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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 30 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, the Czech Republic, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway,
Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The
Commission of the European Communities 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 Secretary-General of the OECD. 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
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The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958 under the name of the OEEC European
th
Nuclear Energy Agency. It received its present designation on 20 April 1972, when Japan became its first non-European full
member. NEA membership today consists of 28 OECD member countries: Australia, Austria, Belgium, Canada, the Czech
Republic, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the
Netherlands, Norway, Portugal, Republic of Korea, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United
Kingdom and the United States. The Commission of the European Communities 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 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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Paris, France, fax (+33-1) 46 34 67 19, (contact@cfcopies.com) or (for US only) to Copyright Clearance Center (CCC), 222
Rosewood Drive Danvers, MA 01923, USA, fax +1 978 646 8600, info@copyright.com.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of senior scientists and engineers, with broad responsibilities for safety technology and research
programmes, and representatives from regulatory authorities. It was set up in 1973 to develop and
co-ordinate the activities of the NEA concerning the technical aspects of the design, construction and
operation of nuclear installations insofar as they affect the safety of such installations.
The committee’s purpose is to foster international co-operation in nuclear safety amongst the OECD
member countries. The CSNI’s main tasks are to exchange technical information and to promote
collaboration between research, development, engineering and regulatory organisations; to review
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and
research consensus on technical issues; to promote the coordination of work that serve maintaining
competence in the nuclear safety matters, including the establishment of joint undertakings.
The committee shall focus primarily on existing power reactors and other nuclear installations; it shall also
consider the safety implications of scientific and technical developments of new reactor designs.
In implementing its programme, the CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA) responsible for the program of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety. It also co-operates with
NEA’s Committee on Radiation Protection and Public Health (CRPPH), NEA’s Radioactive Waste
Management Committee (RWMC) and NEA’s Nuclear Science Committee (NSC) 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.
The IAGE Concrete Sub-group convened a series of workshops and published related proceedings on Pre-stress
Loss in NPP Containment, August 1997 NEA/CSNI/R(97)9, Development Priorities for Non-Destructive
Examination in Concrete Structures in Nuclear Plants, November 1997 NEA/CSNI/R(97)28, Finite Element
Analysis of Degraded Concrete Structures, October 1998 NEA/CSNI/R(99)1, Instrumentation and Monitoring
of Concrete Structures, March 2000 (NEA/CSNI/R(2000)15), and the Evaluation of Defects, Repair Criteria &
Methods of Repair for Concrete Structures on Nuclear Power Plants April 2002 NEA/CSNI/R(2002)7.
The group compiled and summarised conclusions and recommendations derived from each of the above
workshops and included recommendations on collection and recording of data and information obtained
during nuclear power plant in the report “A Decade of CSNI Activities in the Area of Ageing of Nuclear
Power Plant Concrete Structures”, NEA/CSNI/R(2008)14.
The IAGE working group considered there was a need to review the state-of-the-art techniques for the
integrity assessment of concrete structures, and to recommend areas where further research is warranted. In
consequence the CSNI agreed on 2007 on an IAGE proposal to organise a workshop on Ageing
Management of Thick Walled Concrete Structures, including ISI, Maintenance and Repair-Instrumentation
Methods and Safety Assessment in view of Long Term Operation. This report documents the proceedings
of the workshop that was held in Prague, Czech Republic, on 1-3 October 2008.
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SUMMARY AND CONCLUSIONS

I

Introduction

This report documents the proceedings from the Workshop on “Ageing Management of Thick Walled
Concrete Structures, including In Service Inspection, Maintenance and Repair – Instrumentation Methods
and Safety Assessment in view of Long Term Operation”, held in Prague, Czech Republic on 1-3 October
2008. A total of 69 specialists from 16 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. Special
emphasis was given to performance-based ISI based on NDE methods (such as impact echo, ultrasound
and high frequency radar) and instrumentation. Limits of applicability were extensively discussed. The
management of ageing programs based on suitable structural monitoring was also addressed in the
framework of a safety assessment of the installations in the long term. Probabilistic methods oriented to the
reliability structural assessment were also discussed for consistent management of the integrity assessment
of civil structures, both repairable and not.
The workshop was structured in 4 technical sessions, each followed by ample time for panel discussions.
The first technical session was devoted to presentation of ageing management programmes of concrete
structures in member countries. The second technical session was intended for discussion of testing and
safety assessment of concrete structures. The third technical session addressed the development of different
non destructive examination techniques. And the fourth technical session included presentations on the
development of conditioning monitoring of containment structures.
II. Background of the Workshop
The main purposes of nuclear power plant containments 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 start to degrade after
20 years or even earlier. Concrete containments are subjected to many types of environmental effects that
can degrade their structural integrity.
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
must be effectively controlled. An important element of this control is inspection and monitoring to assess
and determine the condition of the concrete structures and associated components.
In the 1997 CSNI/IAGE Workshop at Risley, UK, the development priorities for NDE of concrete
structures in NPPs were identified. In the period between 1997 and 2007, NPP operators have recognised
9
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many challenges to maintenance, repair and the LTO aspects. One of these is the ability to detect and
predict the extent of internal damage and ageing effects. Modern NDE methods and instrumentation are
thought to be potentially useful techniques for the detection and measurement of the extent of internal
damage and providing information on the quality of construction.
Moreover, despite of the large choice of inspection techniques available, the engineering community still
shows different practices in the management of concrete ageing, especially in the use of ISI, their
integration with the safety assessment and their optimisation. This issue has become urgent in recent years,
when the degradation mechanisms affecting concrete structures have shown their potential to jeopardise
structural reliability, thus challenging the nuclear safety.
III. Conclusions
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 plan life
since they are mostly irreplaceable. Structures are subject to time – dependent variation of material
properties under the influence of environmental stressors and ageing factors that may impact their ability to
perform its safety function. As NPPs age, assurance need to be provided that the capacity of concrete
structures to mitigate extreme events has not deteriorated unacceptably.
In general it was concluded that the performance of structures in NPPs has been good, with the majority of
identified problems initiating during construction and corrected at that time. However, as structures age
and the scope of inspection programmes have increased, there have been instances of degradation. Most of
leak rate is still concentrated around penetrations, gaskets, and discontinuities.
Structural design is well understood, but design for environment (e.g., moisture, temperature, and
radiation) is not well understood. Improvements are needed in engineering education and practice to
address designs for environmental effects and extended service life, “design for durability”. Equally
important if to promote that designs should be more instrumentation or inspection friendly.
Demonstration of continued safe and reliable operation of NPPs concrete structures requires the
implementation of a plant life management programme that effectively manages ageing to ensure
availability of design safety functions throughout plant service life. The plant life management programme
should address not only safety but durability and cost control at the same time.
Ageing management programmes of concrete structures should assess aspects such as ageing due to
defects coming from inadequate design, constructions process and/or maintenance programmes.
Two technical objectives of the PLiM programme for concrete structures should be considered. Monitor
degradation for durability and planning covering the whole life of the plant, from design to construction
and operation; and Proof safety (leak tightness, integrity) even in the absence of visually evident
degradation.
Especially for new reactors, concrete durability should be considered since the design phase by addressing
long-term performance requirements such as concrete mix design, curing strategy, and corrosion protection
of reinforcement. Site-specific environmental conditions have major role for durability design
considerations.
Data on long term performance of containment structures is of importance in demonstrating their durability
and predicting performance under environmental stressors and ageing factors.
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It was recommended that the CSNI should encourage the establishment of research projects aimed to
collect information and data for use in ageing assessments of concrete structures from nuclear power plants
under decommissioning and plant modifications in order to: assess construction quality; monitor and
benchmark specific plant performance; assess and validate NDE methods; evaluate performance of repair
materials; and help improve characterisation of service environments and understanding of degradation
mechanisms.
Transformation and reactions occur when Portland cement concrete is heated which could affect
mechanical and physical characteristics. Efforts should be devoted to assess the effects of long-term
thermal loadings at moderate temperature levels. Similarly, prolonged exposure of concrete to irradiation
may affect concrete properties. Data on effects of radiation on concrete properties are somewhat limited
due to difficulties in conducting experiments. It is also difficult to separate radiation from thermal effects.
For operation beyond 40 years the effects of radiation levels on concrete shielding effectiveness and
load-bearing capacity should be assessed. The IAGE group could promote international cooperation on this
aspect.
Evaluation methods for NPP structures generally fall into three categories such as visual examination;
destructive and non-destructive testing; and analytical reassessment. Visual examination constitutes an
adequate method since many of the manifestations of concrete degradation appear at the surface as visible
indications and discontinuities. The scope of visual examinations should include all exposed concrete
surfaces, joint material, interfacing structures and materials and attached components.
Several NDE methods were presented including new types of instrumentation for monitoring such as
vibrating wire strain gauges and fiber optic sensors that have been used together with real time monitoring.
It was discussed that non-destructive examination of NPP containment structures presents challenges
different from conventional civil engineering structures due to several aspects, such as wall thickness that
could be in excess of one meter; structures often have increased steel reinforcement density with more
complex detailing; the number of penetrations or cast-in place items; accessibility may be limited due to
presence of liners or others components, harsh environment, or structures localisation below ground.
As concrete structures age, NDE is likely to gain an increasingly important role in their ageing
management, and therefore it was recommended to improve the quantification of the capabilities of the
NDE techniques. Some areas have been identified where improvements in NDE methods are desired, for
example: for thick heavily reinforced concrete section in terms of flaw detection and characterisation,
honeycomb and embedded items, and void adjacent liner; for basemats and other inaccessible areas based
on indirect approach for environmental qualification; for global inspection methods for liners; and for
prestressing tendons to be able to make force measurements and estimate the time-dependent prestressing
force losses.
There have been a number of improvements in non-destructive examination methods in the last years
relative to equipment, signal processing, and imaging methods. It was recommended to review the CSNI
state of the art report published on 1998 on NDE methods of concrete structures in NPP due to the
improvements of methods, imaging and interpretation. The aim is to identify which methods are the most
suitable to monitor degradation, at which locations and time interval. It was also recommended to develop
and promote guidelines in the use of NDE methods for diagnosis related to ageing assessment. It was
considered that the IAGE Concrete sub-group should address this aspect.
It was discussed and recognised that there is still a gap between the scientist community that develops
innovative NDE methods and the “owners” or users of the NDE techniques for the inspection and
monitoring of concrete structures. There are in general no common objectives for research and
development. Therefore it was considered necessary to organise meetings and workshops like this one
11
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regularly, maybe 2-3 years, to promote contact between scientist and owners and to define common
objectives.
It was also recommended that rather than working on mock-ups to test the effectiveness of the NDE
techniques, blind tests should be carried out on actual containments walls in coordination with the
licensees to benchmark NDE methods.
Since time-dependant changes to structures and potential future challenges are random, structural
reliability theory constitutes a useful approach for safety evaluations of concrete structure integrity.
However uncertainties associated with the evaluation of ageing effects in structures should be properly
addressed. These uncertainties result from the randomness in structure loads, lack of in-service records on
performance, epistemic uncertainties in available models for quantifying time-dependent material
properties changes and their contribution to degradation, inaccuracies of non-destructive evaluation
techniques applied under field circumstances, and effectiveness of repair methods and absence of data on
repair durability. The workshop discussed that risk-informed reliability-based approaches may provide a
useful framework since “monitoring everything” is neither feasible nor cost effective. The risk-informed
approach is the best ageing management method for concrete containments, but significant research in this
area is required (e.g., failure mechanism, failure locations, probability of failure and other statistical data,
and consequence of failure).
It was recommended to promote the use of structural reliability theory incorporating uncertainties to
address time-dependent changes to concrete structures to demonstrate that the minimum accepted
performance requirements are exceed or to indicate on-going degradation to estimate end-of-life.
International cooperation in this area thru analytical benchmarks is desirable.
It was also noted the need to develop correlation of the ISI and monitoring result to containment fragility
by developing improved constitutive/damage models and acceptance criteria for use in assessment of
current concrete structures condition as well as estimating the future conditions.
Even though repair was included as topic for the workshop, few contributions addressed this topic.
Nevertheless, it was recommended to develop improved guidance on the assessment of defect and on the
performance and effectiveness of repair materials and techniques for NPP concrete structures. The IAGE
Concrete sub-group should compile worldwide data on application and performance, for example
durability, of repair materials and techniques.
In summary, several areas in the form of questions were identified where additional research is required:
• What degradation methods are most relevant to safety?
o Environmental stressors may be crucial
o Need to develop improved limit states to help focus inspections
o Compilation of material property data for long-term performance
• What in-service inspection methods are most suitable for degradation detection?
o Safety case with simple ageing management plan applied to shutdown plant
o Risk-informed approach may provide a framework
o Non-destructive methods for thick-section concrete structures and basemats
o Personnel training and qualifications guidelines
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• How to correlate in-service inspection and monitoring results to fragility?
o Improved constitutive models/damage models and acceptance criteria
o Additional statistical data required
o Current and future performance
• How to repair?
o Data on applications and performance of repair materials
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“Ageing Management of Nuclear Power Plant Concrete Structures –
Overview and Suggested Research Topics”
D. J. Naus, Oak Ridge National Laboratory

Abstract
Nuclear power plant concrete structures are described and their operating experience noted. Primary
considerations related to management of their ageing are noted and an indication of their status provided:
degradation mechanisms, damage models, and material performance; assessment and remediation (i.e.,
component selection, in-service inspection, non-destructive examinations, and remedial actions); and
estimation of performance at present or some future point in time (i.e., application of structural reliability
theory to the design and optimisation of in-service inspection/maintenance strategies, and determination of
the effects of degradation on plant risk). Several activities are identified that provide background
information and data on areas of concern with respect to non-destructive examination of nuclear power
plant concrete structures: inspection of thick-walled, heavily-reinforced sections; basemats; and
inaccessible areas of the containment metallic pressure boundary. Topics are noted where additional
research would be of benefit to ageing management of nuclear power plant concrete structures.
1.

Introduction

The design life of existing nuclear power plants was often chosen to be 30-40 years. In the United States,
the Atomic Energy Act and regulations of the United States Nuclear Regulatory Commission (USNRC)
limit commercial power reactor licenses to an initial 40-year period,∗ but also permits such licenses to be
renewed. This original 40-year term for reactor licenses was based on economic and antitrust
considerations – not on limitations of nuclear technology. Due to this selected period, however, some
structures and components may have been engineered on the basis of an expected 40-year service life.
Currently the United States has 104 nuclear power plant units licensed for commercial operation that
provide about 20% of the electricity supply. Starting in the year 2009, the first of these units is scheduled
to reach the end of its initial operating license period. In order to help assure an adequate energy supply,⊥
the USNRC has established a timely license renewal process and clear requirements that are needed to
ensure safe plant operation for an extended plant life. These requirements are codified in Parts 51 and 54
of Title 10, “Energy,” of the Code of Federal Regulations. Within these requirements a licensee’s
responsibilities include addressing both the technical and managerial aspects of plant ageing in addition to
evaluating the potential environmental impact of extended plant operation. This process provides for a
renewal of an operating license for an additional 20 years. In fact, as of July 2008, 48 units have
completed applications for license renewal, 12 units were under review, and 27 units have provided letters
of intent to apply for a license renewal [1]. In order to ensure the safe operation of nuclear power plants, it
is essential that the effects of age-related degradation of plant structures, as well as systems and

∗
⊥

Other countries may not have a limit set on the plant operating license period but the utility must obtain a permanent renewal of
its operating license subject to numerous and continuous justifications (e.g., periodic safety re-evaluations).
By 2030 it has been estimated that energy demand will be 40 to 50% higher than today.
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components, be assessed and managed during both the current operating license period as well as
subsequent license renewal periods.
2.

Concrete structures and operating experience

2.1. Concrete structures
All commercial nuclear power plants in the U.S. contain concrete structures whose performance and
function are necessary for protection of the safety of plant operating personnel and the general public, as
well as the environment. The basic laws that regulate the design (and construction) of nuclear power
plants are contained in Title 10 of the Code of Federal Regulations (CFR) that is clarified by Regulatory
Guides (e.g., R.G. 1.29) [2], NUREG reports, Standard Review Plans (e.g., Concrete and Steel Internal
Structures of Steel or Concrete Containments) [3], etc. In addition, R.G. 1.29 and Part 100 to Title 10 of
the CFR state that nuclear power plant structures important to safety must be designed to withstand the
effects of earthquakes without the loss of function or threat to public safety. These "safety-related"
structures are designated as seismic Category I. Seismic Category I structures typically include those
classified by the American Society of Mechanical Engineers (ASME) and the American Nuclear Society
(ANS) as Safety Classes 1, 2, and 3 (i.e., safety related). Information related to design of the nuclear
power plant concrete structures is provided elsewhere [4].
A myriad of concrete-based structures are contained as a part of a light-water reactor (LWR) plant to
provide foundation, support, shielding, and containment functions. Typical safety-related concrete
structures contained in LWR plants may be grouped into four general categories: primary containments,
containment internal structures, secondary containments/reactor buildings, and other structures.
Seventy-two of the nuclear power plants licensed for commercial operation in the U.S. employ either a
reinforced concrete (37) or post-tensioned concrete (35) containment. Only information related to primary
containment structures for pressurised-water (PWR) and boiling-water reactor (BWR) plants is
+
summarised below.
Basic requirements for containment structures include:
1. Provide an "essentially" leak-tight barrier against the uncontrolled release of radioactivity to the
environment for all postulated design basis accident conditions;
2. Accommodate the calculated pressure and temperature conditions resulting from a loss-of-coolant
accident;
3. Withstand periodic integrated leakage-rate testing at the peak calculated accident pressure that may
be at levels up to and including the containment design pressure; and
4. Permit appropriate periodic inspection of all important components and surfaces and the periodic
testing of the leak tightness of containment penetrations.
Of the PWR plants that have been licensed for commercial operation in the U.S., approximately 80%
utilise either reinforced or pre-stressed concrete primary containments. The concrete containments in
PWR plants are of three different functional designs: sub-atmospheric (reinforced concrete), ice condenser
(reinforced concrete), and large/dry (reinforced and pre-stressed concrete). The primary differences
between these containment designs relate to volume requirements, provisions for accident

+

Information on other concrete structures is provided elsewhere [5].
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loadings/pressures, and containment internal structures layout. The PWR containment structure generally
consists of a concrete basemat foundation, vertical cylindrical walls, and dome. The basemat may consist
of a simple mat foundation on fill, natural cut or bedrock, or may be a pile/pile cap arrangement. Most of
the plants have utilized the simple mat on fill or bedrock design. Leak tightness of each containment is
provided by a steel liner attached to the containment inside surface by studs (e.g., Nelson studs) or by
structural steel members. Exposed surfaces of the carbon steel liner are typically painted to protect against
corrosion and to facilitate decontamination should it be required. A portion of the liner located toward the
bottom of the containment and over the basemat is typically embedded in concrete to protect it from
damage, abrasion, etc. due to corrosive fluids and impact. A seal to prevent the ingress of fluids is provided
at the interface around the circumference of the containment where the vertical portion of the liner
becomes embedded in the concrete. Two of the PWR plants (Bellefonte and Ginna) have rock anchor
systems to which the post-tensioning tendons are attached. Depending on the functional design (e.g., large
dry or ice condenser), the concrete containments can be on the order of 40 to 50 m in diameter and 60 to
70 m high, with wall and dome thicknesses from 0.9 to 1.4 m, and base slab thicknesses from 2.7 to 4.1 m.
PWR plants that utilise a metallic primary containment (large dry and ice condenser designs) are usually
contained in reinforced concrete "enclosure" or "shield" buildings. This secondary containment consists of
a vertical cylinder wall with shallow dome and is often supported by the containment basemat. In addition
to withstanding environmental effects, the secondary containment provides radiation shielding and
particulate collection and ensures that the free-standing metallic primary containment is protected from the
natural environment.
Of the BWR plants that have been licensed for commercial operation in the U.S., approximately 30%
utilise either reinforced or pre-stressed concrete primary containments. BWR containments, because of
provisions for pressure suppression, typically have "normally dry" sections (dry well) and "flooded"
sections (wet well) that are interconnected via piping or vents. BWR plants that utilise steel primary
containments have reinforced concrete structures that serve as secondary containments or reactor buildings
and provide support and shielding functions for the primary containment. Although the design parameters
can vary somewhat depending on plant type, the secondary containments are typically composed of beam,
floor, and wall structural elements. These structures generally are safety-related because they provide
additional radiation shielding; provide resistance to environmental and operational loadings; and house
safety-related mechanical equipment, spent fuel, and the primary metal containment. Although these
structures may be massive in cross-section in order to meet shielding or load-bearing requirements, they
generally have smaller elemental thicknesses than primary containments because of reduced exposure
under postulated accident loadings. In addition, these structures may be maintained at a slight negative
pressure for collection and treatment of any airborne radioactive material that might escape during
operating conditions.
2.2. Operating experience
In general, the performance of nuclear power plant safety-related concrete structures has been very good.
However, there have been several isolated incidences that if not remedied could challenge the capacity of
the containment and other safety-related structures to meet future functional and performance
requirements. Most of the instances of degradation occurred early in life and have been corrected [6, 7].
Causes were related primarily either to improper material selection, construction/design deficiencies, or
environmental effects. Examples of some of these problems include low 28-d concrete compressive
strengths, voids under the post-tensioning tendon bearing plates resulting from improper concrete
placement; cracking of post-tensioning anchor heads due to stress-corrosion cracking or embrittlement; and
containment dome delaminations due to low quality aggregate materials and absence of radial steel
reinforcement or unbalanced pre-stressing forces [8-10]. Other construction-related problems include
occurrence of excessive voids or honeycomb in the concrete, contaminated concrete, cold joints, cadweld
(steel reinforcement connector) deficiencies, materials out of specification, higher than Code-allowable
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concrete temperatures, misplaced steel reinforcement, post-tensioning system button-head deficiencies, and
water-contaminated corrosion inhibitors [6].
Although continuing the service of a nuclear power plant in all likelihood will not be limited by the
concrete structures, several incidences of age-related degradation have been reported [8-13]. Examples
include corrosion of steel reinforcement in water intake structures, corrosion of post-tensioning tendon
wires, leaching of tendon gallery concrete, low pre-stressing forces, and leakage of corrosion inhibitors
from tendon sheaths. Other ageing-related problems include cracking and spalling of containment dome
concrete due to freezing and thawing, and corrosion of containment liners. As the plants age incidences of
degradation are expected to increase, primarily due to environmental effects. Additional information on
durability of U.S. nuclear power plant concrete structures is available [4, 6-13] as well as problem areas
experienced with nuclear power plant concrete structures in other countries [14].
3.

Ageing management

Guidelines for production of durable concrete are available in national consensus codes and standards (e.g.,
ACI 318 [15]) that have been developed over the years through knowledge acquired in testing laboratories
and supplemented by field experience. Serviceability of concrete has been incorporated into the codes
through strength requirements and limitations on service load conditions in the structure (e.g., allowable
crack widths, limitations on mid-span deflections of beams, and maximum service level stresses in
pre-stressed members). Durability has been included in the design through specifications for maximum
water-cement ratios, requirements for entrained air, minimum concrete cover over reinforcement, etc.
Service-related degradation, however, can affect the ability of a nuclear power plant concrete structure to
perform satisfactorily in the unlikely event of a severe accident by reducing its structural capacity or
jeopardizing its leak-tight integrity. As noted in the previous section, early in the life of the nuclear power
plants the root cause for most degradation that was identified could generally be linked to a design or
construction problem, inappropriate material application, or maintenance and inspection activities. As
these plants mature, environmental factors are going to become increasingly important. Demonstration of
continued safe and reliable operation of the plants will involve implementation of a program that
effectively manages ageing to ensure the availability of design safety functions throughout the plant
service life. Considerations to be addressed by such a program for the safety-related concrete structures
include:
1. What environmental stressors or ageing factors are most important with respect to impacting
structural reliability?
2. What in-service inspection or condition assessment programs are most effective in demonstrating
structural reliability, and how often should they be applied?
3. What material sampling and testing programs should be required, if any?
4. How effective are remedial measures in enhancing the reliability of the structures and extending
their usable life?
5. How have the material properties changed under the influence of ageing and environmental
stressors?
6. What is the residual life of the structure and how might it respond to something like a design-basis
event?
General guidance on developing an ageing management program for concrete containment buildings has
been developed [14]. Included in this reference is information related to practices and techniques that have
been utilised by various countries for assessing the fitness-for-service, and inspection, monitoring and
mitigation of ageing degradation of concrete containment buildings. The International Union of
42

NEA/CSNI/R(2009)9
Laboratories and Experts in Construction Materials, Systems and Structures (RILEM) has prepared a
report and held workshops related to ageing management of nuclear power plant concrete structures
[16-19]. Finally, the Nuclear Energy Agency Committee on the Safety of Nuclear Installations under its
Integrity of Components and Structures Working Group (IAGE WG) has prepared several reports and held
a series of workshops that addressed various aspects of ageing of nuclear power plant concrete structures
[20-31]. Contained in the balance of this section is general information related to the ageing management
considerations noted above including areas where additional research would be of benefit in helping
demonstrate that adequate safety margins are maintained throughout continued service periods considered.
Topics addressed include degradation mechanisms, damage modelling, and material performance;
assessment and repair; and applications of structural reliability theory.
3.1. Degradation mechanisms, damage modelling, and material performance
Degradation Mechanisms Reinforced concrete structures almost from the time of construction will start
to deteriorate in one form or another due to exposure to the environment (e.g., temperature, moisture,
cyclic loadings, etc.) [32]. The rate of deterioration is dependent on the component’s structural design,
materials selection, quality of construction, curing, and aggressiveness of environmental exposure.
Termination of a components service life occurs when it no longer can meet its functional and performance
requirements.
Primary mechanisms (factors) that, under unfavourable conditions, can produce premature deterioration of
reinforced concrete structures include those that impact either the concrete or steel reinforcing materials
(i.e., mild steel reinforcement or post-tensioning systems). Degradation of the concrete can be caused by
adverse performance of either its cement-paste matrix or aggregate materials under chemical or physical
attack. In practice, these processes may occur concurrently to reinforce each other. In nearly all physical
and chemical processes influencing the durability of concrete structures, dominant factors involved include
the transport mechanisms within the pores and cracks, and the presence of water. Chemical attack may
occur in several forms: efflorescense or leaching; attack by sulfate, acids, or bases; delayed ettringite
formation; and alkali-aggregate reactions. Physical attack involves the degradation of concrete due to
external influences and generally involves cracking due to exceeding the tensile strength of concrete, or
loss of surface material. Physical attack mechanisms for concrete include salt crystallization, freezing and
thawing, thermal exposure/thermal cycling, abrasion/erosion/cavitation, irradiation, fatigue or vibration,
biological attack, and settlement. Degradation of mild steel reinforcing materials can occur as a result of
corrosion, irradiation, elevated temperature, or fatigue effects, with corrosion being the most likely form of
attack. Post-tensioning systems are susceptible to the same degradation mechanisms as mild steel
reinforcement plus loss of pre-stressing force, primarily due to tendon elongation and concrete creep and
shrinkage. Additional information on durability of nuclear power plant reinforced concrete structures is
available [4].
Damage Modelling Extensive research and studies have been carried out to determine the durability of
concrete under various service conditions, and thus information on the progressive changes in physical and
chemical nature of concrete under such conditions is available. Available damage models for reinforced
concrete in large measure have addressed corrosion of steel reinforcement in concrete and new
construction. Improved damage models and guidelines for their use are required to predict failure
probability of a degraded concrete structure, either at present or at some future point in time. Synergistic
effects involving more than one degradation factor and the interaction of loading and environment also
need to be investigated in more detail.
Material Performance Nuclear safety-related concrete structures are composed of several constituents
that, in concert, perform multiple functions (e.g., load-carrying capacity, radiation shielding, and leak
tightness). Primarily, these constituents include the following material systems: concrete, conventional
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steel reinforcement, pre-stressing steel, steel liner plate, and embedment steel. Data on the long-term
performance of the reinforced concrete materials is of importance for demonstrating the durability of the
nuclear power plant concrete structures, and in predicting their performance under the influence of
pertinent ageing factors and environmental stressors. This information also has application to establishing
limits on hostile environmental exposure for these structures and to development of inspection and
maintenance programs that will prolong component service life and improve the probability of the
component surviving an extreme event such as a loss-of-coolant accident.
Prior reviews of research conducted on concrete materials and structures indicate that only limited data are
available on the long-term (40 to 80 years) properties of reinforced concrete materials [6]. Where concrete
properties have been reported for conditions that have been well-documented, the results were generally
for concretes having ages < 5 years, or for specimens that had been subjected to extreme,
non-representative environmental conditions such as seawater exposure or accelerated ageing. Relatively
few investigations were reported providing results on examinations of structures that had been in service
for the time period of interest, 20 to 100 years, and they did not generally provide the “high quality”
information (e.g., baseline material characteristics and changes in material properties with time) that is
desired for meaningful assessments to indicate how the structures have changed under the influence of
ageing factors and environmental stressors.
Limited data on the long-term performance of reinforced concrete materials reported in the literature,
results from concrete cores removed from nuclear power plants, and specimens cast in conjunction with
nuclear power plant facilities have been reported [33]. These results generally show an increase in
compressive strength (relative to 28-d reference strength) at a decreasing rate with age, but the data
obtained from the literature were for concrete ages < 50 years and the nuclear plant data for
∗
ages < 27 years. With the availability of decommissioned nuclear power plants and plant modifications
requiring removal of materials, opportunities exist to obtain samples for use in providing an improved
understanding of the effects of extended exposure under the unique conditions found in nuclear power
plants. Results could then be input into an operational database to help monitor and benchmark specific
plant performance. Examples of areas of interest would be the effects of long-term thermal loadings at
moderate temperature levels and effects of irradiation on load-bearing concrete structures operating
> 40 years. Additional applications of a concrete material sampling activity would be for assessment of
construction quality, development of improved damage models, assessment and validation of
non-destructive testing methods, and evaluation of the performance of repair activities.
With respect to post-tensioning systems, current examination programs are adequate for determining the
condition of the post-tensioning system materials and evaluating the effects of conventional degradation.
Isolated incidences of wire failure due to corrosion have occurred. Leakage of tendon sheathing filler
(ungrouted tendons) has occurred at a few plants, but except for the potential loss of corrosion protection,
the problem appears to be primarily aesthetic [35]. Tendon forces at most plants are acceptable by a
significant margin, but larger than anticipated loss of force has occurred at a few older plants. The effect
of reduced pre-stressing force and degradation of pre-stressing tendons (e.g., broken wires) has been
investigated for a typical PWR post-tensioned concrete containment during a loss-of-coolant accident
+
using finite-element analysis [36]. Although bonded pre-stressing tendons are less vulnerable to local
∗

Using results obtained from concrete cores removed from residential buildings and bridges, one reference indicates that although
the concrete strength and modulus exhibit an increase with age, the ability of concrete to resist shear and torsion may decrease
[34].

