each time-step for n
required time-steps. Though the forecasting ability decreases with increasing the time-steps, the developed
NARX model reasonably forecast hygrothermal performance of 90-steps-ahead. This investigation
confirmed that, even with small dataset, NARX model can forecast long-term hygrothermal behaviour
inside concrete. The performance of long-term forecasting can be improved using large data since neural
networks can learn very well from large data. Once trained, the model learns the aging effect on
hygrothermal performance and can be used to make pragmatic decisions with regard to service-life
extension of the structure.

Table 2. Mean square error of hygrothermal forecast of 30-steps, 60-steps and 90-steps-ahed

30-steps-ahead 60-steps-ahead 90-steps-ahead
Temperature mse=0.0151 mse= 0.0161 mse=0.0155
Relative humidity = mse=0.0022 mse=0.0064 mse=0.0080

5. Conclusions

Moisture and thermal interactions in concrete are the decisive factors influencing the durability of the
concrete. Moisture content contributes a significant impact on several deterioration mechanisms, including
corrosion of reinforcement steel, alkali-aggregate reactions, freezing and thawing, as well as sulphate
attack. Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration
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processes caused by chemical and physical factors. The compressive strength, modulus of elasticity and
volume deformation of concrete structures decrease remarkably upon elevated temperature.

Today, there are several concrete deterioration forecasting models caused by long-term hygrothermal
interactions. However, the models contain assumptions and approximations about the hygrothermal
performance inside concrete and other parameters. Assumptions and simplifications compounded with the
dynamic behavior of hygrothermal interaction as well as complexity of thick-walled concrete structure the
existing models are inadequate to use for service-life forecasting. Long-term, in-service hygrothermal
performance monitoring of thick-walled concrete structures in regular interval using sensors is essential. It
increases reliability of deterioration prediction models significantly.

Understanding of the long-term hygrothermal performance in thick-walled concrete structures is of great
interest when considering extension of its service-life. Two NARX (artificial neural network based long-
term hygrothermal forecasting models) for temperature and relative humidity were developed. The models
were trained to forecast the future hydrothermal behaviour inside concrete ranging from 30-steps to 90-
steps-ahead. When the forecasting horizon increases the mean square error is also increases. It indicates
that the larger samples have the advantage of reducing the total error. Even though the forecasting ability
decreases with increasing the time-steps, the developed NARX model reasonably forecast for 90-steps-
ahead. The mean square error for 90-steps-ahead forecast of temperature and relative humidity inside
concrete were 0.0155 and 0.008, respectively. Thus, using long-term hygrothermal data, it is possible to
capture the aging effect on hygrothermal performance and can be used to make realistic decisions with
regard to service-life extension of the structure.
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MANAGE research project
Aging Management of Concrete Structures in Nuclear Power Plants —

MANAGE

o Funded by SAFIR 2014 (The Finnish Research Programme on
Nuclear. Power Plant Safety 2011 - 2014).

o Objectives:

+ Development of a computerized aging management system for concrete
structures in nuclear power plants

+ Development of an inspection database for NPP concrete structures

« Development of a monitoring and simulation system which supports
aging management and condition assessment of concrete structures

« Development of structural analyses supporting aging management

A Astto University
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Objectives of the study

o Long-term and in-service
hygrothermal monitoring of
containment thick-walled concrete
structure

o Analyzing of the hygrotermal
performance of the monitored
containment

o Forecasting Models for the
hygrotermal performance of the
monitored containment using
artificial neural network.
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Effect of moisture and temperature on the
durability of thick-walled concrete structures

* Thick-walled concrete
structures face substantial
temperature and humidity
differences between the interior
and exterior surfaces

*  While the thick walls provide for
low average temperature
and/or moisture gradient, near
surface gradients can be
substantial due to exposure to
rapid environmental condition
changes.

*  Temperature and moisture
contrnibute a significant impact on
several physical and chemical
deterioration
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Monitoring of the hygrothermal
performance of containment structure

* The ambient T & RH were
collected inside containment at
elevation of 1000mm.

* T & RH of concrete inside the
containment in the depth of
400mm

»  HMP44L sensors were used
« time intervals of 24 hours
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Monitoring of the hygrothermal
performance of containment structure

Temperature inside concrete seems to have the same
trend with the ambient temperature

, Anlto University
School of Engineering
-

Monitoring of the hygrothermal
performance of containment structure
Relative humidity measurements inside concrete, in

many cases, varied between 70% and 95% RH
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Long-term forecasting of the
hygrothermal performance

+ Real-time condition is monitored
data by sensors

* The real-time data can be modeled
using Artificial Neural Network | in
turn makes self-learning smart Selt loaring
structure which speaks the future Stwert Stractere
hygrothermal performance for

itself. ‘
* Non-linear autoregressive with v

exogenous inputs (NARX) network
with two layers was used to model
the data

A’ Aalto University
School uf Enginesring
-

Long-term forecasting of the

hygrothermal performangce.

+ The NARX model has two inputs, & I‘.\\ S
-~ one is an external input (e.g monitored Jj \

ambient temperature), ” X

L e

— the other is a feedback connection ol XX
from the model output. .L_ ”

* The feedback connection from the =1 /Z
model output at future time-steps :

are forecasted hygrothermal data. - v |

+ The forecasting performance of e
the models was measured by
Mean Square Error (MSE).

steps-
ahead

0.0151 00161 0.0155

0.0022 00064 0.0080
Mean Square Error (MSE).
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Long-term forecasting of the

hygrothermal performanc{—==

+ Alinear regression between the
network outputs and the
corresponding targets were
conducted

» R-value for temperature response
was 0.99321

R-value for relative humidity was
0.99053,

In both cases the R-values are
above 0.99 which indicates the
model outputs tracks the targets
(observed hygrothermal behaviour
inside concrete) very well.
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Long-term forecasting of the
hygrothermal performance

Temperature

* Itcan be observed that the
forecasted temperature (90-steps-
ahead) do not fit with the observed
data fully.