+

Results for the scenario investigated indicated that loss of pre-stressing force leads to increased concrete cracking at lower
pressurization levels, complete failure of selected hoop tendons can have a significant impact on the containment ultimate
capacity, and failure of selected vertical tendons did not have a significant impact on ultimate capacity.
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damage than ungrouted tendons, the grouted tendons cannot be visually inspected, mechanically tested, or
re-tensioned in the event of larger than anticipated loss of pre-stress. Improved guidance on in-service
inspection of grouted tendons is desired. Other potential research topics related to post-tensioning systems
include development of an improved relationship between the end-anchorage force measured by the lift-off
test and change in mean force along the tendon length for unbonded tendons, and an assessment of the
validity of using estimates of time-dependent loss of pre-stressing force based on limited duration
relaxation tests (e.g., 1000 h) and concrete creep results (e.g., 6 mo). At a plant 60-year age this involves
application of time factors of 500 and 120, respectively.
3.2. Assessment and repair
Operating experience has demonstrated that periodic inspection, maintenance, and repair are essential
elements of an overall program to maintain an acceptable level of reliability for structures over their
service life. Assessment and management of ageing in nuclear power plant concrete structures requires a
more systematic approach than simple reliance on existing code margins of safety [37]. What is required is
the integration of structural component function, potential degradation mechanisms, and appropriate
control programs into a quantitative evaluation procedure. A methodology for demonstrating the
continued reliable and safe performance of these structures should include (1) identification of structures
important to public health and safety; (2) identification of environmental stressors, ageing mechanisms and
their significance, and likely sites for occurrence; (3) a monitoring or in-service-inspection-based
methodology that includes criteria for resolution of existing conditions; and (4) a remedial measures
program.
Component Selection The most effective structural condition assessment programs are those that focus
on the components most important to safety and at risk due to environmental stressor effects. Ageing
assessment methodologies have been developed to provide a logical basis for identifying the critical
concrete structural elements and degradation factors that can potentially impact the performance of these
structures [38].
An evaluation of the impact on plant risk due to structural ageing can also be used in the selection of
structural components for evaluation [39]. Probabilistic risk assessments conducted to date indicate that
the structural systems generally play a passive role in mitigating design basis (or larger) internal initiating
events; a notable exception being the pressure-retaining function of the containment following a degraded
core incident involving failure of the reactor pressure vessel. On the other hand, the structural components
play an essential role in mitigating extreme events initiated by earthquake, wind, and other extreme
influences, and their failure probabilities due to external events can be higher. Moreover, failure of major
structural components may impact the operation of a number of mechanical and electrical systems and lead
to so-called "common cause failures." Thus, deterioration of structural components and systems due to
ageing and other aggressive environmental influences may be more serious in terms of overall plant risk
than might be evident from a cursory examination of their role in accident mitigation. The significance of
structural ageing and deterioration to plant risk can be evaluated by considering the impact that they have
on risk associated with external initiating events, especially earthquakes. It is in mitigating the effects of
strong ground motion due to earthquakes that structural systems play a particularly significant role. The
apparent impact of structural ageing becomes more important if a margins analysis is used to assess
suitability for continued service. Sensitivity analysis can help to identify the structures of importance that
should warrant particular attention.
A third approach involves the combination of finite-element analysis and non-destructive testing methods
for evaluation of ageing and degradation of concrete containments [40, 41]. The CONMOD Project
objective was to find a practical means to determine the condition of a containment structure as well as
how this condition can be expected to change with time under the influence of various loading conditions
including ageing. Applications of the approach developed include: (1) identification of critical parts of a
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structure for non-destructive evaluation including critical parameters, (2) updated structural analyses using
input from non-destructive evaluations, (3) prediction of non-destructive responses for a known condition
at a given time using finite-element method modelling techniques, and (4) prediction of the non-destructive
evaluation responses using finite-element modelling techniques based on a known condition and how this
will change due to ageing processes. One of the conclusions of this study was that development of new
containment designs should focus on establishing rules, designs, and novel ideas on how to significantly
improve the accessibility of the concrete structures for diagnostic investigations.
In-Service Inspections In-service inspection programs have the primary goal of ensuring that the nuclear
power plant structures have sufficient structural margins to continue to perform in a reliable and safe
manner [42,43]. A secondary goal is to identify environmental stressors or ageing factor effects before
they reach sufficient intensity to potentially degrade structural components. Routine observation, general
visual inspections, leakage-rate tests, and destructive and non-destructive examinations are techniques
available to identify areas of nuclear power plants that have experienced degradation.
Determining the existing performance characteristics and extent and causes of any observed distress is
accomplished through a structural condition assessment that routinely initiates with a general visual
inspection to identify suspect areas followed by application of destructive or non-destructive examinations
to quantify the extent and significance of any observed degradation. Basic components of a condition
assessment include: (1) a review of “as-built” drawings and other information pertaining to the original
design and construction so that information, such as accessibility and position and orientation of embedded
steel reinforcing and plates in concrete, is known prior to the site visit; (2) detailed visual examination of
the structure(s) to document easily obtained information on instances that can result from or lead to
structural distress (e.g., crack mapping); (3) determination of need for additional surveys or application of
destructive or non-destructive testing methods; (4) analysis of results; and (5) preparation of report
presenting conclusions and recommendations. More detailed information on guidelines on conduct of
surveys of existing civil engineering buildings is available [44-47].
Some general guidance on assessment of nuclear power plant degradation is also available [48-51].
However, nuclear power plant reinforced concrete structures present special challenges for development of
acceptance criteria because of their massive size, limited accessibility in certain areas, stochastic nature of
past and future loads, randomness in strength, uncertainty in material changes due to ageing and possibly
degradation, and qualitative nature of many non-destructive evaluation techniques (see next section).
Improved guidelines and criteria to aid in the interpretation of condition assessment results, including
development of probability-based degradation acceptance limits, are required.+
Non-Destructive Examinations Application of non-destructive examination methods to nuclear power
plant reinforced concrete structures presents challenges: wall thicknesses can be in excess of one meter;
structures often have increased steel reinforcement density with complex detailing; there can be a number
of penetrations or cast-in-place items; accessibility may be limited due to the presence of liners or other
components, harsh environments, or structures may be located below ground; experience with
non-destructive examinations of nuclear power plant concrete structures is somewhat limited; and methods
utilized for the nuclear power plant structures are often based on equipment developed for other materials
or technologies. Available methods are relatively good at identifying cracking, voids, and delaminations,
and indicating the relative quality of concrete. Methods for determining concrete properties, however, tend
to be somewhat more qualitative than quantitative because they tend to be indirect in that they often require
the development of correlation curves for relating a measured parameter (e.g., ultrasonic velocity or
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Some information on probability-based crack acceptance limits for beams and shear walls considering loss of steel area and
concrete spalling is available [52].
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rebound number) to a property (e.g., concrete compressive strength). Identification and description of
methods for determining the strength of concrete and evaluation of concrete structures is provided
elsewhere [53-56]. A practical guide related to non-destructive examination of concrete has been
developed that not only identifies and describes the capabilities, limitations, and applications of the various
methods that are available, but presents results from a number of examples [57].
The status of non-destructive examination methods and priorities for its development with respect to
examination, and instrumentation and monitoring of concrete structures in nuclear plants was addressed by
prior NEA/CSNI IAGE workshops [21,25]. It was noted that although non-destructive examination
techniques have been successfully used on a variety of reinforced and post-tensioned concrete structures
there has been somewhat limited experience in their use to evaluate typical nuclear power plant
safety-related structures. With respect to these structures, three conditions exist where performing
inspections or conduct of non-destructive examinations is not straightforward and requires
development-inspection of thick-walled, heavily-reinforced-concrete sections; basemats; and inaccessible
portions of a containment metallic pressure boundary. Since these workshops were held, additional work
has been done having application to these problem areas. Several of these activities are noted below and a
more detailed discussion of this work as well as a general overview of methods available for inspection of
nuclear power plant concrete and metallic structures is provided elsewhere [58]. More detailed
information on specific activities can be obtained from the references provided.
Inspection of thick-walled, heavily-reinforced-concrete structures in nuclear power plants presents
challenges as noted above. Non-invasive techniques for characterization, inspection, and monitoring of
these structures to provide additional assurances of their continued structural integrity are desirable (e.g.,
as-built or current structural features determination, flaw detection and characterisation, identification of
honeycomb areas and embedded items, and location of voids adjacent to the liner). Methods that can be
used to inspect the basemat without the requirement for removal of material and techniques that can detect
and assess corrosion are of particular interest. Several activities related to inspection of thick-concrete
∗
sections or nuclear power plant concrete structures have been identified in the literature:
1. CONMOD [40, 41] – Project was developed in response to the desire to develop an improved
approach to ageing management of concrete structures by taking advantage of new technologies.
The overall objective was to find a practical means to determine the condition of a containment
structure as well as how this condition can be expected to change with time under influence of
various loading conditions including ageing. The methodology developed was evaluated and
refined through two demonstrator applications – Barsebäck 1 and MAEVA mock-up. Primary
techniques investigated included radiography, radar, impact echo, multichannel analysis of surface
waves, ultrasonic pulse echo, and spectral analysis of surface waves.
2. Nordic Innovation Project [57] – Project addressed an assessment of the actual capabilities of
non-destructive examination methods for use on concrete structures with two priority areas
identified: determination of the structural integrity and quality of concrete structures of medium
thickness (<2 m) and determination of the condition of pre- and post-tensioned cables in concrete
structures. Areas of prime importance were detection and characterization of voids and cracks.
Fieldwork included a number of bridges, dams, and a nuclear containment wall. In addition, a
number of carefully prepared mock-ups were fabricated for laboratory investigations and two large
blocks were fabricated. The first block (nominally 4 x 4 x 0.8 m3) contained “idealized” defects of
various size, location, and orientation. The second block (2 x 2 m2 with wall thickness tapering
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This list is not meant to be all-inclusive, but to provide examples of related activities. Some of these activities will be addressed
at the workshop in more detail.
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from 0.35 to 0.5 m) contained various steel reinforcement patterns and ducts. Primary techniques
investigated included radiography, ground-penetrating radar, impact echo, spectral analysis of
surface waves, and ultrasonic pulse echo.
3. Large-Scale Concrete Test Specimen [59, 60] – A concrete slab, nominally 10 x 4 x 0.3 m3, was
fabricated to provide a reference specimen with defined flaws to test structures in practice. One
section (4 x 5 m2) of the slab contained tendon ducts with different diameters in varying lengths
and grouting defects along the pre-stressing steel. The other section (4 x 5 m2) provided areas with
varying thickness and flaws (planar defects and honeycomb). Techniques investigated included
ultrasonic pulse echo, impact echo, and radar.
4. Foundation Slab Test Specimen [61] – A specially designed foundation slab (5 x 5 m2 with
thickness of either 0.7 m or 1.2 m) was constructed to investigate measurement of slab thickness
and location of construction features such as piles and strip-foundations below slab. An ultrasonic
echo array was used in the study.
5. Simulated Bridge Section with Faults [62] –Two test specimens 2 x 1.5 x 0.7 m3 were fabricated
containing metal ducts with different grouting and compaction faults. Each specimen contained
two areas with different reinforcing bar arrangements (without rebars and section with different
mesh sizes). The project was designed to investigate non-destructive test methods that might be
applied to examination of bridge structures. Impulse radar and impact echo were utilised in the
study.
6. Slab with Honeycomb and Cracks [63] – The project was conducted to evaluate techniques for
localization of grouting defects and honeycomb in concrete foundations, and to characterise
concrete surface cracks. The test specimens (1.4 x 1.4 x 0.34 m3) used to investigate honeycomb
contained artificial honeycomb areas produced by styrofoam balls and gravel pockets and
contained rebar meshes at the top and bottom of the slab. The crack investigation studies used
specimens 0.5 x 0.2 x 0.3 m3 with cracks produced by preloading in flexure. The slab was
investigated using impulse echo.
7. Slab with Voids [64] – A concrete test specimen was built for the purpose of investigating the
influence of size and depth of voids in concrete on their detectability by impulse thermography.
The test specimens (1.5 x 1.5 x 0.5 m3) contained eight voids simulated by polystyrene blocks.
8. Test Article with Artificial Grouting Faults [65] – A test specimens (2 x 1.5 x 0.5 m3) containing voids
simulated by styrofoam balls and a tendon duct containing ungrouted regions was utilised to investigate
measurement of concrete cover and location of grouting faults. Several ultrasonic transducer test
arrangements were utilized: pressure waves in pulse echo technique, shear waves with dry-pointcontact transducer, and shear waves with point-contact transducers (multi-static array).
9. Simulated Containment Wall with Artificial Cracks [66] – A program was conducted to evaluate
the capability to detect and determine the size of cracks located inside the wall of a
pressurised-water reactor containment and to check for defect growth between inspections. The
concrete test specimen was 0.8 x 0.8 x 0.6 m3 and contained artificial cracks having four facets,
each 40 x 70 mm2 in section that were located from 200 to 500 mm below the inspection surface
and inclined between 10˚ and 20˚. The facets represented crack extensions. A single ultrasonic
transducer and a phased array of eight transducers were utilised in the investigation.
10. Post-Tensioned Concrete Beam [67] – An element of a post-tensioned beam 2.1-m high by 9.1-m
long and having a web height and width of 1.1 m and 0.2 m, respectively, was retained from a
bridge that was demolished. The objective of the program was to address specific needs of
structural engineers: localisation of pre-stressing tendons and reinforcing bars, pre-stressing
quality, and chemical pathologies (e.g., carbonation, chloride presence, alkali-aggregate reactions).
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Non-destructive methods utilised included covermeter, ground-penetrating radar, gamma
radiography, and impact echo.
11. Mock-Up of Containment Building Structure with Flaws [68] – Two test specimens where
fabricated to investigate non-destructive testing of nuclear power plant containment structures.
The first specimen 150 x 50 x 30 cm3 contained voids simulated by styrofoam located either below
steel reinforcement (10 cm concrete cover) or in an area without reinforcement (15 cm concrete
cover). The second specimen was 1.2-m thick and simulated a prototype structural member of a
nuclear power plant containment. It was reinforced and contained three 150-mm diameter metal
sheath pipes that were ungrouted, a 10 x 10 x 10 cm3 styrofoam void, a 20 x 40 x 40 cm3 container
filled with water, and a 15-cm-diameter polyvinylchloride pipe that were located 30 cm from the
specimen surface. The specimens were investigated using impact echo and ground-penetrating
radar.
12. Concrete Slab with Artificial Defects [69] – The capability of impact echo to quantitatively
identify the size and depth of internal defects based on frequency distributions was investigated.
Concrete slab specimens 4 x 2 x 0.2 m3 were utilised that contained disk-shaped artificial defects
having diameters of either 5, 10, 15, 20, 30, or 50 cm and depths of either 3, 5, 7, or 10 cm from
the surface.
13. Test Article with Voids, Honeycombing, and Tendon Ducts [70] – Nine concrete specimens 1 x 1 m2
having thicknesses ranging from 0.1 or 0.4 m were fabricated in order to check the applicability of
non-destructive testing methods to detect internal voids in reinforced concrete. Anomalies contained in
the different specimens were honeycomb, inclined cracks, grouted tendon ducts, and voids cast either
horizontal or inclined. Non-destructive testing methods utilised included thermography, sonic, impact
echo, and ultrasound.
14. Concrete Block with Rectangular Void [71] – An elastic-wave-based imaging method combining a
point source/point-receiver method was applied to a concrete block. The test article was 1.5 x 1.5
x 1.0 m3 and contained a horizontal rectangular void 0.2 x 0.1 m2 extending through the block at a
depth of 0.5 m.
15. Large Block with Inclined Crack [72] – Ground-penetrating radar was investigated as a technique
for detection of deep cracks in concrete. A large concrete block 3 x 3 x 4 m3 was fabricated that
contained an inclined crack. The crack was formed in the structure at a depth of 3.4 m by
hydraulic fracture at a zone of intentional weakness created when the block was cast. The crack
width could be adjusted by injecting water. Steel reinforcement was contained in a portion of the
block above the crack. Different crack widths and crack conditions (e.g., air-filled or water-filled)
were investigated.
16. Nuclear Power Plant Floor Slab [73] – Ground-penetrating radar was utilized over a 2.4 x 3 m2
area to map the spatial location and depth of embedded steel reinforcement bars and conduits
located within a 0.35-m-thick slab.
17. Post-Tensioned Concrete Bridge Beam [74] – Ultrasonic tomography was utilised to investigate
grouted tendon ducts of a post-tensioned concrete beam 1.2 x 0.75 x 0.4 m3. The beam contained
two 100-mm-diameter tendon ducts that contained simulated defects (voids).
Although results from studies identified above indicate that acoustic (e.g., ultrasonic pulse velocity,
spectral analysis of surface waves, impact echo, and acoustic tomography), radar, and radiography appear
to have potential for application to reinforced concrete structures in nuclear power plants, additional
development is required.
The most commonly used type of foundation for both concrete and steel nuclear power plant containments
is a mat foundation, which is a flat, thick slab supporting the containment, its interior structures, and any
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shield building surrounding the containment [75]. As such, the concrete foundation elements of nuclear
power plants are typically either partially or totally inaccessible for inspection. Under conditions such as
this the foundation structures are only accessible for inspection after removal of adjacent soil, coatings,
waterproof materials, or portions of neighbouring components or structures. As a result, indirect methods
related to environmental qualification are often utilised to indicate the potential for degradation of the
nuclear power plant concrete foundations [76]. This is generally done through an evaluation of the
surrounding medium (e.g., air, soil, humidity, groundwater, or cooling water). Methods employed are
based primarily on chemical evaluations to assess the presence and concentration of potentially aggressive
ions (e.g., sulfates or chlorides). In addition to an assessment of the aggressiveness of the surrounding
environment, the Code of Federal Regulations requires a complete description of the effects of
groundwater levels and other hydrodynamic effects on the design bases of the plant foundations and other
structures, systems, and components important to safety [77]. Relative to foundation piles, if an upper
surface is accessible, several techniques have potential application (e.g., impulse echo, sonic mobility,
cross-hole seismic logging or tomography, parallel seismic testing, single-hole sonic logging, and groundpenetrating radar) [78, 79].
Inspection of inaccessible portions of metallic pressure boundary components of nuclear power plant
containments (e.g., fully embedded or inaccessible containment shell or liner portions, the sand pocket
region in Mark I and II drywells, and portions of the shell obscured by obstacles such as platforms or
floors) requires special attention. Embedded metallic portions of the containment pressure boundary may
be subjected to corrosion resulting from ground water permeation through the concrete; a breakdown of the
sealant at the concrete-containment shell interface that permits entry of corrosive fluids from spills, leakage
or condensation; or in areas adjacent to floors where the gap contains a filler material that can retain fluids.
Nuclear power plant inspections have identified corrosion of the steel containment shell in the drywell sand
cushion region, shell corrosion in ice condenser plants, corrosion of the torus of the steel containment shell,
and concrete containment liner corrosion. Corrosion incidences such as these may challenge the
containment integrity and, if through-wall, can provide a leak path to the outside environment. Although
no completely suitable technique for inspection of inaccessible portions of containment metallic pressure
boundaries has been demonstrated to date, several techniques have been investigated that exhibit potential
(i.e., ultrasonics, electromagnetic acoustic transducers, half-cell potential measurements, magnetostrictive
sensors, and multimode guide waves). Several of these activities are noted below and a more detailed
discussion of this work as well as a general overview of methods available for inspection of nuclear power
plant concrete and metallic structures is provided elsewhere [58]. More detailed information on specific
activities can be obtained from the references provided.
1. Corrosion Damage in Germany [80] – An extensive evaluation was conducted to evaluate the
feasibility of using ultrasonic methods to detect corrosion damage in containments of BWRs or
liners of PWRs that are inaccessible. A number of calibration blocks 39-mm-thick containing
either a 2.5-mm-deep sharp-edged or cambered-shallow pit were fabricated and tested to qualify
the search units. Sharp-edged pits were found to be detectable but rounded pits were not.
Supplemental testing was then performed on a PWR and calibration blocks that had been corroded.
Results of the study indicated that it was possible to detect well-developed corrosion pits using 45˚
angle beam 2 MHz search units at a distance up to 130 mm from the interface between the concrete
and metal containment. General corrosion was hard to detect.
2. EMAT Detection of Flaws in Plate Structure [81] – Electromagnetic acoustic transducers
(EMATs) were evaluated relative to detection of corrosion in Mark I containment vessels.
Simulated corrosion-like defects (12.7-mm wide by 101.6-mm long by 11.4-mm deep) were milled
into a 2.1-m wide by 4.9-m long by 25.4-mm thick plate at a distance of 0.6 m from one end.
Pulse-echo and through-transmission modes were evaluated. In the pulse-echo mode a flaw at
least half-way through the plate thickness could be detected at distances to 4.6 m. In the
through-transmission mode it was felt that deep corrosion damage (> 75% of plate thickness) could
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be detected at distances to 15 m or more, but its location could not be determined. No concrete
was adjacent to the plate surfaces during these tests.
3. High-Frequency Acoustic Imaging [82,83] – Exploratory analytical and experimental simulations
have been conducted to investigate the feasibility of applying high-frequency acoustic imaging
techniques to the detection and localisation of thickness reductions in metallic pressure boundaries
of nuclear power plant containments. The analytical simulations verified that embedding of a
metallic plate in concrete introduced large losses that would limit penetration ability, but
significant degradation (e.g., > 2 mm) of containment thickness located below the containment/air
interface for steel containments would provide reasonable backscatter levels that should be
detectable. Experimental studies utilised plates 914-mm long by 203-mm wide by 25-mm thick
that either contained flaws 4-mm deep that were rectangular, rounded, or “V” shaped, or
rectangular flaws of different depth (8- or 12-mm deep). Some of plates were embedded in
concrete with or without bond existing between the concrete and plate. A commercially-available
angle beam inspection system was utilised in the experiments. Results showed that bond between
the concrete and steel had a significant effect on signal loss, but it was felt that a 4-mm-deep
rounded flaw in a plate embedded in concrete should be detectable at a depth of < 30 cm.
4. Magnetostrictive sensors [84,85] – Two studies have been conducted to investigate the feasibility
of applying magnetostrictive sensor technology to inspection of plate-type materials and to
evaluate its potential for detecting and locating thickness reductions in the containment metallic
pressure boundary resulting from corrosion. In the first study, after some initial modelling studies
to demonstrate that the technique had potential to achieve long-range inspection in plates backed
on both sides by concrete, an experimental investigation was conducted. A carbon steel plate
approximately 6.35-mm thick by 1.23-mm wide by 6.11-mm long was used as the test article. A
notch approximately 3-mm deep by 6-mm wide by 10-cm long was machined into the plate at a
distance of 4.06 m from the probe end of the plate. Subsequent tests extended the notch length to
20 cm and 30 cm. Results indicated that guided waves have potential for performing global, longrange inspections of plates and plate-like structures, and should work well for inspection of plates
backed by concrete on either one or both sides. In the second study, two carbon steel plates
1.22-m wide by 6.11-m long by 6.35-cm thick were used as test articles to evaluate the affects of
concrete on wave attenuation and to investigate long-range inspection capability. For tests with
concrete on both sides of the plate an approximately 152-mm-thick layer of concrete was cast and
cured that measured about 1.22 x 2.44 m2 covering about 40% of the plate length. A notch
102-mm-long extending half-way through the plate was located approximately 3.2 m from the
probes. In addition to the effect of concrete, the effects of several construction features were also
evaluated. It was found that when the concrete was bonded to the plate surface, the concrete
increased the guided wave attenuation significantly, severely limiting the inspection capability of
the guided waves, except for the A0 wave mode at a fairly low frequency (below approximately
25 kHz) which could be used for detection of relatively large defects within a few meters of the
concrete interface. It was also found that when the concrete was in physical contact to but
debonded from the plate surface, the concrete showed no measurable effects on the guided wave
attenuation and, therefore, its inspection capability. Since the concrete in the potentially damaged
areas of the metallic pressure boundaries is probably detached from the steel surface, the guided
waves are expected to have good applicability in practice. Other constructional features related to
the metallic pressure boundary such as welds, sealants, and paint where found to have no
significant impact on long-range inspection capability.
5. Multimode Guided Waves [86,87] – A limited experimental investigation and an analytical study
were conducted to demonstrate the feasibility of using multimode guided waves for identification
and location of thickness reductions in the metallic pressure boundary of nuclear power plant
containments. The test specimens utilised were the same as those used in the high-frequency
acoustic image study noted earlier. Results indicate that both shear-horizontal and Lamb wave
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modes can be used for inspection of steel containment structures, with both being somewhat
insensitive to the concrete boundary for specific velocity and frequency values. Strong benefits of
using shear-horizontal wave via an EMAT transducer were demonstrated with an overall improved
signal-to-noise ratio with practically no interference from the concrete interface and the potential
for non-contacting testing potential. In the analytical study the boundary element method was used
to study the interaction of various guided wave packets of energy with various corrosion
boundaries in a structure (e.g., elliptical-shaped scatterers with a variation in defect depth and
length values). Theoretical and experimental data on the scattering of shear-horizontal waves were
obtained, demonstrating the potential for solving the classification problem. Results have
application in establishing data acquisition and analysis guidelines for development of test protocol
and the quantification algorithm development program.
6. Ultrasonic Testing of Liners Embedded in Concrete [88] – An experimental investigation was
conducted to evaluate the ability of ultrasonic transducers to detect artificial defects in a mock-up
of a containment section. The mock-up was fabricated of 38-mm-thick by 2-m-long by 1-m-wide
carbon steel plate. Artificial concave defects were placed into one side of the plate simulating
corrosion having a diameter and depth of 200 mm and 19 mm or 100 mm and 9.5 mm,
respectively. The defects were located at a distance of 400 mm from one edge of the plate. The
defects had a rough surface. The top and bottom surfaces of the plate were covered with
200-mm-thick layers of concrete in order to simulate liners embedded in concrete. The plates were
interrogated with a transducer having three active elements arranged in a line and simultaneously
driven by a low frequency ultrasonic pulsar/receiver. It was concluded that defects such as
corrosion in liners embedded in concrete are detectable at distances to 1.5 m.
7. Electrochemical Technique Detection of Liner Corrosion [89] – Non-destructive electrochemical
techniques where applied to two nuclear power plant liners. The measurements were made
directly over the concrete slab above the liner plate. The slab, which varied in thickness above the
liner (0.5 to 0.8 m), contained two carbon steel rebar meshes. Corrosion potential measurements
were made to locate areas where metal embedded in concrete had become depassivated and thus
potentially able to corrode. Corrosion rate measurements provided information on the corrosion
intensity or corrosion level. Resistivity measurements were made to indicate the risk of corrosion.
Passivity verification measurements indicated the state of passivity of a metallic component
embedded in concrete (i.e., qualitative determination of whether the metal is well protected,
moderately protected, or unprotected). It was concluded that non-destructive electrochemical
techniques appear to be an appropriate tool for evaluation of corrosion of metal liners embedded in
concrete.
8. Holes in Steel Plate Embedded in Concrete [57] - An experiment was conducted to investigate the
sensitivity of radiography in detecting holes and reduced section thickness of a steel plate
embedded in concrete. The test article consisted of an 8-mm-thick steel plate containing circular
holes that were sandwiched between 750-mm-thick and 260-mm-thick concrete blocks. The holes
had diameters either of 10, 20, or 50 mm, and penetrated the plate either completely or to
mid-depth. The test article was radiographed using digital imaging plates and a Betatron that
produced pulsed radiation having a peak energy of 7.5 MeV. The three holes that penetrated only
half the plate thickness were not as clear as the holes that completely penetrated the plate. The two
larger holes were visible however; the smallest hole was not visible. Results indicate that
radiography can locate holes in a steel plate embedded in concrete at distances up to at least
750 mm.
Although several of the techniques noted above have potential for performing inspections of inaccessible
portions of nuclear power plant metallic pressure boundaries, these techniques tend to be time-consuming
and costly because then tend to examine only a small area at a time. A technique is desired that can be
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applied remotely to perform global inspections that determine the overall condition of the containment
metallic pressure boundary in a cost- and performance-effective manner.
Remedial Methods Deterioration of reinforced concrete generally will result in cracking, spalling, or
delamination of the cover concrete. Whenever damage is detected, corrective actions are taken to identify
and eliminate the source of the problem thereby halting the degradation process. The first step in any
repair activity is a thorough assessment of the damaged structure or component including evaluation of (1)
cause of deterioration, (2) extent of deterioration, and (3) effect of deterioration on the functional and
performance requirements of the structure or component. From this information a remedial measures
strategy is formulated based on the consequence of damage (e.g., affect of degradation on structural
safety), time requirements for implementation (e.g., shutdown requirements, immediate or future safety
concern), economic aspects (e.g., partial or complete repair), and residual service life requirements (e.g.,
desired residual service life will influence action taken) [90]. Basic remedial measures options include (1)
no active intervention; (2) more frequent inspections or conduct of specific studies; (3) if safety margins
are presently acceptable, take action to prevent deterioration from getting worse; (4) carry out repairs to
restore deteriorated or damaged part of the structure to a satisfactory condition; and (5) demolish and
rebuild all or part of the structure. Basic guidance on the repair of degraded structures is available [7,91],
and a workshop has been held addressing repair of nuclear power plant concrete structures [26]. Results of
the workshop indicate that improved guidance is required on the assessment of defects (e.g., cracks) and
information is desired on the performance and effectiveness of subsequent repairs (e.g., durability of repair
materials) to concrete structures in nuclear power plants. Information on past performance and current
practices for repair materials and systems for general civil engineering structures is being assembled [92].
3.3. Applications of structural reliability theory
If properly designed and constructed, the concrete structures in nuclear power plants generally have
substantial safety margins; however, the available margins of degraded structures have not been adequately
defined. In addition, how age-related degradation may affect dynamic properties (e.g., stiffness,
frequency, and dampening), structural response, structural resistance/capacity, failure mode, and location
of failure initiation is not well understood. A better knowledge of the effects of ageing degradation on
structures and passive components is necessary to ensure that the current licensing basis is maintained
under all loading conditions [52].
Decisions as to whether to invest in maintenance and rehabilitation of structures, systems and components
as a condition for continued service and risk mitigation, and the appropriate level of investment, should
consider the nature and level of uncertainties in their current condition and in future demands [93,94].
Recent advances in structural reliability analysis, uncertainty quantification, and probabilistic risk
assessment make it possible to perform such evaluations and to devise uniform risk-based criteria by which
existing facilities can be evaluated to achieve a desired performance level when subjected to uncertain
demands [95, 96]. Consideration of in-situ conditions, redundancy, and uncertainties in important
engineering parameters often can lead to significant economic benefits when assessing the condition of an
existing structure in a (possibly) degraded condition, and the maintenance or rehabilitation strategies that
might be required as a condition for future service. Reliability-based approaches have been applied to the
nuclear power plant concrete structures [97] and in evaluation of the pre-stress level in concrete
containments with unbonded tendons [98].
Degradation effects can be quantified with fragility curves developed for both undegraded and degraded
components [99]. Fragility analysis is a technique for assessing, in probabilistic terms in the presence of
uncertainties, the capability of an engineered system to withstand a specified event. Fragility modelling
requires a focus on the behaviour of the system as a whole and, specifically, on things that can go wrong
with the system. The fragility modelling process leads to a median-centered (or likely) estimate of system
performance, coupled with an estimate of the variability or uncertainty in performance. The fragility
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concept has found widespread usage in the nuclear industry, where it has been used in seismic probabilistic
safety and/or margin assessments of safety-related plant systems [100]. The fragility modelling procedures
applied to degraded concrete members can be used to assess the effects of degradation on plant risk and
can lead to the development of probability-based degradation acceptance limits. This approach has been
applied to a limited extent to degraded flexural members and shear walls [52]. Additional work is desired
in this area for the purpose of refining and applying the time-dependent reliability methodology for
optimising in-service inspection/maintenance strategies and for developing and evaluating improved
quantitative models for predicting future performance (or failure probability) of a degraded concrete
structure, either at present or some future point in time.
4.

Summary and potential research topics

In general, nuclear power plant concrete structure’s performance has been very good with the majority of
identified problems initiating during construction and corrected at that time. However, ageing of concrete
structures occurs with the passage of time, and if potential degradation effects are not controlled, this can
result in an increase in the risk to public health and safety. Periodic inspection, maintenance, and repair are
key elements in managing the ageing of concrete structures.
Primary aspects related to management of ageing of nuclear power plant concrete structures have been
noted: degradation mechanisms, damage models, and material performance; assessment and repair (i.e.,
component selection, in-service inspection, non-destructive examinations, and remedial actions); and
estimation of performance at present or some future point in time (i.e., application of structural reliability
theory to the design and optimisation of in-service inspection/maintenance strategies, and determination of
the effects of degradation on plant risk). With respect to non-destructive examination, several activities
have been identified that provide background information and data on areas of concern: inspection of
thick-walled, heavily-reinforced sections; basemats; and inaccessible areas of the containment metallic
pressure boundary.
Several areas have been identified where additional research would be of benefit to ageing management of
nuclear power plant concrete structures: (1) compilation of material property data for long-term
performance and trending, evaluation of environmental effects, and assessment and validation of nondestructive evaluation methods; (2) evaluation of long-term effects of elevated temperature and radiation;
(3) improved damage models and acceptance criteria for use in assessments of the current as well as
estimating the future condition of the structures: (4) improved constitutive models and analytical methods
for use in determining nonlinear structural response (e.g., accident conditions); (5) non-intrusive methods
for inspection of thick-walled, heavily-reinforced concrete structures and basemats; (6) global inspection
methods for metallic pressure boundary components (i.e., steel containments and liners of concrete
containments) including inaccessible areas and backside of liner; (7) data on application and performance
(e.g., durability) of repair materials and techniques; (8) utilisation of structural reliability theory
incorporating uncertainties to address time-dependent changes to structures to assure minimum accepted
performance requirements are exceeded and to estimate on-going component degradation to estimate
end-of-life; and (9) application of probabilistic modelling of component performance to provide risk-based
criteria to evaluate how ageing affects structural capacity.
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Ageing Management of CANDUtm Concrete Containment Buildings
Ken E. Philipose P. Eng. Research Engineer, Atomic Energy of Canada
Frank E. Gregor P. Eng, Company Principal, LCM Technology

Abstract
The containment system in a Nuclear Power Plant (NPP) provides the final physical barrier against release
of radioactive materials to the external environment. Even though there are different physical
configurations to meet this fundamental safety function in various reactor types, a common feature is the
use of a thick-walled concrete structure as part of the containment system commonly referred to as
“Concrete Containment Building”. In order for the concrete containment buildings to continue to provide
the required safety function, it has to maintain its structural integrity. As well, its leak rates under test
pressures must be maintained below acceptable limits.
As some of the containment buildings of the CANDU nuclear power plants are approaching their fourth
decade of successful operation, questions regarding the impact of ageing on their ultimate useful service
life emerge. Ageing Management has become the tool for addressing those questions.
In this paper, the ageing and ageing management of the CANDU concrete containments are discussed,
including the specific programs being implemented to monitor and trend the ageing conditions.
Specifically, the usefulness of the embedded strain gauges as a tool for the assessment of the condition of
the containment concrete structure is discussed. Some of the operational and test data accumulated over
the last 30 years have been evaluated and trended to provide some results and conclusions regarding the
satisfactory long-term behaviour of the concrete containment buildings.
Introduction
The containment system in a Nuclear Power Plants (NPP) provides the final physical barrier against release
of radioactive materials to the external environment. In order for the concrete containment buildings to
continue to provide the required safety function, it has to maintain its structural integrity. As well, its leak
rates under test pressures must be maintained below acceptable limits. As some of the containment
buildings of the CANDU nuclear power plants are approaching their fourth decade of successful operation,
questions regarding the impact of ageing on their ultimate useful service life emerge. Ageing Management
has become the tool for addressing those questions.
Concrete can be a very durable construction material under favourable environmental conditions and its
performance as part of the containment function has been good 1. However, experience has shown that as
concrete ages it properties undergo microstructural changes and deterioration due to various degradation
mechanisms, including environmental stressors. However, these do not have to be detrimental to the point

1

IAEA TECDOC-1025, Assessment and Management of Major NPP Components Important to Safety-Concrete Containment
Buildings, June 1998.
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where the containment will not be able to meet its functional or performance requirements provided the
structure is kept in good maintenance by timely detection and mitigation of defects.
The Canadian Nuclear Safety Commission (CNSC) regulatory standard S-210 2 states that “The licensee
shall have a process to detect, assess, and manage deterioration of Structures, Systems or Component
(SSC)s as a result of ageing effects such as irradiation, corrosion, erosion, fatigue, and other material
degradation. The type and frequency of maintenance activities shall be modified to accommodate such
effects.”
The Ageing Management Program (AMP) of the Concrete Containment Building (CCB) is a set of
engineering, operation and maintenance actions to control ageing degradation of CCB components within
acceptable limits. These actions could involve inspection, detection and assessment of defects,
maintenance, component replacement or refurbishment, and modification of operation.
The Canadian Standard CSA CAN3 N287.08 has code provisions for in-service examination and testing
for concrete leak tightness, pre-stressing system integrity evaluation, cable relaxation, and liner inspection
and testing 3
Concrete Containment Building (CCB)
The major structural components of the CCB of the CANDU®4 6 reactor systems are:
1.
2.
3.
4.
5.

Base slab
Perimeter wall
Ring beam
Upper dome and
Spent fuel transfer room

All the above components except for the spent-fuel transfer room are post-tensioned to ensure leaktightness. The containment inside surface is coated with an epoxy liner to reduce leak rate.
The containment structure concrete was designed for an average ultimate compressive strength of 35 MPa
at 28 days.
CCB Integrity Tests
The regulatory operating license requirements state that the utilities have to demonstrate the integrity of the
structures by performing leak rate tests (LRT) under a design test pressure. For the CANDU 6
containments the maximum test pressure is 124 kPa.
The main objective of the LRT is to measure as-found leakage rate from the CCB, including the Spent Fuel
Discharge Bay (SDF), while it is pressurised to a maximum test pressure. The leak rate from the CCB
consists of two parts namely leak rate from the CCB into the SFDB and the leak from the CCB to the
atmosphere. During the LRT, a leak search of the exterior of the CCB is conducted to identify leak paths.

2

Canadian Nuclear Commission Regulatory Standard S-210, “Maintenance Programs for Nuclear Power Plants”, July 2007.
CSA CAN3 N287.08, In-Service Examination and Testing Requirements for Concrete Containment Structures for CANDU
Nuclear Power Plants 1996 (R 2005).
4
CANDU is a registered trademark of AECL.
3

114

NEA/CSNI/R(2009)9
The leak rate has to be less than the regulatory prescribed limits. If the leak rate is found to be above the
acceptable maximum rate of 0.5 % volume per day, leak paths have to be identified and repairs have to be
done to bring it within acceptable limits.
The leak rates for CANDU 6 CCB have stayed around the allowable leak rates for the past 35 years.
Mitigative measures such as the detection and repair of leaks through embedded parts and the recoating of
containment inside surface liner coating were done to reduce the leak rate to within acceptable levels
whenever the rates were found to be above the prescribed limits.
Structural Monitoring Instrumentation System
In addition to the LRT performed to demonstrate containment leak tightness on a periodic basis,
monitoring of the CCB structure was also done with the help of a complete set of instrumentation
Major Objectives:
Both CNG2 (Centrale Nucléaire de Gentilly-2) Gentilly-2 NGS, located in the province of Quebec and
PLGS (Pont Lepreau Generating Station), located in the province of New Brunswick, were installed with
embedded structural monitoring instrumentation during construction. The major objectives of the
instrumentation at the time of design were the following:
1. Confirm parameters used in the design such as induced stress in concrete during post-tensioning,
frictional loss during post-tensioning and variations in Young Modulus of concrete.
2. Verify the actual strain in the CCB under load (leak rate test under pressure) with the theoretical
analysis values, and
3. Examine temperature distribution across the perimeter wall under various ambient conditions
Gentilly 2 NGS Instrumentation:
Vibrating Wire Strain Gauges (VWSG)
The containment building of CNG2 was fully instrumented as it was considered to be the prototype of all
CANDU 6 reactor systems. The instruments used for the containment buildings were the NS TELEMAC
model C110 or C 90 vibrating wire (acoustical) strain meters. The instrument consisted of a piano wire
stretched between two brackets; defining the base length. An electromagnet at mid-length is used to
“pluck” the wire and allow it to vibrate at its own resonant frequency and a pickup coil detects the
vibrating frequency in the form of an alternating current which constitutes the output signal. Any change in
the length of the base length of the wire caused a change in resonant frequency, which indicated a change
in the internal strain of the concrete where the instrument was embedded.
Frequency Readings
The readout from the pulse-counter is a direct display of the frequency (F) of gauge wire vibrations in
hertz; .The gauge output frequency can be converted to strains in microns per metre using the following
equation:
σρ = 625.1 x 10-5 K (Fb2- Fa2)
Where,
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Fa is the initial reading
Fb is the final reading
K is a gauge factor (0.3 for the C110 stain gauges in microns per metre)
Since the vibrating wire gauges were embedded in concrete, a correction factor had to be applied for the
difference in the thermal coefficient between steel wires in the gauge and concrete. The thermal
coefficient for concrete varies between 8 x 10-6 m/°C to 13 x 10-6 m/°C, depending on whether the concrete
is made of calcareous or siliceous aggregates. For CNG2, a coefficient of 9.2 x 10-6m /°C was selected, as
concrete was made of aggregate that was largely calcareous. The coefficient of expansion for steel was
taken as 11.5 x 10-6 m/°C. Temperate correction = (9.2 - 11.5) x 10-6 x ∆Τ, where ∆Τ is the difference in
temperature at the instrument location between the initial reading and the temperature at the time of the
final reading.
The strain in microns in concrete = (∆l/1)
∆l/1

= σρ + temperature correction
= 625.1 x 10-5K (Fb2 – Fa2) + (9.2-11.5) x 10-6 x ∆Τ

Location of strain gauges for CNG2 CB:
A total of 132 instruments are embedded in CNG2. The location of a few instruments selected for
discussion is shown in Figure 1. The instruments are placed as follows:
Dome

At the crown to measure the axial strain (membrane strain) and at the
springing region, where considerable bending strains are expected.

Ring Beam

At the four corners of a cross section to measure the bending and
torsional strain.

Perimeter Wall

At mid-height to verify the axial strain in the horizontal and to verify
directions, and at the boundaries, to measure the effects of geometrical
discontinuity.

Wall Openings

At one quadrant of the temporary opening to verify the general
stress/strain pattern and, consequently, the effectiveness of the flat jacks.
(Some of the wall penetrations were also instrumented).

Base Slab

Gauges are also provided at two locations along a radius to measure the
bending and axial strain
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PLGS Instrumentation
Since Gentilly 2 containment was constructed before that at PLGS and it was considered to be the
prototype, there were no regulatory requirements for structural deformation monitoring of the Lepreau
CCB. Even though the containment was installed with the same type of embedded instrumentation,
measurements were not taken and the instruments were not kept in good condition and could not be used
for the Ageing Management Program, as they were found not to be reliable. Hence, it was decided to
install additional structural monitoring instrumentation. This included instrumentation on the inside of the
wall and at other spatial locations on the exterior of the structure. The intent of the instrumentation was to
provide measurements that will permit observations on both the localized and overall behavior of the
structure under different loading conditions. The following instruments were installed in August 2000.
1.

Vibrating Wire Strain Gauges (VWSG):
Twenty-two, (eight primary and three secondary clusters) of VWSG were installed at 11
locations on the CCB, seven on the dome and four on the wall to measure deformations on the
wall and dome. The VWSG on the dome are installed parallel to the FOS to measure radial and
circumferential strain. VWSG on the wall measured strain both vertically and horizontally.
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2.

Fibre optic sensors:
Four 27.5 m long gauge fibre optic sensors (LGFOS) were installed horizontally on the outer
surface of the containment wall between buttresses, to measure global deformation.

3.

Mechanical gauges:
500 mm gauge length and DEMEC mechanical gauges (1000 mm gauge length) and 150 mm
length fibre optic sensors (FOS) were mounted orthogonally in both horizontal and vertical
directions.

4.

Pendulum system:
To measure the lateral and vertical displacement of the CCB during the operating period and
especially during the leak rate pressure tests, a pendulum system was installed on the outside of
the containment building.

5.

Thermistors:
A number of Thermistors were also installed to measure concrete temperature.

Data Collection, Strain Measurements:
A multi tasking PC-based data acquisition system was installed so that all instruments, except the DEMEC
gauges, could be monitored simultaneously and in real time.
A typical data plot from VWSG mounted on the dome at Point Lepreau NGS is shown in Figure 2. The
instrument is located at 5.79 m from the center of the dome. It can be seen that the dome VSWG show
plateaus in strain measurements corresponding to the Leak Rate Test pressure plateaus and like the FOS
they also show a response to diurnal effects, although these are not as significant.

Figure 2: PLGS Vibrating Wire Strain Gauge Data
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Fibre Optic Sensors:
A total of ten FOS were monitored during the LRT, four LGFOS mounted on the wall monitoring the
circumference of the structure, and six monitoring localized strain on the dome 5. The six FOS on the
dome were installed in pairs at three locations noted as DO1, at the peak of the dome, and DO2 and DO8
were located approximately 5.76 m from the peak of the dome on the south and north sides respectively.
One sensor from each pair measured radial strain (parallel with the radius of the dome) while the other
measured circumferential strain (perpendicular to the radius of the dome).
Figure 3 shows a typical plot from DO8 on the dome under CCB test pressure during the LRT. It can be
seen that the data from instruments DO2 (Figure 2) and DO8 agree with each other and are able to record
the buildings response to plateaus in CCB test pressure during both pressurisation and de-pressurisation. It
can also be seen that changes in strain occur independent of the CCB test pressure. For example, during
the plateau at peak pressure, approximately 124 kPa, there is a decrease in strain at approximately 36 hours
after the start of the LRT. Normally it would be expected that the strain should remain relatively constant.
Then again shortly after the start of de-pressurization there is an increase in strain where a decrease would
be expected. These anomalies are caused by diurnal effects of changes in ambient temperature and
exposure of the structure to direct sunlight. It should be noted that all of the stress, strain and displacement
sensors are monitoring the effects of all physical and environmental processes acting on the structure. The
data recorded is a composite of all of these factors, which during the LRT, is dominated by the LRT
pressure.
A comparison of data from the VWSG and FOS, for all the three locations on the dome containing both
instrument types, shows that the total strain measured is approximately the same. It can be seen that both
instrument types (VWSG and FOS 5) compared well with each other showing a maximum strain during
the peak pressure plateau and aftr allowing for diurnal effects, of between 100 and 110 micro-strain.

Figure 3: Plot for FOS (location: 5.76 m from the center of dome)

5

Atomic Energy of Canada Limited, “Measuring deformations in a CANDU 6concrete containment structure, M. Gray, A.A.
Khan, B. Shenton, M. Elgohary, paper presented at SMART 16, Washington DC, August 12, 2001.

119

NEA/CSNI/R(2009)9
Change in internal stress due to Change in Temperature
The stress changes recorded from two stress meters in the PLGS containment wall over 20 months are
shown in Figure 4. The instruments were installed one approximately 0.30 m and 0.38 m from the outer
wall, one in the horizontal direction (OC7H) and one in the vertical direction (OC7V). The red and black
lines are stress changes in concrete in the vertical and horizontal directions. Pink and grey lines indicate
temperature recorded at the instrument locations.
It is interesting to note that there were major stress changes corresponding to change in temperature
experienced by the concrete during shutdown periods during reactor outages. The containment wall went
through major temperature changes mostly due to the changes in temperature inside the building. During
the first outage, the stress in the horizontal direction experienced a change of approximately 1,379 kPa.
The change in stress in the vertical direction was more moderate. This clearly indicated that the
temperature changes have a significant contribution to the stresses in the CCB structure.