E

-

* This is because of the used small
training dataset.

*  MSE for 90-steps-ahead forecast
of temperature inside concrete
were 0,0155
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Long-term forecasting of the
hygrothermal performance
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Conclusions

* Understanding of the long-term
hygrothermal performance in thick-
walled concrete structures is of
great interest when considering
extension of its service-life.

*  Two NARX (artificial neural
network based long-term
hygrothermal forecasting models)
for temperature and relative
humidity were developed

* The models were frained to
forecast the future hydrothermal
behaviour inside concrete ranging
from 30-steps to 90-steps-ahead

The mean square error for 80-
steps-ahead forecast of
temperature and relative humidity
inside concrete were 0.0155 and
0.008, respectively.

Thus, using long-term hygrothermal
data, it is possible to capture the
aging effect on hygrothermal
performance and can be used to
make realistic decisions with regard
to service-life extension of the
structure.
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The Effect of Irradiation on
Thick Walled Concrete Structures
in Nuclear Power Plants with
Respectto Long Term Operation
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Brian Hohmann, Thomas Esseiman,
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James J. Wall (EPRI)
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INTRODUCTION

» The literature on irradiation effects on
concrete.

» Expected neutron fluence in the concrete at
commercial nuclear plants.

» Temperature effects of gamma.
» Strategy to augment data.
» Conclusions.
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Literature Review

» H.K. Hilsdorf's 1978 paper described the effects
of nuclear radiation on concrete properties.
» Hilsdorf compiled previously published data on

the effect of nuclear radiation on concrete.
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Hilsdorf cont.

» Hilsdorf concluded that neutron radiation
with a fluence of greater than 1x10'® n/cm?
and a gamma dose greater than 10'° rads
could have a detrimental effect on concrete
strength.

» This data is currently still being used as a
reference threshold levels by many.

Kontani, et.al. - 2010

» Concluded that the test conditions from some of
the experiments on which Hilsdorf based his
conclusions were not representative of the typical
operating history of a commercial nuclear
reactor, and thus may not be applicable
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Fujiwara Neutron Data

» Test Results -No loss in compressive strength
for specimens tested at fluence dose up to
1.2 E+19 n/cm? for E>=0.1 MeV

» Test Reactor - JMTR

» Currently this is the most reliable and well
documented research performed at
E>0.1MeV.

Fujiwara Data =
(“Fast Neutrons" > 0.1 MeV) poutront
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Radiation Exposure

» Determine the neutron and gamma exposure
in the reactor cavity concrete for eighty years
of operation (Note 1).

» For fluence considerenergy at > 0.1 MeV
(Note 2).

» Determine rate of attenuation of fluence into
concrete.

» Define effect of gamma heating.

Note 1: A 92% capacity factor is considered, resultingin80yrsx 0.92 CF= 736
EFPY equivalent

Note 2: Energy > 1 MeV has been used to assess damage to the steel of the RPV. A

value of >0.1 MeV is commonly used for assessing concrete.
[L]P]
[ -

Radiation Exposure

» Concrete fluence derived as the fluence at the
OD of the RPV (i.e. thickness of the RPV - i.e.
1F)

» Fluence value at the RPV ID (i.e. “OT” value)
derived from licensee reports to NRC for
reported values of EFPY, scaled to 73.6 EFPY

» RPV fluence values reported are for > 1.0
MeV energy.
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Typical Neutron Flux Curve

RPV Wall
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Attenuation

» Attenuation through RPV wall based on
exponential fluence attenuation equations.

» US Nuclear Regulatory Commission Regulatory
Guide 1.99 provides a basis for determining RPV
OD fluence, but it is based on “dpa attenuation”
to account for changes in vessel steel.

» Prior to the “dpa attenuation”, the following
relationship was used by the US NRC to
determine neutron fluence (fgp) at outside
surface of the RPV (RPV thickness = t):

fop = fip x e-0-33t

12
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US PWR Fleet - OD Fluence (E> 1MeV)
at 80 Years of Operation
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Neutron Fluence Summary

» A two loop plant has the highest 80 year RPV OD
fluenceof 9.0 E+18 at E > 1MeV.

» Fluence at = 0.1 MeV is higher than at > 1 MeV. The
ratio depends on RPV wall thickness - two loop plant
vesselwall thickness is 6.5 inches (16.7 c¢m).

» Fluence calculations provide a “>0.1 MeVto > 1 MeV
ratio” of 8.5 for this vessel thickness.

» Fluence at RPV OD is then 7.6E+19 for E > 0.1 MeV.
» The fluence at the concrete ID is somewhat lower due
to an increase in impacted surface area due to gap

between vessel OD and concrete. Reduction will be
approximately 10%.
» The fluence (E = 0.1 MeV) at the concrete ID will be

6.9 E+19 for 80 years of operation.
[L]P]
. ”

Neutron Fluence Summary

» The highest three loop plant has an RPV OD fluence
of 7.1E+18 at E > 1MeV.

» This plant has a RPV thickness of 7.75 inches(19.7
am).

» Fluence calculations provided a “>0.1 MeVto > 1
MeV ratio” of approximately 9.5 for this vessel
thickness.

» Fluence at RPV OD is then 6.7E+19 for E > 0.1
MeV.

» With the 10% reduction for the areadifference, the
fluence at the concrete ID willbe 6.1 E+19 for 80
years of operation.

» A value of 7 E+19 n/cm? for 80 years appears to
conservatively bound the US fleetfor E > 0.1 MeV.

=IC]
o
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Neutron Fluence (E>0.1MeV)

US Fleet at
80 years
- 7.0E+19
2 -
:
! L) . % Rl
£ ° o o "
Es .
™
%é thy ® fugnvara
‘"

o
LO0Ls | 1LOOE+ 15 1L0o0t+-12 100+20

Neutron Fluence lrradiation for E > 0.1 MeV (neutron/ ard)

17

Shield Wall Requirements

» The biological shield wall concrete provides
shielding, transfers load to the rebar, and reacts
normal and accident loads from the RPV support.

» The fluence (E > 0.1 MeV) attenuates in the concrete.
= In many plants, the major structural rebar is well below the
surface of the concrete.

= Reactor vessel supports are typically above the top of the
core and out of the zone of maximum fluence.

= The critical regions of the shield wall are not in the highest
fluence regions of the concrete.
» Fluence at critical locations less than the maximum

location.

18
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Temperatuee ('F)

Terperaticg Increase
Due Yo radation {'F)

1
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1
0 T Max Tempe 187.18°F

| {5432-5528 la o Inner Surtace of Concrete)

455

{
o <
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Uradianea
Urwrodased

Gamma Heating
Effect

Gamma Heating Evaluation

— —_—

- | If inner cavity

+ | wall assumed to
.| be 150F (660),
| the peak

| temperature in
| | the concrete is

| 167F (75C) 5

" |inches (13 cm)
" | below the

Font om Isnee Surtace of Concreto

surface.

T | Maximum

| | temperature

" | increase due to
" | gamma heating

approximately
30F (17C).

i}

9

Temperature Effects

» Based on 150F (66C) cavity temperature
(based on forced cooling of the cavity), the
cavity concrete temperature is expected to be
below 180F (82C).

» This is within American Concrete Institute
code and US Plant FSAR requirements.
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Strategy to Augment Knowledge

» Improved knowledge of the performance of
irradiated concrete would be helpful to
support the long term operation of nuclear
plants around the world.

» Testing i1s ongoing or is planned for
radiation levels up to and exceeding 6 E+19
n/cm2(E = 0.1 MeV).

» This testing will be useful to augment
existing knowledge.

2

=IC]
o

Conclusions

» There is no indication that concrete will not
be adequate to 80 years of operation

» Additional data will be useful to augment
existing data on the long term effects of
radiation on concrete.

(3
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SESSION THREE

The Use of Digital Image Correlations for Detection of Degradation in Concrete Structures
Paul Bruck, Sontra Yim, James Wall

Projects Dealing with Radiation Damage of Concrete at the LVR Research Reactor
Milan Marek et al.

Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon
Sontra Yim, Thomas Esselman, James Wall
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ELECTRIC POWER
=Rzl | RESEARCH INSTITUT

The Use of Digital Image
Correlation (DIC) for Degradation
Detection and Trending in
Concrete Containment Structures
September 18, 2013

SontraYim, Tom Esselman,

Paul Bruck, Brian Hohmann (Lucius Pitkin, Inc.)
James Wall (Electric Power Research Institute)

hﬂ Lucius Pitkin; inc. =

Introduction

» Motivation

» What is Digital Image Correlation (DIC)
» DIC technique

» Case study at Pilot Nuclear Plant

» Results

» Conclusions

» Questions

=IC]
o
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EPRaN | i,
Motivation

» Nuclear Power Plant Extended Life Operation (Beyond 40 Years)

» Concrete Containment Structure Vital Part of Nuclear Power Plant
« Withstand P&T of DEA w/o exceeding leak rate
+ Missile Shield and Fission Product Barrier

» Augment Existing Inspections and Testing

+ Effective Condition Assessment Requires Knowledge of Design and Expected
Degradaticon

» Detect, Track and Trend Degradation

+ Obtain guantitative and repeatable data on the performance of the containment
structure.

» Structural Integrity Test
+ Accurately measure behavicor of the concrete surface duringthe SIT

+ Data can be taken again at the next SIT to confirm that the structural behavior of the
containment has not changed.

ErPRI| i
=
HSLARCH NATITUM

Whatis DIC?

» Digital Image Correlation (DIC) is an optical
method that employs pattern matching and image
registration techniques for accurate two- and
three-dimensional measurements

» System defines unique correlation areas, known as
facets(typically 5-20 square pixels in size)

» Image correlation software tracks facets from
successive images with sub-pixel accuracy
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CPE' fucrnc rowis
HSEARCH A TOUM

Whatis DIC?

» Sensitivity with 3D DIC is 1/30,000 the field of
view
» Used to Measure

= Changes in Shape
- Deformation

- Displacement

= Strain

» Data can be taken for static or dynamic tests

» Common Example of DIC?
- The Optical Mouse

C‘:E LTI POWIN
—— ' STARCH NATAUTY

DIC Technique

3D Technique Overview

Dot Linoae Toer-
o) nerasio fun

Toree 2o Paoe

» Apply Non-repetitive Isotropic
High-contrast pattern to
object under test

» Set up 2 camera system - 3D

7 vision

=20 vt tesruie s v Calibrate Camera System

- | » Data Acquisition system
Dssimac v IV
— collects data

—_— — Y
» DIC software interprets data

Lotrdnyn Frive
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EFPIEN | e wammm
DIC Technique

Example
» Tube Pushed into a Mandrel

1 Major Strain

Suge
Tone  315.415%

Y

W10 360 00 40 421
Y Cooedinane [mem)