Figure 4: Change in stress due to temperature change
Observations:
Induced (Incremental) stresses in CCB from leak rate pressure tests
The induced tensile stresses in Gentilly 2 CCB due to the application of the maximum internal test pressure
of 124 kPa are shown in Table 1.
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For the center of the dome, the calculated theoretical incremental induced stress in concrete corresponding
to 124 kPa is 5,275 kPa or 126.5 microns and the measured values compared well within a close range with
the theoretical values. Since the induced stress from the post-tensioning provided a compressive stress of
24,821 kPa at this location, even considering the maximum induced tensile stress of 6,709 kPa
(see Table 1), it still left a residual compressive stress of 18,113 kPa at the maximum leak rate test
pressure.
The Gentilly 2 CCB strain gauge strain readings also compared well with the Pont Lepreau CCB and this
validates the integrity of the instrument readings. For example the maximum strain at the center of dome
for Point Lepreau (see Figure 3) was about 130 microns or 5,416 kPa and this is within the range of
readings obtained for Gentilly 2 CCB. The readings from the pendulum system also compared well with
the deformations obtained from structural analysis.
However, there are some variations in the measured incremental stresses between the tests conducted from
1985 to 1993 and the trend for the dome showed an increase in concrete stresses with time. A similar trend
was also noted at PLGS where the stresses were higher for the 2004 LRT compared to the 2000 LRT. This
could be attributed to many reasons, such as material changes in concrete and post tensioning steel due to
ageing and seasonal changes in ambient temperatures when the measurements were taken. For the wall at
mid point and for the wall at lower level a clear trend is not apparent. Additional investigation is required
to gain further understanding of the ageing effects.
Table 1: Induced Stresses in kPa in CCB concrete
Strain
Gauge

Location

19
22
20
21

Wall, Lower
Level, Close
to Base Slab

Wall, at Mid
Height

51
54
52
53
109
112
110
111

Dome, at
Center

DIRECTION OF
GAUGES

Year
1985

Year
1987

Year
1990

Year
1993

Inside Vertical
Outside Vertical
Inside Horizontal
Outside Horizontal

7
76
21
0

414
434
145
96

317
152
15
697

365
21
103
-83

Inside Vertical
Outside Vertical
Inside Horizontal
Outside Horizontal

648
579
2289
3054

1145
372
2299
2951

221
1111
1737
3165

282
2237
1379
4020

4447
4240
4206

4033
3992
4082
3875

4475
3620
4530
3544

6640
5136
6709
5040

Inside Hoop
Outside Hoop
Inside Longitudinal
Outside Longitudinal

Note: Negative sign indicates compressive stress
Conclusions
Nearly all of the deformation and strain gauges have provided reliable and usable data and continue to do
so to present.
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Measurements taken during the leak rate tests have shown that all of the instrument types implemented can
be used to assess the condition of the structure.
The data from the vibrating wire gauges compare well with the fibre-optic sensors. The deformations that
occurred during the leak rate pressure test were within a close range of the deformations expected from the
structural analysis.
The instrument readings at certain locations showed an increase in concrete stresses with time. More
investigation is required to understand the underlying reasons. The incremental induced strain in concrete
due to successive leak rate tests indicate that the CCB is functioning in satisfactory manner and the ageing
effects were not significant.
Even though the instruments were installed for the purpose of validation of the integrity of CCB during leak rate
tests and design assumptions, they can also be used as an ageing management tool for future years.
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Development of the Integrated Ageing Management System
for Safety-Related Structures of N.P.P.
Young-Chul Song, Myung-Sug Cho, Korea Electric Power Research Institute
Jang-Hwa Lee, Jong-Suk Lee, Korea Institute Of Construction Technology

1.

Introduction

The first investigation on the degradation mechanism and establishment of systematic inspection procedure
for nuclear power plant (NPP) structures in Korea were conducted through a research project performed
from 1993 to 19961. At the time, the Structural Ageing Management System (SAMS) was developed to
manage the inspection results. In 1997, SAMS was applied to structures of NPP2. However, SAMS being a
system managing only image data, difficulty was encountered in securing sufficient efficiency in the
computerization of the inspection data like the tremendous increase of the volume of unnecessary storing
space, which provoked loss of speed and inefficiency.
Accordingly, the Structural Life Management System (SLMS) was developed in 1998 to upgrade SAMS
that was limited to the management of image data. SMLS offered additionally the possibility to input the
inspection results in the form of numerical coordinates and to manage easily and conveniently the
structures by means of graphic windows.
Its application for the management of the inspection results of NPP structures started in 1998 and
continued to be exploited as the maintenance system of NPP structures during about 10 years.
SLMS

Site Inspection,

Repair and

Diagnosis and

Rehabilitation

Evaluation

Technology

Design,
Construction
and
Aging Database

Quantitative
Prediction of
Remaining Service
Life

Figure 1: Framework of SLMS
Currently, SLMS is still operating for the lifetime management of NPP structures. However, the function
of SLMS is focusing essentially on the management of degradation data detected during periodical

1

Korea Institute of Construction Technology, “The study on the ageing of the Safety-related Concrete Structures of N.P.P.”, 1996

2

Korea Electric Power Corporation, “Periodic Inspection Reports of Kori #1, 2 and Yonggwang #3, 4 Safety-related Structures”,
1997
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inspections. Such limited function is today stressing the necessity to supplement its functions by improving
the inefficiency of D/B due to the huge volume of data as well as by reflecting additional requirements.
Accordingly, this research intends to develop a system improving the former SLMS so as to accommodate
to the various demands of the users like integrated D/B system exploiting web-server, integrity assessment
and durability management. Figure 1 describes the concept of new structural life management system.
2.

Major features of the NPP structural life management system

2.1. System flow
The data input in the system are inspection and examination records, detailed history of the structure,
repair data, etc. All the input data are stored temporary for reliability check prior to storage in the main
D/B. The so-filtered data are then stored in the main D/B with respect to their specificity and exploited for
the generation of objective-oriented D/B.
In addition, once all types of information related to design and construction of the structure as well as
inspection and repair data that have been input on screen in a definite form, data processing and storage are
executed systematically in the computer so that users can inquire or output them in hard copy or on an
output station in diversified forms when necessary. The operating program has been built to enable various
search and application through link with the integrated D/B.
Figure 2 depicts the composition of the services provided by the structural life management system.

Figure 2: System flow of SLMS
2.2. Design of main screen
As shown in Figure 3, the main screen is a web window providing a pull-down menu at the top giving
access to each management domain. Links to useful relevant sites are provided at the bottom of the screen.
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Announcements, Q&A and notice board menus are disposed at the mid-left area of the screen to allow
users sharing necessary information and acquiring information related to not only the system but also to
general maintenance items.
Moreover, the left bottom corner of the screen displays a graph plotting the yearly trend of the integrity
index of the managed structure and provides real-time information on the number of data to be managed.
The mid-right area of the screen displays a window of recent operations in the form of favourites listing.
Clicking an item of the list will display promptly the relevant window.

Figure 3: Main screen

Figure 4: Example of status window of the structure

2.3. Close inspection
Close inspection management is basically done with
reference to the NPP unit. The areas of close inspection
are classified roughly into concrete and steel inspection.
In the close inspection data input of Figure 5, the input of
the measured values proceeds by structure for each item
of the close inspection. Real-time assessment results are
displayed on the right according to the input values.
The managed close inspection items are the chloride
content, carbonation depth, ultrasonic wave speed, half
potential, NDT strength test, differential settlement,
membrane thickness, torque value of bolt, etc.
The close inspection management system is composed of Figure 5: Example of management of close
3 items on the input of close inspection data, view of
inspection statistics
recent data, close inspection statistics and history
records. The windows displaying the recent data
arranged data in a unique table enabling to check the whole close inspection data of 1 unit.
The window displaying the close inspection statistics and history records allows to check the maximum,
minimum and statistical values of the relevant close inspection item and to inquire previous measurements.
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2.4. Establishment of integrated history management D/B
The integrated history management D/B is composed of 5 topics that are basic, construction, material,
structural design and inspection data of containment structure (ISI-SIT-ILRT).
Basic data involve the dimensions, characteristics and type of the structure, the major construction records
and the conditions of the structure. Construction data deal with the concrete construction status of major
structures, non-conforming quality items. Material data relate the quality criteria of materials, mix design,
quality test and material placing. Structural design data gather design related data like design loads, design
pressure and temperature, major dimensions, design specifications and other design characteristics.
Inspection data of containment structure compile tendon stress inspection and material tests, structural
integrity test, and integrated and local leakage rate tests3.
The history management D/B secures data the history records of the power plant from the start of its
construction to its design, construction, completion and commercial operation stages as well as data related
to all types of test and inspection. All these data being digitalised in the database are efficiently and
systematically managed so as to supply overall information of the structure necessary for its maintenance.
Based on these data, the history management D/B is supporting the lifetime management D/B.

Figure 6: Example of window displaying
the current status of the structure

Figure 7: Drawing management window

2.5. Data search program
The data search program provides basic search function together with additional and new options in order
improve the exploitation efficiency of SLMS. The selectable options are itemised to offer more effective
and concrete search functions.
The search options of input data can be set and output by NPP unit, structure, degradation search by
member and by level of degradation (class I, II, III). Search can be done by combining all types of search
items.

3

Korea Electric Power Corporation, “Handbook on the construction technology of Yonggwang N.P.P. #3, 4 - Civil Engineering
Works Vol. 8”, 1995
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The search program allows to select the NPP, NPP unit and structure as in the former SLMS and provides
also search option with respect to the inspection sequence. In addition, selection can be done by itemising
internal and external members.
For concrete structures, the search items are the availability
of management, the availability of progressive assessment,
the degradation length and width, the height and angle of
start and end, and the inspection date.
For steel structures, the search items are the available input
of detailed items related to eventual repair of member,
eventual ongoing management, type of member (column,
bracing, beam), history of member, the eventual execution
of close inspection, and the assignment of the range of
inspection date.
Furthermore, search can also be performed by selecting a
group of members or several members. A function
searching by degradation rate has also been added.

Figure 8: Search result window

The application of these various search options leads to a
search result window displaying the selected items among the stored data as shown in Figure 8. The
searched degradation can be managed by moving to the degradation management window of the relevant
member through double click of the degradation of interest similarly to the former SLMS.
2.6. Integrity assessment
During the input of degradation and close inspection data, SLMS provides an integrity assessment function
computing automatically the integrity index of the structure and members. For this assessment function,
input is not only done by simply providing the size and coordinates of the degradation during the input and
storage of the degradation data but also by classifying the degradation state level of efflorescence,
scaling/spalling, rebar exposure and crack. The close inspection data table is generated to be fully
compatible with the integrity assessment program so as to achieve a D/B system enabling data like the
quantity of chlorides, differential settlement and carbonation depth to support the assessment.
The integrity assessment results are displayed in the degradation data window (members, structure
management window) in the form of integrity indices and assessment state so as to make it possible to
identify the state of the relevant member. Real-time assessment is realised by updating the integrity indices
instantaneously with the input of degradation data.
In addition, degradations affecting the structural integrity assessment results (class III) as well as the
structure and members can be managed separately.
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Figure 9: Setup window of integrity

Figure 10: Example of factor pre-set window
assessment coefficients

Besides, this system provides an index management tool for the management of indices necessary for the
integrity assessment. The index management tool controls the member's importance factors, the weights of
integrity loss factors and the integrity indices of the structure and members used for the integrity
assessment of the structure or members.
Figure 9 shows the windows controlling the input of the member's importance factors and weights of
degradation factors of the structure. The member's importance factors and weights of degradation factors
shall be input in 1 set for each managed member. Default member's importance factors are input
automatically in the program but can be modified.
In the case of the weights of degradation factors, 10 items shall be input for each member. This task is not only
cumbersome but also requires expert knowledge for the selection of the weights. Therefore, a Pre-set function
has been introduced as shown in Figure 10 so as to select in advance and apply frequently adopted weight
distribution. The Pre-set setup can use desired name like external wall, internal wall, water-intake structure, etc.
The weights of the relevant member can be input at once by clicking the so-defined Pre-set name.
2.7. Management of long-term durability
SLMS intends to predict the service life of the structure
based on field inspection data. The degradation
mechanism applied for the service life prediction
involves carbonation and chloride penetration.
Carbonation is usually referred to as the
obtained by means of equation (1).

rule and is

(1)
Where, C is the carbonation depth; t is time; and A is
the carbonation coefficient.
Lifetime prediction with respect to carbonation adopts the
method computing the remaining service life obtained by
determining firstly the carbonation coefficient A based on
measured values and obtaining the time t at which
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carbonation depth reaches the rebar.
Figure 11 shows the window displaying the lifetime prediction of the structure with respect to carbonation.
The diffusion equation (2) derived from Fick's 2nd law is applied for the penetration and diffusion of
chlorides in concrete with respect to salt attack.
(2)
where is the concentration (kg/m3) of chloride at depth x (cm) from the surface of concrete at
of chloride is present at the surface of concrete;
is the initial
age t (year) when a concentration
3
concentration of chloride (kg/m );
is the external concentration of chloride (quantity of chloride at the
3
is the diffusion coefficient of concrete (cm2/year) and, erf is the error function.
surface, kg/m );
Note that, NPP structures being exposed to airborne chloride environment, the external concentration of
is estimated based on the salinity measured in the surrounding environment of the NPP
chloride
structure4.
3.

Conclusions

A new Structure Life Management System (SLMS) has been developed to respond to evolving and new
needs that emerged during the decade following the development and operation of the first SLMS for NPP
in 1998. The new SLMS is featured by the possibility of centralised control through web-server, the
securing of data stability through the use of stable D/B and the improved maintenance efficiency through
systematic digitalisation of synthetic history records and items of the structure necessary for its
maintenance apart from simple degradation data. In addition, the exploitation of field monitoring data
related to carbonation and salt attack opens the opportunity to manage long-term durability of the
structures. Another feature is the possibility to compute the integrity indices of the structure or members
instantaneously with the input of degradation data or close inspection records using an integrity assessment
program.
SLMS is expected to be a valuable and helpful system for the life management of NPP structures that will
contribute to the enhancement of the overall safety of NPP structures.

4

Korea Institute of Construction Technology, “Long-term Measurement of Airborne Chlorides and Durability of Concrete Mixed
with Sea Sand”, 2006

139

NEA/CSNI/R(2009)9

140

NEA/CSNI/R(2009)9

141

NEA/CSNI/R(2009)9

142

NEA/CSNI/R(2009)9

143

NEA/CSNI/R(2009)9

144

NEA/CSNI/R(2009)9

145

NEA/CSNI/R(2009)9

146

NEA/CSNI/R(2009)9

147

NEA/CSNI/R(2009)9

148

NEA/CSNI/R(2009)9

149

NEA/CSNI/R(2009)9

150

NEA/CSNI/R(2009)9

151

NEA/CSNI/R(2009)9

152

NEA/CSNI/R(2009)9

Plant Life Management of the ACR-1000
Concrete Containment Structure
H. H. Abrishami, R. Ricciuti and M. Elgohary, Atomic Energy of Canada Limited (AECL)

Abstract
Ageing of reinforced concrete structures due to service conditions, aggressive environments, or accidents
may cause their strength, serviceability and durability to decrease over time. Due to the complex nature of
safety-related structures in nuclear power plants comparing to other structures, they possess a number of
characteristics that make them unique. These characteristics are: thick concrete cross-sections, heavy
reinforcement, often one-side access only, subjected to such ageing stressors as irradiation and elevated
temperature, in addition to other typical ageing mechanisms (i.e., exposure to freeze/thaw cycles,
aggressive chemicals, etc.) that affect other types of non-nuclear structures.
For a new plant, a Plant Life Management (PLiM) program should start in the design process and then
continues through the plant operation and decommissioning. Hence, PLiM must provide not only Ageing
Management program (AMP) but also provide requirements on material characteristic and design criteria
as well.
The purpose of this paper is to present the Plant Life Management (PLiM) strategy for the concrete
containment structure of the ACR-10001 (Advanced CANDU Reactor) designed by AECL. The
ACR-1000 is designed for a 100-year plant life including 60-year operating life and an additional 40-year
decommissioning period. The approach adopted for the PLiM strategy of the concrete containment
structure is a preventive one, key areas being: 1) design methodology, 2) material performance and
3) ageing management program.
During the design phase, in addition to strength and serviceability, durability, throughout the service life
and decommissioning phase of the ACR-1000 structure, is a major consideration. Factors affecting
durability design include: a) concrete performance, b) structural application, and c) consideration of
environmental conditions. In addition to addressing the design methodology and material performance
requirements, a systematic approach for the ageing management program for the concrete containment
structure is presented.
1.

Introduction

Safety-related concrete structures of nuclear power plant (NPP) are designed, constructed and operated in
such a way that, under the expected environmental influences, they maintain their safety, serviceability,
durability and acceptable appearance during an explicit or implicit period of time without requiring
unforeseen high costs for maintenance and repair 2.

1

ACR-1000TM (Advanced CANDU ReactorTM) is a trademark of Atomic Energy of Canada Limited (AECL)
2
CEB-FIP Model Code 1990, Comite Euro-International du Beton, 1991.
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Ageing of reinforced concrete structures due to service conditions, aggressive environments, or accidents
may cause their strength, serviceability and durability to decrease over time. Therefore, a PLiM
programme is required to ensure the continued safety and economic operability of the plant during its life.
Traditionally, regular and systematic inspection of the structure and all of its components are carried out
throughout the intended plant life through an Ageing Management Program (AMP).
Due to the complex nature of environmental effects on structures and the corresponding response, it is
believed that true improved performance during the design life of a structure cannot be achieved by
Ageing Management Program (AMP) alone, but must also involve durability design and improving
materials characteristics. Therefore, in addition to AMP, durability design and material performance of a
structure are key elements in plant life management. This approach can be considered as a life cycle
management plan of the plant through the design, construction, operation and decommissioning phases of
the project.
In this paper the PLiM strategy of achieving a 100-year plant life for ACR-1000 concrete containment
structure is described.
2.

ACR-1000 containment structure

The containment structure is part of the containment envelope and provides final protection to the public
against radioactive emissions. The ACR-1000 containment structure constitutes the exterior structure of
the reactor building. It consists of a vertical cylindrical perimeter wall, founded on a base slab and the top,
closed by a hemispherical dome. The perimeter wall and the dome are pre-stressed concrete structures
with post-tensioning tendons in the horizontal and vertical directions as well as reinforcing bars in both
directions. The inside surfaces of the containment structure are lined with a carbon steel liner. The base
slab is a reinforced concrete structure. The containment structure is illustrated in Figure 1.
The containment structural performance is achieved through achieving acceptable level of a) safety and
stability through strength design and b) serviceability; the ability of structure for acceptable deformation
and crack control. In addition to normal operating loads, the containment structure is designed to
withstand loadings from a number of low-probability external and internal events, such as earthquakes,
tornadoes, aircraft crash, accident pressures and pipe break loads.
The ACR-1000 containment structure is designed and constructed to operate for a 60-year service life plus
an additional 40-year for the decommissioning phase.
3.

ACR-1000 strategy for PLiM

The AMP is often referred to as an appropriate procedure(s) to be followed during service life of a
structure. It is evident that the life performance of a structure not only relies on the AMP during the
service life, but is also strongly influenced by the design strategy and material characteristics. For a new
plant, the Plant Life Management Program (PLiM) starts in the design process and then continues through
plant operation and decommissioning. Hence, PLiM must provide not only AMP but also provide
requirements for material characteristic and the design criteria as well.
Ageing is a time dependent process. However, modern best practice to address safety is the incorporation
of time into the design problems 3. Therefore, PLiM should be considered as a time dependent process
during design, material selection and AMP (see Figure 2).

3

Sarja, A., and Vesikari, E., “Durability Design of Concrete Structures”, Rilem, Report 14, 1996
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As shown in Figure 2, PLiM can be conceptually pictured as a series arrangement of key elements;
Design, Material, and Ageing Management Program. As a chain, it fails if any one link fails. Denoting
Design Methodology, Material Performance and Ageing Management Program as reliability index, ED,
EM, and EAMP, respectively, PLiM effectiveness can be expressed as:

E PLiM = E D E M E AMP
where Ed ≤ 1, Em≤ 1 and EAMP ≤ 1
Since the effectiveness of each element is most likely less than one, therefore the effectiveness of the
PLiM program will be lower than individual effectiveness. Therefore, to maximise the effectiveness of
the PLiM program, it is essential to maximize the effectiveness of each key element of the equation.
The strategy for the ACR-1000 PLiM program to achieve the 100-year plant life is based on the holistic
approach illustrated in Figure 3. The strategy addresses the key areas and related elements such as:
•
•
•
•
•
4.

Design Requirements and Specifications.
Design for Durability.
Concrete Material Performance.
Ageing Management Program.
Instrumentation & Monitoring.
Design requirements and specifications

In the development of the Advanced CANDU Reactor design, particular attention is paid to specifying
structural performance and long-term durability including concrete performance as part of technical
requirements. Figure 4 shows an overall view of schematic figure where consideration of the elements
needed to address durability, strength and serviceability for ACR–1000 concrete containment structure. As
can be seen from this figure, in addition to structural design requirements, durability design requirements
have major roles in the design requirements and technical specifications. Obviously, design requirements
include material selection since it has strong impact on the durability of the structure.
Design for durability
Modern building codes are increasingly based on the performance specifications for durability
(Performance Based Design). Most of the current durability problems of concrete structures could have
been avoided with systematic durability design 4. In fact, the introduction of systematic durability design
means better utilization of existing research results for systematized control of the service life of concrete
structures during design. Durability calculations enable not only priority ranking of materials and
structural factors, but also produce numerical values of factors for intended service life 3 5 .
The objective of durability design for ACR-1000 containment structure is:
• To achieve capability of maintaining the serviceability of the structure over a specified time
(Service life + Decommissioning phase).

4

5

Krauss, P.D., “Repair Materials and Techniques for Concrete Structures in Nuclear Power Plants”, Wiss, Janney, Elstner
Associates Inc. and Oak Ridge National Laboratory, ORNL/NRC/LTR-93/28 Contractor Report, March 1994.
Naus, D.J., Oland, CB., and Ellingwood, BR., “Report on Aging of Nuclear Power Plant Reinforced Concrete structures”,
Oak Ridge National Laboratory: Prepared for U.S. Nuclear Regulatory Commission, 1996.
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• To initially design the structure to meet above the minimum code requirements in order to ensure
that the minimum design requirements are met at the end of plant life.
Figure 5 shows schematically the expected plant life performance to achieve maintaining the serviceability
of the structure and to meet minimum design requirements at the end of the plant life 6.
Concrete material performance, structural design application and environmental conditions are the key
factors affecting durability. Material performance includes selection, mixing and curing procedures.
Depending on the structural application of concrete [e.g. whether it is used as mass concrete, high-strength
concrete, impact-resistant concrete, etc.], the durability design will be affected. Obviously environmental
conditions such as corrosive environment, and alkali-aggregate activity, have major impact on durability
design. The method of durability design can be (1) deterministic, (2) stochastic or (3) lifetime safety
factor. The principles of these methods are given by Sarja & Vesikari 7.
ACR-1000 containment is designed to achieve long-term durability by providing protection against
concrete deterioration, corrosion of the reinforcing bars, embedded steel parts and stress corrosion of
prestressing tendons. Protection of reinforcement against corrosion in severe environment is provided by
suggested minimum concrete cover based on parameters affecting corrosion (i.e., humidity, freeze-thaw,
chlorides, etc.) and crack control during the plant life of the containment. In order to prevent stress
corrosion, the tendons should preferably be protected as quickly after pre-stressing as possible or steps
must be taken to prevent moisture entry. Durable concrete is also achieved by using high-performance
concrete to meet special performance and uniformity requirements.
5.

Concrete material performance

Many recent innovations in advanced concrete materials technology have made it possible to produce
modern concrete with exceptional performance characteristics. The concrete performance strongly relies
on three key factors a) material ingredients, b) mix design and c) concrete processing. Modern concretes
such as High-Performance Concrete are widely used in concrete industry. High-performance concrete
(HPC) is defined as concrete which meets special performance and uniformity requirements that cannot
always be achieved by using only the conventional materials and normal mixing, placing and curing
practices 8. For example, the base slab of the containment structure is poured in one-piece, and in order to
control cracks resulting from thermal gradients, the base slab will use HPC by using a concrete mix design
which will generate significantly lower heat during the hydration process. Another area of application in
the ACR-1000 of the use of HPC is in the containment wall to improve durability and resistance to impact
loads. A research program is currently being carried out by AECL on the application of HPC for
ACR-1000 containment structure.
Implementation of PLiM at the design phase for ACR-1000 base slab
The reactor building concrete base slab is to be built using one continuous single pour, rather than
segmental construction, in order to shorten the construction schedule and minimize the potential for
cracking due to thermal and restrained shrinkage effects. A research and development program has been
carried out in order to implement this new approach, including studies on mix design, analysis techniques,
and construction procedures to control the early-age risk of cracking. Successful implementation of the
program recommendations will enable time-effective construction of a continuous-cast concrete base slab.

6
7
8

CEB, Durable Concrete Structures, Design Guide, 1997.
Sarja, A., and Vesikari, E., “Durability Design of Concrete Structures”, Rilem, Report 14,1996.
Ahmad, S.H, Russell, H.G, and Zia, P. “Summary of the Workshop” in International Workshop on High Performance Concrete,
Bangkok Thailand. November 1994. Editor Zia, P. ACI SP-159.
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Due to the relatively large size of the base slab, significant temperature gradients, resulting from the heat
of hydration, can occur between the interior and the surfaces such that the resulting tensile stresses may
cause cracking. The long-term performance of the base slab is strongly influenced by crack development,
particularly at early ages.
During the design phase, laboratory and field-trial tests, together with thermal and stress analyses for the
probable range of concrete mixes have been carried out in order to predict the mechanical properties,
temperature variations, thermal stresses and risk of cracking for a large-pour concrete base slab.
Mechanical and thermal properties, obtained from field trials were employed in the finite element
thermal-stress analysis program in order to predict the time-dependent risk of cracking at early ages of the
concrete base slab. Figure 6 shows the temperatures measured near the centres of the 1 x 1 x 1m insulated
cubes that were cast as part of the field trials. Mix 1, also termed Reference Concrete, represents a
traditional structural mix without supplementary cementing materials. Mixes 2 (fly-ash concrete) and
3 (slag concrete), however, represent a family of mixes that can be formulated by replacing significant
percentages of Portland cement with Supplementary Cementing Materials (SCMs).
As can be seen from Figure 6 the mixes tested confirm the beneficial effects on temperatures effects
achieved by using SCMs. They are critical to achieving minimal heat rise and limiting temperature
gradients. By these measurements even large mass concrete placements can be made without any
significant cracking and resulted in improving durability of ACR-1000 base slab. More detailed
description on concrete performance for ACR-1000 one continuous single pour is given by
Abrishami et.al.9.
6.

Ageing management program (AMP)

For the conceptual design phase, an Ageing Management Program (AMP) is being developed for the
ACR-1000 containment structure. An overall view of AMP is shown in Figure 7. Since many
environmental factors affect the degradation mechanisms of materials, they are being considered during
design phase. It is expected that this plan will be updated for each specific project considering the actual
site environmental and plant conditions.
The major elements of the program are: deterioration mechanisms, evaluation methodology, evaluation
criteria, and instrumentations and monitoring (inspection) plans. These elements are described below:
6.1. Deterioration (ageing) mechanism
An understanding of the potential deterioration mechanisms provides useful information during the design
phase. Figure 8 shows deterioration mechanisms that can occur in both concrete and reinforcement 10. As
can be seen from this Figure, deterioration may occur in fresh concrete as well as hardened concrete. It is
evident that the different deterioration mechanisms do not necessarily start at the same time. Also the rate
of deterioration is influenced by the cause of the degradation mechanism.
For the ACR-1000, the deterioration mechanisms that could affect the concrete containment structure
generic design, such as thermal effects and corrosion are considered in the design specifications.

9

Abrishami, H.H., Elgohary, M., Mitchell, D., Bickley J. A., Hooton, R. D., and Cook W. D., “Implementation of ContinuousCast Concrete Base Slab for Future CANDU NPP”, SMiRT 19, International Conference on Structural Mechanics in Reactor
Technology, August 12-17, 2007, Toronto, Canada.

10

CEB, Durable Concrete Structures, Design Guide, 1997.
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6.2. Evaluation methodology
Evaluation methodology adapted from ACI Committee 34911 is used as a baseline for ACR-1000
containment structure. This methodology provides recommendations for the development of an evaluation
procedure for nuclear safety-related structures. Techniques proven to be useful in the evaluation include
visual inspection, non-destructive testing, destructive testing and analytical methods.
6.3. Instrumentations and monitoring
The ACR-1000 containment structure will have an instrumentation and inspection program for the
purpose of increasing safety, reliability, durability and decreasing operating maintenance costs. They
should also support licensing work related to life extension, fitness for service, fuel loading and operating
license. Most common types of embedded instrumentation enable measurement of strain, stress and
temperature. In addition to long-term monitoring, due to early-age characteristics of fresh concrete,
short-term monitoring such as heat generated by cement hydration and thermal gradient is essential
particularly for large pour concrete in containment structure. An inspection program will also be specified
to enable early detection of concrete degradation.
7.

Summary and conclusions
• PLiM should be addressed in all phases of the project: design, construction, commissioning,
operation and decommissioning.
• Key elements to be considered include: design requirements, material selection, and Ageing
Management Program.
• ACR-1000 is designed for durability in addition to strength and serviceability.
• AC-1000 is designed to exceed the minimum requirements and minimise additional project cost in
order to meet minimum design requirements at the end of plant life.
• Improved material such as High-Performance Concrete is specified for the ACR-1000 containment
structure.
• Instrumentation and monitoring requirements are key elements of AMP and should be considered in
design phase.

11

ACI 349, 3R-02 “Evaluation of Existing Nuclear Safety Related Concrete Structures”, 2002.
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Figure 2.
Figure 1: ACR-1000 pre-stressed concrete containment structure
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Figure 2: Time dependent key factors, design (D), material (M) and AMP (A) for PLiM
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Figure 3: Concept map for ACR-1000 PLiM
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Figure 5: Plant life performance adapted from CEB [5]
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Figure 8: Deterioration mechanisms in concrete and reinforcement [5]
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PACE 1450 EXP an Experimental Setup to Study the Mechanical Behaviour of a Standard Zone of
Prestressed Reinforced Concrete Containment
N. Herrmann, D. Kiefer, L. Gerlach, MPA Karlsruhe, Germany
C. Niklasch, formerly MPA karlsruhe now Züblin AG, Germany
Y. Le Pape, C. Bento and S. Michel-Ponnelle, EDF R&D, France

Abstract
Among other topics the crack initiation and the leakage through prestressed concrete walls of reactor
containments are matters of particular interest for the safety of nuclear facilities. Experimental
investigations under different loads which also include the limit state under accidental conditions are the
basis for the implementation of these problems in finite element codes. The validity of models that are
used in nonlinear calculations has to be verified by comparing their performance with experimental
results. In order to determine the capability of simulations to predict the structural behaviour of realistic
and representative structural parts these kind of complex tests are indispensable. The PACE 1450
experimental project is an intermediate sized experiment to investigate the behaviour of a curved specimen
which is representative for the prestressed containment of a 1450 MWe nuclear power plant. The
specimen is loaded by air pressure simulating the internal pressure within the reactor containment under
inspection and accidental conditions. The resulting ring tensile stresses of the cylindrical part of the
containment are applied externally by eight hydraulic jacks. The initial prestressing of the specimen is
realised in such a way that a decreasing of the prestressing force for the purpose of simulating the aging of
the structure is possible.

1.

Introduction

In the last decade several civil engineering research and development programs dedicated to the analysis
and behaviour of nuclear power plant containments have been carried out. Results for the comparison of
numerical results with experiments are generally obtained by performing simple tests on small sized
specimens. Regarding the material properties of prestressed reinforced concrete at least medium sized
experiments are indispensable to reproduce the behaviour of the extremely inhomogeneous material. This
aspect leads to very expensive tests and therefore they are usually financed by more than one research
organisation or company. For the “PACE 1450 – Experimental Campaign” the R&D Department of EDF
(Electricité de France) and the MPA Karlsruhe (Materials Testing and Research Institute of the Universität
Karlsruhe (TH)) decided to cooperate in order to benefit from the experience of each single institution as
well as of the experience that have been gained in past cooperations too. The MPA Karlsruhe owns a
leakage testing facility which had been built up for a research project funded by VGB PowerTech and
GRS (Gesellschaft für Anlagen- und Reaktorsicherheit) ([1], [2]) and used later in cooperation between
EDF and MPA Karlsruhe for further leakage research projects ([3], [4], [5]). This facility has been reused
in parts to build up a new and improved testing facility which is focused on the testing of prestressed,
curved specimen under inspection and accidental conditions which has been already investigated by EDF
in a numerical project [6]. Figure 1 shows the current program in the framework of past activities of
different research works sorted in dimension and complexity starting with single cracks up to model
containments and simulations in 1:1 scale.
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Figure 1: Current project in the framework of past research activities

2.

Experimental setup

2.1.

Basic principle

As it is difficult to finance the building up of a closed ring with a inner radius of r = 21.9 m and a
thickness of 1.2 m modelling a piece of a reactor containment as a pressure chamber under correct
mechanical conditions in order to obtain a membrane stress state EDF and MPA decided to build up a
facility to test a representative curved specimen (cut out of the cylindrical part of a containment) which
has realistic dimensions and can be loaded very similar to a closed ring under internal pressure. The
externally applied tensile force corresponds to the ring tensile force resulting from the internal pressure
within the reactor containment under inspection or accidental conditions This basic idea led to a facility
which was first built up as a small model (see Figure 2) based on a three dimensional sketch which is also
shown in Figure 2 and which contents the specimen turned in a way that it is lying concave within the load
frame.

Figure 2: Mock-up and sketch of the current project
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The membrane force that would occur in a closed ring under internal pressure is realised by hydraulic
jacks pushing apart the so called “ears” which are transverse beams made of steel. They are connected to
the specimen by reinforcement bars and load the specimen with the tensile force. A further important point
regarding the integrity of a prestressed containment is the aging which does not only affect the concrete
itself [7]. Also the remaining prestressing force will decrease during the lifecycle of a power plant. The
following table gives the prestressing levels during the test campaign regarding the decreasing of the
prestressing in order to simulate this prestressing loss. The RUN 0 is a test of the whole facility at a low
level of prestressing and pressure. The test pressure and therefore the external force correspond to 10 % of
the test pressure of 5.3 bar (absolute pressure) during RUN 1 to 3. For RUN 4 a pressure level of 7 bar
(absolute pressure) with heated air (180 °C) and a corresponding external force is planned.
2.2.

Mechanical part of the setup

The mechanical part of the set-up consists mainly of the prestressed specimen, the inner abutments, the
ears at the left and the right hand side as well as the hydraulic jacks pushing the ears to the outwards.
Additional parts are the cover which is also the pressure chamber and the foundations for the specimen
and the abutments. The specimen is lying between the front and the backmost abutment (see also drawings
in Figure 3) and is connected to the ears by 128 GEWI reinforcement bars on each side. It is loaded with a
tensile force corresponding to the internal pressure that is realised with the help of the pressure chamber
lying atop of the specimen. This tensile force is applied to the ears by the hydraulic jacks who have their
support at the abutments on each side of the specimen. Due to the connection between the ears and the
specimen by the GEWI reinforcement bars the specimen is put under tension at the moment when the
externally applied force exceeds the prestressing force. Theoretically this situation will occur the first time
during RUN 3. Lately during RUN 4 there is the possibility of getting a global transversal crack through
the whole specimen. In order to simulate a prestressing in the original vertical direction of the containment
steel cushions are placed between the specimen and the abutments. These cushions can be set under
pressure up to 1 MPa. In the case of an appearing crack these cushions serve also for the purpose of
securing the sealing of the specimen in a way that an occurring leakage could be collected and measured
beneath the specimen. For taking the load of the cushion pressure the abutments are held together in lateral
direction by 5 tension rods of a diameter 63.5 mm. The displacement of the specimen during the tests is
recorded by displacement transducers at all edges of the specimen. Also the force in each prestressing
cable is recorded at any time of the test. Therefore load cells are placed on one side below the anchorage
system. The data is registered every 5 seconds during a test and every 6 hours between the tests. In order
to keep the drawings in figure 3 clear the holding construction for the cover is not shown there. The
holding construction can be pushed down with 8 hydraulic jacks and be fixed with screws at 8 tension rods
of diameter 63.5 mm taking the load of the applied pressure inside the pressure chamber.
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Figure 3: Mechanical setup

2.3

Thermo-hydraulic device

The thermo-hydraulic mixing facility of a former leakage project with another mechanical set-up is used
for the current campaign. It has been built up in order to be able to realise stable complex air-steam
mixtures for highly time dependent accidental scenarios. To fulfil the predefined accidental scenarios it is
necessary to regulate the parameters temperature, partial pressure of steam and partial pressure of air.
These three parameters describe the physical state completely at any time. The production principle of the
airsteam-mixture is shown in Figure 4. The main parts of the airsteam mixing facility are compressor,
boiler, static mixer, air heater, steam super-heater and three pneumatic valves and the flow measurements
described below. There are two input channels (for air and steam) which converge to the air-steam mixture
channel and an output channel for the eventual leakage measurement. Unlike temperature, the partial
pressure air and partial pressure steam parameters are not available for direct measurement. It is necessary
to define the system state in equivalent measurable parameters. With the help of flow measurements in
each of the input channels the relation between air and steam can be adjusted and taken as control
parameters. Together with the temperature and the pressure measured within the pressure chamber the
physical state is known.
????
channel of the mixing facility is used. As it is uncertain if a crack through the specimen will appear the
control chamber will be attached only for the case of occurring cracking. A later use of the steam and
mixture channels for the currently tested specimen is not yet decided.
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Figure 4: Hydraulic setup

3.

The specimen

The specimen itself is prestressed by four cables consisting of 37 strands each. The prestressing force in
every cable is chosen to a level which leads to a stress state of 12 MPa in the circumferential direction of
the specimen. The inner and outer reinforcement in this direction consists of horizontal bars with a
diameter of 20 mm with a vertical spacing of 200 mm as shown in Figure 5. The spacing between the
outer vertical bars is 200 mm in horizontal direction and at the internal side the spacing is reduced to
180 mm. The inner and outer mesh layers are connected by stirrups and additional hooks with a diameter
of 12 mm. Within the specimen one prestressing cable in the original vertical direction is realised lying
horizontally because of the turning of the specimen.
As mentioned in the description of the mechanical part of the facility the specimen is coupled to the ears
by GEWI reinforcement bars. These bars can be seen in Figure 5 which shows the specimen being set onto
the foundations between the abutments. The surface of the specimen in the direction to the ears is built
with a steel plate in order to guarantee a tight coupling between these two parts. For the compensation of
slight inaccuracy between the surfaces a thin wooden plate is put between the steel surfaces. The ears were
slowly moved in position by inserting the reinforcement bars into the designated holes in the ear’s surface
and after form closure being fixed with nuts placed within the ear.
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Figure 5: Specimen rebars and sensors prior to casting

4.

Test scenarios and measurements

The test scenarios during the campaign are mainly geared by the standard pressure tests that are performed
for the checking of the leakage tightness of containments in France. The test duration is much shorter than
in reality but long enough to ensure the setting up of a steady state. The peak pressure which is reached by
increasing the pressure in steps is 5.3 bar absolute at ambient temperature. The starting pressure is levelled
to 1.15 bar in order to ensure an exact steering of the external force which is coupled to the applied
pressure (see Figure 6).
For RUN 0 a peak pressure of 1.43 bar was used. This RUN 0 served as a set-up check only. For RUN 4 a
peak pressure of 7 bar and a temperature of 180 °C are planned. The specimen as well as the relevant parts
of the facility is equipped with different measurement devices. Different transducers are placed within the
specimen for the registration of strain, temperature and cracking events. One measurement system is
manufactured by SMARTEC from Switzerland basing on an optical fibres Bragg network. It provides
information on temperature and strain in different locations and directions. Additionally a conservative
strain measurement with encapsulated strain gauges and a temperature measurement with PT100 sensors
are embedded.
For the registration of appearing cracks a sound detection system is embedded within the specimen. The
system consists of 8 microphones which are located in a way that localization of developing micro cracks
is possible.
The global behaviour of the specimen is registered by displacement transducers that are placed at all edges
of the specimen in longitudinal and horizontal direction and additionally in vertical direction at the top
edges. For the force recording every prestressing cable is equipped with an individual load cell that has
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been used for the prestressing procedure and is in further use for the control of the prestressing decrease
and the force level during the tests.