W —m
u{ T °/h—'
20

16+

EPRI | i T

DIC Technique

Example
Keviar Helmet Impact Out-of-Plane
March 5, 2010 Displacement
fmm)
200
l %
oS

£ar Flap Bottom Near Front!
V40,600 mm |

|Ear Flap Bottom
V' +0.000 mm

Time Frem Impact -0.90 ms
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, ErPRI| .,
Pilot Plant

Containment

+ 2 Loop PWR

» >40 years of operation

+ Vertical containment
cylinder
= 112Ft (34m) high saorecre cones
= 105 ft (32m) inside

diameter — -12FT

» Axially post-tensioned
with 160 tendons
connected to rock
anchors "~

» SIT performed to 59.8
psi (0.41 MPa) pressure

COUPMENT MATCH
REOHNEL FATCH

REACTOR CONTANMENT OOME

-P crac rowie
C E' | HSEARCH iTOUM

Pilot Plant

DIC Test Setup
» DIC at Three

locations

= Monitored just prior,
durin?, and for a sho
time following the
pressurization of
containment

» Monuments
affixed for £
future Fibes
comparison

0
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EPR | .,
DIC Test Setup

» Test area approximately 3 ft (~1m) square

» Working distance of 5ft (1.5m)
= Angle between two DIC cameras 15-25 degrees

» Two DIC systems utilized for testing

= One system mounted at
personnel hatch to
monitor response
behavior during entire SIT
pressurization and
depressurization.

= One system used to
measure displacements at
the two other locations -
equipment moved

between locations during

hold times.

1

EPRI | i,
Results
Location 3: Principal Strainat 35 psi Hold

» The “principal strain” is
the maximum strain June 1,2011 315 Level Major Strain
independent of directio

(%)

» Significant strain ! 0.427
“fingers” observed at 0.350
locations of hairline 0,300
cracks in surface of H 0.250
concrete 0.200

» The higher strain value 9.139
on the left side means 0.100
that the crack is wider 0.050
there -0.029

35 psi Hold

2
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ErPrRI| .,
Results

Location 3: Circumferential and Vertical Strain at 35
psi Hold Point

June 1, 2011 315 Level Epsibon X

%}
l 0.169
0.120
0.0% June 1, 2011 315 Level Epsilon Y
0.060 24
0.030 l 0201
0.160
0.000 ]
0.120
-0.030
0.060 0.080
0.092 0.040

35 psi Hold

35 psi Hold

3

ErRI| .,
Results
Vertical Displacement Map at 35 psi
» Visible MJune 1, 2011 315 Level Displacement Y
horizontal ‘ngg
discontinuity I ‘
despite the "f’-‘;::
overall upward :000
rigid body 0-980
motion of 0:960
approximately s
40 mils (Imm)
0.904
35 psi Hold (Note Imil = 0.0254mm)

4
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EPIE | i
Results |
Vertical Displacement Map at 35 psi after Rigid Body
Movement Correction
Ginna ILRT 315 Level Displacement Y
» Shows only the i
local relative 0.0484
displacements B i
I 0.0200
0.0100
0.0000
-0.0100
-0.0200
-0.0332
35 psi Hold (Note Imil = 0.0254mm)
15
Ginna ILRT 315 Level Major Strain
Results o
10" Long Extensometers e
N - 0.250
» Strain data calculated -
by DIC software 0,150
» “Virtual” strain gages o
Q
set-up to compare =
i 0018
with future DIC data.
35 psi Hold
» Compares well to i e
Fiber Optic Strain By
Concrete Gage Near | P
this Location ~ 190p¢ : - 1--*/“gy.»"""
§ e Y i, ‘ !
£ ; nk""‘ M
”: ) .’.,1"...4{‘ “.'-:'vt."-'"’zn l
T R

B e R T

° N “w N .In 0 W W M W n‘h
Elagiad Tvee M)

%
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EPR | .,
Results
Location 2: Out of Plane Movement
» Shows only Ginna ILRT Personnel Hatch Displacement Z
[mil}
the local dn
relative
displacements 72,00
7050
69.00
67,50
66.00
64.50
.00
35 psi Hold o= o
7
EPRI | i,
Results
Location 2: Out of Plane Movement
Personnel Hatch
105.9 —
M“—“—'M‘”’“’"‘\
90.0 "
80.0 ——
_"g: 70.04 ﬁﬂ“‘“'*--m._,_.w_,,-/“
'.:. 0.0
£ 5004
¥ — Bottom Right Corner
§ 40,04 Top Left Comer
30,04
20,04
10.04
oﬂ 2 g 1 4 L4 T ¥ L] L 4
00 40 8.0 120 160 200 20 280 320 378
Elapsed Time (Hours)

8
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EPR |,
Conclusions

» Digital Image Correlation is an effective
non-contact NDE technique to Quantify
= Changes in Shape
= Deformation
= Displacement
= Strain

» Validated During SIT Period
» Can be used to Detect, Track and Trend
Concrete Degradation

=IC]
- &

%
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—
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Questions
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o
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ﬁ j Centrum vyzkumu RezZ s.r.o.

Project Dealing with Radiation
Damage of Concrete at the
LVR-15 Research Reactor

M. Marek, Z. Lahodova, M. Koleska, O. Frybort, J, Vit,
P. Hajek Jr.,

QECD NEA YWimshop NDE of NPF3 Condrets Strucures” Frague, Septemoet 1713

QOutlines 6

= LVR-15 Research Reactor

= Preparation of Concrete Irradiation Project
= Mock-up

= Discussion
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LVR-15 Research reactor at CV Rez @

Reactor type Tank

Pressure Atmospheric
Average temperature 45°C

LEU IRT-4M 19.7% 9%V
Coolant demineralized water
Reflector beryllium

Nominal power 10 MW

Thermal flux 1.6 x 10" n'm’s
Fast flux 25 x 10" wWm's

= Material research
= Rigs - CHOUCA, Flat rgs, TW3
= Loops - 2x BWR, 2x PWR
= |sotope production
= Medical application - *Mo
» Defektoskopy - '“ir
= Sidoping (NTD)
= 2 |rradiation facdities- DONA"
= Horizontal channels - basic research
= BNCT Facility
= Neutronography

= 3 beams - neutron diffraction, scattering,
neutron interactions

Material Irradiation at CV Rez 6

~ e

= Design of experimental facilities
= Loops
= Rigs — inert gas,
= Autoclaves

= [rradiation in LVR-15 reactor

= |rradiation experiments oriented on research
of material changes and influence of
chemical parameters and radiation (VGB,
Hitachi, MHI, TVEL,...)

= |rradiation in epithermal neutron beam -
materials of storage casks -
CASTOR/CONSTOR, concretes (GNB-
GNS)
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Material Irradiation at CV Rez <¢¢
Loops Irradiation Rigs
= PWR (RVS-3)

= |nert gas He, Ar

& DR (BVR 1 aad SR = Temperature control from 200T to

= Zinc injection rig

- RVS-4 (Hydrogen { amm°n|a) 350C. 110 C .
= CHOUCA rig - Charpy V, tensile, SSRT,
Special Loop Channels 0.5CT |
= SSRT (slow strain rate testing) of PWR * Flat Rigs — 1 CT, 2CT specimens (total
pre-irradiated samples irradiation volume 40x120x450mm)

= [ASCC — static / cyclic load
« 1CTand 2 CT,

= Electrically heated fuel rods * Reactor dosimetry

= Neutron monitors
Control of water chemistry = Calculations
= system for gas dosing = Mock - up experiments
= orb sphere - H2/02 measurement
= Dionex ion - chromategraph

Irradiation Conditions @

= We will use a 5cm diameter cylindrical sample, 10 cm long
= Concrete mix is still to be determined

= The sample will be housed in an He-filled, water cooled
aluminum, casing

= Thermocouples will measure the sample core and surface
temperatures

= The sample will be irradiated
= Neutron fluence1.5E+20 n/cm?, E>0.1 MeV
= The sample temperature will be bellow 90T
= The sample will be removed from the reactor for PIE and NDE

= J, Wall, Nuclear Power Council Advisory Meeting, 08/26/13 - 08/29/13
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Irradiation possibilities for concrete  (*3

:
1 .
w |-

Neutron spectrum in the LVR-15 reactor

differs from the neutron spectrum in the

concrete of PWR reactor especially the

ratio of the neutron flux above 1 MeV to

that above 0.1 MeV.

ar | m e e

*Neutron fluence and gamma dose will
be monitored during irradiation.
*1.5E+20, E>0.1 MeV

i Des01mev | Irradiation | Heating
Position | [em?s] | time [days] | [W/g]

A1l 1.42E+13 122 1.6
B1 1.73E+13 100 2

E2 B.70E+13 20 3.1
E1 4.83E+13 36 2.8

CFD Calculations for Concrete <3
Sample Cooling C/

cooling water -

= Models of cooling
= #1 — helium gap
= #2 — full contact
= #3 — partial contact
= Four types of concrete -
= density 2.42 to 3.56 g/cm?

concrete
sample

full contact with
aluminum case

inlet (t=45<T,

concrete helium - free space
e \ P v=1m/s)

hellum gap = case -
0.5 mm aluminum
helium - free concrete helium - free space
sample \

space

case -
aluminum

172

partial contact case -
with aluminum aluminum
case, local
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CFD Calculations for Concrete Sample @
Cooling

density | Conductivity| Heat Model #1 | Model #2 | Model #3
[g/lem?) [W/mK] source | - helium — full - partial
(Estimation) | [W/g] gap contact | contact
Max. Temperature [T]

1.7 0.1 91 78 80

3.56 3.2 0.1 76 63 64

3.2 0.2 - - 84

1.7 0.1 76 68 69

=9 1.7 0.2 108 91 94

2.42 1.7 0.1 - Z 69

25 0.1 - - 69

25 0.2 - - 79

o 5.0 01 - - 54

== 5.0 0.5 - - 89

Irradiation possibilities @

= At present

= Based on contemporary knowledge of concrete
parameters
= Conductivity

= Position out of core — in reflector area

= Proposed action

= Mock-up test for irradiation - used to verify the thermal
conductivity of the considered concrete and composition
(impurities) of the material

= Reactor availability
= In 2014 - since Feb.

= Modified irradiation arrangement

= Special irradiation cell with Bi shielding to decrease gamma
heating in concrete

= |rradiation time - ~100 days
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Irradiation capsule desian

:

Mock-up experiment

= Aim:
= Determination of thermal condition - reactor
power
= Test of gas measurement

= Composition of the concrete — for the mock-
up the Temelin type of concrete will be used

= Test of concrete release
» Design:
= Simple case with thermocouple and caplllary
= Position in the core — A1
= Program
= Temperature measurement

= at different power levels - case in central
position

= at 10 MW — case moving up
= Activity measurement

= Released gas

« Concrete sample

174

Capilary for gas measurement
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Discussion @

= Preparation of specimens and capsules

Design of the case - according to the mockup design

Concrete will be cast in the metallic case with/without thermocouple
= Irradiation

Evaluation of the mock-up and comparison of thermal conditions in the
sample using gamma heating calculation

Determination of the irradiation condition and time

Additional gamma shielding in the irradiation channel is considered
= Gas release