Figure 6: Scenario

5.

First results

At the moment of the writing of this paper RUN 0 and RUN 1 have been successfully performed. A short
overview on the first results of RUN 1 is given in the following. The measured pressure data follows
precisely the desired levels of pressure. The behaviour of the force control is exactly the same. RUN 1 are
shown in absolute terms in the following Figure 7. The transducers S1 and S5 show the measured strain in
the longitudinal (circumferential) direction and the transducers S4 and S8 show the lateral strain. Negative
values mean compression and positive elongation. S5 and S8 are located near the internal surface while S1
and S4 lie beneath the external surface of the specimen. The starting values of S1 and S5 at the level
between 1100 µm/m and 1400 µm/m show the compression of the 100% prestressing while the sensors S4
and S8 show the lateral strain due to the prestressing. The sensor S10 shows the strain that leads to a
thickness change of the specimen. In the strain curves a similar shape as in the hydraulic pressure and in
the external force respectively is recognisable. The external force acts versus the prestressing force and
decreases the compression of the specimen. This effect can be seen vice versa in the lateral strain sensors
S4 and S8 with sensor S4 having a shift of the signal and therefore not registering positive strain as the
other lateral sensors.
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Figure 7: Force control

In order to show the relative strain the sensors described above are normalised in Figure 8. In this diagram
the curves for S4 and S8 are almost identical so that S8 is mainly hidden behind S4.

Figure 8: Preliminary results

As the GEWI reinforcement bars connecting the ears with the specimen are not yet activated during RUN
1, only a passive elongation of the specimen occurs. These GEWI reinforcement bars will be activated for
the first time during RUN 3 when the externally applied force will exceed the remaining prestressing force
in the specimen. The prestressing force for RUN 3 and RUN 4 will be 60% of the starting level of the
prestressing force used in RUN 1. As a consequence of GEWI bars not having been activated yet and the
concrete of the specimen not having beenunder tensile load during RUN 0 and RUN 1 the sound detection
did not register any damage event during the tests so far. The functionality of the sound detection system
has been checked permanently while the tests were running. Furthermore leakage detection was not
necessary up to now. For the case of a crack appearing and leakage coming through the cracked specimen
a control chamber is available which can be fixed below the specimen in order to collect gaseous and fluid
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leakage. The amount of leakage of both phases can be measured separately by cooling down the leakage to
force the condensation of water and registering afterwards the air volume by a flow meter. The results of
the measurement by the sensors of SMARTEC as well as the external displacement measurement is not
yet evaluated but will serve as basis for numerical studies in the future. These sensors are based on optical
fibres and are very sensitive on mechanical disturbances that are inevitable. At the time of RUN 1 five out
of 150 of the measurement positions in the multi-channel sensors by SMARTEC seem to have been
damaged or disturbed since the casting of the specimen.
More results will be published later as the campaign is still running and the evaluation of data is still
ongoing at the moment of finishing the paper.

6.

Conclusion and outlook

For the “PACE 1450 – Experimental Campaign” a new leakage testing facility for prestressed curved
specimen has been built up. The test campaign has been successfully started and is still running. A
description of the experimental set-up is given in this paper as well as first results of RUN 1. Within the
current project the specimen will be tested in four Runs which culminate in a test with a pressure of 7 bar
absolute at a temperature of 180 °C. Further tests with air-steam-mixtures are possible but not yet decided.
The mechanical part of the facility is designed in a way that with only slight modification also specimen
with a different curvature can be tested under similar conditions within the capabilities of the set-up.
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Structural Assessment of Thick Concrete Shear Walls Compared to Test Data1*
Jinsuo Nie, Joseph Braverman and Charles Hofmayer, Brookhaven National Laboratory
Syed Ali and Jim Xu, U.S. Nuclear Regulatory Commission

Abstract
As part of a program sponsored by the U. S. Nuclear Regulatory Commission (NRC), a study was
performed to assess the performance of analysis methods for computing the seismic response of reinforced
concrete shear wall structures subjected to strong ground motions and their ultimate seismic failure
capacities. The study was accomplished using the multi-axial cyclic and shaking table test data provided
by the Japan Nuclear Energy Safety Organisation (JNES) and Nuclear Power Engineering Corporation
(NUPEC) as part of collaborative efforts between NRC and JNES/NUPEC to study seismic issues
important to the safe operation of commercial nuclear power plant (NPP) structures, systems, and
components (SSC).
The study described in this paper includes: 1) an assessment of simplified methods for concrete shear wall
seismic failure capacity estimates against the JNES/NUPEC cyclic and shaking table test data, 2) an
ANACAP finite element (FE) prediction of JNES single and multi-axial cyclic test data, 3) an ANACAP
FE 3-D simulation of the JNES/NUPEC shaking table test, and 4) an assessment of the effect of prior
damage history on the FE analyses of the seismic response of concrete shear wall structures. This study
concluded that both the simplified and FE methods investigated are capable of predicting the ultimate
seismic capacity of the JNES/NUPEC concrete shear wall specimens with reasonable accuracy from a
practical standpoint. The progressive degrading characteristics of the shear wall specimens were also
captured by the analyses, especially the ANACAP FE 3-D dynamic simulation analysis. It was concluded
that the JNES/NUPEC cyclic and shaking table test data included in this study can be used as a benchmark
for future validations or confirmations of the adequacy of other alternative analytical methods or computer
programs for the seismic response analysis of NPP concrete shear wall structures, which were not included
in this study. This paper presents and discusses the results and insights of the study.

*

DISCLAIMER NOTICE - The findings and opinions expressed in this paper are those of the authors, and do not necessarily
reflect the views of the U.S. Nuclear Regulatory Commission or Brookhaven National Laboratory.
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1.

Introduction

Prior to the establishment of JNES, NUPEC of Japan performed multi-axial loading tests of reinforced
concrete (RC) shear walls. The JNES/NUPEC reinforced concrete shear wall test program was a ten year
program to investigate the behaviour of NPP RC shear walls subjected to quasi-static cyclic loadings and
strong earthquake motions and assess the capability of methodologies for the RC shear wall capacity
analysis. This test program included element tests, diagonal cyclic loading tests of box walls,
multi-directional simultaneous cyclic loading tests of box and cylinder walls, and shaking table tests of
box and cylinder walls. In the cyclic tests, the specimens were loaded to the level of incipient failure. In
the shaking table tests, the specimens were shaken to levels well above typical design-basis earthquake
excitation levels. The shaking table tests involved a sequence of runs with different levels of excitations.
Since many of these tests were box or cylinder walls subjected to multi-directional loadings, the
JNES/NUPEC shear wall tests provide a unique opportunity to the engineering mechanics community for
validation of practical methods that are mostly validated using single element shear walls.
As part of collaborative efforts between the United States and Japan on seismic issues, the NRC and
Brookhaven National Laboratory (BNL) took advantage of this unique opportunity by analysing the
JNES/NUPEC test data to perform assessments of simplified methods and state-of-the-art computer
programs. The collaboration program included a series of periodic technical meetings held in Japan and
the U.S. to review and evaluate the test and analyses results. In accordance with the collaboration
agreement, JNES/NUPEC provided their test results to NRC and BNL in the form of presentations and
also provided an electronic version of selected test data for use in the analytical effort by BNL. The
objectives of this research activity were to assess analysis methods for seismic shear wall capacity using
the JNES/NUPEC multi-axial cyclic loading and shaking table test data and determine the technical
significance of the JNES/NUPEC data related to the effects of out of plane motions on the overall
methodology used for assessing the seismic capacity of reinforced concrete shear walls.
As discussed in this paper, a number of simplified methods, which are used in the nuclear industry to
estimate the ultimate capacity of low-rise reinforced concrete shear walls subjected to seismic loadings,
were applied to the JNES/NUPEC test specimen configurations to predict the failure capacity of the box
type shear walls. In addition, analytical predictions of the performance of a box type shear wall under
one- or two-directional cyclic loadings were carried out using the concrete finite element code ANACAP,
and were compared to the test results. The same computer code was then utilized for a 3-D finite element
simulation of one of the dynamic shaking table tests of a box-type shear wall. An analysis using a high
level test run without prior history of damage to the wall was also performed to evaluate the effect of prior
damage history.
Information in greater detail on this research effort is described in NUREG/CR-69251, which is publically
available through the NRC website.

2.

JNES/NUPEC shear wall tests

Only those tests applicable to this paper are briefly summarized herein. All tests utilized in this paper
were concerned with box type shear wall specimens. For both cyclic and shaking table tests, the box-type
specimens were 1.5 m x 1.5 m (lw, centre to centre) in plan and 75 mm thick for all perimeter walls. The
heights of the specimens (hw) were 0.7 m, 1.0 m, or 1.3 m for different tests. For each of the four walls,
the rebars had a diameter of 6 mm and were arranged in a double layer bi-directional configuration with a

1

Xu, J., Nie, J., Braverman, J.I., and Hofmayer, C.H. (2007). “Assessment of analysis methods for seismic shear wall capacity
using JNES/NUPEC Multi-axial cyclic and shaking table test data,” NUREG/CR-6925, U.S. NRC, Washington, DC 20555.
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70 mm x 70 mm pitch, resulting in a reinforcement ratio of 1.2%. For the cyclic tests, the box type shear
walls were bounded below by a base slab of 500 mm thickness and above by a loading slab of 400 mm
thickness for cyclic tests. For the shaking table tests, the base slab was 450 mm thick and a heavy weight
was placed on a loading slab of 300 mm thickness. The vertical rebars were sufficiently anchored into the
base slab and the loading slab, and had been shown to be adequate in the tests in preventing any anchorage
loss. The maximum size of the aggregate used in the concrete wall was about 10 mm. For a visual
appreciation of the tests, Figure 1 shows a failed box type shear wall resting on the top of the shaking
table, and Figure 2 shows a schematic view of a typical specimen.
Table 1 shows various properties of the specimens for the cyclic tests and the corresponding shear
strengths measured in the tests. Among the listed 11 specimens, 8 box type shear walls were tested using
uni-directional loadings at angles 0°, 26.6°, and 45°, and 3 walls were tested using multi-directional
loadings that include rectangular, cross, and diagonal cross loading scenarios. As shown in Table 1 the
specimen ID “SD-NS-ND” series represent the specimens subjected to the uni-directional loading with NS
as the shear span ratio (M/Qd) and ND as the loading angle, while specimen “SB-B-NN” series are the
ones subjected to multi-directional loading with NN equal to 1, 2 and 3 as the indicator for rectangular
loading, cross loading, and diagonal cross loading, respectively. These loading patterns are illustrated in
Figure 3. The shear span ratio for the “SB-B-NN” series is 0.8. The specimens are ordered based on their
shear span ratio. Also listed in Table 1 are the uni-axial compressive strength fc’ of the concrete and the
yield strength fy of the rebars. The maximum shear strength of the walls in either horizontal direction
obtained from the tests is designated as VMT (strength of 2 walls in parallel) and is tabulated in this table,
as well as the maximum vector shear strength VVT (resultant) of the box type walls. It is important to
observe that both VMT and VVT represent the same maximum loading that the test specimen can take. All
walls in consideration have a vertical compressive load that is equivalent to a constant axial stress of
1.47 MPa.
Two box-type shear wall specimens, designated as: DT-B-01 and DT-B-02, and one cylindrical type
specimen designated as DT-C-01, were fabricated for the shaking table tests. Tests of DT-B-02 were used
for this analytical study. The DT-B-02 shear wall specimen has the dimensions illustrated in Figure 2
Compared to the specimens for the cyclic static tests, the specimens for the shaking table tests consist of
four parts: shear walls, a base slab, a top slab and an extra block weight on the top of the top slab. Rebar
arrangements for the specimens are the same as for cyclic tests. The extra block weight was placed on the
top of the top slab in order to induce an axial stress of 1.47 Mpa at the bottom of the shear wall specimens.
Combining the masses of the block weight, the upper slab and the upper half of the walls at a lumped mass
point, the total weight is calculated to be 67 ton and the corresponding values of rotational inertia were
determined to be: Ix = Iy = 71.7 ton-m2 and Iz = 112 ton-m2.
A total of nine runs were performed during the test, which are designated as: Run Nos. 1, 2, 2’, 3, 3’, 4, 5,
6, and 7. The input motions have three directional components to the shaking table, resulting in rocking
and rolling motions at the base of the shear wall Figure 6 shows only the input motions in one direction for
the first eight runs; Run 7 was not used in this study because the shear wall specimen DT-B-02 failed
during this run. As depicted in this figure, the input motion for Run-1 is rather small, which was intended
for the elastic response of the shear wall specimen. The intensity of the input motion for Run-2, however,
was dramatically increased. Subsequent to Run-2, the input motion intensity was reduced for Run-2’ to
the level slightly above Run-1. The input motions applied to subsequent test runs were then gradually but
consistently ramped upward from Run-2’ to Run-6, intended for investigating the progressive failures of
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shear walls as a function of the ground motion intensity. More information about these tests can be found
in references 2, 3, 4, and 5.

3.

Evaluation of simplified methods

Many of the simplified methods used by the nuclear industry have been primarily correlated with the
results of single-element shear wall tests in which the walls were subjected to one-directional loading in
the plane of the wall. The adequacy of these simplified methods for complex shear wall systems such as
nuclear power plant structures can be evaluated through correlation studies of the JNES/NUPEC
multi-axis loading tests of box type shear walls. Three simplified methods for calculating the ultimate
shear strength of shear walls, two from the ACI 349-01 and one from the ASCE 43-05 standard, were
assessed by comparing the predicted ultimate shear strengths and the cyclic test data. To obtain an
estimate of the ultimate strength, the strength reduction factor, Ø, is not applied in all simplified methods.
Similarly, methods for determining the inelastic energy absorption factor (Fµ), which is used to account for
nonlinear behaviour before failure, were evaluated using the shaking table test data.
ACI 349-01 methods
Chapter 11, “Shear and Torsion,” of ACI 349-01 prescribes a method to estimate the ultimate shear
strength of a single-element shear wall. In this method, the shear wall ultimate strength consists of
contributions from concrete, horizontal reinforcement, and vertical load. Chapter 21 of this standard,
“Special Provisions for Seismic Design,” also provides a method for estimating the ultimate shear capacity
of shear walls under seismic loads. Compared to the Chapter 11 method, this method does not consider
the contribution from vertical loads. For the range of aspect ratios for the test specimens, the upper bound
ACI Code limits, based on only concrete for the two methods, govern the calculation. Discussion of the
equations for these two methods is not essential for the purpose of this paper; reference 1 provides more
detailed introduction of these two methods and a comparison of their differences.
Shear strength capacities were calculated using the two ACI methods and compared against the test results
in which the shear was represented by: (1) the maximum shear in the two horizontal directions VMT and
(2) the resultant of the bi-axis shears VVT.
Table 2 presents the predicted shear wall strengths, VU, for the 11 specimens using the ACI 349 Chapter
11 method. As expected, the calculation of the shear strength for all cases is governed by the upper bound
value. The tabulated data in the columns labeled VU/VVT and VU/VMT in this table are the ratios of the
predicted capacity to the resultant test result and predicted capacity to the maximum test result of the two
horizontal directions. Reviewing the ratios VU/VVT and VU/VMT indicates that the ACI 349 Chapter 11
method is conservative for all cases. The level of conservatism is very large for smaller aspect ratios and
diminishes as the aspect ratio increases to 0.87.
Table 3 presents the predicted shear wall strengths for the 11 specimens using the ACI 349 Chapter 21
method. The upper bound limit, which is higher than that of the Chapter 11 method, governs the
2

Habasaki, A. Kitada, Y., Nishikawa, T., Takiguchi, K., and Torita, H. (2000). “Multi-directional loading test for RC Seismic
shear walls,” 12th World Conference on Earthquake Engineering (WCEE), Auckland, New Zealand.
3
Hiroshi, T., Yoshio, K., Takao, N., Katsuki, T., Hideyoshi, W., and Takeyoshi, K. (2001). “Multi-axis loading test on RC shear
walls, overview and outline of two directional horizontal loading test,” SMiRT 16, Washington DC.
4
Kusama, K., Suzuki, A. Fukuda, R., Hirotani, T., and Takiguchi, K. (2003). “Simulation analysis of shaking table test for RC
seismic shear wall in multi-axis loading tests,” SMiRT 17, Prague, Czech Republic.
5
Torita, H., Matsumoto, R., Kitada, Y., Kusama, K., and Nishikawa, T. (2004). “Shaking table test of RC box-type shear wall in
multi-axes loading,” 13th World Conference on Earthquake Engineering, Vancouver, B.C., Canada.
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calculation of the shear strength for all cases. The ratios of VU/VVT and VU/VMT show that this method is
also conservative for all cases except for SD-10-45. The level of conservatism is large for smaller aspect
ratios and diminishes as the aspect ratio increases. In the case of SD-10-00, which corresponds to the
loading in the plane of the wall, the approach is still somewhat conservative. However, when the
interaction effect is present in the test (i.e., specimen SD-10-45 acting at a 45 degree angle), the ratio of
VU/VMT is greater than one, indicating that the predicted strength is non-conservative. If the interaction
effect is directly considered using the VU/VVT term, the predicted ultimate shear strength is still
conservative. In fact, the interaction intensity, defined as VVT/VMT, is at the maximum value of 1.414 for
specimen SD-10-45, a very large interaction intensity value unlikely in a typical seismic design setting. If
the seismic loads are combined probabilistically in accordance with the 100-40-40 rule (for the three
perpendicular directional input motions), as is a common practice for uncorrelated ground motions, the
interaction intensity is limited to 1.077. This level of interaction would not be likely to introduce a
significant non-conservative bias to the predicted shear strength for this specimen.
ASCE/SEI 43-05 method
The recently issued standard ASCE/SEI 43-05 provides performance-based and risk-consistent seismic
design criteria for structures, systems, and components in nuclear facilities. This standard provides an
alternate method that could be used in place of the ACI 349 approach for calculating the strength of low
rise reinforced concrete shear walls. Based on the empirical method reported in references 6 and 7, this
method includes shear strength contributions from concrete, reinforcement, and vertical load. Unlike the
ACI 349-01 methods, this method includes contributions from both horizontal and vertical reinforcements
in calculation of the ultimate shear strength. This method is intended for low rise shear walls with an
aspect ratio of two or less. More detailed description of the theoretical background and applicable
constraints are available in reference 1.
Table 4 shows the results of application of this method to the 11 tests. By examining VU/VMT, there
appears to be two factors that may affect the accuracy of this method. The first factor is the aspect ratio.
VU/VMT is between 0.82 and 1.09 for an aspect ratio of 0.47, between 0.92 and 1.20 for an aspect ratio of
0.67, and between 1.09 and 1.41 for an aspect ratio of 0.87. In particular, when there is no bi-axial shear
force effect, i.e., VVT/VMT = 1, VU/VMT increases from 0.82 to 1.09 as the aspect ratio increases. The data
suggests that as the aspect ratio increases, the ASCE 43-05 method tends to over predict the shear strength
to some extent. The second factor is the interaction intensity. For any given aspect ratio, as the
interaction intensity grows, the ASCE 43-05 method tends to over predict the shear strength. The ratios of
VU/VVT are smaller than 1 except for the case of specimen SD-10-00 where no bi-axis shear force effect is
present. VU/VVT generally increases as the aspect ratio increases. For any given aspect ratio, VU/VVT
appears to decrease slightly as the interaction intensity increases.
Compared to ACI 349-01 methods, the ASCE 43-05 method is less conservative for most cases and more
accurate. It can become non-conservative for cases with a large aspect ratio and/or interaction intensity.
Exploration of these predicted and test data led to an optimum regression equation (ORE),

6

Barda F., Hanson, J. M., and Corley, W. G. (1976). "Shear strength of low-rise walls with boundary elements," ACI Symposium,
Reinforced Concrete Structures in Seismic Zones, SP-53, Detroit, Michigan.
7
Cover, L. E., Bohn, M. P., Campbell, R. D., and Wesley, D. A. (1985). "Handbook of nuclear power plant seismic fragilities,"
NUREG/CR-3558, Seismic Margins Research Program, Lawrence Livermore National Laboratory.
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where F is a linear function of aspect ratio. In addition, by introducing a similar interaction equation to
that reported in reference 3,
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where the term VU/F suggests that F is a modifier to the predicted ultimate shear strength using the ASCE
43-05 method. The right hand side of the above equation represents any bias from the interaction effect,
which can be shown to be only 7.2% at its maximum Figure 5 shows the original normalized vector shear
strengths while Figure 6 shows those with the strength adjustment factor F applied. It is obvious that
adjustment factor F can greatly reduce the variation and improved the accuracy of the ASCE 43-05
method.
Methods for inelastic energy absorption factor
Various methods are used to account for the energy absorption behaviour of structures subjected to
earthquake motions. These methods calculate an inelastic energy absorption factor, Fµ , as a measure of
the structure’s capacity to absorb energy inelastically. It is typically applied to reduce the linearly
calculated response spectra (demand) or, alternatively, to increase the capacity of a structure.
Run 6 of the specimen DT-B-02 was used in assessment of methods for inelastic energy absorption factor,
and related parameters were calculated based on the properties prior to this run. Based on the test results
at the start of Run 1, the elastic structural frequency, f, was 20.6 Hz and 20.4 Hz in the X and Y directions,
respectively. At the start of Run 6, the frequency dropped to 13.0 Hz and 11.5 Hz in the X and Y
directions, respectively. The viscous damping β at the start of Run 6 was estimated to be about 5%, based
on information available in reference 5.
The following methods were evaluated: Ridell-Newmark method8, point estimate method9, secant
frequency method9, and spectral averaging method9. Table 5 compares the inelastic energy absorption
factor Fµ predicted by these four methods against the Fµ estimated from the JNES test. For X and Y

8

Riddell, R. and Newmark, N. M. (1979). "Statistical analysis of the response of nonlinear systems subjected to earthquakes,"
Civil Engineering Studies, Structural Research Series No. 468, UILU 79-2016, Department of Civil Engineering, University of
Illinois at Urbana-Champaign, Urbana, Illinois.
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Kennedy, R. P., Short, S. A., Merz, K. L., Tokarz, F. J., Idriss, I. M., Power, M. S., and Sadigh, K., (1984). "Engineering
characterisation of ground motion, Task 1: characteristics of free-field motion on structural response," NUREG/CR-3805,
Structural Mechanics Associates, Inc. and Woodward-Clyde Consultants.
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directions respectively, the relative errors are about 19% to 18% for the Riddell-Newmark Method, 22%
to 28% for point estimate method, 13% to 33% for spectral averaging method, and 14% to 6% for secant
frequency method. Therefore, for this particular specimen configuration and earthquake motion, the
secant frequency method provided the most accurate overall comparison to the test results. The relatively
accurate comparison for the secant frequency method suggests that the effect of the multi-direction
excitation of the box-type reinforced concrete specimen did not significantly affect the calculation of the
inelastic energy absorption factor.

4.

ANACAP FE prediction of cyclic test data

ANACAP is a finite element software package that specialises in static and dynamic non-linear analysis of
reinforced concrete structures, with the capability to predict the performance of concrete structures before
and after significant cracks are developed10. ANACAP Version 3 was used to perform the static and
dynamic analyses of several JNES/NUPEC shear wall specimens.
The ANACAP concrete constitutive model is a smeared-crack finite element model that was initially
developed by Rashid11 in 1968 and became a unique approach fostered by ANATECH, the company that
develops the ANACAP software. The hysteresis behaviour and the degradation of stiffness and strength
under large cyclic loadings or strong earthquake motions can be predicted well by ANACAP. This model
integrates various concrete models that have been reported in the literature. It considers the strain
hardening and softening behaviour of unconfined concrete under uniaxial compression, and models the
confined concrete appropriately as well. The smeared cracking model is implemented at the integration
points of each element, and therefore the cracking state can vary within an element. Multiple cracks can
be formed orthogonally at any integration point. This cracking mechanism allows the redistribution of
load, in particular for load distribution to reinforcement. Shear force along a crack can be resisted by the
friction between the crack surfaces according to a shear retention model, and the unrealistic build-up of
shear stress across an open crack is limited by the so-called shear shedding model if the crack continues to
open. Rebars are modelled as sub-elements embedded within concrete elements, which superimpose their
strength and stiffness to the associated concrete elements. The rebar constitutive model can simulate the
rebar plasticity, bond slip, and anchorage losses.
Four loading patterns, associated respectively with four specimens as summarised in Table 1 were
analysed using ANACAP. The 1-D cyclic loading pattern for SD-08-00 has only one displacement
sequence in the X direction, while the other three patterns, namely rectangular loading pattern for
SB-B-01, cross loading pattern for SB-B-02, and diagonal cross loading pattern for SB-B-03, have two
displacement sequences in the two horizontal directions
Figure 7 shows the ANACAP finite element model for the four shear wall specimens, outlining the shear
wall and the loading slab and showing in detail the explicitly modelled rebars. The displacement
sequences are applied at the centre of the bottom face of the loading slab, which is idealised as a rigid slab.
The base slab is also assumed rigid and is represented by a fixed boundary condition applied at all nodes
at the bottom of the shear wall.
Comparisons between the ANACAP analytical results and the NUPEC test results were made in terms of
the base shear capacity, hysteresis loops of the shear force vs. displacement, and shear force orbits. As an
example, Figure 9 shows detailed cycle-to-cycle comparisons of the hysteresis loops in the X direction. It
is obvious that ANACAP analysis predicts well the stiffness and the strength of the shear wall and
10
11

Dunham R.S. and Rashid Y.R. (2003). “ANACAP material modelling of reinforced concrete”, ANA-R-03-0678, ANATECH.
Rashid Y.R. (1968). “Ultimate Strength Analysis of Pre-stressed Concrete Pressure Vessels”, Nuclear Engineering & Design, 7,
334-344.
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especially the post-ultimate performance, which can be evidenced remarkably by the hysteresis loops of
large curvature for the last 3 cycles.
All predicted base shear capacities are higher than those of the tests; the relative errors are mostly around
10%, with one exception that results in a relative error of 21%. These errors are well within the general
acceptable range for reinforced concrete material. The good agreement in the hysteresis loops and the
shear force orbits, in terms of both the overall shape and the cycle-to-cycle comparisons, demonstrates that
ANACAP is capable of properly predicting the reinforced concrete behaviour in stiffening and softening,
loading and unloading, and rebar bond and anchorage. ANACAP cannot predict the final failure of the
shear wall models due to its intentional modelling strategy that elements can degrade greatly in stiffness
and strength, but never fail in order to appropriately capture the post ultimate behaviour.

5.

ANACAP 3-D simulation of shaking table tests

The JNES/NUPEC test specimen DT-B-02 was used for the dynamic analysis of reinforced concrete shear
walls using ANACAP simulation. This specimen shares the same geometry and rebar configuration as
those in the static cyclic loading tests. The constitutive models for the concrete and the rebars, the finite
element mesh, and the rebar models are also the same as those in the static analyses. The most noticeable
difference in modelling is the idealisation of the loading slab and the added weight. Figure 8 shows a
schematic representation of the analytical model that consists of four parts, namely the rigid weight ring,
rigid connection ring, the shear wall, and the base slab. The weight and the loading slab were modelled
together as the combination of the rigid weight ring and the rigid connection ring. A great deal of effort
was undertaken to minimize the number of the elements used in the model so that the ANACAP
computational demand is relatively low.
ANACAP uses a modified Raleigh damping implementation that is compatible with the damage state of
the concrete. ANACAP internally uses a damage index to reflect the cracking level, which is then used to
determine a damage-state-compatible damping value. The effective damping in the shear wall model is
2% for the initial undamaged state and 7% for the totally damaged state.
The shear wall specimen DT-B-02 was subjected to 3-D motions simultaneously in the shaking table test.
Three vertical motions and two horizontal motions to the base of the shear wall were applied to simulate
the translational and rocking and rolling motions of the base slab. The analysis was carried out
consecutively with Runs 1, 2, 2’, 3, 3’, 4, 5, and 6. Each run continues using the state of the stress and
strain in the shear walls at the end of the prior run as the initial conditions. Comparisons were made
regarding response spectra, maximum shear forces, maximum total vertical forces, and hysteresis loops.
As an example, Figure 10 shows the comparisons for the horizontal response spectra in the X direction
between the test results and the ANACAP analysis for Run 6. As shown in this figure and other figures in
reference 1, the computed response spectra match reasonably well to the test results. The frequency
contents of the test results are usually predicted well by the analysis, with the shear wall properties
degraded along the multiple runs. For Run 6, the maximum computed shear in the X direction matches
the test result with less than 2% difference, while the maximum computed shear in the Y direction is lower
than the test result by 21%. However, the computed maximum vertical force appears to grossly exceed
the test result by about 55%. These levels of accuracy also indicate that the accumulation of damage state
by the ANACAP software agrees well with the test.
More detailed observations for this run and other runs can be found in reference 1. The general insights
for the ANACAP dynamic analysis of this shear wall specimen is provided in the conclusions.
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6.

Effect of prior damage history

The impact of prior damage history on the response analysis of shear walls was investigated using Run 6.
For this purpose, the same three orthogonal input motions from the Run-6 test as described above were
applied, except that the shear wall specimen is assumed to have no previous damage history. The shear
wall responses in terms of response spectra and hysteresis loops, as well as the total base shears are
compared with the test results that have the prior damage effects.
Figure 11 presents the comparison of the computed shear wall response spectra including no prior damage
history to the actual test results for Run-6. As shown in these Figures, the computed response spectra
match very well to the test results in the X-direction up to about 20 Hz and exhibit much higher spectral
amplifications than the test results above 30Hz. The analytical response spectra are broader than those of
the test and the analytical response spectra with consideration of prior damage history, indicating that the
high level of input excitation for Run 6 caused the shear wall to degrade from the intact condition to a
significant level of damage in the shear wall. However, the major frequency contents match well with the
test.
The maximum computed shear in the X direction without the prior damage over-estimates the test result
by more than 50%, while in the Y direction almost a perfect match is obtained between the ANACAP
analysis and the test result (just 0.7% difference). The computed maximum vertical force appears to
grossly exceed the test result by about 50%. Therefore, the maximum base loads on the shear walls are
mostly over estimated when the prior damage history is not included in the analysis.

7.

Conclusions

The performance of analytical methods, including simplified methods and finite element methods, for
computing the seismic response of shear wall structures and their ultimate seismic failure capacities was
evaluated using the JNES/NUPEC test data. The study was carried out by analyzing a set of box-type
shear wall test specimens and comparing the analytical results with the test data provided by
JNES/NUPEC as part of a collaborative agreement to study seismic issues important to the safety of
NPPs. The relevant JNES/NUPEC tests included both single- and multi- axial cyclic loading tests and a
shaking table test.
The comparison showed that shear strength computed by the ACI 349-01 methods appear to be quite
conservative, as would be expected, for ultimate shear strength prediction. The level of conservatism is
large for smaller aspect ratios and reduces as the aspect ratio increases. In addition, the interaction
intensity which measures bi-axial interaction effect also reduces the conservative margin; however, no
significant non-conservative bias is introduced when the bi-axial shear components are probabilistically
combined as in the current nuclear industry practice.
An extensive evaluation of the ASCE 43-05 method for estimating the ultimate shear capacity of
reinforced concrete shear walls was performed. A regression equation involving the interaction intensity
and an adjustment factor was established to closely correlate the ASCE 43-05 calculated shear strength to
the test data. The adjustment factor is expressed as a linear function of the aspect ratio. For shear walls
with small or no interaction effect, the ratio of the ASCE 43-05 calculated shear strength to test data
becomes simply the adjustment factor. The shear strength calculated based on the ASCE 43-05 method
when corrected with the adjustment factor compares very closely to the test results. However, due to the
limited range of aspect ratios for the test specimens, application of the ASCE 43-05 method should be
cautioned for shear walls having aspect ratios greater than 0.9.
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When the seismic loads in both horizontal directions are statistically uncorrelated and the shear forces are
combined probabilistically in accordance with the 100-40-40 rule, the un-conservatism by neglecting the
interaction effect can be shown to be only 6.1%. Thus, no significant non-conservative bias is introduced
by considering each direction independently as long as the bi-axial shear components are uncorrelated.
Four methods for computing the inelastic energy absorption factor Fµ were selected to compare with the
estimate of Fµ using the JNES/NUPEC shaking table test data. These methods include: Riddell-Newmark
method, point estimate method, spectral averaging method, and secant frequency method. Among these
methods, Riddell-Newmark conservatively bounds the test results while the point estimate method and
spectral averaging generally over predict the test results. When a local valley exists in the response
spectra at frequencies above the secant frequency, the calculation of Fµ should be limited to no more than
that computed by the secant frequency method. The secant frequency method was shown to provide the
best comparison to the test data for this specimen configuration and earthquake motion.
The computed base shear capacities by the ANACAP static analysis compare well with those of the cyclic
tests. The differences may be attributed to the simplifications introduced in the ANACAP models;
nevertheless, the differences shown are well within the general acceptable range for reinforced concrete
material. Reasonable agreement between the analysis results and the test data were also achieved for the
hysteresis loops and the shear force orbits, in terms of both the overall shape and the cycle-to-cycle
comparisons.
As for the analyses related to the shaking table tests, the ANACAP simulation generally captured the
progressive degrading behaviour of the shear wall, which demonstrated the capability of the ANACAP
concrete material model in characterising the non-linear softening of reinforced concrete structures. The
level of agreement for the in-structure response spectral peaks was about plus or minus 30% in the
horizontal comparisons and about plus or minus 50% in the vertical comparisons. Although the peaks of
the calculated in-structure response spectra were not as closely matched to the test results as those for
static analysis, the overall progressive failure behaviour of the JNES/NUPEC shaking table test was
reasonably captured by the simulation. With the exception of the vertical reaction for Run-6, base
reactions were reasonably matched between test and analysis within about plus or minus 20%. The base
shears predicted by ANACAP are mostly higher than test results, with a few cases under-predicted by
only about 3% to 8%.
The effect of prior damage history on seismic responses was investigated using Run 6. For the
comparison of response spectra in the X-direction for frequencies greater than 30 Hz, substantially higher
spectral amplitude than the test result was shown when prior damage is ignored. Similarly, higher
computed spectra than the test spectra were also observed in the Y-direction when prior damage was not
considered. In terms of the base reactions, ignoring prior damage resulted in higher base shears than the
test results, but little change in the vertical reaction calculation. The response differences between
including and ignoring prior damage history demonstrated the importance of appropriately accounting for
the correct boundary conditions in the seismic analysis of shear walls.
Based on the conclusions discussed above, it is recommended that the JNES/NUPEC cyclic and shaking
table test data be used as a benchmark for future validations or confirmations of the adequacy of other
alternative analytical methods or computer programs for the seismic response analysis of NPP low-rise
shear wall structures with comparable aspect ratios utilized for the JNES/NUPEC cyclic and shaking table
tests.
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Figure 2: Box-shaped shear wall dimension

207

2700mm

Loading Slab

1000mm 400mm
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Figure 3: Rectangular, cross, and diagonal cross loading patterns

Figure 4: X-Input motions for ANACAP simulation analysis
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Figure 7: ANACAP Model for the shear wall specimens showing explicit rebars
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Figure 8: Shear wall model for dynamic simulation
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Figure 10: Comparison of response spectra between ANACAP analysis and the test at upper corners of
shear walls (Run 6, X Direction)
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Table 1: Specimen properties and shear strengths
Specimen

f c'

(MPa)

fy

(MPa)

hw (m)

hw / lw

VMT(kN)

VVT(kN)

SD-06-00

30.7

345

0.7

0.47

1686

1686

SD-06-26

29.2

345

0.7

0.47

*1604.11

1794

SD-06-45

33.2

345

0.7

0.47

*1297.54

1835

SD-08-00

34.9

345

1

0.67

1480

1480

SD-08-26

34.8

345

1

0.67

*1401.14

1567

SD-08-45

37.4

345

1

0.67

*1161.07

1642

SB-B-01

41.3

375

1

0.67

1381

1600

SB-B-02

39.7

375

1

0.67

1596

1596

SB-B-03

34.9

375

1

0.67

1261

1588

SD-10-00

37.8

345

1.3

0.87

1231

1231

SD-10-45

37.2

345

1.3

0.87

*943.28

1334

*calculated value by BNL

Table 2: Summary of results using ACI 349 chapter 11 method
Specimen

hw / l w

VU(kN)

VU/VVT

VU /VMT

SD-06-00

0.47

828.14

0.491

0.491

SD-06-26

0.47

807.65

0.450

0.504

SD-06-45

0.47

861.19

0.469

0.664

SD-08-00

0.67

882.97

0.597

0.597

SD-08-26

0.67

881.70

0.563

0.629

SD-08-45

0.67

914.05

0.557

0.787

SB-B-01

0.67

960.52

0.600

0.696

SB-B-02

0.67

941.73

0.590

0.590

SB-B-03

0.67

882.97

0.556

0.700

SD-10-00

0.87

918.92

0.747

0.747

SD-10-45

0.87

911.60

0.683

0.966
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Table 3: Summary of results using ACI 349 chapter 21 method
Specimen

hw / l w

VU(kN)

VU/VVT

VU/VMT

SD-06-00

0.47

1035.17

0.614

0.614

SD-06-26

0.47

1009.56

0.563

0.629

SD-06-45

0.47

1076.49

0.587

0.830

SD-08-00

0.67

1103.71

0.746

0.746

SD-08-26

0.67

1102.13

0.703

0.787

SD-08-45

0.67

1142.56

0.696

0.984

SB-B-01

0.67

1200.65

0.750

0.869

SB-B-02

0.67

1177.16

0.738

0.738

SB-B-03

0.67

1103.71

0.695

0.875

SD-10-00

0.87

1148.65

0.933

0.933

SD-10-45

0.87

1139.50

0.854

1.208

Table 4: Summary of results using ASCE/SEI 43-05 method
Specimen

hw / lw

VU(kN)

VU/VVT

VU/VMT

VVT/VMT

SD-06-00

0.47

1383.89

0.821

0.821

1

SD-06-26

0.47

1366.65

0.762

0.852

1.118

SD-06-45

0.47

1411.70

0.769

1.088

1.414

SD-08-00

0.67

1369.98

0.926

0.926

1

SD-08-26

0.67

1369.00

0.874

0.977

1.118

SD-08-45

0.67

1394.01

0.849

1.201

1.414

SB-B-01

0.67

1483.95

0.928

1.075

1.159

SB-B-02

0.67

1469.42

0.921

0.921

1

SB-B-03

0.67

1423.98

0.897

1.129

1.259

SD-10-00

0.87

1335.30

1.085

1.085

1

SD-10-45

0.87

1330.13

0.997

1.410

1.414
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Table 5: Comparison of Predicted Versus Estimated Fµ Factors
(Run 6, Y-direction, estimated Fµ =3.85)
Predicted
Fµ

Method

% Deviation
From Estimated

X

Y

X

Y

3.11

3.14

-19.2%

-18.2%

Point Estimate

4.70

4.94

+22.1%

+28.3%

Spectral Averaging

4.36

5.10

+12.5%

+33.2%

Secant Freq. Limit

3.32

4.08

-13.8%

+6.0%

Riddell-Newmark Method
Eff. Freq/Eff Damping Methods

215

NEA/CSNI/R(2009)9

216

NEA/CSNI/R(2009)9

217

NEA/CSNI/R(2009)9

218

NEA/CSNI/R(2009)9

219

NEA/CSNI/R(2009)9

220

NEA/CSNI/R(2009)9

221

NEA/CSNI/R(2009)9

222

NEA/CSNI/R(2009)9

223

NEA/CSNI/R(2009)9

224

NEA/CSNI/R(2009)9

225

NEA/CSNI/R(2009)9

226

NEA/CSNI/R(2009)9

227

NEA/CSNI/R(2009)9

228

NEA/CSNI/R(2009)9

229

NEA/CSNI/R(2009)9

230

NEA/CSNI/R(2009)9

Integrity Evaluation of Concrete Radioactive Waste Storage Structures
Ms. Julia Tcherner (nee Milman), Dr. Tarek S. Aziz, Dr. Jay K. Biswas, Mr. Rick G Janzen
Atomic Energy of Canada Limited, Canada

Abstract
Radioactive wastes are produced during the generation of nuclear power, through the use of radioactive
materials in industry, research and medicine, and during the decommissioning of nuclear facilities. Typically,
reinforced concrete structures are used for storage of the radioactive waste.
Atomic Energy of Canada Limited (AECL) has designed various types of waste storage structures to provide
safe, economical, reliable, and retrievable interim storage for the radioactive waste. The original design life of
these structures was between 30 and 50 years. However, economic and environmental benefits were
recognised from continuing use of the structures beyond their design life. Thus, to obtain and trend data to
assure continuous integrity of the structures and to be able to make prognosis for future performance, an
Ageing Management Program (AMP) was prepared and implemented for these structures.
The examination programs to assess the base-line conditions of the two types of structures (above ground
structure for spent fuel storage and shallow below ground concrete vault for storage of radioactive resins)
were developed and implemented. These programs utilised a variety of different techniques and tests
including non-destructive tests and remote inspection using the camera complimenting each other to overcome
accessibility limitations in order to determine extent and evaluate the causes of the observed degradation. This
paper describes the implementation of these programs the techniques used including their limitations, and
presents the results of the investigations.
1.

Introduction

Reinforced concrete is considered a durable material under favourable environmental conditions. However, it
is recognised that in addition to well-known Ageing Related Degradation Mechanisms (ARDMs) resulting
from the exposure environment, concrete of the waste storage structures may be subjected to degradation
mechanisms induced by the stored waste (e.g. elevated temperature and temperature gradient, irradiation,
etc.). It is also recognised that since concrete provides one of the barriers for radioactive waste, its durability
requirements are greater than those for conventional structures. Ageing of nuclear waste storage structures, if
unmitigated, may reduce the integrity and functional capability margins provided in the design.
Existing structures for radioactive waste storage were designed to satisfy the requirements of the National
Building Code of Canada (NBCC) active at the time of their design. Currently, for material selection,
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1

structures for radioactive waste storage need to satisfy the applicable requirements of CSA N291 and
2
N287.2 These codes have more stringent provisions for durability and requirements for in-service
inspections.
To understand and monitor the ageing process of nuclear waste storage structures and to satisfy requirements
of nuclear codes, an AMP was prepared and implemented that enables controlling and mitigating effects of
ageing related deterioration before a degraded condition can cause a loss of integrity.
Ageing management is performed by means of periodic examinations, which provide an effective ageing
management tool, i.e. when deterioration is detected, a maintenance activity can be implemented to prevent it
from becoming a defect that would require a major repair.
This paper discusses examinations performed for two types of interim waste storage structures owned by
AECL:
• Above ground concrete canisters for spent fuel storage; and
• Shallow, below ground concrete vaults for storage of radioactive resins.
Compared to normally inaccessible vaults for spent resin storage, above ground canisters offer advantages of
accessibility for periodic examination. However, they present challenges for selecting non-destructive
techniques for examinations due to such factors as large thickness of concrete walls, congested reinforcement
layout, and accessibility from one side only.
To overcome these limitations, a variety of techniques including visual and non-destructive techniques as well
as laboratory analyses of recovered samples were used to compliments each other to provide reliable data.
Main principles of non-destructive techniques used, i.e. impact echo testing, Ground Penetrating Radar
(GPR) and impact hammer, as well as semi-destructive half-cell potential test are briefly described below.
2.

Principles for non-destructive testing

2.1. Impact echo method
The impact echo method uses stress (sound) waves generated by mechanical impact produced by tapping a
small steel ball on the surface of concrete. This generates low frequency stress waves that are reflected by
internal flaws or the external surfaces of the embedded component (i.e. reinforcement). The pattern of waves
depends on the geometry of the component. Where flaws or embedded materials are present they disrupt the
distinctive pattern providing both qualitative and quantitative information about the existence and location of
potential flaws.
Assessment of the speed of travel of the stress wave enables the thickness of the component to be determined.
This is dependent on the nature of the material, e.g. speed is faster through high strength concrete than through
the low strength concrete. Micro cracking, if present, can significantly reduce the speed.

1
2

CSA N291, Requirements for Safety-Related Structures for CANDU Nuclear Power Plants. 2008.
CSA N287.2, Material Requirements for Concrete Containment Structures for CANDU Nuclear Power Plants. 2008.
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2.2. Ground penetrating radar

GPR technique was originally developed for mapping geological features. It is now increasingly used in
concrete and offers a unique non-invasive and non-destructive means for the characterisation of features
buried in concrete as well as some types of concrete defects.
GPR system generates electromagnetic signals and detects the electromagnetic field interaction with
the surrounding material. It utilises an antenna (comprising a transmitter and receiver located at a small
fixed distance apart) to send electromagnetic waves into the concrete. The antenna is moved over the surface
of the concrete to be inspected. The transmitter sends a diverging beam of energy pulses into the concrete and
the receiver collects the energy reflected from interfaces between materials of differing electrical properties.
The reflected energy is recorded as a “pattern” on radargrams, which are displayed in real time.
2.3. Impact hammer
The principle of the impact hammer test is that the rebound of an elastic mass depends on the hardness of the
surface against which the mass impinges. The greater the resistance of the concrete, the greater is the rebounded
impact. This is a simple field test that enables comparison of the relative quality of the concrete cover.
2.4. Half cell potential
Half-cell potential is a very widely used technique that enables estimation of the probability of reinforcement
corrosion in concrete.
As corrosion proceeds, some areas depassivate and become anodic, while others remain passive, thus
cathodic. The objective of half-cell potential test is to measure the areas of different potential on the surface of
the concrete with respect to a stable reference cell in order to identify and map anodic and cathodic areas.
Generally Cu/CuSO4 cells are used as a standard reference cell. The relationship exists between calculated
potential and probability of corrosion. The test requires connection to the reinforcement inside the structure.
3.

Investigation of spent fuel dry storage canisters

The Spent Fuel Dry Storage Facilities were designed to provide safe, economical, reliable, and retrievable
interim storage for the spent fuel. The facility consists of reinforced concrete canisters with inside steel
cylinder supported on reinforced concrete slabs.
Fine pattern cracking was observed during inspection of the concrete canisters at one of the sites Figure 1
Investigation of canisters to determine the cause and extent of cracking was undertaken including the
following activities:
• Condition survey of canisters;
• Non-destructive tests: Impact Echo, GPR, impact hammer, and half-cell potential;
• Laboratory testing of extracted cores, including compressive strength and density test, as well as
petrographic analysis.
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3.1. Impact echo and GPR
The impact echo survey was conducted at forty-two locations evenly spaced around the canister and along its
length. All impact echo tests showed similar results Figure 2 shows an example of the type of signal obtained.
Invariably there was a very large peak around 7 kHz. In addition, some tests showed very minor peaks around
15 kHz and at 1 - 1.5 kHz. To analyse the probable location of these reflected signals, calculations were made
of the expected frequencies from known design details within the canisters.
The wave speed assumed based on the testing of cores extracted from the canisters did not provide a good fit
for the data. It appeared that the surface cracking observed in some of the core tests have propagated to the
outer reinforcing steel. Cracking of the concrete cover re-directs the stress wave, significantly reducing their
speed and, combined with the large diameter and tightly spaced reinforcing steel that absorb the majority of
the wave energy, has the effect of slowing the impact echo stress waves in that region. Thus, analysis was
performed considering attenuation of signal waves due to the observed cracking in the outer layer of the
concrete.
Based on the analysis, the 7-7.5 kHz peak was from the outer reinforcing steel, while minor peaks at 1 to
1.5 kHz were reflections from the inside steel cylinder or inside reinforcing cage. The minor peaks around
15 kHz were from the cracks in the concrete cover. There were no significant peaks noted between 7 kHz and
1.5 kHz, which indicated the absence of internal defects or flaws beyond the level of the outer reinforcing
steel.
Another possible interpretation of the dominant peak frequency result of 7.5 kHz, which was considered, is
that there is a crack at approximately 230 mm inside the concrete. This interpretation was considered
improbable since it is unlikely for the crack to be present at exactly the same location in each of the tested
canisters. However, it was prudent to include alternative technique (i.e. GPR scans) to rule out the existence of
anomaly at that location. A limited number of GPR scans were conducted. The GPR survey showed a very
tight pattern of reinforcing steel in the outer reinforcing cage, but did not show any indication of deterioration
in the main body of the concrete (see Figure 3).
3.2. Field investigation and coring
In order to avoid cutting of the reinforcement while extracting core samples, PROCEQ Profometer 5 rebar
locater was used to scan the reinforcement. It was determined that the concrete cover as well as the spacing of
the reinforcing bars was not uniform. Concrete core samples measuring 76 mm in diameter and 200 mm in
thickness were recovered for testing. A few samples of smaller thickness were recovered to provide access to
the reinforcement to perform half-cell potential survey.
A half-cell potential survey was conducted in accordance with ASTM C8763. A total of 42 measurement
points were used to produce the equipotential maps (Figure 4). Areas where potential is less negative than
-0.1V are shown as shaded. However, according to test method ASTM C876, values that are less negative
than –0.20V have a greater than 90% probability that no corrosion is present. It is not until the readings are
more negative than –0.35V, that corrosion is likely. Thus, the results of the half-cell potential testing showed

3

ASTM C876, Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete. 1991(R1999).
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that corrosion was not occurring in any of the canisters tested. However, it is interesting to point out that
although still of no concern but the probability of corrosion was higher in tested canister that does not contain
spent fuel. Most likely that the heat from the fuel in the canisters helps reducing the moisture content in the
concrete, which has had the effect of limiting one of the principal factors controlling the potential for
corrosion.
Impact hammer survey indicated that there was no significant difference in the quality of the concrete cover as
variability of results was low. The rebound numbers were very high exceeding the normal range for the
instrument.
3.3. Laboratory analysis of cores
Typical cracking on the surface of the concrete ranged in width from 0.1 to 0.25 mm and was noted to extend
through the cores in most cases to approximately 50% of the core length. In some cases, deposition of
secondary mineralization on the surface of the canisters at crack locations was observed. Efflorescence was
observed in many cases below the crack. Although the pattern of cracking and leaching deposits often
associated with Alkali Aggregate Reaction (AAR) were observed on most canisters, petrographic examination
did not reveal features typically associated with AAR.
Visual inspection of cores revealed uneven gradation of the coarse aggregate in the concrete cover. The values
for compressive strength and density of the cores averaged at about 77 MPa and 2513 kg/m3 respectively. Air
4
void system analysis was performed in accordance with ASTM C 457 . Results showed that for a few of the
tested canisters, the air void system of the outer concrete did not satisfy requirements for the minimum air
5
content and maximum spacing factor of voids as was stated in the CSA A23.1 . However, based on the
construction records, an adequate air content was present in the concrete when delivered to the site.
Petrographic examination of cores revealed varying degrees of segregation of the coarse aggregate in the outer
layer.
Based on these observations, it is likely that placement/consolidation techniques used to place the concrete
between the outer ring of reinforcing steel and the exterior forms, combined with large size of the coarse
aggregate and dense reinforcement layout resulted in significant disruption of the proportioning of the
concrete. As a result, an outer layer of concrete was depleted with respect to coarse aggregate and did not have
a proper air void system. However, this did not appear to have negatively impacted the field performance of
the concrete, as widespread signs of degradation associated with the freeze-thaw failure were not present.
3.4. Overall results of canisters investigation
Based on results of the investigation, it was concluded that the nature and extent of cracking did not
compromise structural integrity of the canisters. Cracks were mostly shallow and strength and density of the
tested cores exceeded design values of 28 MPa and 2368 kg/m3 respectively.

4

ASTM C457, Standard Test Method for Microscopical Determination of Parameters of the Air-Void System in Hardened Concrete.
1998.

5

CSA A23.1, Concrete Materials and Methods of Concrete Construction. 2000.
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The distribution and character of the cracking suggests they are principally the result of factors such as
restrained drying shrinkage and thermal effects, enhanced by geometry of the structures and construction
practices used. Although efforts were taken to reduce the effects of thermal stresses developed during the
hydration of such large masses of concrete mostly by using low heat of hydration cement, the impact of
temperature differentials on the concrete canisters is important when considering that canisters were
constructed in cold weather conditions.
Although to date the cracking has had little effect on the performance of the canisters and quality of concrete,
the long term integrity of the structures might be jeopardised as the existing crack network acts as conduits for
moisture movement into the interior of the concrete, which is evident by the widespread occurrence of
leaching on the exterior of the canisters. Thus, it was recommended to protect canisters from further
deterioration by preventing the moisture from penetrating the canisters.
4.

Underground structure for radioactive waste storage

The function of the underground concrete structure is to house stainless steel tanks for storage of radioactive
spent resin. Recently, exploratory investigation was performed to supplement condition assessment of this
normally inaccessible structure. The investigation included the following activities:
• Excavating to gain access to the top slab and top of one of the outside walls;
• Performing field tests, including impact hammer, GPR, and half-cell potential test;
• Performing laboratory testing of extracted cores including compressive strength and density tests,
petrographic analysis, carbonation depth and chloride content measurements;
• Drilling the hole through the top slab and performing camera inspection inside the vault.
4.1. Visual survey
Soil was excavated to expose a portion of the top slab and portion of the wall of the spent resin vault as shown
in Figure 5. The top slab of the spent resin vault consists of the precast concrete panels. Covering the surface
of removable pre-cast concrete panels was a waterproofing membrane. Removal of the waterproofing exposed
the grout filling the gap between the panels. No evidence of cracking or separation of the grout from the
panels or wall was noted. In each case where the pre-cast panels was exposed, the concrete was hard, sound
and did not show any readily noticeable indications of distress.
4.2. Ground penetrating radar survey
Exposed portion of the top slab of the spent resin vault was scanned where possible using Noggin 1000 GPR
equipment. Spacing of 0.25 m was used in both the transverse and longitudinal directions. Locations where
top reinforcing steel was identified were marked on the concrete surface. Subsequent coring took place
between the marked lines to avoid cutting reinforcing bars.
The scanning clearly identified the top reinforcing steel and the centre reinforcing steel but could only faintly
detect the bottom of the concrete slab at approximately 600 mm. Figure 5 shows a photograph of the marked
concrete surface. Yellow arrows denote the direction of travel of the GPR test head together with the scan line
numbers. Typical scan is shown in Figure 7. Scan line 10 was performed in the south direction. The scan was
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of approximately 0.7 m long and identified four reinforcing steel bars at approximately 250 mm spacing with
50 mm concrete cover.
One of the features in all the scans was the clear quality of the hyperbolas obtained from the reinforcing steel.
Regular hyperbolas extending deep into the concrete indicate solid well consolidated concrete. While the GPR
scans identified most of the expected information and were useful in directing coring operations, there were
several limitations associated with the GPR scanning. The first limitation was that due to the dimensions of
the GPR test head, the trench opening prevented completion of some of the scans. A second challenge was the
significant attenuation of the signal preventing good reflection from the bottom of the slab. Typically, GPR
signals travels furthest in non-electrically conducting materials. Concrete has a medium conductivity with
respect to radio waves and, therefore, waves with a 1.00 MHz frequency will normally penetrate one metre
into concrete without difficulty. However, in this case, since the concrete is below ground, extra dampness
may have increased the concrete’s conductivity.
4.3. Field investigation and coring
Locations for coring were selected based on the GPR scan. Four core samples were recovered for testing. One
of them was drilled through the slab to provide access for camera inspection inside the vault. One of the cores
was recovered so that access to the rebar could be provided to perform half-cell potential survey.
6

A half-cell potential survey was conducted based on ASTM C876 . A total of 14 measurement points were
used to produce the equipotential maps shown in Figure 7. Areas where potential is less negative than–0.1V
are shown as shaded. The results of the half-cell potential testing indicated that corrosion was not likely to be
occurring in the sections of the exposed removable roof panel.
The impact hammer survey performed at the same locations as half-cell potential test indicated consistent
quality of concrete cover based on low variability of the rebound numbers.
4.4. Laboratory analysis of cores
Visual inspection of cores indicated concrete with good distribution and gradation of the coarse aggregate.
Phenolphthalein testing revealed a consistent 2 mm depth of carbonation on all of the cores. No visible
cracking was noted in any of the cores. Where the rebar was exposed for the half-cell potential test, it was
clean, showing no sign of corrosion.
The average value of the compressive strength and density of the cores was 60 kPa and 2415 kg/m3
respectively. Acid soluble chloride ion content was lower than 0.06% by weight of concrete, which is
considered the maximum limit for chloride ions within concrete before the initiation of corrosion of
7
reinforcing steel by ACI 362.1R .
Petrographic examination indicated that although the concrete of the precast top slab slightly differed from the
concrete of the wall in mix proportion, both of them exhibited similar field service characteristics. For the
portion of the wall, the void content (6% by volume of concrete) was consistent with a well air entrained
6
7

ASTM C876, Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete. 1991(R1999).
ACI 362.1R, Guide for the Design of Durable Parking Structures. 1997(R 2002).
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system. Concrete of the precast panels was not air-entrained. Some areas with very fine pattern cracks (less
than 0.005 mm) were identified throughout the cement paste. Micro cracking was more widespread in the
sample from the cast-in place wall of the vault.
4.5. Overall results of vault investigation
Based on results of the investigation, the concrete of the spent resin vault was in good condition. It displayed
good field performance without any indication of significant distress. The reinforcing steel showed very low
potential for corrosion. Camera inspection inside the vault did not reveal presence of any significant
deterioration.
5.

Conclusions

It proved to be useful to combine a few methods to perform examinations of the waste storage structures. This
is necessary at least when establishing the base line condition of the existing structure. Subsequent periodic
examinations will then be performed by means of visual inspection, if the structure is accessible.
Non-destructive testing and laboratory analysis of extracted samples may be performed if warranted based on
results of visual inspection.
For inaccessible structures, other means of ageing management can be employed, i.e. monitoring the exposure
environment (e.g. ground water level and chemistry). Limited access to the structure may need to be provided
for infrequent examinations or if warranted based on the monitoring of environmental conditions. Appropriate
techniques for managing ageing of the waste storage structure as well as frequency of examinations and
acceptance criteria are described in the Ageing Management Program developed for the waste management
facility.
Laboratory analyses of cores extracted from the structures provided very valuable information as to the
composition of concrete, quality of the air-void system, indications of the chemical reactions, and propagation
and characterisation of cracks. However, this information is limited mostly to the outer layer of concrete.
Also, it might not always be practical to extract samples if radiation doses are high or if the structure is not
readily accessible.
To investigate thick walled concrete structures with dense reinforcement layout, it may be beneficial to map
the reinforcement using GPR survey. Based on this information, the impact echo test can be carefully
positioned to avoid as many layers of the reinforcement as possible in order to increase the impact energy
beyond the level of the outer reinforcing steel. Optimum spacing for the impact echo tests should be chosen to
provide reliable information related to the internal condition of the structure.
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Figure 1: Close up view of typical cracking pattern on the outside surface of concrete canisters

Figure 2: Example of impact echo signal in canister
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Figure 3: Horizontal GPR scan of canister

Figure 4: Example of equipotential map of the canister
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Figure 5: Exposed portion of the top slab of spent resin vault
with marked top layer of reinforcement

Figure 6: Equipotential map of spent
resin vault top slab

Figure 7: Example of GPR scan (Line 10 shown in Figure 5)
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New Experimental Facility on WWER Tendons Tests
Dr. Jiri Zdarek, Director, Division of Integrity and Technical Engineering
Nuclear Research Institute Rez

Abstract
New experimental facility on WWER tendons tests will allow to study the actual distribution of pre-stress
along the length of the tendons. New system for pre-stress measurement will include measurement of
force, temperature, AE and UT signals. Along the tendons length measurement of displacement and radial
deformation will be also available. The experimental system will allow expert system development for the
conferment pre-stress state.
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The Current Status of Modelling of the Ageing of Concrete for Low-and Medium Level Nuclear
Waste Storage Facilities in Finland
Olli-Pekka Kari, Jari Puttonen, Helsinki Univ. of Technology, Dep. of Structural Engineering, Finland
Vesa Hiltunen, Teollisuuden Voima Oyj., Finland
Pentti Varpasuo, Fortum Nuclear Services Ltd., Finland

Abstract
The decision that the Government of Finland made about the safety of the final disposal of nuclear waste
requires that the confining facilities must efficiently restrict the releases of radioactive materials for at
least 500 years. The concrete structures located at the depth of about 110 m in the bedrock play a
significant role in the Finnish final disposal concept for low- and medium activity waste. There exists,
however, neither experience nor any historical evidence of reinforced concrete structures, whose service
life is even close to that required. Therefore, the designing and justification of structures of that kind have
to be based on knowledge of fundamental degradation mechanisms of reinforced concrete under such
conditions. This also emphasised the importance to develop a mathematical model by which the influence
and interaction of recognized degradation mechanisms can be estimated.
The primary object of the study is to develop a generalized numerical model for estimating concrete
degradation in final disposal conditions in Finnish bedrock. Specific requirements are that the numerical
implementation of the model has to be made by using the finite element method and a computer program
that is commonly available. The mechanisms recognised and studied are: aerial carbonation of concrete,
moisture ingress, chloride penetration, concrete corrosion caused by both sulfate and magnesium intrusion
and leaching of cement paste compounds into ground water. In addition, the effects of concrete admixtures
(herein silica fume and blast furnace slag) will be included into the FEM-model. The main objectives of
the FEM-based modelling are to make it possible to consider different geometrical shapes and possible
variation in material properties of concrete structures with a reasonable accuracy.
In this phase a conceptual structure of the model has been created. A test version of the model has been
programmed by considering the coupling between all the relevant deterioration mechanisms. The test
results received indicate that the interaction of deterioration mechanisms is important factor and should be
considered when estimating the durability of reinforced concrete structures for hundreds of years.

1. Introduction
According to the decision number 398 from December 14, 1991 made by the Government of Finland
concerning the safety of the final disposal for the nuclear waste the system formed by the confining
facilities must effectively restrict the releases from the repository of radioactive materials for at least
500 years. Because a significant part of the confining facilities of the final disposal concept for low and
medium activity waste consists of concrete structures, the performance requirements for the concrete
structures of the repository are spanning the service life for at least 500 years.
However, there exist neither experiences nor any historical evidence about the reinforced concrete
structures, even close to that service life demanded. Therefore, the designing work and justification of
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structures of that kind has to be based on the knowledge of fundamental degradation mechanisms of
reinforced concrete under such conditions. This requires that mathematical models have to be developed
to estimate both the mechanisms and their interaction.
The primary object of the study is to develop a generalised numerical model for the estimation of concrete
degradation in final disposal conditions based on finite element method that can be solved by commonly
available software. The aim in the modeling is to integrate all the fundamental factors affecting such
conditions into the model and compare them with both short-term experiments and conventional
calculation methods when reasonable. The objective in the modelling is sufficient accuracy, considering
the geometries of structures. Consequently, the model should be at least two-dimensional with availability
to expand it to three-dimensional.

2. Degradation Processes of Reinforced Concrete in Disposal Environment
The low- and medium activity waste repositories (Figure1) locate at an about 110 m depth in Finnish
bedrock. The low- and medium activity fluid waste is to be solidified on cement inside the reinforced
concrete vessels which are further stacked in the reinforced concrete room which is built into the cave of
the solidified waste. The spaces between reinforced concrete vessels and the spaces between the walls of a
concrete room and cave interior walls are filled with suitable filling material.

Figure 1: Low- and medium activity waste repository of Olkiluoto NPP [1].

The conditions in the surrounding environment of an underground repository can be divided in three
different periods of time: construction stage, operation phase and post closure period. Each of the periods
has various effects considering concrete durability.
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After construction stage, a dank air surrounds the concrete during the operation phase and concrete will be
exposed to aerial carbonation caused by carbon dioxide in the air. The length of the operation period will
be 50-100 years. After filling up the repository, it will be sealed and saline water is assumed to be
gradually fill the disposal zone. At that time, the concrete and reinforcement of the repository will be
exposed to various mechanisms of deterioration caused by the aggressive ions and leaching of cement
paste in interaction with water. In this case, the most significant aggressive ions associated with water
from the durability point of view are: sulfates, magnesium and chlorides. Assumed interaction of the main
degradation mechanisms in this study is presented in Figure 2.

Figure 2: Assumed interaction of the main degradation mechanisms in this study [2].
3. Numerical Simulation
In order to develop the model for estimation the durability of concrete in described conditions, some
assumptions for the factors affecting destructive phenomena should be made, and consider the limitations
of the model. The following assumptions and limitations are applied in the model:
• The modelling is mathematically based on the Fick’s diffusion theory and finite element method.
• The boundary values are constant at each time period.
• The effects of different deterioration mechanisms on the strength of the structures are not included
in the model.
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• There are no variations of heat and humidity (unsaturated conditions) surrounding the repository
and thus they can be considered to be constant at each period of time.
• Hydrostatic pressure is not affecting the structures when the repository is submerged.
• The velocity of water flow at the repository area in a submerged condition is not high enough to
cause erosion of the concrete. The flow velocity is, however, sufficient for transporting the leached
material of concrete away causing the boundary concentration of the leaching material to approach
zero.
• The time requires filling up the repository by water after sealing is short compared with the
designed service life.
• The reactivity of aggregates concerning the alkali-aggregate reactions (AAR) is negligible.
• The nuclear wastes have no effects on durability (e.g. increasing of heat, harmful substances
resulting from the decomposition of wastes).
• The concrete is uncracked (excluding the consequences of sulfate corrosion).
• Concrete admixtures, except the additions of silica fume and blast furnace slag, are assumed to have
no effect on deterioration.
The test version of the model has been constructed based on the limitations and assumptions presented
above. Preliminary numerical simulations were performed to various test concretes taking into account the
interaction of the fundamental degradation mechanisms. Test concretes consisted of three different binder
combinations of ordinary Portland cement, silica fume and blast furnace slag with three constant
water-to-binder and aggregate-to-binder ratios. The test results will be compared with the laboratory
experiments which were carried out using the same concrete mixes as in the modelling. Additionally,
statistical analyses will be performed for verification of the model.

4. Conclusion
The estimation of long-term deterioration of reinforced concrete under final disposal conditions has to be
based on the knowledge of main degradation mechanisms and their interaction in such an environment.
The degradation due to carbonation, moisture ingress, chloride penetration, leaching of concrete and
concrete corrosion caused by sulfate and magnesium are relevant to model with applicable limitations and
assumptions. The test results received at this phase clearly suggested interaction of the fundamental
deterioration mechanisms to be the key factor.
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Experimental Results of Impact Echo Method Applied to Model of NPP Concrete Structures
Petr Stulík, Bohumil Šípek, (Nuclear Research Institute Rez Plc), Czech Republic

Abstract
A set of Impact Echo investigations were carried out on Nuclear Research Institute experimental
large-scale stand with models of internal elements of real thick walled NPP concrete structures. The paper
deals with experimental verification of numerical approach in both time and frequency domain. At
present, the practical unavailability of suitable broadband transducer was the reason for the actual use of
commercial lightweight shock accelerometer. The system with specifications enabling advanced
Impac-Echo research namely in the time domain was developed and used. Experimental experience calls
for the development of precise impact source and sensor which can secure bulky measurements with
defined automated processing in the case of field NPP environment investigations.

1.

Introduction

A substantial part of the operated nuclear power plants in the world is nowadays in the state when their
large-scale internal concrete structures are demanded to identify intrinsic cracks, flaws, voids and to
realise reinforcing bars qualified mapping.
The urgent demand for NDE/NDT applications in Nuclear Power Plants (NPP) structures was first
formulated at NEA OECD seminar in 1997 [1].
Today already classical standard ASTM 1383 (1998) for measuring primary stress wave speed and
concrete plates thickness is based on Impact-Echo (IE) frequency domain utilisation. Less usual but
complementing of this standard there is a way how to acquire more details in investigated concrete
structures when working in time domain.
Besides others the depth introductory study (Malý, Pečínka 2003, [2]) illustrated possible extent of
prospective NDE methods used for diagnostics of NPP structures. Impact – Echo (IE) method was at this
stage designated to be used for most cases of NPP concrete structure faults detection.
Following theoretical effort (Pečínka et al. 2005,[3]) was devoted to numerical models of impact
generated stress wave behaviour in concrete structures with intrinsic internal cracks, flaws and voids
together with reinforcing bars. The broadband transducer response was computed in time domain for all
simulated cases as the basis for subsequent experimental follow-up. The utilisation of piezoelectric
broadband transducer based on Proctor (1982, [4]) idea was preferred due to foregoing good experience in
acoustic emission investigation of steel constructions (Morávka 2000, [5]).
The commercial unavailability of suitable broadband transducer (BT) was the reason for the use of commercial
lightweight shock accelerometer in the beginning of experimental program on NRI concrete specimen site. At
the same time, it was necessary to design and integrate the flexible and effective system for advanced IE
applications mostly done in the time domain. Number of initial experimental investigations with developed
system on concrete and brick samples was realised in preparation phase (Stulík, Šípek, 2006, [7]) and then
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followed by NRI concrete specimen measurements (Stulík, Šípek, 2007,[8]) The paper describes time and
frequency domain results of this investigation effort.

2.

Measurement chains and processing system

Measurement chains
The key elements are sensor and impactor conforming to all demands of IE application. We had for initial
disposal the piezoelectric broadband transducer BT-1 used former for steel construction investigation (Figure 1,
Morávka 2000, [3]) and due to its construction could measure only on horizontal surfaces. Therefore, it was not
possible to use it later on NRI concrete specimens where almost all investigations are concentrated on vertical
surfaces. Transducer BT-1 transfer function has not been determined so far.
From this reason, it was necessary to acquire and apply another sensor. The survey was made and final
producer and sensor type was chosen. The selected Bruel & Kjaer shock accelerometer 8309 (Figure 2) is
otherwise intended for measurement of very high-level, continuous vibration and mechanical shock with
not so high charge sensitivity but its sturdy construction of only 3g weight, small dimensions and above all
the highest resonance and consequently cut-off frequency on the market, was the primary reason to choose
it. Full motion of the test object to the piezoelectric element without distortion and “zero shift” problems is
enabled by an integral M5 threaded fixing stud. Integral hard line 40 cm-long output cable was used for
reliable connection to the charge preamplifier.

Figure 1: West Bohemian University broadband transducer BT- 1 for strain waves displacement
measurement
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Figure 2: Bruel & Kjaer shock accelerometer type 8309
Processing system
System conception was based on input demand to acquire data for time and frequency domain processing
with the emphasis on time domain evaluation. Basic system configuration, which is evident from has
Figure 3 following main measurement features:
− Four fast and sensitive simultaneously sampled channels.
− Sample frequency from 50 - 500 kS/s to 15 MS/s with 24 bit to 16 bit resolution.
− ± (0.05% of Input + 100 µV) for DC, AC coupled range of ± 5V.
− Alias-free bandwidth, 8MB Onboard sample memory, Pre and post trigger data points.
− Fast PCI Express Bus.
With these measurement features, the system is capable to acquire BK 8309 accelerometer signal with the
sensitivity better than 1ms-2 in frequency band 1 - 54 000 Hz. System structure was designed to enable
future integration into transferable version for field measurements.

285

NEA/CSNI/R(2009)9

TRS
TRC
NIR

BT

ACC

PA

Figure 3: Basic system TRS configuration
TRS

…

TRC

… System TRS controller

NIR

… Four channel measurement subsystem

PA

… ACC accelerometer signal preamplifier

BT

… Concrete surface displacement broadband transducer

ACC

System for Impact-Echo measurement data processing in time and frequency domain

… Accelerometer B&K 8309

Programs Trs_05.vi and Blok01_Deska_xxx-yyy.wbp have been written in National Instruments program
platforms LabView and Signal Express for both measurements with broadband transducer BT-1 or B&K8309
accelerometer. Their user interface windows are shown in Figure 4 respectively Figure 5 Programs enable:− Input Impact-Echo parameters estimation.
− Set-up of vertical, horizontal parameters incl. triggering of measurement subsystem NIR.
− Time domain processing (region choice, statistical description etc.).
− On-line FFT transformation with RMS amplitude or power linear averaging.
− Result presentation in selectable windows.
− Storing measurement and processed data in identified files onto system hard disk.
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Figure 4: User program interface in time domain processing in tests with broadband transducer BT-1

3. Time and frequency domain evaluation
Initial time domain investigations with transducer BT-1

Figure 5: User program interface in time and frequency domain processing in tests with B&K 8309
accelerometre
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3.

Time and frequency domain evaluation

Initial time domain investigations with transducer BT-1
Multiple initial tests with both available sensors were done with the aim of:
−
−
−
−
−

Lesson learning.
To tune-in processes of measurement and processing in both domains.
Investigations of sensors fixation and localisation.
Tests of stress waves generation.
Computed and measured results comparison.

The best results in this phase were obtained with piezoelectric broadband transducer BT-1 on concrete and
brick samples with inbuilt test voids, cracks and reinforcing bar. Measurements were done on horizontal
sample surfaces with the stress waves generated by so-called pen-test method, which consists in defined
thin lead of 0,9 mm diameter breaking.
Crack detection and localisation computed model was presented by Pečínka et al. in Stuttgart 2005[3]).
Computed time runs for different mutual distances impact-sensor and deep crack on accessible surface are
altogether shown in Figure 6. The comparison of computed and measured time runs in the same
impact-sensor and crack layout is shown in Figure 7. Computation of time runs was done for concrete wall
with dimensions 200 x 200 x 100 cm and measurement was realised on brick with dimensions in approx.
1:15 similarity ratio. Even if the first sight can bring some resemblance, distinct procedures will have to be
further elaborated for computation and measurement qualification.

Figure 6: Computational result base
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Figure 7: Computation and measurement comparison
Series of IE measurements with BT-1 transducer were done by pen-test on concrete sample (20x20x20cm)
with inbuilt test reinforcing 1cm diameter bar and casted 3 cm under surface. The aim of this
investigation ought to confirm a possibility of the time domain rebar detection by means of shear (S)
waves reflected from the bar top as presented by Pečínka et al. in Stuttgart 2005 [3])
Consecutive B Scan like measurements where done in perpendicular direction over casted rebar. One set
of resulted time runs can be seen in Figure 8. This representation however does not bring clear view on
how S waves can yield the rebar detection information. It becomes more obvious when arranging these
time curves into 3D projection as it is shown in Figure 9. Rebar position with corresponding dimensions is
here distinctly shown in 100 µs interval i.e. in the time when S-waves are not so influenced by other waves
propagation behaviour.
Even if computed 3D Impact-Echogram of concrete sample with longitudinal volume void (Morávka
2006, [6]) in Figure 10 is not presented in the same view as the previous 3D Impact-Echogram from
Figure 9 , one may see that in the interval up to roughly 400 µs the both approaches can complement each
other to acquire more information about rebar position and form. In order to qualify fully the rebar
diagnostics, the following investigations will have to include among others the refinement of mutual
linkage of both approaches.
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Figure 8: Set of concrete sample impact echo time runs measured with BT-1

Figure 9: 3D Impact-Echogram of concrete sample with test reinforcing bar with approx. 1 cm diameter

Figure 10: Computed 3D Impact-Echogram of concrete sample with longitudinal volume void (Morávka 2006, [6])
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4.

NRI specimens investigations

Time and frequency domain investigations on NRI specimens were carried out with the B&K 8309
accelerometer because it was not possible to use broadband transducer BT-1 on vertical planes.
As the first step it was necessary to verify the use of B&K 8309 accelerometer in the frame constructed for
specimen measurements (Figure 11). Following preparatory tests (Figure 12) show that
− designed B&K 8309 accelerometer holder in experimental frame exhibit undesired embedded
frequency responses.
− it is necessary
− to fix B&K 8309 accelerometer to concrete surface by both sided SCOTCH adhesive band.
− generate stress waves manually by ball with 15 mm diameter in 8 – 10 cm horizontal distance
from accelerometer.

Figure 11: Experimental fixture frame

Figure 12: B&K 8309 accelerometer fixture testing
The measurement set-up is shown in Figure 13 Measuring chain with fixed accelerometer on concrete
specimen Blok01 surface was connected to Endevco 2775B preamplifier, which was further connected to the
other part of system TRS located in measuring booth Měřící buňka. In this booth, the subsystem NIR and
controller TRC were located. Two-order filter “DP propust”, placed on system input, was used to improve
signal/noise ratio.
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Figure 13: Measurement setup of NRI Blok01 specimen
Blok01 specimen (200 x 200 x 100cm) contains central test volume void (40 x 40 x 3cm) in 50 cm depth
and two rebar rods (200 x Ø 3cm) in 10 cm depth (Rebar #01) respectively in 50 cm depth (Rebar #02).
The multiple void and rebar measurements were realised in series of 7 – 10 for each surface point in
5 x 5cm grid. The typical time and spectral (PSD) runs from one point are shown in Figure 14. While the
similar first wave formations of time runs show that the measurement conditions are preserved then in
case of spectral runs such presentation fails to be transparent.

Figure 14: Time runs and PSD overview
To make results more predictive the all time and spectral runs were transformed into 3D coordinates
where time and PSD values became z coordinates of this 3D view. Projecting these z coordinates onto
xy plane (x ~ specimen X length coordinate in cm, y ~ frequency in Hz resp. time in µs) we obtain more
transparent information. Resulting Impact-Echograms show the frequency domain detection possibilities
in Figure 15 for volume void and in Figure 16 for rebar and for volume void in Figure 17 in time domain.
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Y=90cm

Y=95cm

Y=105cm

Y=100cm

f
Y=110cm

X [cm]

Figure 15: Concrete test volume void Impact Echograms in frequency domain
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Y=75cm

Y=70cm

Y=65cm

Figure 16: Test reinforcing bar Impact Echograms in frequency domain
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Y=90cm

Y=95cm

Y=100cm

Y=105cm

Y=110cm

Figure 17: Concrete test volume void Impact Echograms in time domain
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Displayed Impact Echograms (IEG) represents altogether about 1300 realised measurements with
manually generated impact in 95 surface points in grid of 5 x 5cm with gradually displaced BK 8309
accelerometer. Results can be shortly commented in the following way
−
−
−
−

−
−
−
−
−
−

5.

void detection (Figure 15) in frequency domain
there is obvious difference between IEG for specimen coordinates Y=90 and 95 cm (out of void space)
and Y= 100, 105 a 110 cm (space above void), it means that there is possibility of void detection.
from Y=90 to 110 cm the void peripheral shape is indicated in the range from X=70-75 cm to
100-110 cm with the exception of IEG for Y=105 cm.
void shape can be detected in frequency band from 4-6 to 12-15 kHz but it is not possible to find
distinctly presented void depth frequency fT = 4,06 kHz computed from formula for P-wave velocity cp =
4 230m/s, void depth of T = 50 cm and actual P-wave velocity correction factor 0,96 (Lin et al., 1997).
rebar detection (Figure 16) in frequency domain
more distinct results were obtained for Rebar #01 (10 cm depth) namely for Y=75 and 70cm.
Rebar #02 (50 cm depth) was slightly recognised at Y=75cm.
measurement 5 x 5cm grid was too rough related to 3cm rebar diameter.
void detection (Figure 17) in time domain
given results provide the most recognizable detection of void edge shapes achieved in the time
S-waves range of about 150 µs namely in 2D projection with isolines.