Gas pressure measured on-line using capillary

Collection of gas after irradiation

= Removal of concrete specimen from metallic case — has been
tested

&

=Thank you
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ELECTRIC POWER
=Rzl | RESEARCH INSTITUT

The Use of Fiber OpticSensors
for Monitoring Loads in Post-
Tensioned Containment Tendons

September 18, 2013

Sontra Yim, Tom Esselman,
Paul Bruck, Bahaa Elaidi (Lucius Pitkin, Inc.)
James Wall (Electric Power Research Institute)

hﬂ Lucius Pitkin; inc. =

Introduction

» Motivation

» Fiber Optic Sensors

» Case study at Pilot Nuclear Plant
» Results

» Conclusions

» Questions

=IC]
o
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ErPR | .,

Motivation

+ Nuclear Power Plant Extended Life Operation
(Beyond 40 Years)

» Augment Existing Inspections and Testing

Effective Conditicn Assessment Requires . |
Knowledge of Designand Expected Degradation

Concrete - Good in Compression; Pocr in
Tension

+ Post-Tensioned Tendons Verified by Lift Off
Testing

+ Costly, time and |abor intensive, requires special
equipment. Load 700,0001b (~3,1 14kN)

+ Potentially Alleviate Need to Perform Lift-Off
Teasting

+ Robust Real-Time Moenitoring

+ ViaFoil Based Load Cells - Not Robust —

Electrical sensors susceptible totransmission £
loss and EMI{noise)

-

Detect, Track and Trend Degradation “//1‘
Detect Wire Break, Relaxation, Loss of Anchor A,.E//

Fiber Optic Sensors

+ Fiber Optics
Fairly simple, and relatively cld technelogy

Principle that makesfiber optics possible, was first demonstrated
by and Sin intheearly1840s
Core - Transmits light; Cladding - reflects light; Coating - Protects

Why Fiber Optic Sensors?

+ Immunity to EMI and not susceptible to cabling-induced
noise

+ Totally passive (no resistive heating) and requires no power
atthe sensor

+ Long cable runs up to 31 miles (S0km) are possible
+ Resistant to corresion, chemicals, lighting

+ Ability to multiplex, Sensors measuring different physical
parameters can be put on the same fiber

+ No less of calibration when disconnected cr power is lost
v Retuited LM

B rOe I reteton
ner
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ErPRI | s,
Fiber Optic Sensors
» Fiber Bragg Grating (FBG) Sensor
= Most Widely Used

= Input Spectrum, FBG Reflects Specific Wavelength
= FBG Wavelength is Dependent on Grating Spacing

Fiber Bragg
Grating
\ -
«
A i«
A, =2nA
. ErRI | s,
Fiber Optic Sensors

» Wavelength Shift with Physical Parameter

Perform a direct transformation of the sensed parameter to optical

wavelength, independent of light levels, connector or fiber losses, or
other FBGs at different wavelengths

Strain

® e |
A~ L —Sa

X Z.,
L= g

h f

)

Temperature change

v

»
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ErPRI | i,
Fiber Optic Sensors

» Wavelength Division and Multiplexing

= Ability to daisy chain multiple sensors with different Bragg
wavelengths along a single fiber over long distances
= Allows ability to measure multiple parameters along a single fiber

L)
— CHE—
— T >
1510 e
——y
0
e 2em
1918 0 s

Pilot Plant
Containment

» 2 Loop PWR

» >40 years of operation

+ Vertical containment
cylinder
= 112ft (34m) high oo meas o
: 105 ft (32m) inside” "

diameter

» Axially post-tensioned
with 160 tendons
connected to rock
anchors PERSONRER MATCH 7

» SIT performed to 59.8
psi (0.41 MPa) pressure

HDGMT
-2
TEANDON

F EQUIFVENT YATCH

BEACTOR CONTAUNENT DONE,
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FLECRL POWTR
— EESTARCH SATOOT]

Pilot Plant

Monitored Tendons
» Selected 20 of 160 Tendons
= Statistically sufficient confidence {(98.5%)
in the condition of all 160 tendons (as
compared to the current inspection [~ PEN. 300
program of randomly testing 14 tendons
every 5 years}is acbieved.

A PEN. 401 ik
o T

Pilot Plant

Tendon Anchor Head Design
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Pilot Plant

Tendon Sensor Array

Pilot Plant
Concrete and Rebar Array

FRER TO JUNCTION 80X FEER 70 CONCRETE
FTRAN QAGK
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Results
Real-Time Monitoring

Cp‘a FLACHEL POWTR
' I EESTARCH BATOOT]

e a o
)
Cnx)

et e L L ST
'“W”“.J-"

Results
During SIT

» Compares Favorably to FEA

= 11 Kips (45 KkN) Tendon T83 (During RRT/SIT)
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FLECRL POWTR
— EESTARCH W)

Results

During SIT
+ Concrete and Rebar also Compares Favorably to FEA, DIC

Containment Circumderential Rebar and Concrete Strain and Temperature

5

CPE FLECEL POWTR
lI EESTARCH W)

Results

Long Term Monitoring

» Greater Than 2 years

» 18 of 20 Perform as Predicted by FEA
» Other 2, Issues with Installation

"2
\\\\\\ PP DD DD D DD D P o
*v * "f oo T T IS L 6“0‘ o c-"(v' ;r-vv-__r_c " _J‘

%
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ErPRI | i,
Conclusions

» Fiber Optic Sensing System Provides Real
Time Tendon Monitoring

» Accurately Detected Load Change During
SIT of 11,000 Ib (49 kN)

» Should Detect Wire Break 7,777 |b (34.6 kN)

» Robust - Continues to Perform as Expected
with More Than 2 Years of Service

» Holds Promise as Alternative to Lift-off
Testing

=0
- &

7

ErPRI| s

Questions

=IC]
o
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SESSION FOUR

Hydraulic Exciter of Vibrations
Josef Machac

Experimental Stand UVJ Rez for Probability of Detection Evaluation
Ladislav Pecinka
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nsel

Hydraulic vibration exciter

Ing. Josef Machac

Dynamic measurement

- vibration exciter
+ three dimensional velocity sensors
(or acceleration sensors, or displacement sensors)

* modal analysis (fourier transformation)
* natural frequencies, mode shapes
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Equation of motion

K -r(t)+ C-#(t)+ M -#(f) = F(?)

stiffness

displacement loading

vibration exciter
damping
velocity

mass
acceleration

* horizontal or vertical movement
sframe 08 x20 m

» maximal force + 10.0 kN

» weight of frame 750 kg, weight of moving mass up to 900 kg
» weight of attached engine 1200 kg
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Dynamic load test of bridges

Nuselsky Bridge in Prague
485m long, 26.5 mwide
prestressed concrete

box girder bridge
subway and road traffic

Dynamic test of exhauster in Trbovlje

Power plant Trbovlje

360 m high exhauster
tube intube construction
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Dynamic test of turbine and generator
foundations

Power plant Pocerady
270 MW

aprox. 37 mlong, 15 mwide,
15 mhigh

Power plant Pocerady
gasturbine 284 MW

42 mlong,upto 8.6 mwide 24 m
high (4.3 mhigh})

el o v R T
~ g
] *g' s R
| Pt
Le )u‘ .
S S e S . e e e e et %
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Comparison between experiment and simulation

* comparison of calculated natural frequencies and in-
situ measured frequencies
* improving numerical model
— realistic boundary conditions
— overall structural stiffness (Young modulus)
— prestress concrete simulation

— damping coefficient

Comparison between experiment and simulation

First natural frekvency

.......

&

g P
[y )

» measured frequency 3.40 Hz
« calculated frequency 3.45 Hz
 variance 1.47%

193



NEA/CSNI/R(2014)1

Comparison between experiment and simulation

Second natural frekvency

B

(L R R e e ey,

. ——— 3 fhisi ! T g
'y it THEIRE ‘

- T .
vy =T . {
\
’
.

» measured frequency 5.70 Hz
« calculated frequency 5.44 Hz
« variance 4.68%

Comparison between experiment and simulation

Vertical direction Harizontal direction
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* measured frequency 109 Hz
« calculated frequency 10.5 Hz
« variance 3.8%
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Comparison between experiment and simulation
Vertical direction

Horizontal direction
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* measured frequency 18.9 Hz
« calculated frequency 19.4 Hz
« variance 2.6%
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Experimental examination of damage structure

* degradation processes (chemical, mechanical

degradation, cracks or corrosion) change stiffness of
whole structure (or structural part)

* vibration characteristics of the structure change

according to degradation processes and can be
measured
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Experimental examination of damage structure

Article: Dynamic behaviour comparison of the damaged bridge
before and after its reconstruction, prof. ing. Michal Polak, CSc._,
CTU in Prague

~ ast e TR Walies Consrete Strushures

Transfer function

I

i
T red — damage state {
]

blue —virgin state
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Frekvency [Hz]

!

Article: Dynamic behaviour comparison of the damaged bridge
before and after its reconstruction, prof. ing. Michal Polak, CSc._,
CTU in Prague

o o TR Waliad Conoete Strusbures
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insel

Containment structure examination

« vibration exciter can be used for in-situ measuring
structural natural-frequencies and modal shape

« experimentally measured values can be compared with
the numerical modeling (mass and stiffness of a whole
structure)

* repeated measurements (with time period 5 - 10 years)
can be used for the monitoring of temporal changes and
for the estimation of concrete degradation (overall
loosing of stiffness)

Thank you for your atention
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uJv

UV Rez, a. s

EXPERIMENTALSTEND UJVREZ
FOR PROBABILITY OF
DETECTIONASSESSMENT

Ladislav Pecinka

OECD-NEA WORKSHOP NDE OF NPPs CONCRETE STRUCTURES
PRAGUE, 17-19 SEPTEMBER 2013

GOAL OF PRESENTATION &%@

« WHAT IS PROBABILITY OF DETECTION (POD)
« LESSONS LEARNTFROM NDE EXPERIMENTS IN UJV REZ
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CONTENT R

« BASIC IDEAS

« POD EXPECTED INDICATIONS
« UJV EXPERIMENTAL STEND

« SOME RESULTS OF NDE

« POD VERSUS NDE METHODS
« CONCLUSIONS

BASIC IDEAS R

= POD DEMONSTRATION TEST AND ANALYSIS IS THE BEST AVAILABLE
TECHNIQUE FOR QUANTIFYING THE DETECTION CAPABILITY OF A NDT
SYSTEM

= DEPARTMENT OF DEFENSE MIL-HDBK-1823A: NON-DESTRUCTIVE
EVALUATION SYSTEM REALIABLITY ASSESSMENT:

PROBABILITY OF DETECTION IS THE FRACTION OF TARGETS OF NOMINAL
SIZE, A EXPECTED TO BE FOUND, GIVEN THEIR EXISTENCE

= IN GENERAL, POD IS EXPECTED TO INCREASE AS TARGET SIZE (THAT IS,
INDICATION SIZE) INCREASES

= A POD DEMONSTRATION TEST IS TYPICALLY CONDUCTED USING A SET
OF STANDARD SPECIMENS OF THE SAME GEOMETRY AND MATERIAL
THAT HAVE A KNOWN NUMBER AND DISTRIBUTION OF INDICATION SIZES
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BASIC IDEAS — cont. 1