Conclusions

The designed and integrated system TRS was found to fulfil the required measurement and processing
tasks in time and frequency domain.
Two measurement chains were investigated – one with B&K 8309 shock accelerometer and the second
broadband spherical transducer BT-1 prototype. Hopeful results were obtained for rebar detection in the
time domain when using transducer BT-1 prototype. NRI specimen impact echograms of void and rebar
detection with accelerometer measurement chain have to be furthermore refined. Nevertheless, it is
obvious that owing to time-consuming fixation procedures the use of accelerometer chain is not now too
optimal for bulky measurements.
It can be noticed that complicated and large-scale NPP structures with possible radioactive load will
require within Impact – Echo application the development of:
− Broadband transducer which enables more sensitive measurements also on vertical planes.
− Alternative accelerometer application with safe and quick fixation.
− Small – dimensioned impactor with defined precise timing and sufficient output (e.g. piezoelectric
pen-test like one).
− Lightweight movable robot platform enabling more sensor simultaneous measurement with
communication features to access remote parts of investigated structures at power consumption as
low as possible.
− Measurement and processing automatisation.
− Database evaluation of computed and processed data in time and frequency domain.
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There is an authors´ opinion that the rank of these requirements calls for further international cooperation
to realise qualified Impact – Echo measurement, processing and evaluation of nuclear concrete structures
safety.
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Using Half-Cell Potential Measurement to Assess the Severity of Corrosion in Reinforced Concrete
Structures in Gentilly-2 Reactor Building
Prepared by: Sylvain Picard P. Eng. Hydro-Québec
Test Performed by: Nourredine Kadoum, M. SC. A. LVM, Technisol, François Poirier P. Eng. Dessau
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Half-cell potentials technique applied to the Gentilly 2 reactor’s building ring beam
1.

Introduction

1.1

Overall context of the reactor’s building ring beam refection

Damaged concrete, surface cracks and visible water infiltration traces have imposed a refection of the
reactor’s building ring beam. The foreseen repairs would involve removal and replacement of old
concrete.
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Though, a major concern was raised. Is there any corrosion activity in the re-bar network and in the
post-tension cables caused by water infiltration?
Furthermore, what could be the impact of the concrete refection on the steel corrosion activity, if any?
On September 2007, LVM Technisol visited the site to appreciate the refection methods and to state on the
best non-destructive investigation technique.
Further to the examination of the ring, it was agreed upon that the half cell potentials technique is an
appropriate method of investigation to measure the corrosion activity in the steel network. It is also
possible to obtain from this technique valuable information on the possible impact on the corrosion
activity of the steel network related to the repair, when a new concrete is added on an old concrete
structure.
1.2.

Ring beam characteristics

The structure to investigate is a ring beam of 147’ diameter (44,8m) x 14’ height (4,3m). As shown on
figure…., this ring is located at the top of reactors building.
As shown on existing drawings, the ring is designed with two structural elements: re-bar network and post
tension cables.
A steel supporting grid (wire mesh) is covered by a finishing concrete coating of around 2” thick (5 cm) as
shown on figure…..
1.3.

Electrochemical activity in reinforced concrete: fundamental notions recall

Reinforced concrete structures deterioration is mainly due to corrosion of the steel bars. Steel is a obtained
by transformation of original iron oxide present in nature. The re-bar produced at the mill will follow a
natural tendency to retrieve the original oxide state.
Re-bars corrosion in concrete is the result of an electrochemical process which is an oxidation-reduction
reaction between the anodic zones and the cathodic zones.
This is the equivalent to a simple battery principle: the anodic zone (-) is supplying electric current to the
cathodic zone (+).
Anodic zone: Fe ………… Cathodic zone : O2….
The anodic zone is the one delivering electric current. In other terms, the anodic zone potential is lower
than the cathodic zone potential.

2.

Half-cell potentials technique

2.1.

Description of the technique

Half-cell potentials technique is a non-destructive examination used to detect corrosion activity in
reinforced concrete. It is based on the ASTM C 876 Standard.
Measures were taken from the outer surface of the ring beam. There is no need to uncover the complete
re-bar network to proceed with the examination. Only one contact point to the re-bar network is needed.
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The required equipment to proceed with the examination is a reference electrode copper/ copper sulfate,
connected to a memory milli-Voltmeter specially designed for this application.
One end of the milliVoltmeter is fixed to a contact point of the steel network while the other end of the
milliVoltmeter is fixed to the reference electrode. This reference electrode is travelled on the concrete
surface, at a regular pace. The potential difference between the milliVoltmeter two ends is directly related
to the structure corrosion potential.
To assure validity of data gathered, we must verify the electric continuity of the re-bar network.
When the steel bar is loosing electrons, the corrosion produces a “corrosion product or rust”, which is a
combination of iron oxide and elements available in the concrete matrix around the re-bar. This oxide has
highly expansive properties. The “rust” volume could reach easily 5 to 7 times the volume of the original
steel bar. As a consequence, the effective steel bar diameter is reduced and concrete is cracking under the
rust huge pressure. Time acting, reinforced concrete is progressively loosing its mechanical properties.
Data gathered by the half-cell potentials technique provide a tooling to estimate the progression of this
concrete degradation. Higher the potentials readings are (electronegative), more severe is the degradation
of the structure.
Photos below present this phenomena in relation with the various states of corrosion.
Photo 1: non-active
Photo 2: initiated, cracks but no concrete lamination
Photo 3: severe, cracks and concrete lamination
2.2.

Ring beam investigated surface

The overall external surface of the ring beam has been investigated which represents 7000ft2 (650 m2)
using a 2” grid (5cm) in both directions. A total of 1631 readings have been registered.
2.3.

Half cells potential results

As we have seen, the data gathered by half-cell potential consist in a potential difference related to the
corrosion activity of steel in concrete. This is called corrosion potential.
The results are shown in a coloured map presenting the corrosion activity in function of the area of
expertise. A simple colour code indicates the intensity of the corrosion potential read. The results are
classified in three levels as presented in table…. Low, initiated and severe.
The results are shown on table…..
The analysis of those results gives a low corrosion activity level on 98% of the investigated surface.
In order to obtain more accurate readings, the low corrosion level has been split in three sub-levels. This
finer data distribution shows that more than half corrosion potentials are encompasses between -100 and
-150mV.
Only 2% of the structure presents an initiated corrosion level. A larger proportion (5,2%) is located in the
North-East quadrant. The highest electronegative reading of –268mV is located in this area.
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No severe corrosion potential reading has been registered.
2.4.

Influence of repairs on the corrosion activity

In order to assess the possible influence of the concrete refection on the overall corrosion activity in the
steel network, the repaired zones have been superimposed to the half-cell potentials detailed maps. This
exercise shows that the repair technique has no influence on the corrosion activity of the steel network.
2.5.

Limitations of our study

The electric continuity within the re-bar network has been validated prior to the data gathering process.
However, we have not been able to demonstrate the electric continuity between the re-bar network and the
post tension cables.
In the case where post tension cables are electrically linked to the re-bar network, the conclusion of our
report on corrosion activity is applicable to both steel network and steel cables.
In the case where the cable are independent from the re-bar network, our conclusions on the corrosion
activity would not apply to the post tension cables.
We have been able to verify that the steel wire mesh is electrically isolated from the re-bar network. The
corrosion activity of the wire mesh has no influence on the half-cell potentials measures.
2.6.

Recommendations

Globally, the steel re-bar network is in good condition within the ring beam. The existing corrosion
activity is not sufficient to provoke cracks or any important concrete lamination.
However, a special care should be addressed to those areas where an initiated level has been encountered.
(lower than –200mV)
Since most of the readings are located in the low corrosion activity level from 0 to –100mV, it illustrates
that there is heterogeneity of the corrosion activity within the ring beam.
We recommend a system to monitor the evolution of the corrosion phenomena in real time.
Installation of reference electrode positioned in some ring beam strategic areas is a simple and accurate
way of monitoring the corrosion activity of the steel in the structure.
In the case where an evolution in higher level is noted in the corrosion activity, it would be possible to act
and prevent any further degradation of the structure.

3.0.

Life extension of our reinforced concrete structures

3.1.

How to stop corrosion of re-bars?

Since corrosion is the result of a difference of potential between anodic and cathodic zones within the
re-bar network, the solution to this problem is to eliminate these differences of potential in such a way that
corrosion potential of the cathodic zone equals the corrosion potential of the anodic zone.
In supplying to the re-bar network cast in concrete with a low intensity electric current sufficient for all
potentials in the network to be the same, the corrosion process is stopped.
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This is the so called cathodic protection.
The current can be supplied by separate electrodes or by anodic material linked to a power supply. The
re-bar are not loosing electron anymore, they are receiving some. As a result, the steel network is at full
equilibrium and would remain the same for years to come.
3.2.

Other applications in a nuclear power plant

One of the most promising applications is the cathodic protection and monitoring of dry storage systems.
Cathodic protection can significantly extend the useful life of these equipments. Since these equipments
must withstand all natural and manmade elements for the longest period possible, it can be very
advantageous.
Another application would be the monitoring of spent fuel bay structures. Half cell potential
measurements can be used to define the state of corrosion of rebar and insure its solidity. It also helps in
defining if damages are caused by potential leaks in the concrete structure.
Also in view of life extension of structures ICCP is very interesting to insure the integrity of long term
confinement.
3.3.

How can we use this non-destructive method to provide reliable data to management to assess
security of the nuclear building and other assets?

By this method we can pass judgement on potential corrosion of post tension cables and the chemical
integrity of concrete. A good result insures that we will maintain the safety function of the reactor
building.
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GPR Applicability to Concrete Structure Inspection – Experiences Gained from both Experimental
Studies and Workaday Measurements
Jakub Stainbruch, INSET s.r.o., Czech Republic

1. Introduction
During recent years the use of georadar (GPR) as a non-destructive technique (NDT) for measuring
concrete structures has greatly increased. Though the method is used principally for metallic structural
element detection and construction layer thickness determination, its applicability is much wider.
Radar is an electromagnetic method working on the principle of transmitting high frequency pulses and
receiving their echoes. GPR (ground penetrating radar), in NDT also known as WPR (wall penetrating
radar), is a portable system working usually on frequencies of 1011 – 1012 Hz. In most cases GPR
measurement is performed in reflective mode when transmitting and receiving antennas are towed along
the same surface, but it can be used also in trans-illumination mode when transmitter and receiver are on
either side of the studied body. Penetration depth is strongly dependent on the frequency and power of the
transmitted signal as well as on the electromagnetic properties (conductivity) of the environment under
study and can vary from one centimeter up to several meters. The velocity of data acquisition is fast (a
fraction of a second) which allows data gathering with a dense measuring step. Measurement, though in
fact discrete, creates an almost continuous picture of the studied environment.
The applicability of the GPR technique is very wide. It is used to determine the thickness of construction
layers, to estimate their state, and to detect different kinds of objects (e.g. reinforcement, ducts) and other
in-homogeneities (e.g. voids, fractured zones). Radar is an exceptionally powerful tool, mainly for metal
object detection. Other kind of objects can be found with GPR if there is a good contrast in
electro-magnetic properties between an object and its host medium.
In this paper we would like to present the results of our GPR measurements performed on physical models
with a known inner structure, as well as the results of “blind tests” – diagnostic measurements of different
kinds of real concrete constructions without any additional information.
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2. Experimental measurements on concrete specimens
For research purposes 5 large scale physical models were built at NRI ground in Rez. They were concrete
blocks of size 2 x 2 x 1 m (Specimen Nos. 1 – 4) and 2 x 2.6 x 1.2 m (Specimen No. 5) respectively, with
built-in constructional elements and different kinds of artificial defects: steel rods, a metal plate with cut
holes and slits, vertical drill holes of different diameter, a steel reinforcing cage, plastic pipes, representing
tendon ducts.

Figure 1: Detailed GPR measurement with RAMAC System and 1600 MHz antenna
GPR measurements were carried out as part of a complex research project focused on the application of
different ND techniques for nuclear power plant containment inspection. All GPR equipment used for test
measurements was commercially purchased and most commonly used radar systems – Swedish system
RAMAC with shielded monostatic antennas of frequencies 500 MHz, 800 MHz and 1600 MHz and
American system SIR 20 coupled with a bistatic 400 MHz antenna.
Experimental measurements carried out during the years 2006 and 2007 proved that this method can be
successfully deployed for the detection of different types of structural elements and in-homogeneities. It
gives very good results in the detection of metal objects. Detection of other anomalies depends on a
contrast in electrical properties and on a sufficient target size in relation to wave-length. For example, one
of our experiments has shown that there is a good contrast between drill holes in concrete filled with air
and with water, but not sufficient contrast has been found in the properties of air and CarboPur foam used
for filling of cavities.
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Figure 2: Example of GPR 1600 MHz data. Reflections from reinforcing bars presented in cross
section (left), where the x-axis represents a profile and the y-axis a time/depth scale; and in
a time slice (right) constructed for a specific time interval, where the x and y axes give
surveyed area coordinates.
In complicated and more complex environments deeper targets may be shadowed by reflection from the
shallow objects. A reinforcing cage, if too dense, can be impenetrable for the radar signal.
The trans-illumination mode gives good and accurate results for the detection of in-homogeneities such as
voids, tendon ducts and pipes, but can be deployed only under the condition that both sides of the
investigated body are accessible for radar antennas.
A similar set of tests was performed in 2007 on two concrete specimens designed for research purposes at
the Technical University of Brno. Several NDTs, including georadar, were compared in their ability to
detect steel rods of different diameter and to detect defects (gravel nests). GPR gave very good results in
detecting anomalies when they were placed relatively close to the surface (ca 20 centimeters). For higher
thicknesses of concrete, a GPR signal of lower frequency has to be applied with a significant decrease in
resolution. Also the increasing size of low frequency antennas can become a problem for surveys of small
areas.

Figure 3: Comparison of results for 800 MHz GPR antenna and 500 MHz GPR antenna. Reflections
of 2 horizontal reinforcing bars and 3 gravel nests (in red circle).
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3. Examples of GPR surveys of real concrete structures
The experiences in GPR gained during test measurements were exploited during surveys of different kinds
of concrete structures. Two examples of bridge surveys and the inspection of a wall of a water supply
tunnel will be presented in this paper.
One of the major bridges in Prague, Nuselsky Bridge, was surveyed in 2005/2006. Among other
diagnostic methods, GPR measurement of the ceiling of a bridge chamber was performed. The survey was
focused on estimating the density of reinforcing rods, on estimating variations in thickness of a concrete
layer, and on detecting possible defects (cracks and delamination). The ceiling of the bridge chamber was
covered with a dense net of lines: 14 parallel lines, each 485 m long, and 162 perpendicular lines. The
measurement step was 1 cm. The collection of over 800 000 GPR measurements had to be completed
during 4 night shifts. Simultaneously with GPR the profometer was used to detect reinforcing bars and to
measure the concrete cover. It was clearly proved that GPR can offer both significantly higher
productivity and accuracy. The GPR survey resulted in a rod density map and a map of the thickness of
the concrete cover.

Figure 4: GPR measurement of the ceiling of a Nuselsky Bridge chamber from the deck of a trolley.
Simultaneous 1600 MHz (left) and 800 MHz (right) measurement.
The Road bridge over Dalesice dam is 215 m long. It was surveyed in 2007 and GPR measurement was
focused on estimating the thickness of a road asphalt layer, on detecting reinforcing bars in bridge
chambers and on diagnostics of two bridge pillars. While the experience with GPR detection of upper
reinforcement was positive, we failed to detect the correct position of tendon ducts. Detection of even a
strong metal target can be difficult if its exposure is shaded with shallower reflectors.
Prague is supplied with drinking water through a 50 km long water supply tunnel called Zelivka. This
tunnel has not been repaired once during its almost 30 year long operating period. In 2007 a 9 km long
section was surveyed, first to optimize the complex of diagnostic methods for future routine tunnel
controls, and second to specify possible problems in the surveyed section. The GPR survey of a tunnel
with a diameter of 2.8 meters consisted of 5 parallel lines along its wall. All measurements had to be
completed in less than 14 hours. Therefore a special go-cart with telescopic antenna holders was designed.
This cart allowed measurement of up to 3 GPR lines rotated 120° at a time or to measure perpendicular
lines with the antenna rotating along the tunnel wall. Also the special software GPR Slice was used for
processing and realisation GPR data measured along a shaped (cylindrical) surface.
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Figure 5: Example of presentation of GPR cross sections measured along cylindrically shaped
surface

Figure 6: 3D diagrams of investigated environment behind the tunnel wall created with Software
GPR Slice.
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4. Conclusions
GPR as a non-destructive technique has found a wide range of application in concrete structure diagnostic
surveys. One of the great advantages of this method is the speed of data collection. In only a few hours the
extended surveyed area can be densely covered with measured lines. Technological improvement has
enabled the processing of large data sets on PCs, and sophisticated software allows the 3D visualization of
GPR results even in complicated surveys where the measured surface is curved.
GPR can be used in a wide range of diagnostic applications. The typical tasks are layer thickness
estimation and location of different kinds of structural elements and anomalies. Very good results are
obtained mainly in the detection of metal objects (e.g. reinforcement), where GPR has been found to be a
more serviceable method compared to typical profometer measurements due to its high productivity and
fine measurement step. The detection of other kinds of anomalies with GPR depends on a contrast in
electrical properties between the object and host media and on sufficient target size compare to
wave-length. Also, in more complex environments with different kinds of anomalies, deeper targets might
be shaded with reflections coming from upper reflectors.
There is still a lot of research work to be done to overcome current limitations of the GPR method. One of
the customer’s most frequent requirements is to localize tendon ducts and characterize the state of their
filling and of tendons. In most cases tendon ducts are hidden behind an upper reinforcement and therefore
hardly visible for georadar.
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Recent Advances In Seismic Non-Destructive Testing of Concrete Plate Like Structures
Nils Ryden
Engineering Geology, Faculty of Engineering, Lund University, Sweden
Allan Kristensen
FORCE Technology, Brøndby, Denmark
Ola Jovall
Scanscot Technology, Lund, Sweden

Abstract:
This paper describes recent advances in seismic/acoustic non-destructive testing of concrete containment
walls. The presented technique is focused on the characterization of the mean stiffness (seismic velocities)
and thickness of the containment wall. The Impact Echo (IE) method is a well established technique to
measure the thickness of or locate defects in concrete plate like structures. The method relies on a good
estimate of the mean velocity through the thickness of the plate and a precisely measured thickness
resonant frequency. Recently the underlying theory of the IE method has been redefined and improved
based on Lamb waves in a free plate. Based on this theory we have developed a new data processing
technique where both propagating and standing Lamb waves are analysed in a combined manner using
multichannel data. With this approach the mean velocity through the plate thickness is evaluated by using
the fundamental mode Lamb wave dispersion curves. The accuracy and detection ability of the measured
resonant frequency is improved by utilizing both amplitude and phase information from the multichannel
record. The described method is exemplified with experimental data from a concrete containment wall.

1.

Introduction

The thickness and stiffness of asphalt or concrete plate like structures can be evaluated non-destructively
by using stress wave techniques, e.g. Impact Echo (IE) and/or surface wave methods (Malhotra and
Carino, 2004). In the conventional IE method (Sansalone and Streett, 1997) the thickness resonant
frequency (fr) is measured using an impact source and one receiver, Figure 1a. By assuming or knowing
the compression wave velocity (VP) or the thickness (h) of the slab the other parameter can be calculated
from fr by using:
fr =

βVP
2h

(Eq. 1)

where β is a correction factor (0.96) which takes VP in plates into account (Sansalone and Streett, 1997;
ASTM C1383). Equation 1 shows that the precision of the measured thickness depends on the accuracy of
both VP and fr used in the analysis. To increase the accuracy of the measured thickness it is therefore
advantageous to measure the mean velocity through the total thickness (reference VP velocity for
Equation 1) simultaneously as the resonant frequency is measured more precisely. Several different
techniques based on both P-wave and surface wave velocity measurements between two receivers at the
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surface have been proposed to estimate a reference velocity to be used in Equation 1 (Malhotra and
Carino, 2004; Kim et al., 2002).
Impact source

Receiver
plate with
thickness h

Lamb wave mode shape at the resonant frequency

Two-way
travel time (dt=1/fr)

(a)

(b)

Figure 1: (a) IE set-up and traditional explanation. (b) Lamb wave mode shape at the IE resonant
frequency (fr).
Recent research on the IE method has shown that fr can be theoretically explained by using plate wave
theory (Lamb waves) (Gibson and Popovics, 2005), Figure 1b. Utilising this theory we propose a
combined IE and surface wave analysis scheme based on the Multichannel Analysis of Surface Waves
(MASW) method (Park et al., 1999). The Lamb wave basis for IE analysis is further explained in the next
section.

2.

Lamb Wave Theory

Lamb waves (Lamb, 1917) are guided dispersive waves propagating in a free plate. Lamb waves are
grouped into symmetric (S) and anti-symmetric (A) waves with respect to the mid plane of the plate.
Lamb waves are dispersive which means that different frequencies of each mode will propagate with
different phase velocities along the plate. At wavelengths shorter than the thickness of the plate the
velocity of the A0 and S0 (fundamental modes of A and S type) approaches the Rayleigh wave velocity
(VR). In this context high frequency surface waves can also be grouped into Lamb waves. The mode
shapes of different type of Lamb waves are illustrated in Figure 2.

Figure 2: Lamb waves in a free plate
Figure 3 shows an example of Lamb wave dispersion curves calculated from a plate with VS=2416 m/s,
ν=0.20, and h=1.00 m. Since the dispersion curves are calculated from the structural properties (thickness
and stiffness) of the plate they can be used to estimate the properties of a plate like structure. In practice it
is usually only possible to resolve one mode at each frequency in real measurements on concrete
structures. Typical measurable portions from excitation and sensing normal to a concrete plate surface are
marked with transparent ellipses in Figure 3.
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Figure 3: Lamb wave dispersion curves with typical measurable portions marked with transparent
ellipses.
Gibson and Popovics, 2005 showed that the IE resonant frequency for a free plate can be theoretically
explained as the minimum frequency of the S1 dispersion curve. This point is marked with a cross on the
S1 dispersion curve in Figure 3. At this frequency the S1 mode has Zero Group Velocity (ZGV) and the IE
resonant frequency can therefore also be labeled as S1-ZGV (Holland and Chimenti, 2003; Gibson and
Popovics, 2005). Zero group velocity means that no energy is propagating away from the source at this
frequency resulting in a large amplitude resonance wave close to the source. This theory provides a more
exact definition of fr compared to Equation 1 and also explains why the correction factor β is dependent
on ν. A recent detailed investigation on the temporal and spatial properties of the S1-ZGV mode in a free
plate is given by (Prada et al. 2008).

3.

Method

Matching experimental data to the theoretical A0 and S0 dispersion curves has proved useful in MASW
testing of pavements and concrete plate like structures (Ryden et al., 2004). Multichannel equivalent data
can be collected using only one source and one receiver as illustrated in Figure 4.
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Portable computer
Moving hammer with trigger
Fixed
accelerometer

~ Air ~
Seismic waves

~ Concrete ~

Figure 4: Schematic set-up using only one receiver and one source to record a multichannel equivalent
record.
To increase the accuracy of the estimated thickness we propose to include the IE resonant frequency,
defined as the minimum frequency of the S1 dispersion curve (Figure 3), in the analysis. The conventional
IE analysis is based on identifying fr in the amplitude spectrum obtained from only one receiver close to
the source (Figure 1a). It is possible to enhance the identification and increase the accuracy of the resonant
peak by multichannel processing techniques. By adding (stacking) signals at different distances from the
source, resonant waves in the thickness direction will be amplified while propagating waves will be
suppressed, see Figure 5. Resonant peaks can then be identified in the amplitude spectrum from the
summed signal instead of one single signal. This time domain summation operation is the same as
multiplying the complex spectra from each distance. The key feature is that both amplitude and phase
information is used to enhance the identification and accuracy of the IE resonant peak. This approach is
based on the theory that the S1-ZGV mode extends (and is vibrating in phase) about one thickness away in
the lateral direction from the source point. This spatial extent of the S1-ZGV mode has been studied by
Prada et al. 2008.

Figure 5: Schematic illustration of the multichannel impact echo processing scheme. (a) single frequency
data representing a standing wave with (b) corresponding summed amplitudes resulting in a
higher amplitude. (c) propagating wave (different phase at different offsets) with (d)
corresponding summed amplitudes resulting in a lower amplitude.
4.

Results

The proposed method has been tested at several nuclear power plants in both Sweden and Finland. The
following data example was collected along 2.5 m of a thick (1.10 m) concrete wall. The recorded data is
presented as a multichannel record in Figure 6a. Figure 6b shows the corresponding MASW phase
velocity spectrum where the A0 and S0 Lamb wave modes can be identified as gray-scaled amplitudes.
The amplitude spectrum from all summed traces in Figure 6a is plotted with a thick black line in
Figure 6c. For comparison purpose the amplitude spectrum from the first trace in Fig 6a is also plotted in
Figure 6c with a thinner line. This thin line corresponds to the conventional IE spectrum. The IE resonant
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frequency is clearly more detectable in the spectrum from all summed traces (thick black line in
Figure 6c). By iteratively changing VS and ν in the theoretical Lamb wave model, the horizontal straight
part of the A0 and S0 dispersion curves are matched to the data in Figure 6b. In this first step the mean
velocities (both VS and VP or E-modulus) of the containment wall are evaluated. While keeping VS and ν
fixed the thickness can then be estimated by matching the S1-ZGV frequency to the main peak in Figure
6c. This matching procedure has been automated in a Matlab program so that each data set can be
evaluated fast and objectively. In this example the best matching theoretical model corresponds to a free
plate with VS=2360 m/s, h=1.08 m, and ν=0.30. The best matching thickness corresponds well with the
known thickness (1.10 m from construction drawings) and VS represent a reasonable values for good
quality concrete (E=34.75 GPa using a density of 2400 kg/m3).

Figure 6: (a) Recorded data along a concrete wall. (b) Corresponding phase velocity spectrum with
matching Lamb wave dispersion curves. (c) Amplitude spectrum from all summed traces in (a)
with matching theoretical IE resonant frequency.
5.

Conclusions

A combined multichannel IE and surface wave analysis scheme for non-destructive testing of concrete
containment walls have been presented. The method provides a mean thickness and through thickness
seismic velocities (VS and VP) from each multichannel data set. The proposed method tries to improve the
accuracy of the conventional IE method by utilising multichannel processing to enhance the detection of
the measured resonant peak and simultaneously measure the mean through thickness velocity of the plate.
The presented approach has been tested on several nuclear power plants in Sweden and Finland and
proved to be more robust compared to conventional IE and surface wave measurements.
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1.

Introduction

Reinforced concrete (RC) is a common material used in nuclear power plants and waste facilities which
required to fulfil several conditions in term of safety and durability. Mild steel reinforcements and
liner/structural steel corrosions are one of the main degradation factors that can impact safety-related
concrete structures [1]. For this reason, rebar corrosion survey is a key topic for the ageing management of
RC structures.
Rebar corrosion damages can be detected after a visual inspection. Presence of cracks, concrete spalling,
wet areas, rust staining are signs of corrosion damages. Unfortunately sometimes a delamination can occur
without any previous sign of corrosion. The geometry, the damaged areas as well as their extend depend
on the reinforcement locations (concrete cover thickness and rebars distance), on the concrete cover
quality (density and homogeneity) and on the environment (nature of the aggressive re-agents : chlorides
or carbon dioxide for instance). Therefore, when a corrosion damage is detected visually on the concrete
cover , it is reasonable to think that the real rebar degradation area exceeds the visible one. Most of the
diagnosis methods are linked to the determination of these parameter characteristics.
The first part of this paper aims at presenting different steps for an evaluation of the corrosion state of a
RC structure (non-destructive and destructive characterizations). In a second part, these methodology of
inspection for assessing corrosion is illustrated on data from the French national project “Benchmark des
poutres de la Rance” (2004-2005) [2, 3].

2.

Description of a rebar corrosion diagnosis

Rebar corrosion on site diagnosis consists in two main steps (Figure 1). The first one is based on a
non-destructive and global analysis. The second step is a destructive characterisation of the corroded
zones.
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Preliminary analysis of the structure
(type, history, environmental data)

Visual inspection

Cover thickness assessment

Potential mapping

For planning subsequent inspection and interpretation
of measurements

For confining areas where corrosion is likely
(honeycombs, voids, etc.) and where corrosion is
already evident
For evaluating concrete cover thickness in confining
areas
For confining areas where corrosion cannot be
observed from the surface of concrete

Polarization resistance or concrete resistivity
measurement (areas with low potential)

For evaluating the corrosion rate in the areas where it
is more likely

Chemical analyses of concrete
(carbonation, chloride penetration)

For evaluating the causes of corrosion and the rate of
penetration of the depassivation front

Inspection of rebars (visual or by means of
other methods) in the areas of corrosion

Identification of
corroding areas

Evaluation of residual
life of the structure

For evaluating the damage already occured to the
reinforcement

Figure 1: Example of integrated methodology of inspection for assessing corrosion of reinforcement [6]
2.1. Diagnosis based on non-destructive techniques
The visual inspection of RC structures gives a list of visible damages such as rust stains, cracks, apparent
rebars, concrete spallings, wet zones…
Then concrete cover thickness and rebar position have to be assessed as these geometrical parameters are
essential for the corrosion phenomenon. For this purpose, magnetic cover meters are available to scan the
surface and to give a map of cover depths and rebar layout. Reflectometric technique as radar can also be
used. Low cover will favour the onset of corrosion because carbonation or chlorides reach the rebars more
rapidly. Moreover these quantitative elements can be useful for modelling the corrosion behaviour.
Electrochemical inspection techniques based on potentials and corrosion rates will give different and
complementary types of information.
As a matter of fact when steel reinforcement is in contact with concrete, a potential difference is created at
the steel/concrete interface. This potential value depends on the anodic reactions (oxidations) and the
cathodic ones (mainly oxygen reduction). This potential is complex and as its value is influenced by the
rebar corrosion state but also by the concrete water content, by the aggressive reagents concentration, by
carbonation depth and by concrete density, its value cannot be linked to these parameters by a
mathematical law. Therefore the absolute value of this potential will not be significant for a diagnosis of
the corrosion state. Nevertheless, measurements performed on a representative area allow drawing a
potential map representative of the corrosion probabilities [4, 5, 6] that gives a precise location of the
corrosion risky zones.
Another electrochemical technique based on the polarization resistance can be used to assess
instantaneous corrosion rate of a rebar [7]. This technique is based on the shape of current (I) / potential
(E) curves close to free corrosion potential. Slope of ∆E/∆I linear extrapolated curve expresses
polarization resistance Rp. Rp is related to the corrosion current following this equation : Icorr = B/Rp*A,
with B is a constant and A is the polarised area. Value of Rp gives an indication on the rebar corrosion
state following the data of Table 1.
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Table 1: Correspondence between current density values and corrosion levels [7].
Current density (µA/cm²)

Corrosion level

< 0,1

Negligible

0,1 à 0,5

Low to moderate

0,5 à 1

Moderate to high

>1

High

10

Very high

2.2. Complementary diagnosis based on destructive characterisations
In order to evaluate the causes of corrosion and the rate of penetration of the aggressive species on the
concrete cover, destructive characterisation are conducted on specific zones previously detected. Chloride
profiles and/or carbonation front determination (depending on environmental conditions), will be assessed
on concrete core samples taken on site. Measurements of steel section losses will give the average
corrosion rate.
Within the French national project called “Benchmark des poutres de la Rance”, all these non-destructive
and destructive characterisations have been performed on 20 beams that have been naturally degraded
after forty years in the sea Results obtained with Non-Destructive (ND) techniques will be compared to
the real corrosion state of the rebars.

3.

Description of specimens considered for the study

Between 2004 and 2005, twenty reinforced concrete beams were characterised in term of physic-chemical
properties (non-destructive and destructive evaluation of rebars corrosion state) and mechanical behaviour
(tensile and flexural tests). These beams have been cast and stored during about 40 years in a tidal marine
zone: firstly on a site near Rance’s dam (Britain, France) until 1976, then on IFREMER site at
Sainte-Anne de Portzic (Britain, France) in similar conditions until 2000.
The dimensions of beams were 250×20×20 cm. Each beam is different from another within three
parameters:
•

The first one is layout configuration. As a matter of fact, concrete was pre-stressed with wires,
placed under a plastic sheath, and anchored at the beam ends. For eight of the beams, pre-stressing
cables were centred along the beam axis. For twelve other beams, cables were in the lower part of
the beam.

•

The second parameter is the aggregates distribution (continuous or discontinuous).

•

The third parameter is the cement content (300 or 400 kg/m3 of cement).

Beams were reinforced with plain carbon steel bars (φ6 mm) and 10 stirrups (φ6 mm) spaced at about
250 mm. Concrete cover thickness of passive reinforcing steels was 16 or 41 mm depending on layout
configurations (see Figure 2).
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Prestressed
cable φ 7

Stirrup φ 6

Rebar φ 6

3.5

Up

2.9

20

Right

Left

Low

1.8

1.4

20

Figure 2: Layout of beams, notation of sides, location of pre-stressed cables and rebars, concrete cover
4.

Diagnosis coming from the visual observation

4.1. Input data
For each side (low, left, up and right), crack maps are drawn, focusing on locations of longitudinal cracks
due to the corrosion phenomenon (Figure 3b). On these maps lengths and widths of each referred crack are
also noticed. Moreover, rust stains are recorded, with the lengths and widths of each concerned area
(Figure 3a).
Cracks :
Lenght (mm) × Width (mm)

Stirrups

Low

Left

90*0.05

150*0.1

150*0.3

100*0.05
210*0.2

120*0.2

200*0.05

Up
250*0.2

110*0.1

Right 100*0.05

30*0.05

80*0.05

100*0.1

70*0.2

260*0.1

200*0.2

150*0.1

60*0.05

2500

2250

2050

1850

1650

1450

1250

1050

850

650

450

250

0

(a)
Figure 3: (a) Photographs of a beam,

290*0.05

250*0.1

(b)
(b) example of a cracks map drawn from the visual observation.

Visual observations can be confronted to real rebar corrosion state. As a matter of fact, for each rebar
(14 rebars for each beam) section losses have been measured with a vernier calliper all along the
reinforcement (250 cm long).
4.2. Average values for crack and section losses
In order to compare visual signs of corrosion to real corrosion state, an interesting approach is used by
Vidal et al. [8]. In this study, thirty-six reinforced concrete beams were cast in 1984 to study the influence
of corrosion on mechanical properties. Those beams were stored under loading to evaluate the impact of
mechanical loading on the development of corrosion. To accelerate the corrosion, the beams were placed
in a saline environment where there were submitted to wetting and drying cycles. The beams A and B
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were taken to be analysed after seventeen and fourteen years of storage. In order to study the corrosion
propagation, authors measured longitudinal cracks width caused by rebar corrosion. Corrosion state of
reinforcements was established by measuring the bar section losses. Finally authors tried to link the crack
widths (w) to the section losses during the propagation of the corrosion (∆AS – ∆AS0). The section loss
∆AS0 corresponds to the section loss which lead to a 0,05 mm crack width Results showed a linear trend
between the crack widths (w) and the section loss (∆AS – ∆AS0) which is represented on the Figure 4.

Figure 3: Crack width evolution versus steel loss of section for reinforcements of beams A and B, from [8]
This approach has been used for the Rance beams. For each beam, average values of crack widths are
reported versus the maximal section loss (expressed in mm2). Two examples are presented on the Figure 5
(beams 611 and 421). From the two graphs no clear correlation is visible between parameters. This
difference with results of Vidal [8] could come from two reasons. The first one is the fact that Vidal’s
beams were mechanically loaded. By way of consequence, the mechanical loading may increase the crack
widths. The second aspect that has to be considered is that Vidal’s beams were stored in an atmospheric
environment, whereas Rance beams were partially immersed in the tidal zone. The water saturated
conditions could promote the formation of soluble iron oxides that don’t lead to concrete cracking.
Threshold

Threshold

0,45

0,4
0,35

Crack width (mm)

Crack width (mm)

0,45

0,3
0,25
0,2
0,15
0,1
0,05
0
0

5

10

15

20

Maximum section loss (mm²)

0,4
0,35
0,3
0,25
0,2
0,15
0,1
0,05
0
0

5

10

15

Maximun section loss (mm²)

(a)

(b)

Figure 5: Maximal section losses versus cracks width for (a) beam 611, (b) beam 421.
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4.3. Distribution of section losses for each corrosion visual sign
After this global approach, the second step aims at looking for links between each crack and the related
section losses that can be recorded in front of the considered crack (2172 cracks for the entire corpus). For
this purpose, distribution of section losses (sorted by 10 %) is reported for several conditions (Figure 6):
•
•
•

•

Considering all the beams (2172 values), 70 % of the section losses are lower than 30 % (Figure 6a).
Section losses recorded in front of cracks (827 values) present almost the same distribution than
the previous one: 70 % of the section losses are lower than 30 %. Only 8 % are higher than 50 %.
A different result is obtained when considering the section losses linked to rust spots (61 cases). In
these conditions, 24 % of the recorded sections losses are higher than 50 % of the initial steel
diameter (Figure 6c). Section losses lower than 30 % are only 50 % in this case. It is important to
notice that the 61 considered values are rust spots not linked to cracks. This result indicates that
rust spots can be a good indicator for corrosion diagnosis on the “Rance” beams.
Regarding undamaged concrete (1284 values), section losses lower than 30 % represents 70 % of
the values, whereas section losses higher than 50 % represents 8 % on values (Figure 6d). This
distribution is almost the same than the distribution reported for the cracks zones.

(a): All beams

(b): Under cracks

(8)

(60)

16% (10)

13%

9%

(7)
11%

13%

(163)

20%

31%

5%

(3)

20%

16%

(259)

(10)

(c): Under rust spots (without crack)
0 < P(%) < 10
10 < P(%) < 20
20 < P(%) < 30

(247)
19%

(11)
18%

(12)

(40)

5% 3%

(117)

30 < P(%) < 40
40 < P(%) < 50
50 < P(%) < 60

(398)

(d): Under undamaged concrete

P(%) > 60

Figure 6: Distribution of section losses (a) for all beams, (b) for zones placed under cracks, (c) for zones
under rust spots, (d) for zones under undamaged concrete (no crack, no rust stain).
390

NEA/CSNI/R(2009)9
4.4. Conclusions of the visual observation
Results obtained from the study of visual parameters (cracks and rust stains on the concrete cover) and
their relation with the rebar corrosion state (steel section losses) allow drawing several conclusions:

5.

•

Section losses cannot be linked to crack widths as it was the case in the Vidal paper [8]. This can
be due to the fact that Vidal’s beams were mechanically loaded during the exposition. Differences
also come from the environmental conditions (immersion for the Rance beams, unsaturated
conditions for the Vidal’s beams).

•

Section losses are higher when considering behind a rust stain, compared to the global behaviour.
This fact is due to the high solubility of iron oxides formed in chlorinated environments (green
rusts [9]). High solubility leads to a greater transport of ferrous iron that can precipitate when they
meet oxygen on the-concrete surface.

•

Distribution of section losses is almost similar for the cracks zones and for the undamaged zones.
This result indicates that for the “Rance's beams”, cracks cannot be used as visual indicator for
corrosion.