=« DATA GENERATED BY A POD TEST ARE EITHER BINARY OR
MEASURABLE, DEPENDING ON THE RESPONSE PRODUCED BY THE NDT

SYSTEM
= THEORETICAL BACKGROUND

« STATISTICS ISTHE FIELD IN WHICH THE THEORY IS DEVELOPED
« NDT ISTHE FIELD IN WHICH THE THECORY IS AFPPLIED

= THE SUCCES OF POD, AS WELL AS FUTURE ADVANCEMENTS, DEPENDS
ON THE PARTNERSHIP FORMED AND COLLABORATION BETWEEN

STATISTICS AND NDT

« FOR THE DETAIL INFORMATIONS SEE THE JOURNAL OF THE AMERICAN
SOCIETY FOR NONDESTRUCTIVE TESTING ,,MATERIALS EVALUATION®,

Vol.70, No. 4, pp 421-426, April 2012:

Jennifer Brown: IT TAKES MORE THAN A STATISTICIAN TO DO PROBABILITY OF DETECTION

POD-EXPECTEDINDICATIONS

« DEFECTS,i.e.

« QUALITY OF CONCRETE (DENSIFICATION, MOISTURE etc)

« CRACKS
« DELAMINATION
« VOIDS

- DEBONDING BETWEEN LINERAND CONCRETE

. CREEP
« SHRINKAGE

« INTERNAL STEEL COMPONENTS AS LINER etc.

« REBARS

« DUCTS OF PRESTRESS TENDONS
» TECHNOLOGICAL CHANELS
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EXPERIMENTALSTEND ;g%:g
DESCRIPTION OF THE STAND
am
o
EXPERIMENTALSTEND &%g
DESCRIPTION OF THE STAND —cont. 1
am - SPECIMEN Ne 1
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EXPERIMENTALSTEND é%rﬂ
DESCRIPﬂON OF THESTAND —-cont. 2

E R séecmeﬁ Ne 2

g

EXPERIMENTALSTEND 5%:{

— ]

.

DESCRIPTION OF THESTAND —cont. 3

o

o INTERNAL LINER WITH DEFECTS
L5
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EXPERIMENTALSTEND &%ﬁ
SPECIMEN Ne 3

4

s

EXPERIMENTAL STEND 5%8

= SPECIMEN Ne 4 WITH GRID OF REBARS
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EXPERIMENTALSTEND 8%33

DESCRIPTION OF THE STAND —
AR O [ 7

|

48 SPECIMEN Ne 5: CONTAINMENT WALL WITH REBARS AND DUCTS

SOME RESULTS OF NDE Zerﬂ

ve [}

o 2500
20000
84150400
400
030505100
0 $00.80%0

vz (o)

Wa200.425
@4150-4200
41004150
40504100
4000-4050
1 3950-4000

-

E EF ¥ ¥ G GH -
=g DETECTION OF THE ARTIFICIAL CAVITY
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&

SOMERESULTSOFNDE - cont.1

o
W 4425-4500
| 4275-4350
8 4200-4275
B 4125-4200
£4050-4125
£13975-4050
1 3900-3975

R - AT I N P I

ABCDEFGHTIJKILM

== DETECTION OF HOLES & 150 AND 100 mm

SOMERESULTSOFNDE - cont. 2 &%{{

v.

»[mas00320
42504300
042008240
1541504200
3 au1004150
4204100

HOLE WITH 6 50 mm
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i
SOME RESULTSOF NDE - cont. 3 &
2
2
3
3
4 |@43504400
4 |maz0oa3se
.- |m42504300
8 5 |ma2004250
8 841504200
7 0400415
7 lo4ososie
8 040004050
g 039502000
030063950
038503900
- |o 38003850
an DETECTION OF THE DUCTS
L FiS|
o
POD VERSUS NDE METHODS eha

- IN OUR EXPERIMENTS THE FOLLOWING METHODS HAVE BEEN USED
~ ULTRASOUND
« GROUND PENETRATION RADAR
- IMPACT ECHO

~ APPLICATIONS WITH HIGH VALUE OF POD

NDE METHCD SUCCESFUL AFPUCATIONTO
UT, impact Edho, Laser Delamiration
UT, impect Echo Crades
GPR, ImpactEcha, UT Voids, Chamnels
GPR Coverdepth
GPR, Impact Echo Reirforosnent
uT Conceie properties
GPR, impact Echo Interal Liner
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CONCLUSIONS R

~ NDE IS VERY IMPORTANT TOOL FOR AGEING MANAGEMENT AND
PLEX OF NPPs

~ DETERMINISTIC OR PROBABILITY BASED APPROACHES ARE
POSSIBLE

~ PSAAPPROACH NEED AS INPUT DATA PROBABILITY OF FAILURE
AND/OR POD

» CALCULATION METHODS OF CONCRETE STRUCTURES FAILURE
PROBABILITY ARE WELL KNOWN

~ POD CALCULATION REPRESENT NEW CHALLENGE

- QUESTION: IS IT POD, MI-HDBK-1823A ,,NON DESTRUCTIVE
EVALUATION SYSTEM RELIABILITY ASSESSMENT" GUIDE ONLY
ONE?

~ IF YES, EXISTS POSSIBILITY TO OBTAIN HIM AND DISTRIBUTE TO
FAMILY OF IAEG MEMBERS?

~ IT IS EVIDENT THAT IN POD FIELD NDE PEOPLES MUST COOPERATE
WITH STATISTICIENS

THANK YOU
FOR YOUR
ATTENTION
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