Diagnosis coming from the corrosion potentials

After visual observations, the next step of inspection consists in potential measurements. Half-cell
potentials principle is based on measurement of potential difference between a rebar and a reference
electrode [4]. ASTM C876-87 [5] provides a classification for the interpretation of probability of
corrosion activity from absolute values. For instance potential values lower than -350 mV/SCE
(copper/saturated copper sulphate electrode) could indicate a high probability of corrosion, whereas a
value higher than -350 mV/SCE traduces a low probability of corrosion. However it is widely known in
literature that interpretation based on this absolute value can result in unreliable predictions of corrosion
damage particularly if the cement is not a Portland cement or if there is chlorides in the concrete…. Indeed
half-cell potential value can be affected by various parameters such as oxygen concentration at steel
surface, concrete cover and resistivity, etc. [10, 11].
Therefore use of gradient potential (spatial variation) could be more pertinent to evaluate in a qualitative
way the damage degree within reinforced concrete. For this reason, from half-cell potential database
obtained from measurements on beams, a spatial potential gradient is estimated for each spatial location.
To compare damage within each beam, these two parameters are considered. The gradient potential factor
is defined as percentage of gradient potential values higher to a critical threshold. In this study, a critical
threshold of 8 mV.cm-1 is considered. The diameter loss is then compared for a given location along rebar
to potential absolute value and to gradient potential factor (an example is given on Figure 7).
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2
0
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750

1000

1250

1500
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Figure 7: Example of distribution of diameter loss, absolute potential value and potential gradient factor
along a rebar of the beam 421 three locations of comparison.
Following comparison of these parameters for all the beams, a table can be drawn (Table 2) considering
336 measurements. Three conditions appear from these results:
•

“Real detection”: Case where ND indicator is in agreement with the real rebar corrosion state,

•

“False alert”. Case where ND indicator alerts on corrosion whereas reinforcement presents low
corrosion levels,

•

“Non-detection”. Case where ND indicator diagnosis no corrosion risk whereas the autopsy shows
corroded zones.

Results show that 73% of the potential gradient values indicate a “real detection” case, compared to 47%
in the case of the absolute potential value. The absolute potential values are more often linked to “false
alerts” (53% compared to 8% for the potential gradient), whereas the potential gradient is more often
linked to “non-detection” cases.
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Table 2: Results of the comparison between potential measurements and real rebar corrosion state
Potential value

Potential gradient

Number of considered measurements

336

336

Considered threshold for high / low corrosion level

-350 mV/CSE

8 mV/cm

Real detection

47%

73%

False alert

53%

8%

Non-detection

None

19%

Finally, results obtained from both methods can lead to difficult maintenance optimisation decisions. This
conclusion emphasises the necessity to use additional techniques to confirm corroded area locations. Most
of the cases, corrosion rate measurements are performed in this objective. The next paragraph presents
results obtained with this technique on the Rance beams.

6.

Diagnosis coming from the corrosion rate measurements

Figure 8 presents the evolution of corrosion rate values measured on 120 points of the Rance beams, with
four different instruments (two on-site devices - Gecor6® and GalvaPulse® - and two laboratory
potentiostats (Gamry®). The first remark concerns the scales of results. The GalvaPulse® device gives the
higher corrosion rate values, whereas the Gecor6® device presents the lower ones. . These observations are
in agreement with previous studies [12, 13]. Sometimes, differences between the two devices can be
higher than two orders of magnitude. Measurements performed with the Gamry® potentiostat (EDF and
CEA laboratories) present intermediate values. This is often the case with potentiostats [14].

Measurement points

Figure 8: Corrosion rates measured with four different devices
Moreover, for all devices, evolutions of corrosion rate values are very similar. The peaks (meaning low or
high values) observed from the Gecor6® device seem to be well correlated with data issued from the
GalvaPulse® device.
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Following these results, a task group involved in a French national project has been initiated. The group
number 3 called non-destructive corrosion diagnosis of RC structures of the APPLET French project aims
at:
•

First, a better understanding of the differences in the measured values obtained from on-site and
laboratory devices for corrosion rate assessment.

•

Second: a proposal of an empiric relation between corrosion rates values and environmental
conditions, i.e., different seasons.

Concerning the first point, 52 reinforced concrete slabs (dimensions 30x30x5 cm with one rebar) have
been casted. On each rebar, the steel surface is delimited with a cataphoretic paint and a thermoretractable
wire in order to expose 5 cm, 10 cm, 20 cm or a semi-circumference on 20 cm long area. Concrete
reinforced slabs have been submitted to different aggressions (none, accelerated carbonation, chloride
included in concrete mixing, chloride that penetrated by drying/immersion cycles). Rebar corrosion
evolution will be assessed four times per year with four different devices : two on-site devices (Gecor®
and Galvapulse®) and two laboratory potentiostats (Gamry® and Parstat®). Comparison of the results will
allow verifying differences in corrosion rate and propose a table that links the different devices together.
Concerning the second point, 16 concrete slabs with five rebars have been casted and submitted to the four
agressions. Then, a slab has been sawed in 10 prisms (dimensions 150x5x5 cm with a central rebar). The
prisms will be exposed to six environmental controlled conditions (three relative humidities and two
temperatures) and a natural condition (outdoor exposition). Measurements will be performed four times
per year and the interpretation of the results will eventually provide a law that will rely corrosion rates
with environmental conditions.

7.

Conclusions

In this paper, a methodology of inspection for assessing reinforced concrete corrosion based on non
destructive tests (visual inspection, potential mapping, corrosion rates) and destructive ones (carbonation
depth, chloride content and metal loss) has been put into practice on the “Rance's beams" within the
“Benchmark des poutres de la Rance” national French project. Results of both tests have been compared.
Upon the results of this large study on the “Rance's beams", it is still necessary to improve our knowledge
and mainly:
•

To think about a harmonization of the ageing management approaches of different countries
(depends on the safety authorities of each country). As a matter of fact, no “official” paper exists
on ageing management of RC structures at European or international level.

•

To lead a long-term project in which specimens are manufactured for 40 to 50 years as it was the
case for the Rance's beams 40 years ago. A survey of corrosion damages could be installed on
these specimens. Thanks to this project, future generations could be allowed to test new
maintenance strategies on existing and monitored or controlled old specimens.
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Numerical Simulation of the Impact-Echo Diagnostic Method for the Detection Voids, Cracks and
Cavities in Thick-Walled Concrete Structures of NPP
Š. Morávka , New Technology Centre in Westbohemian Region, Univ. of West Bohemia Czech Republic,

Summary
A new methods, how to do in-service inspections of ageing reinforced concrete structures of nuclear
power plants more quickly, cheaply and reliably, are still being looked for. The advanced Impact-Echo
method seems to be very hopeful. It consists in locating voids’ position by the reflections of elastic waves
between the void and surface. This paper gives a main goal survey of numerical simulations of the fast
transient processes employed for the detection and localisation of reinforcing rods, surface cracks with
various depth and inclination, internal cracks and cavities in different positions. The next point are the
results of numerical testing of the possibilities to verify if grouted (repaired) voids were filled properly and
next, detecting of concrete damage caused by expansion of the steel corrosive products. The usual way of
method application - the voids detection in frequency domain exactly according to ASTM - is
demonstrated as well.

Key words: concrete structures, reinforcing rods, Impact-Echo, diagnostics, wave propagation, numerical
simulation, crack, void, cavity, corrosion.
1.

Introduction

The ageing nuclear power plants (NPP) are due to certify its security for the renewal of operation licenses.
Security can be significantly affected by the defects of ageing concrete structures. Just in-service
inspections (ISI) techniques of reinforced concrete structures with large thickness and with the areas not
directly accessible for inspections are included in first group of priorities of Committee on the Safety of
Nuclear Installations, Nuclear Energy Agency OECD in field of ageing management.
New methods, how to do ISI more quickly, cheaply and reliably, are still being looked for. Advanced
Impact-Echo method (according to ASTM C 1383 - 98a, 1998) seems to be very hopeful. It consists in
locating voids by the frequency of elastic wave reflections between the void and surface or (in the second
way) voids can be localised simply by the transient wave reflection from the discontinuities and
inhomogeneities.
But, in the first way (in the frequency domain) it is very difficult, even impossible, to detect surface cracks
and/or to set their depth and inclination. We, unlike the most of other authors (e.g. Dr. Schubert’s group in
Fraunhoffer Institute, Dresden, 2003-4), try to detect crack and voids in time domain, according to the
amplitude, shape and time arrival of reflected waves. This technique is not so common, but it can give
next useful results (e.g. Anish Kumar et al., 2002 or Yiching et al., 2004).
This paper will bring survey information about the basis, numerical modelling done by author and some
notes to practical implementing of Impact-Echo diagnostic method at the NPP concrete structures. The
main results of simulations realised until this time will be presented. There were studied modelling
possibilities of detection and localisation of reinforcing rods and perpendicular cracks on the both surfaces
– accessible and inaccessible as well. Next, the depth effects of the cracks perpendicular to the surface
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were tested. Third part consists of localization of the closed crack inside a wall. Many simulations and
discussions have been made about the oblique cracks detection and trying to set its inclination angle and
depth. Then we will show the results of detection of large cavities in different positions. The interpretation
in frequency and in time domain will be compared here. The next part concerns to repairing (filling) the
voids in concrete by grouting polyurethane compound CarboPur WF and the testing possibility to confirm
by Impact-Echo if the void were properly filed. The last finished works concerning to the cracks caused by
the steel reinforcing corrosion will be presented at the end. The corrosive products have up to seven times
larger volume then pure steel. It causes high strain, which can lead up to the concrete damage.
Generally, we focus on usage of Impact-Echo method in the time domain mode. But in cases, where the
defect has one face (or, at least a part of its surface) parallel to the wall surface, we can identify multiple
wave reflections between the void and the surface very well. Here we confirmed detection in frequency
domain as well. The matter of this technique (exactly according to the ASTM) is the fact that the
frequency of wave reflections between the void and surface (or between two surfaces) depend on the depth
position of the void. Knowing the wave propagation velocity and by using the discrete fast Fourier
transform we can identify the dominant frequency and compute void’s depth (or thickness of the wall).
The good agreement of both approaches will be shown as well.
Numerical models are realised by finite element method. There are simulated the fast transient processes
of the elastic wave propagation in the parts of the concrete wall sized 2 by 2 by 1 meter typically. We are
taking many responses on the excitations in various positions and for specimens with various defects
mentioned above. Software MSC MARC, which has been verified on similar tasks before, was employed
for the computations here.

2.

Numerical models

The Impact-Echo diagnostic method is based on the elastic wave propagation. We numerically simulate
these transient processes by finite element method (FEM), usually at the cuts of the concrete wall sized
2 by 2 meters with the thickness of 1metre. Using planar symmetry we can solve half reduced models with
approx. 70,000 3D finite elements typically (somewhere even greatly more). The single point excitations
are applied step by step on the specimen’s surface at the straight line going cross the specimen’s centre.
This 2 meter line typically consists of 67 excitation points shifting by 3 cm step. The responses - time
histories of displacement perpendicular to surface - are taken for every case (e.g. for every excitation)
from all of the same 67 points. Especially, in the case of verification cavity filling by grouting compound
and in the case of detection concrete damage by expansion of corrosive product of reinforcing rods we use
geometrically smaller models. They have nearly 200,000 3D finite elements due to their finer
discretization.

Software Numerical models of Impact-Echo diagnostic method are realised by using finite element
method implemented in commercial software MARC/MENTAT from MSC Company. This software was
used more often in the past, (see referenced citations below) and was tested and verified by real
experiments as well (e.g. in Morávka 1998a, b, 2000, 2001).
Spatial and time discretisations The concrete walls specimens are 3D bodies modelled by 8-nodes
isoparametric elements with full integration. Element’s edges are in the size of 3 cm mostly. Hence it
follows, that the shortest wave being able to propagate in such model without numerical amplitude

attenuation has wavelength λmin = 60 mm . It responds to so called cut-off-frequency at, approximately,
70 kHz. Frequency band is similarly restricted by time integration step size as well. Therefore, it is
suitable to set both the above mentioned frequency limitations to be “similar”. For more details see e.g.
Okrouhlík at. al. (1976), Brepta (1982 and 1985), Morávka (1999).
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Time integration step with regard to the 3 cm element size was chosen ∆t=7 µs. In some cases, where
5 mm elements were used, the ∆t=1.2 µs, or 1.5 cm elements and ∆t=3.5 µs were applied. Time
integration is executed up to time t=1001 µs typically, from where the results start to be devaluated by the
wave reflections from the specimen’s lateral and rear borders.
Unfortunately, we could not use elements of varying size for this type of problems (due to different
cut-off-frequencies, spurious wave reflections, etc.). These facts lead to very extensive and time
consuming computations.

Integration methods The Newmark integration method has been chosen for time discretization. The

Newmark coefficients were slightly modified from their basic version, to β = 0.275625 and γ = 0.55 .
By this way the moderated numerical dumping is introduced. It suppresses spurious higher frequencies
namely, but still keeping unconditioned method stability.
The opinions of usage suitability of explicit or implicit formula for transient processes are different. One
step computation time with explicit method (e.g. central difference) is smaller, but to reach the same
accuracy we need a shorter time step. It is suitable to choose the time integration method with regards to
spatial discretization. The spatial discretization with full (consistent) mass matrix used here and time
discretization by Newmark method lead to partial elimination spurious effects of these both
discretizations, see e.g. Morávka (1999). A number of papers have been attended to the problems of the
frequency cutting-down, to the wave dispersion and numerical anisotropy, from Czech authors namely
Brepta (1982), Okrouhlík (1976) and others.

Materials The concrete mixture according to technical report about concreting at the NPP Dukovany (see
references) consists of sand with 4 mm grains and aggregates up to 16 mm sized. It is possible to consider

concrete to be homogeneous, because the shortest wavelength λmin = 60 mm is greater. Next, the
concrete is cast, so can be considered as isotropic. Test loadings are very small, so it will be sufficiently
enough to use the elastic model. Mechanical properties respond to the concrete B30 (NPP Dukovany) or
B40 (NPP Temelín) according to that time standard ČSN 73 12 01.

Excitation It is modelled as an impact of experimental hammer. According to impactor size and velocity
we estimate impact at force 5,000 N taking time 36 µs. The first tests appear the considerably weaker
impact will be enough for real experiments.

415

NEA/CSNI/R(2009)9

3.

The possibility of reinforcing bars localisation - Case study

At first we were needed to test the wave reflection from the concrete-steel boundary. So, we have solved
the task with the response of a pure concrete section of a wall 190 by 200 mm, 70 mm thick. Elements
with edge size of 5 mm have been employed.
A constant distance of 70 mm separates the
positions of excitation and transducer on the
surface. Keeping their distance they move
through the middle of the specimen’s upper
surface. (see Figure. 1 without showing the
showing the reinforcing bar). Using symmetry,
the problem can be reduced to a half-size
model involving to use only less than 10,000
elements.
In the second case, the geometry of the model
body is identical, only that its lower half is
made from steel while the upper one, where
Figure 1: Scheme of reinforcing bar detection and
localisation. Symmetrical half of specimen
the excitation occurs and the response is sampled, is made from concrete (see Figure 1 without the
reinforcing bar). The goal here is to find out, how the waves reflect on the concrete-steel dividing plane
and how they pass through it back after reflecting from the specimen’s bottom.
In the third case, one reinforcing bar of 40 mm in diameter (see Figure 1) is inserted in the same concrete
sample on a position parallel to the surface and in the depth of 50 mm.

Figure 2: Comparison of only concrete sample response with that of concrete-steel dividing plane
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Figure 3: Comparison of only concrete sample response with that of inserted reinforcing bar simple
Figures 2 and 3 show a comparison of time history of the displacements perpendicular to the surface in the
three cases mentioned. The time point, at which the responses starts to differ significantly, is near the
shear wavefront reflected from the concrete-steel dividing plane (t = 39.02 µs) or very accurately at the
shear wavefront reflected from the top of inserted bar (t = 36.34 µs). Therefore it can be deduced that, in
all probability, it is the very shear wave reflection, which brings the key information about the material
dividing plane to the surface and, as a result, it can be used for reinforcing bars detection.

4.

Modelling of surface crack detection and localisation

We perform these simulations on a segment of a
concrete wall having dimensions of 2 by 2 meters an 1
meter thick. Owing to planar symmetry of the
problem, it is possible to treat only one half of the
body (see Figure 4). Nearly 72,000 elements with
edge size of 3 cm were used, time step ∆t=7 µs, up to
time 1,001 µs, at which the results are about to
commence to be degraded by the reflections on
sample sidewalls.

Figure 4: Scheme of tasks for calculations of wall
with surface cracks
The following problems are dealt with:
− Comparison calculation of thick plate response without any cracks. Point excitation by an
experimental hammer at 67 points. Excitation and measuring are on the same surface.
− Response of cracked thick plate. Excitation, measuring, and crack on the same (accessible) surface.
− Response of a thick plate with the crack on opposite (inaccessible) surface.
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Figure 5 presents a comparison of two time histories of displacement perpendicular to the surface. The
excitation and measuring occurs on the same surface 20 cm apart. The first case is a defectless concrete
wall while the other is a wall with a crack of 20 cm in depth midway between the exciting and measuring
points. It is evidenced in the figure that the crack prevents namely the surface Rayleigh waves from
passing through, see also Figures 9a and 9b.
In cases of a defectless wall, wall with a crack on accessible surface and wall with crack on inaccessible
surface, we as a whole carry out three series of 67 or 68 calculations for excitation advancing by 3 cm
along a line two meters long and passing through the middle of the sample (see Figure 4).
Figure 6 shows the distribution of the displacement perpendicular to the surface at the time 245 µs at an
excitation distance of 0.78 m from the specimen’s edge. Significant wave front corresponds to the surface
Rayleigh wave. The front of dilatation wave is not observable on this scale and the front of the shear wave
cannot be clearly distinguished from the front of R-wave. There is an interesting area near the R-wave
front in the Figure 6 (also 7), which is characterised by elliptical movement of continuum points nearby
the surface.
Next Figure 7 shows the same situation as is in the preceding figure except that the sample has a crack of
20 cm in depth on investigated (upper) surface where the excitation and measuring occurs. It is apparent at
first glance how heavily the crack prevents the surface waves from propagation.

Figure 5: Comparison of defectless sample response with sample with a crack of 20 cm in depth
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Figure 6: Distribution of displacements
perpendicular to measured surface at time
245 µs of defectless sample

Figure 7: Distribution of displacements
perpendicular to measured surface at time
245 µs of sample with crack of 20 cm in depth
on investigated (upper) surface

The time histories of all nodal displacements perpendicular to the upper surface are stored. Selected part
of these responses (i.e. time histories of nodal displacements along the straight line passing through the
middle of the sample (perpendicularly to the crack, if present)) was used in the illustrations, (Figures 8, 9a,
and 9b) for telling representation of the wave effects. For these illustrations, the excitation position lies on
the measured line too, namely at a distance of 0.78 m from the sample edge (like in the Figures. 6, 7). The
axis “Distance” are the spatial coordinates of points on the measured line. The time history of the
displacement perpendicular to the surface is depicted for each individual point on this line.

Figure 8: Time responses of defectless wall at line passing through the middle of the sample
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A set of information can be read out from the (Figures 8 and 9a, 9b). Approximately halfway the flat
triangular areas branching out from the point of excitation are cut by the front of a dilatation wave
propagating along the surface. The front is however completely invisible on the given scale in the Figure.
They are the Rayleigh and shear waves (they coincide partially) that exhibit the first outstanding edge. It
can be easily seen that this front is very substantially reduced by the crack and moved backwards by
approximately 50 µs. The effect is more visible in the coloured ground plan set up from level lines
(see Figure. 9b). It must be accented, that this fact will be a major indicator of crack position and depth
detection (upon the crack on accessible surface).
The response in case of crack on the lower (inaccessible) surface does not significantly differ from the
case without crack at first glance (not figured here). Differences are however found at later time points
with waves reflected on the sample bottom where there is a crack.

Figure 9a: Time responses of sample with crack of 20 cm in depth in line perpendicular to the crack

Figure 9b: Ground plan of Figure 9a
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Note. It is assumed about all the cracks (above and below as well) that the cracks have arisen due to
tensile strain and that their surfaces are therefore not in the contact. In addition, the displacements at the
wavefront propagating are very small, about 10-7 to 10-8 m, so we don’t suppose any contact of crack
faces each other during the Impact-Echo tests. An experiment would show whether this assumption is true.

5.

The effect of the crack depth

has been studied on the same segment
of concrete wall like the previous case
(size 2 by 2 by 1 m, almost 72,000 3D
eight-nodes elements (making use the
planar symmetry), time integration step

∆t = 7 µs , up to time t = 1001 µs ).

The subjected crack is perpendicular to
surface and passes through the midle of
the specimen. There were 34
computations performed over all
varying crack depth from 0 cm up to
total specimen splitting to two parts.
The excitation force is applied on the
same surface, where the crack occurs at
the constant position of 48 cm in front
of crack, see Figure 10.

Figure 10: Scheme of tasks with varying crack depth.

The next two diagrams show the evolution of time history of the displacement perpendicular to the surface in
two positions. On the Figure 11 we can see the set of responses taken into point 48 cm apart from the crack.
The place of excitation is distant from the crack 48 cm as well, but on the opposite side. The thick curve
responds to the defectless specimen. The next curves represent the results of specimens with crack growing by
3 cm step by step, up to crack depth of 30 cm. A sequential dropping of wavefront amplitudes near the 400 µs
is evident. An interesting effect of wavefronts shifting to longer time as the crack depth is growing can be
observed as well. These phenomena could by clearly observed on animations. Wavefronts over the time of
700 µs represent unwanted reflections from specimen’s side edges, which we are now not interested in. Except
the amplitude, the wavefront delay can be an important tool for the crack depth determination.

Figure 11: Time histories of displacement perpendicular to surface for crack of varying depth from 0 to
30 cm. The excitation point is located on the opposite side of the crack than the point of
sensing, i.e. behind of the crack.
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Figure 12 shows similar situation like the previous one, e.g. set of time histories of the displacement
perpendicular to the surface upon the crack varying from 0 to 30 cm. But, the sensing point is placed on
the same side of the crack as the excitation point. Excitation is at distance 48 cm and sensing point at half
a way, at 24 cm apart the crack. We can observe new wavefront rising in area from 250 to 450 µs whereas
crack depth is growing. This wavefront represent a reflection of Rayleigh surface wave from rising crack.
It stabilizes approximately at the time 300 µs. But, its stabilisation is not sequential (from 450 µs down),
although it could be indicated by the figure. It is “chaotic”, has random character, as can be seen on
animation. That “chaotic” wavefront reflection forming can cause some trouble upon the localisation of
of shallow cracks. It will be difficult to set a depth of crack without knowing its position and vice versa.

Figure 12: Time histories of displacement perpendicular to surface for crack of varying depth from 0 to
30 cm. The excitation point is located on the same side of the crack as the point of sensing,
i.e. in front of the crack.
The last diagram (see Figure 13) consists of a set of all time histories of displacements perpendicular to
surface taken from nodes on the line lying in surface perpendicular to the crack. The crack depth is 15 cm,
the same as the previous two figures. We can observe all of main results already described above:
- The waves propagating along the surface, namely Rayleigh wavefront, are rapidly reduced by even
relatively small crack (being observing behind the crack).
- The reflection of Rayleigh wavefront increases very relatively early (observing front of crack). At
the crack of 15 cm depth is the reflection nearly the same as the total reflection from the edge of
specimen. These two facts are positive in relation to the flaw detection.
- The Rayleigh wavefront delays passing through the crack. Delayed time is evidently proportional to
the crack depth. This effect can be utilised to estimate crack depth.
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Figure 13: Time responses of wall section with a crack of 15 cm deep at line passing through the middle
of the sample perpendicular to the crack
6.

Detection of variously inclined cracks

The main goals of this part are detection and localisation of inclined surface cracks and evaluation of the
variable inclinations effects by using numerical simulation of fast transient processes, namely:
− Testing possibilities of detection and localization of surface cracks variously inclined to surface by
the wave reflection from the crack (transducer and impactor are located on the same side of the
crack).
− The same one by the passing waves through the crack (transducer and impactor are located on the
opposite sides of the crack).
− Evaluation of the inclination angles
effects.
We employ a similar model as above – segment of
a concrete wall, size of 2 by 2 by 1 meter,
consisting nearly of 70,000 3D elements. Planar
symmetry has been utilised here as well. The crack
depth of 21 cm passes the middle of specimen.
There were carried out whole 17 sets (!) of
computations for crack inclination to the surface
varying from 10° to 170° by 10°, see Figure 14.
Every set consists of 34 responses of the excitation
step-by-step moving by 6 cm (by two nodes
distance) on the straight line passing through the
surface of model perpendicularly to the crack. The
time histories of responses have been taken from
the all nodes of the same line, e.g. softer, by step of 3 cm.
423
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Numerical parameters of the model are the same as well - isoparametric 8-nodes elements with full
integration, element edge size is 3 cm (it responds cut-off-frequency approx. 70 kHz), time integration
step ∆t=7 µs, computations up to time t=1001 µs. Time discretisation by implicit Newmark method with
modified coefficients β = 0,275625 and γ = 0,55 has been used.

Convention note: the crack inclination ranges from 0° to 180°. It is measured between the crack and the
surface where excitation point occurs.

Inclined cracks - wave reflection. The shapes (waveforms) of reflected waves from inclined cracks are
affected by the crack’s perpendicularly measured depth of course, but namely by the inclination angle. It is
evident, that reflections from very inclined crack to surface remarkably differ according to the inclination
direction, e.g. inclinations 40° and 140°, even if the perpendicular depths of these cracks are equal. The
wave arriving to crack from obtuse side of angle seems to be like “sliding” along the crack’s side down
into the body. The reflections from cracks with acute angle are considerably more significant. This
phenomenon is displayed e.g. on the Figure 17 and next ones. Two curves here are reflections taken at
distance 27 cm apart from the crack. Excitation is situated at the distance 51 cm, on the same side of the
crack. It is clearly evident higher reflection the Rayleigh wavefront from acute angled crack side.
Distribution of all nodes displacements at time 245 µs for such pair of angle inclinations is displayed on
Figures 15 and 16.

Figure 15: Displacement distribution at time
254 µs. Excitation on the acute side of angle,
27 cm apart the crack mouth. Symmetrical half
of specimen displayed

Figure 16: Displacement distribution at time
254 µs. Excitation on the obtuse angle, 27 cm
apart the crack mouth. Symmetrical half of
specimen displayed.

The next thing which has been found out, is that the greatest amplitude of reflected Rayleigh wavefront
corresponds to inclination angle approx. 45°, not to 90°, where it could be expected.
The waveforms of reflected waves from acute angles (approx. 0° to 45°) have “random”
character-depending on the crack angle the time history curve is jumping around the zero axis. It makes
very difficult to set inclination angle according to that measured wave reflection shape.
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A shortening of reflections arrival times and, namely, rising of new reflection from crack’s tip in addition
to the expected “regular” reflection from the crack’s mouth is a very interesting phenomenon for relatively
sharp angles, see Figure 19a or 19b at the Distance round 0.8 m. Both reflections then propagate in a
parallel way. At obtuse angles (very inclined to surface as well, e.g. 140° and more) appears reverse
situation – delayed reflection from crack tip rises here and reflection from crack mouth nearly disappears,
see Figures 19a, or better 19b. These effects are most confusing for the detection of such cracks.

Figure 17: Two time histories of displacement perpendicular to surface of reflected waves from the
cracks inclined of 40° and 140°. Excitation 51 cm apart the crack, transducer 27 cm, the both
are located on the same side of the crack.
Inclined cracks – wave passing The wave passing the cracks very sharply inclined to surface is more
dumped if arriving from obtuse side (140° and more), see Figures 20a and 20b, than at the wave arriving
from acute angle side (approx. up to 40°), see Figure 19a. Similarly to the reflection – the waves like slide
on the crack back into the body and closely behind the crack is not developed enough yet. Rayleigh
surface wave grow up again farther behind crack, see Figure20a and the pair waves passing opposite
inclined cracks then become more similar. But generally, the differences are smaller in comparison to the
reflection, see Figure 18, compare with Figure 17.
The inverse tendency appears unexpectedly at passing the cracks being “more perpendicular” to the
surface (approx. 45° to 135°). The passed waves are more dumped by acute crack (up to 90°) than by
crack over the 90°.
If the wave passes very obtuse angled crack (over 140°), it emerges on surface above the crack tip (the tip
is near to the surface here). The wave then in part continues in the direction from excitation, and, in part
returns back. Here it collides with the crack’s mouth, and reflects into direction from excitation source as
well, parallel to the first wave front, but delayed. By this way the wave is split into two parts, see Figures
20a, 20b). If we place the transducer unhappily above such sharply inclined crack (behind its mouth in the
direction from the excitation), then the wave trajectory from excitation point (and therefore also arrival
time) is false extended and it can results in a total crack localisation failure.
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Figure 18: Two time histories of displacement perpendicular to surface of the waves passed through the
cracks inclined of 40° and 140°. Excitation and transducer are located 51 cm apart the crack
on the opposite sides of the crack
Generally it can be said, that the differences between the shapes of time responses of waves passed
through contrary inclined voids compared with equal perpendicular depth are greatly lesser (!) then the
differences between wave reflections. Hence it follows the wave reflection seems to be more efficient
way for the inclined crack detection.

Figure 19a: Time responses of wall section to excitation in front of an acute angled crack (10°). Taken
in all nodes at the line passing through the middle of the sample perpendicularly to the crack
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Figure 19b: Ground plan of Figure 19a

Figure 20a: Time responses of wall section to excitation in front of obtuse angled crack (170°). Taken in
all nodes at the line passing through the middle of the sample perpendiculat to the crack
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Figure 20b Ground plan of Figure 20a
7.

Detection of flat closed voids

We test here the possibilities of detection of flat closed voids (or thin cavity, splitting) situated parallel to
surface. Such flaws can be caused e.g. by expansion of corrosion products of reinforcing bars. These
products have up to 7 times greater volume than pure steel. Reinforcement corrosion (depends on the
depth) is incurred by diffusion of oxygen namely from the free surface and by its penetration through the
just arising concrete cracks in later phase of process. These current problems were in topics of several
papers on the CSNI/RILEM Workshop in Madrid (Pečínka, Morávka, Voldřich, 2004). The strain field
from reinforcing lattice (usually parallel to surface) is very conductive to creation of that cracks - parallel
to the surface. In more detail see
second next paragraph.
Numerical model is very similar to the
previous cases. The symmetrical half
of the wall section consists of more
than 70.000 3D 8-node elements.
Integration is employed up to time
t=1001 µs by 143 time steps ∆t=7 µs.
The flat square shape void size of 30
by 30 cm is situated in a half of wall
thickness, i.e. in the depth of 50 cm,
parallel to the wall surface, see
Figure 21.

Figure 21: Scheme of the task with void parallel to surface
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The void is deformed during loading and various waves passing. But, the global view of displacement
distribution doesn’t very considerably differ from specimen without any flaw. Of course, important
differences are here. Two time histories of displacement perpendicular to surface are compared in
Figure 22. The thicker curve corresponds to the specimen without any void and thinner curve to the
specimen with the void. The excitation and sensing place as well are located on the surface, 84 and
114 cm from specimen’s border, i.e. symmetrically, above opposite edges of the void. We can observe that
wavefronts of waves propagating directly along the surface are quite equal. The curves differ around time
250-450 µs, where reflections of dilatation and shear waves from the crack arrive. It is clear, the qualified
detection of these relatively small differences, in addition overlaid by earlier arrived Rayleigh wavefront
with large amplitude, will be very difficult.

Figure 22: Time histories of displacement perpendicular to surface. Thick curve for specimen without
crack, thin line with crack
The Figure 23 shows time histories of displacement perpendicular to surface taken on the whole straight
line crossing the center of specimen’s surface (2 m, whole 67 nodes). The excitation is situated in middle
of specimen in this case, directly over the void. The wavy character around times 300-400 µs in area
20-25 cm to both direction is a result of dilatation and shear wave reflections from the void. Transient
response to impact excitation in the larger distance from the crack is not considerably different from
specimen without a flaw.
It is evident, that upon the detection of closed voids parallel to surface the deflection caused by void
presence is relatively small, and, such void is possible to detect if the reflection points directly from
excitation to transducer only (like a ray reflection). The detection of this type cracks will be needed to
perform with smaller step on the wall surface and will be more difficult. The classical Impact-Echo
approach in frequency domain with periodical reflection between flaw and surface seems to be more
efficient in this case.
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Figure 23: Time histories of displacement perpendicular to surface of all nodes at line passing through
the specimen’s centre. For the specimen with flat closed void
8.

Detection of bulky cavities

The American Standard (ASTM, 1998) describes two techniques of Impact-Echo – the first part explains
the technique of dilatation wave speed setting employing two transducers at known distance. Second part
describes a measuring of flaw depth or plate thickness, consisting in finding dominant frequency which
responds to the periodic wave reflection between the flaw and free surface. By this approach it is possible
to detect flat voids and cracks (see end of previous chapter), bulky cavities or e.g. especially tendon ducts
in container of NPP. e.g. colleagues from IZFP (Fraunhofer Institut Zerstörungsfreie Prüfverfahren) in
Saarbrücken and in Dresden branch apply frequency approach. But, on the other hand, it is not possible (or
nearly is impossible) to detect flaws going up to the surface, such as various types of cracks treated above,
by this technique. In our work, we are generally testing different approach outgoing from the first part of
ASTM mentioned, e.g. (Morávka, 2005 - 2008). It leads to more complicated interpretation, but it can
bring some new information and advantages. We operate in time domain measuring arrival times of wave
fronts, which walk around differently deep or inclined cracks and according to this times and wave shapes
according to pre-computed standardised simulations we will deduce of the flaw nature, type, size,
orientation etc. In this part we attempt to compare both of approaches.
Numerical model is similar to the previous ones again - more than 70,000 3D elements, integration up to
time t=1001 µs by step ∆t=7 µs. We will test the possibilities of detection and localisation of a bulky
prismatic cavity size of 42 by 18 by 18 cm it three different positions with regard to the wall surface, see
Figure 24. In two cases the cavity is situated “horizontally”, e.g. parallel to the wall surface, The first one
is lengthwise to the line of sensing points, second is crosswise, perpendicular. Both are in depth of 21 cm.
In third case the cavity is in vertically standing position at a depth of 9 cm. For better understanding see
Figure 24
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Such and similar flaws can arise in concrete
structures e.g. by the presence of introduced body
(part of form), or as air cavities due to insufficient
compaction of mixture.
As mentioned, all simulations will be treated out in
time and frequency domain as well.

Figure 24: Scheme of the tasks with bulky cavities in three different positions.

Detection in time domain The bulky cavity detection is enabled by dilatation and share waves reflection
from cavity surface. The biggest
deflections are registered of course
directly over the cavity, but in other
place are noticed as well. It brings
next information about the flaw,
namely if the cavity surface is not
parallel to the specimen’s surface.
See example on Figure 25, the
displacements distribution in time
308 µs for specimen with lengthwise
cavity is displayed here. The
dilatation wave front oscillating
between cavity and surface just now
has arrived for the third time to the
surface and has created the visible
deflection there.

Figure 25: Displacements distribution at time 308 µs in specimen with
lengthwise oriented cavity. Symmetrical half of specimen
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Figure 26: Displacements time history for the cavity crosswise to the line of sensing nodes
Excitation located directly over the cavity
The regular reflections between the surface and the flaw are well recognizable in time histories of
displacement upon the specimen with lengthwise oriented cavity, Figure 27a. Reflection amplitudes are a
little expressed near the edges of the cavity (not presented here, similar to Figure 26. The reflection at the
same frequency appears at the crosswise oriented cavity as well, see Figure 26. It confirms equal depth of
both these flaws. The width of reflection band correctly corresponds to the cavity size – approx. 18 cm
Figure 26 or 42 cm (Figure not presented here). It is interesting, that the regular wave reflection at the
specimen with crosswise cavity Figure 26 can be observed even on that part of the surface not directly
above the cavity. It cannot be found upon the lengthwise cavity. The cavity in standing position has
smaller amplitudes due the smaller reflection area probably. But, it is closer to the surface, so the highest
corresponding frequency appears here; see Figure 28a.
In all, it can be said that the bulky cavity is in time domain well detectable in all three positions. Note, that
the cavity surface cannot be such planar and smooth as in our model. But, it must not be mattering. The
flatness would be regarded with comparison to the wavelength or actually to the measured frequency
bandwidth.

Detection confirmation in frequency domain As mentioned above, the frequency approach is suitable
at the flaws with some part of its surface even approximately parallel to the specimen’s surface. We will
try it to confirm agreement of both approaches using the same specimens with bulky cavities.
Figure 27a displays time history of response upon the specimen with lengthwise cavity. The excitation and
sensing node are identical, both located on surface over the cavity. The dominant frequency at period
approx. 100 µs can be seen at the first glance. The frequency of reflections f = 9.76 kHz responds to it if
we assume dilatation wave speed c1 = 4,101 m/s and cavity depth of 21 cm. The significant peak appears
really after the fast Fourier transform (FFT) execution; see Figure 27b.
Identical procedure has been employed upon the standing cavity. It is 9 cm deep only. Due to this fact we
can easy observe shorter period of regular reflections between flaw and surface, approx. 45 µs,
432

NEA/CSNI/R(2009)9
(see Figure 28a). The frequency 22.78 kHz responds to this period (upon proper wave speed and flaw
depth). As expected, this frequency can be clearly recognised on FFT as well, (see Figure. 28b).

Figure 27a: Response to excitation directly
over lengthwise cavity taken in the same
place

Figure 27b: FFT of response over
lengthwise cavity from Figure 27a

Figure 28a: Response to excitation
directly over standing cavity taken in
the same place

Figure 28b: FFT of response over
standing cavity from Figure 28a

Practical applicable technique of the unknown flaw detection is, of course, different, reverse – the
measured wave reflections are on-line transformed by FFT and then, knowing dilatation wave speed
(see the first part of ASTM mentioned) we are able to compute the flaw’s depth according to formula

H=

c1
2f

It was demonstrated on two previous examples that the “classical” ASTM technique in frequency domain
gives good results if the flaw has any surface parallel to the specimen’s surface. Only, the longest time
histories would be needed to take (or compute here).
However, applied measurement and results treatment can’t be realised by this way – one by one single
point. The diagnostic process needs to be automated. Some companies have a measuring frame with
moving beam in one direction. Transducer and impactor (placed closely to each other) move along the
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beam in transversal direction. In another solution the beam with instrumentation moves on the rails.
Passed rails are dismounted and placed forward. In such way it is possible to scan e.g. whole length of a
bridge at one time.
The data being scanned create co called Impact-Echogram, or, in the computation case, so called B-scan.
Such B-scan for the cavity in lengthwise orientation is displayed on Figure 29 a. For better explanation, it
would be noted, the every time history curve here is the response of every one excitation in the same
position (or very close) where the response is taken - unlike the all of previous figures (e.g. Figure 26),
where all time histories represent responses to one solitary excitation.

Figure 29a: B-scan of line passing
surface over the lengthwise is oriented
cavity

Figure 29b: B-scan of line passing
surface over the lengthwise oriented
cavity – embossed projection

Keystone of that diagnostic method is proper. The interpretation of acquired Impact-Echograms, whether
in time domain or in frequency domain and automation of flaw (or even suspicious situations) recognition
process. Due to these reasons it isn’t purposeless to try different types of Impact-Echograms displaying.
On Figures 29 is the same Impact-Echogram in different displaying, (Figure a) is standard surface map,
(Figure b) is embossed projection and (Figure c) is skinned and shaded surface map. The wavy area over
the 42 cm cavity can by seen very well in all of three displays. The skewed reflections from side edges of
specimen are unwanted and separate workplaces try to remove it by different ways.
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Figure 29c: B-scan of line passing surface over the lengthwise oriented cavity – skinned surface map
projection
The last Figure 30 shows the same Impact-Echogram for specimen with lengthwise oriented cavity as
Figures. 29a, b, c), but converted into frequency domain. Over the cavity position we can see outstanding
peak at the frequency 9.76 kHz, which in addition to the cavity position refers to its depth as well.

Figure 30: Frequency B-scan of line passing surface over the lengthwise oriented cavity – skinned and
coloured surface map projection
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There were compared approaches of Impact-Echo-Method in time and frequency domains. The main
result can be summarised - both approaches are successfully applicable if the flaw has even some of its
surface part parallel to the specimen’s surface.

9.

Proper filling confirmation of repaired cavities

In this part it will be presented a detection of repaired cavities filled by grouting mass CarboPur WF. We
will test, if it is possible to confirm by the Impact-Echo a proper fulfilment of a fixed cavity. Fill-in mass
CarboPur WF from Minova International Ltd. (see references) is synthetic resin based on polyurethane. It
is mixed from two components (A, B) and water before application. Due to water addition the mixture
froths at the filling process and final foam expands into all corner of cavity being repaired. It can be hardly
estimated in advance, if it will be possible to distinguish between empty, partly empty and whole fulfilled
cavity by the wave reflection.
Numerical models are cuts of the concrete wall sized 2 by 2 by 0.55 meters, see Figure. 31. But the
discretization of models differs here form all models above. It is needed to choose smaller elements to
describe relatively small holes properly. Despite of half-size reducing utilizing a planar symmetry we have
employed more than 182,000 3D elements size of 1.5 by 1.5 by 1.5 cm. Time integration includes
143 steps sized ∆t=3.5 µs.
The single point excitations are step by
step applied on the specimen’s surface
at the straight line going cross the
specimen’s centre. This 2 meters line
consists of 67 excitation points shifting
by 3 cm step (every other node). The
responses – i.e. time histories of
displacement perpendicular to surface are taken for every computational task
(i.e. for every excitation) from all of 134
nodes located on the same line where
excitation shifting, see Figure 31.
There were computed three sets of
responses as a whole, every including
67 computations for separate positions
of excitation as described above. The
first set responds to the specimen.

Figure 31: Scheme of the tasks with drilled holes to
being filled by CarboPur WF
without any flaw, second set is computed for the specimen with three drilled holes with diameters 5, 15
and 10 cm and third set is the same body, but the holes are filled by grouting mass CarboPur WF at the
foaming rate 4.
These computations are more time extensive, because the number of operation responds to third power of
the matrix size i.e. approx. number of elements. Two sets of 14 processors of META Centrum’s grids
were employed.
We have tested, if it is possible to confirm proper fulfilment of fixed cavity by Impact-Echo. Here we have
extracted some results, on which the utmost difference between three models mentioned above could be
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expected. Time histories of displacement perpendicular to surface have been taken near the biggest central
hole (diameter 15 cm, in depth 29.5 cm). The excitation point and the transducer for these examples are
located on the same surface at the opposite side of this hole (both approx. 16 cm from the hole, being
measured on the surface). By such way, the maximal reflection from holes surface can be detected (like
ray reflection).
A comparison of responses of body without any cavity and specimen with drilled holes we can see on the
Figure 32. The thick curve responds to the specimen without any hole (cavity) and thin one responds to
the specimen with empty (not fixed) holes. The both curves are quite identical upon the surface
wavefronts passing, up to time 233 µs, when the shear wave reflection (not faster dilatation wave!) from
the top surface of hole has arrived. Since this time the curves starts to differ. We have found out here the
findings similar to detecting the concrete-steel boundary, see Morávka and Voldřich (2003 and 2004a), i.e.
first the shear wave front reflection brings the first substantial information.
A similar comparison of two curves we can find on Figure 33. The positions of excitation and sensing are
the same, but responses of the specimen with empty holes (thin curve) and specimen with holes filled by
CarboPur WF (thick curve) are compared here. It is apparent on the first sight, that the differences are
quite neglectable. It doesn’t make possible to distinguish between wave reflections from
CarboPur-concrete boundary and reflection from free concrete surface. So-called acoustic impedance (E/ρ
ratio) of concrete and CarboPur foam are very different, whilst foam behaves similar to a free concrete-air
boundary.

Figure 32: Comparison of time histories of displacement perpendicular to surface for full-concrete
specimen and for reflection from the central empty hole

437

NEA/CSNI/R(2009)9

Figure 33: Comparison of time histories of displacement perpendicular to surface for reflection from the
central empty hole and the same hole filled with CarboPur WF foam
Next figure (Figure 34) represents responses on excitation in the centre of specimen (above the hole of diameter
15 cm). This is a case of specimen with empty holes. The face axis “Distance” is geometrical position from the
specimen’s edge. We take time histories of displacement perpendicular to surface from each of all 134 nodes
on this 2 meters long line going cross the whole specimen (perpendicularly to the three drilled holes). In such
global view we can see whole response on excitation in one selected point. Two triangular areas ahead are
divided by dilatation wave front. But it cannot be seen on this scale, because the deflections caused by
dilatation wave are relatively small. The outstanding wavefront belongs to the fronts of shear wave and surface
Rayleigh wave. Their wavefronts coincide partly each other, as their velocities are similar. The discontinuous
line behind the Rayleigh wave face at the time approx. 270-300 µs belongs to the dilatation wavefront reflected
from the specimen’s bottom. This line would be smooth and continuous in the case of specimen without the
holes (not depicted here). The holes prevent reflection to return from bottom to surface. On the other hand, we
can clearly observe direct reflections shear waves from upper part of holes surface. They are pointed by arrows
in Figure 34. If we animate this figure moving the excitation point position, we could easily distinguish
reflections from every separate hole.

Figure 34: Responses to the excitation in middle of the specimen taken from all nodes on 2 m line going
through the specimen. Specimen with empty holes
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It is useless to display here the next figure with responses of specimen with holes filled by CarboPur WF.
It looks nearly exactly like the response of the body with empty holes, Figure 34.
It is very complicated task for various diagnostic methods to confirm proper filling of the cavities. Ultrasound
and georadar on the specimen in NRI Řež don’t succeed as well. Radiography also probably won’t distinguish
empty space from CarboPur foam. The Impact-Echo method is very simply applicable and therefore it was
useful to try it on this task as well. But unfortunately it must be submitted, that Impact-Echo method is not able,
in practice, distinguish cavity filled by CarboPur foam from empty or partly empty cavity. It is not possible to
confirm repairing success and verify proper cavity filling reliably by this way. Consequently, these numerical
predictions will be verified on real size (1:1) specimen in NRI Řež.

10. Detection of cracks initiated by strain from expansion of steel corrosion products
The very first study of the detection of pure reinforcing rods (without corrosion) has been done early, see
page 4 above. Now we here present more precious detection and localisation of cracks caused by products
of corrosion expansion, including the reinforcing presence as well.
Depending on the cover layer thickness, the oxidative elements diffuse into concrete body. Here they
attack steel reinforcing (rods, lattice) and with water presence start electrochemical corrosive reaction.
Products of corrosion have up to seven times larger volume than original pure steel. It results in large
radial pressure and mainly tangential tensile strain in reinforcing rods surroundings. The growing strain
can leads up to concrete failure and cracks development. Cracks can grow as the corrosive process
continues. Rapid aggravation starts when the cracks achieve the open surface. Now corrosive processes
accelerate. In the lattice reinforcing case growing crack can join each other. It leads up to the delamination
of whole covering layer.
On the contrary, the covering concrete layer is wanted to be minimized from the mechanical design point
of view. So, the corrosion generally remains as serious problem of all reinforced concrete structures.
So it is very important to find out early the starting phase of cracks growing. We try here to confirm, if it
is possible to detect such flaws at their starting phase before substantial development and, namely, before
their appearing on the surface by the Impact-Echo method.
We collaborate with two workplaces from the Faculty of Civil Engineering, University of Technology in
Brno, on this problem. Colleagues on the Institute of Building Testing are finishing verification
experiments. The main problem here appears the technique of internal pressure introduction. Some
possibilities are thinking over – pressure hosepipe with oil inserted into the drilled holes or some mixture
of chemical expansive masses. Technical difficulties must be solved in a both cases.
On the numerical part of work we closely cooperate with another workplace of this Faculty – with
Institute of Structural Mechanics. Here they are interesting in the analytical and numerical solutions of the
crack development, see Matesová and Vořechovský (2007). They use nonlinear finite elements code
ATHENA, see Červenka and Pukl (2005). A material constitutive model based on a smeared approach is
applied here to accept concrete nonlinear behavior. Smeared approach can successfully describe crack
propagation. Partly was used fracture-plastic model named NLCEM as well. Expansion of corrosion
products has been introduced by application of negative shrinkage of the steel reinforcement elements. At
first, the deterministic model was tested. But uniform distribution of cracks round the bar is not very
realistic. So, the stochastic model was employed in the next step. Real concrete has not quite uniform
properties in its volume. The spatial variability of material was introduced into model by random fields of
concrete parameters. It disturbs rotational strain symmetry and introduces damage initialization more
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similar to real life. The results of program ATHENA were verified and adjusted with analytical models
proposed by Liu and Weyers and Li et al. (referenced in Matesová and Vořechovský (2007) as well).
These results (a map of crack) will be consequently used for Impact-Echo simulations. There were ordered
models with reinforcing geometry corresponding to the design of NPP Dukovany concrete structures. Two
numerical models of crack growth were realised in Brno by ATHENA program. First experiment consist
of one reinforcing rod, second simulate reinforcing lattice by three parallel rods. Crack developing at
step-by-step rust expansion was simulated as 2D problem by ATHENA code. We can see the result at
latter phase of crack growing on Figure 35 (one rod) and Figure 36 (three rods). These “crack maps” were
exploited as input in our consequent 3D models of wave propagation.

Figure 35: 2D of a crack distribution at latter phase by ATHENA program in specimen with other rebar.
According to Matesová and Vořechovský (2007)

Figure 36: 2D of a crack distribution at latter phase by ATHENA program in specimen with lattice
reinforcing. According to Matesová and Vořechovský (2007)
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Numerical models of Impact-Echo diagnostics are
realised by finite element method again. We
simulate fast transient processes of elastic wave
propagation in the cuts of the concrete wall sized 0.5
by 0.5 by 0.1 meters (one rod) and 0.9 by 0.5 by 0.1
meters (lattice), see Figure 37. The measures of
0.1 m are expanded by using semi-infinite elements
to represent 2 m thick walls in NPP. Using planar
symmetry we can solve half-reduced models
consisting
of
approx.
105,000, or 180,000 3D
8-nodes
isoparametric
elements with full integration.
The discretization must be
finer here to be able to
correctly describe relatively
small reinforcing rods and
some cracks. So that, the
element’s edges has been
chosen sized 5 mm only. It
would lead to the huge
models being over computation
Figure 37: Scheme of the model with one reinforcing rod and
possibilities. Therefore, the massive
model with lattice type reinforcing. Cracks are not
part of pure concrete inside of the
depicted here
walls was replaced by semi-infinite
elements. These elements can be used to model unbounded media in one direction. In this semi-infinite
direction, the interpolation functions are exponential, such that the displacement function is zero at the far
domain. Time integration step with regard to the element size was chosen ∆t=1.2 µs. Time integration consists
of 200 steps and it is executed up to time t=240 µs, from where the results starts to be devaluated by the wave
reflections from the lateral and rear specimen’s borders. The final computations we realised in parallel, on
META Centre academic network. 14 processors have been used for every task (because we can use 28 MARC
licenses).
Real specimens with the same reinforcing are located in cooperating experimental laboratory in NRI Řež
and specimens intended to destructive tests are finished on the Institute of Building Testing in Brno.
Thickness of these experimental bodies was proposed at 0.5 m. It has been found by the numerical tests in
ATHENA that this boundary is sufficiently far from reinforcing to don’t considerably affect strain field
induced by expanded corrosion.
The single point excitations are step by step applied on the specimen’s surface at the straight line going
cross the specimen’s centre. This 0.5 or 0.9 meters long line consists of 51 or 91 excitation points shifting
by 1 cm step (every other node), see Figure 37. The responses – i.e. time histories of displacement
perpendicular to surface - are for every case (i.e. for every excitation) taken from all of 101 or 181 nodes
located on the same line where excitation shifting. There were computed two sets of responses, every
counting 51 and 91 extensive computations for separate positions of excitation as described here. The first
set responds to the reinforced specimens without any flaw, second set correspond to the specimens with
crack in stage depicted on Figures 35 and 36.
First illustrative result you can see on Figure 38. The displacement distribution in time 60 µs for the part
of lattice reinforcing shows how cracks prevent wave propagation. This crack development is in later stage
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when splitting of cover layer occurs already. Splitting is dominant wave barrier which can be detected by
Impact-Echo quite reliably.

Figure 38: Displacement distribution at time 60 µs for the part of model with lattice type reinforcing
Next two graphs, Figures 39 and 40, represent comparisons of time histories taken from points, where the
outstanding reflection from rod can be expected (similarly to reflection from holes in previous paragraph).
Figure 39 belongs to the specimen with one rod and Figure 40 to specimen with lattice type reinforcing. In
the both cases, the thin line is time history taken from specimens with rod without crack and thick lines
respond to the concrete damaged by crack development.
We can here utilise all opinions obtained by simulation of previous simpler flaws. At first we can see how
the crack coming up to surface rapidly prevents Rayleigh wave propagation. Two sharp peaks on thin lines
are Rayleigh wavefronts (respond to the start and end of excitation force action). These peaks are filtered
on the thick lines. Second utilised opinion is a fact that the shear wave reflection brings first information
about the rod presence. It can be observed around the time 34.7 µs. The presence of splitted layer is
indicated by the bigger difference of lines at Figure 40 than Figure 39.
Next Figure 41 displays all time history responses on excitation at distance 0.2 m for the lattice type
specimen. Excitation is located near the middle rod. Single response in distance 0.3 m was displayed
already in Figure 40 by thick line. Here we can to observe, that the curve from Figure 40 is located behind
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the crack which has arrived to the surface. This crack at distance 0.26 m can be clearly recognised. It
disturbs the outstanding Rayleigh wave face and shifts it (with reduced amplitude) to the later time (see
earlier opinion as well).

Figure 39: Comparison of time histories of displacements for the specimens with and without the crack.
One rod reinforcing

Figure 40: Comparison of time histories of displacements for the specimens with and without the crack.
Lattice type reinforcing
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Figure 41: Displacements time histories for the specimens of lattice type and with cracks
Excitation at the distance 0.2m
Generally, it can by very hardly estimated, how the cracks can be located. Some wave reflection can by
multiple, e.g. among two cracks, or reinforcing rod surface. Situation can be made more clearly from the
B-scan (e.g. see Figures 29 a, b, c) of some larger part of specimen’s surface. Definitely useful it will be
comparison of Impact-Echo response of defectless structure with state after some exploitation time.
These computations will be verified by experiment as well. Colleagues from Institute of Building Testing
in Brno want to realize a set of experiments with different stage of cracks development. If they will
succeed, the Impact-Echo diagnostic will be probed on their specimen before specimen’s cutting.
Analytical and numerical predictions of Matesová and Vořechovský (2007) mentioned above will be
confronted after the specimens with crack will be cut.

11. Conclusions and next activities
Main goal We are finishing extensive database of pre-computed transient responses on Impact-Echo of
the specimens with typical flaws, e.g. surface crack, internal crack and void, bulky cavities etc. We
propose to perform the real flaw detection and localization by scanning surface of the tested structure at
approximately 10 cm long intervals. It would be, however, more convenient to measure the responses in
two directions perpendicular to each other. The final arrangement will consist of the excitation mechanism
and transducer at the fixed distance between them. The measured data will be subsequently automatically
compared with the computed database. The places, where the agreement with pattern of any flaw will be
found closer, will be indicated as “candidates” for flaw and they should be measured more precisely.
Hoping, it will be possible the discovered flaw more specify (e.g. type, size, depth).
Classical approach of Impact-Echo method in frequency domain is not refused anywise. It is more
convenient for the flaws, having some part parallel to surface of tested body. But, it seems, for other flaws,
e.g. crack perpendicular to surface, that the approach in time domain (transient) will be preferable, it will
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enable to give a better detection or more information. Definitely, it will be suitable to combine and
complement both approaches each other.

Note on numerical extensive demands The numerical models parameters were discussed above already.
But, it is needed to accent the main limitation of numerical transient simulation by FEM. To satisfy some
frequency being transferred by model, the maximal specific element size must not be exceeded. And, in
addition, it is necessary to keep uniform element size in whole model. The same stands about time
discretization. It finally leads to very large systems of algebraic equations, huge numerical jobs,
exhausting many computer resources. Unfortunately, the way how to pass this limitation by isn’t known
yet.
The computation of every one loading state takes about 25 hours on 3 GHz 32-bits computer with Intel
Pentium IV processor, 2 GB RAM and SCSI HDD. Most of computations of course were realised in
parallel on clusters of national academic net of META Center. One loading task takes approx. 30 minutes,
upon the 8 cpus Pentium 4 Xeon, 3 GHz, 2 GB RAM, connected by fast GigaEthernet. The greater task
(e.g. filling by CarboPur or cracks from corrosion) we compute up to on 16 cpus and one task takes some
hours (depending on which processors). Here is a chance to say thanks to ing. Kňourek, PhD. from
Computer Centre of Westbohemian University for his very kind and useful technical help in the
complicated world of many processors.

Transducer The choice and design of a suitable transducer for the Impact-Echo application is a special
task. It is needed to measure displacement or acceleration time histories around the first wave fronts
arrivals. A “non-resonant” transducer would be suitable, i.e. transducer with so low resonant frequency, so
that it will not start to vibrate during measure process. But, we haven’t found such or similar in the market.
Therefore, except for buying a commercial sensor from Bruel & Kjaer, we try to modify very sensitive
transducer originally proposed by Proctor (1982 and next papers). That transducer has been tested in the
Czech Republic in the 80’s and the 90’s for acoustic emission method purposes, Koberna (1993) and has
been successfully employed in laboratory on steel structures, e.g. Hora et al. (1994), Morávka (2000,
2001). The difficulties with electricity conductive connection of metal and ceramics part are solved. Now
we have some prototypes of new design under testing.
The problem of appropriate Impact-Echo Excitation system is next separate wide task. In the industry
application it is needed automated and reproducable excitation at required intensity and duration to excite
required frequency band. And, in addition, automated excitation will be able to set starting time of wave
propagation. It is important for the interpretation of results in time domain, Yiching et al. (2004).
Commercial firms and other laboratories solve the excitation by different ways. e.g. Danish firm Germann
Instruments or American Impact-Echo Instrument employ in their systems sets of hardened steel balls of
diameters from 5 to 15 mm. These balls, fixed by small springs, compose so called “spider”. Danish
company Dantec Dynamics uses excitation by miniature hammer for their optical measurement of
Impact-Echo responses. The excitation by long punch we had under consideration – it would excite pure
jump instead of impulse. Colleagues in BAM Berlin (Bundesanstalt für Materialforschung und -prüfung)
use for their automated measurements a small punch controlled by servomotor.
Now, we are developing excitation by “reversed transducer” using piezo-effect. It could fix the problem of
reference time (impact time), which is needed to know if the measure in time domain, would be
reproductable, adjustable and automatise-able. One scalable prototype will be made yet.

Industry measurement The extensive real measurement must be automated. As it has been mentioned
above, some advances and techniques are being tested and applied as well. Now, we are under thinking
about a mobile unit which consists of transducer and impactor closely to each other. The unit would be
moved by vacuum holders even on non-planar surfaces. But, it is now an idea only.
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As part of the whole project are the test of measurements by different diagnostic methods on six real
concrete specimens in INR Řež, cast with known flaws in scale 1:1, typically parts 2 by 2 by 1 meter. The
ultrasound diagnostic is applied by company Inset Prague, branch Liberec and Faculty of Civil
Engineering of University oh Technology in Brno, optical pulse method ESPI by Musical Faculty Prague,
X-ray by Civil Eng. Faculty Brno and last but not least our Impact-Echo with B&K transducer and with
transducer and impactor of own design.
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Ultrasonic Imaging in Concrete
Guillemette Ribay, Olivia Paris, CEA, LIST, France
Jean-Mathieu Rambach, IRSN, Institut De Radioprotection Et De Sûreté Nucléaire
IRSN/DSR/SAMS/BAGCS

Abstract
The third and final protection barrier confining nuclear reactors is usually a concrete containment
structure. Monitoring the structural integrity of these barriers is critical in ensuring the safety of nuclear
power plants. The Institute for Radiological Protection and Nuclear Safety (IRSN) in France in
collaboration with the French Atomic commission (CEA/LIST) has developed an ultrasonic phased-array
technique capable of inspecting thick concrete walls. The NDT method is dedicated to detect cracks and
bulk defects.
Given the thickness of the structure (1.2m) undergoing inspection and the heterogeneity of the concrete,
the optimal frequency lies in the 50-300 kHz range. At these frequencies, the ultrasonic beam profiles are
widespread (non-directive) with poor signal-to-noise ratio. Previous studies have shown the potential of
using phased-array techniques (i.e., beam focusing and beam steering) in order to improve detection
resolution and sizing accuracy.
In this paper we present experimental studies performed with array up to 16 transducers working at
200 kHz. Experiments are carried out on representative concrete blocks containing artificial defects. One
is a reinforced mock-up representative of the first reinforcing mesh of wall containment. Experimental
results show that in spite of the reinforcement, artificial defects deep as half a meter can be detected.
Reconstructed images resulting from phased array acquisitions on an artificial crack embedded in a
concrete block are also presented and discussed. The presented method allows detecting oriented defects
in concrete with improved signal to noise ratio and sensibility.
A simulation model of the interaction of ultrasound with a heterogeneous medium like concrete is briefly
commented.
keywords: concrete, ultrasound, NDE, phased array, reinforced concrete
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1.

Introduction

Wall containments in Pressurised Water Reactor are extremely important because they must retain
radioactive materials if an accident should occur. These walls are made of reinforced concrete with
thickness varying from 0.9m to 1.2m. Various phenomena are susceptible to induce ageing of these
structures, with the creation of bulk or surface flaws, such as cracks, porosity and lamination1. It is
therefore essential to detect non-destructively flaws in the structure to ensure the integrity of the wall
containment. Ultrasounds were identified as having a great potential to inspect such thick concrete
structures2,3.
The objective of this work is therefore to develop a non destructive evaluation method using ultrasonic
phased array transducers to detect and characterise bulk flaws in thick reinforced concrete.
In order to choose an optimum inspection configuration (number of transducers, type of transducers,
appropriate post-processing, etc), simulation tools can be very useful. Therefore, we present here some of
the possibilities of the CIVA software that were developed to take into account heterogeneous media such
as concrete.
Then, experimental results are presented. Due to the concrete high heterogeneity, transducers with a
central frequency ranging from 50 kHz to 250 kHz are usually used. Here we chose wide bandwidth
200 kHz frequency transducers, whose relatively small diameter (34mm) enables beam steering with
reduced side lobes. Two mock-ups are tested. The first one is made of plain concrete and includes an
artificial crack composed of different oriented facets localized at different depth. The second is a
reinforced concrete mock-up representative of the Nuclear Power Plant wall containment.

2.

Mock-ups used in experiments

2.1 Plain concrete mock-up
Both mock-ups are made of concrete whose formulation is typical of Nuclear Power Plant wall
containment, where the maximum size of aggregates is about 25mm. The first one, 800x800x600m3,
includes an artificial crack made of four facets. Each facet has a surface of 40x70mm2 and is located from
200mm up to 500mm below the inspection surface. They are tilted from 10° to 20° (see Figure 1).

1

Refai T. M (1992): “Review of NPP concrete degradation factors and assessment methods”, Processing of structures congress,
Texas.
2
Shickert M. (1995): “Towards SAFT imaging in ultrasonic inspection of concrete”, International Symposium Non Destructive
Testing in Civil Engineering (NDT-CE) 411-148 September 1995.
3
Paris O., Ph. Brédif, O. Roy (2003): “Study of phased array techniques for cracks characterisation in concrete structures”,
International Symposium Non Destructive Testing in Civil Engineering (NDT-CE) 411-148.
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crack
P1 (211 mm)
P3 (294 mm)
600 mm
P5 (419 mm)
P7 (480 mm)

50mm square
flat bottom
holes

Figure 1: Plain concrete mock-up (on the left) and position of the multi-facets flaw included in it (on the
right).
2.2 Reinforced mock-up
The reinforced mock-up includes 25mm diameter cylindrical steel bars forming a grid and located 90mm
below the inspection surface (Figure 2). Seven artificial plane square flaws are located between 300 and
500mm below the surface. They are tilted between 0° and 20° and embedded either directly below one or
two steel bars, or in the middle of the grid.

Figure 2: Reinforced mock-up used in experiments: 3D view (top), and defects position in the mock-up
(bottom)
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3.

Simulation tools of concrete structures

Simulation is essential to define and optimise inspection techniques for complex components. For the
ultrasonic inspection of concrete, simulation tools are very useful to optimise transducers (aperture,
frequency), to design arrays and to assess methods and processing.
CIVA software gathers simulation modules which are used in this study to define and optimize ultrasonic
inspection methods for concrete. Ultrasonic field computations are performed to design arrays of
transducers and to characterise transmitted beams in concrete. The heterogeneity of concrete leads to
various phenomena such as attenuation. A homogenisation model was implemented in CIVA in order to
take into account phenomenon linked to attenuation4.
The model is based on the information of the distribution, the density and the sound velocity of granulates
and mortar. After homogenisation, the frequency dependent attenuation law is deduced, as well as the
mean longitudinal velocity in the homogeneous equivalent medium.
Delay laws can be computed by the software in order to focus or steer the ultrasonic beam. An example of
field computation for two different delay laws is presented in Figure 3. The field transmitted by a 3x3
matrix array transducers at 200 kHz is computed. On the left, delay laws are applied to focus the beam at
200mm in depth, with 0° inspection angle. On the right, delay laws are applied to focus the beam at
300mm in depth, with 15° inspection angle. The amplitude of the field is represented in colour scale.

600 mm

600 mm

41 mm

300 mm

L15°, 300mm-deep focusing

200 mm

L0°, 200mm-deep focusing

66mm

Figure 3: Wave field computed with CIVA software for two different delay laws: focusing at 0° and 200mm deep (on the left), and at 15°, 300mm-deep (on the right)
Computations of the interaction of the incident beam with defects in concrete (side drilled holes, Flat
bottomed holes, facetted cracks) can also be performed in order to assess the detection capabilities of
techniques. An important limitation for the inspection of concrete is the high level of noise which results
from the heterogeneous structure. A model was implemented in CIVA to predict this effect4. This model
allows computing noise in the structure considering simple scattering on a distribution of scatters
representative of the inclusions in concrete.
An example of defect response prediction is presented in Figure 4. The testing of the facets P1 and P3 in
the plain concrete mock-up, with 3x3 transducers using longitudinal waves at 15° focused at 300 mm in

4

O.Paris, ECNDT , « Study of Passed Array Techniques for Concrete Inspection », Berlin 2006.
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depth is computed and compared to the measurement. The transducers are mechanically scanned in order
to display Bscan images. The comparison between simulated and measured results shows a good
agreement in terms of amplitude and signal to noise ratio.

Focusing on P3
L15° at 293mm

Figure 4: Non destructive testing of a two tilted flaws with 9 transducers: measurement (on the left), and
simulation with CIVA software (on the right)
4.

Experimental results

Wide bandwidth frequency (around 100%) transducers at 200 kHz are used in pulse-echo mode. Square
2D array are used, either with 3x3 or 4x4 elements. Transducers are mechanically displaced in order to
scan the surface of the concrete. A multi channel system, developed by M2M Company, allows driving
the transducers and adjusting their relative parameters such as delay and amplitude laws. The signal of
excitation is a 70 V square pulse. The coupling is a film of water and the probes are spring loaded in order
to compensate for the variations at the surface of the block due to possible roughness. The sampling depth
allows inspecting up to 1 meter of concrete.
4.1 Experiments on the plain concrete mock-up
A first experiment is performed to detect the flat bottom holes with a 3x3 transducers array. During the
experiment, the transducer array is scanned above each defect, using an adapted delay law computed to
focus the beam along the L0° axis at the defect depth. The signal to noise ratio (SNR) of defect echoes is
displayed in the following table.
Defect T1

Defect T4

Defect T2

Defect depth

200 mm

400 mm

500 mm

Signal to Noise Ratio

13 dB

11 dB

6 dB

In order to improve the detection of the deepest defect (T2), further experiments with a greater number of
transducers (16) are performed.
To check the possible improvement of such an array, the fields transmitted by the 3x3 or 4x4 transducers
arrays are computed with CIVA software. Results are presented in Figure 5.
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4x4 transducers

3x3 transducers

500mm

500mm

x-axis

amplitude (dB)

amplitude (dB)

x-axis

x-axis (mm)

x-axis (mm)

Figure 5: Top left: wave field transmitted by a 3x3 transducers array when delay law is applied to focus
the beam 500mm-deep; bottom left, amplitude of wave field at 500mm. On the right, same
computation with a 4x4 transducers array
The beam width measurement using a 3 dB drop method shows an improvement of the lateral resolution
of about 20% with the 4x4 transducers array.
The 4x4 transducers array is scanned above flat bottom holes in the mock-up. The experimental result on
the deepest defect (T2) is presented in Figure 6 and compared to the result obtained with the 3x3
transducers array. The signal to noise ratio (SNR) is increased of 2 dB using the 4x4 array.

9 transducers

T
T2

Flat bottom hole

depth (mm)

scanning

SNR =6dB

Backwall echo
Scanning (mm)

T2

depth (mm)

16 transducers
SNR =8dB
T2
Backwall echo
Scanning (mm)

Figure 6: Scanning above the defect T2: experimental setup (on the left), True-Bscan images obtained
with a 9 transducers array (middle) and a 16 transducers array (on the right)
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Experiments are performed on an artificial defect simulating a crack. This defect is more representative of
a real defect which can be irregular in shape and is approximated by tilted facets. To detect such a defect,
an angular scanning combined with a mechanical displacement of the array is applied. The angular
scanning is chosen in order to improve the detection of an irregular defect, considering that on a real crack
the exact profile of the flaw is unknown.
Delay laws are computed to focus the beam at 500mm in depth with angles varying from -10° to 20°. Data
processing is applied to display a cumulative sector scan of the artificial crack. The data-processing
consists in combining signals coming from the same area of the inspected volume along the scanning.
Results of this inspection are presented in Figure 7. The four facets of the crack are well detected (see
following table).

Side view
X-axis

array
displacement

x
10°

500mm

Amplitude scale
adapted to the
mock-up deepest
part

P1
P3
depth
Profondeur
(mm) (mm)

-20°

P5
P5

P5
P7

P7

X-axis (mm)

Figure 7: Experiment above the multi-facets crack, with 16 transducers: experimental set-up
top), and average of all ray-model based images (bottom). The theoretical crack and
backwall profile is drawn in white dashed line
Defect
Signal to Noise Ratio

P1
16dB

P3
13dB

P5
17dB

P7
12dB

The signal to noise ratio measured on the deepest facet (P7) is 12 dB, which is quite significant to ensure
the detection of the defect. This inspection technique seems to be a promising way to detect cracks in
concrete.
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4.2 Influence of reinforcement
The influence of reinforcement is studied by simulation. Transmitted beams are computed considering
steels bars embedded in concrete 90 mm below the inspection surface.
The field transmitted by a 3x3 transducers array is simulated in concrete with and without reinforcement.
The first reinforcement barrier is approximated by steel bars of 25 mm in diameter. Delay laws are
applied to focus the beam at 0° and 500mm in depth. The transmitted fields at 500mm in depth with and
without reinforcement are presented in Figure 8. Results show that the reinforcement leads to an increase
of about 10 % in the beam width and to a decrease of 2dB of the maximum value of the wave field.

Steel bars
500mm
concrete

concrete

with reinforcement

y-axis (mm)

y-axis (mm)

without reinforcement

x-axis (mm)

x-axis (mm)

Figure 8: Wave field computed with CIVA software with a 3x3 transducers array, with reinforcement (on
the right) or without reinforcement (on the left).
Experiments are then performed on the reinforced mock-up. The transducers are used in pulse-echo mode,
with delay laws computed in order to steer the ultrasonic beam normally to the defect surface. Results on
defects D2, D3, D4 and D5 are presented in Figure 9. D2 and D5 are identical (tilted by 15°, 400mm deep)
but D2 is located in the middle of the reinforcement grid, whereas D5 is below two steel bars crossing.
D3 and D4 are at the same depth, both located under one steel bar, and tilted by 10° and 20° respectively
as can be seen in Figure 9, defects D3 and D4 are well detected.
Due to the reinforcement, D5 is detected with a lower amplitude than D2, but the signal to noise ratio is
quite significant (SNR : 9 dB).
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Figure 9: Detection of tilted defects in the reinforced concrete mock-up by 9-transducers array, with the
appropriate delay laws (L15°P400mm for left and middle image, L20°P300mm for right
image)
As a conclusion, the first reinforcement in the concrete wall containment slightly degrades the detection
capabilities, but defects of 70x70 mm can even be detected under steel bars crossing up to 500 mm in
depth.

5.

Conclusion

In this paper, ultrasonic phased array techniques for the inspection of thick concrete are presented. The
techniques were developed and assessed using CIVA simulation software. Specific models were
implemented in the software in order to take into account the heterogeneous structure of concrete. These
models allow predicting the main effects of the material such as attenuation and structural noise. It is
therefore possible to optimise transducers design in order to minimise beam disturbances due to the
concrete structure or the presence of reinforcement. The prediction of defect response allows assessing
inspection techniques in terms of detection sensitivity and signal to noise ratio.
Experiments were conducted on mock-ups using low frequency transducers. Pulse echo inspection modes
based on depth focusing and beam steering enable the detection of planar defects, with a minimum surface
of 50x50mm2, tilted up to 20° and embedded at depth up to 500mm below the inspection surface.
The influence of reinforcement encountered in wall containment in Pressurised Water Reactor was
evaluated both through simulations and experiments. It was shown that the reinforcement slightly
degrades the detection capabilities for defects located under steel bars crossing. Nevertheless planar
defects of 70x70 mm2 were detected up to 500 mm in depth.
The possibilities of ultrasonic inspection of concrete were demonstrated in laboratory. Further
technological developments should be done in order to adapt these inspection techniques to in-situ
environment.
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Experimental Stend of Nuclear Research Institute Rez plc for Qualification of ISI Techniques
Ladislav Pecinka, Nuclear Research Institute Rez plc, Czech Republic
Petr Cikrle, Brno, University of Technology, Faculty of Civil Engng., Czech Republic

Abstract
For education, training and qualification of NDE personnel in NRI Rez was constructed and now is
operated experimental stend. Consist of 5 concrete specimens with artificial defects, isolated reinforcing
bars, holes, internal liner and grid of reinforcing bars. Dimensions of specimens are 2 × 2 × 1 m. Many
measurements have been performed using Impact – Echo method, ultrasound, high frequency radar and
laser. Results of UT measurements are presented.

1.

Introduction

In-service inspections of containments have highest priority in the programme of long-term operation of
existing NPPs [1]. Due to fact that containments are classified as thick walled pre-stressed concrete
structures with reinforcement and many holes and ducts, education, training and qualification of NDE
personnel shall be basic requirement for validity of obtained results. It was main reason for design,
construction and operation of experimental stend in NRI Rez [2]. The overall view is illustrated in
Figure 1. Characteristic features of individual specimens are as follows [2]
− Specimen № 1 (2 × 2 × 1 m) with two isolated rebars and artificial internal cavity, (see Figure 2).
− Specimen № 2 (2 × 2 × 1 m) with internal liner, see Fig. 3. In the liner were manufactured defects,
(see Figure 4).
− Specimen № 3 (2 × 2 × 1 m) with three drilled holes of different diameter, (see. Figure 5).
− Specimen № 4 (2 × 2 × 1 m) with grid of reinforcing bars, (see Figure 6). The grid is the same as in
NPPs with WWER 440/213 reactors.
− Specimen № 5 (2 × 2 × 1.2 m) with reinforcement and ducts for pre-stress tendons, (see Figure 7).
This one represents part of containment of NPP with WWER 1000/320 reactors.
Concrete used in these specimens has the same properties as in NPPs. The diameter of reinforcing bars
and internal diameter of ducts in specimen № 5 is also the same as in NPPs.

2.

Results of UT measurements

The TICO device, (see Figure 8) was used. Results obtained are as follows:
− Specimen № 1, the task was detection of internal cavity. Evaluation of measurements is illustrated
in Figure 9. Different colours represent different velocities of UT waves. The cavity was detected.
− Specimen № 3, the task was detection of three drilled holes with internal diameters 50, 100 and 150 mm.
Evaluation of results is illustrated in Figures 10 and 11. The different ranges of UT velocities were used.
− Specimen № 5, the task was detection of ducts. Measurements were successful, (see Figure 12).

505

NEA/CSNI/R(2009)9
To minimise leakages of containment due to hidden cavities the special two component resins Sikadur or
CarboPur WF [3] are applied i.e. injected. Obviously the dimensions of the cavity are unknown and the
task is as follows: is it possible to detect range of filling by the using standard ISI methods?
As the first step the dynamical properties of resins have been measured [4].
In the next Table 1 are summarised methods used for the measurement of shear waves velocity. The plates
400 × 400 × 20 mm were used.

Table 1: Used experimental methods
SIKADUR
Hopkinson bar
Strain gages
Accelerometers
Acoustic excitation
Accelerometers
Drop of sphere

CarboPur WF
Hopkinson bar
Strain gages
Accelerometers
Acoustic excitation
Accelerometers
Drop of sphere
Accelerometers + Laser Vibrometry
Acoustic excitation

Two types of excitation have been applied
− acoustic wave,
− drop of spherical sphere.
Results of measurements are summarised in the next Table 2.

Table 2: Velocities of shear waves
SIKADUR
Accelerometers
Acoustic excitation
0 ÷ 50 mm
0 ÷ 100 mm

CarboPur WF

4 545 m/s

Accelerometers
Acoustic excitation
0 ÷ 50 mm
0 ÷ 100 mm

Accelerometers
Drop of sphere
0 ÷ 50 mm

909 m/s

Accelerometers
Drop of sphere
0 ÷ 50 mm

1 022 m/s

0 ÷ 100 mm

865 m/s

0 ÷ 100 mm
0 ÷ 150 mm

962 m/s
951 m/s

5 376 m/s

Accelerometers
Acoustic excitation
0 ÷ 150 mm
Laser Vibrometry
Acoustic excit
0 ÷ 150 mm
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The results obtained from the first type of the excitation are non adequate. The reason is as follows: in the
next Figure 13 is illustrated principle of generation of spherical acoustic wave.

Figure 13: Scheme of the acoustic wave generated by the sparkling

The focus of the excitation was not exactly defined and the accelerometers detected both acoustic wave
and dynamic deformation of the specimen.
The excitation based on the mechanical principle, i.e. drop of steel sphere provided plausible results. The
velocities of shear wave front are as follows:
− 890 m/s for Sikadur.
− 980 m/s for CarboPur WF.
In the second step the velocities UT impulses propagation in CarboPur WF have been measured [5]. The
following standard specimens 100 × 100 × 400 mm have been prepared, see Figures 14, 15, 16 and 17.
− Concrete with axial intermediate layer of CarboPur WF.
− Concrete with radial intermediate layer of CarboPur WF.
− Only CarboPur WF mixed with 1% water.
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Figure 14: Specimens consist of concrete and intermediate layer of resin

Figure 15: Preparation of only
CarboPur specimen

Figure 16: Beginning of the
volume increasing

Figure 17: Volume increasing
final stage

For the measurement the TICO device (see Figure 8) has been used. The results obtained in laboratory
may be formulated as follows:
− The velocity of UT waves propagation in CarboPur WF mixed with 1% of water is approximately 1
080 m/s. It is 3 times higher than in air and 4 times lesser than in concrete.
− The thin layers of CarboPur WF significant influence the time of UT passage and thus the relative
velocity of propagation.
− The time of passage through different material layers is of order 10-3 s. To specify the range of
potential cavity is not easy.
Based on this partial knowledge’s may be stated that the UT measurements are not suitable for the
determining of differencies in the time of passage through cavity before and after filling of CarboPur WF
foam. The main reason is that the foam represents for the UT waves the similar matter as the air.
In the final step the in-situ measurements have been performed. In the Figures 18 and 19 is illustrated the
injection of CarboPur WF in the specimen № 3 (see Figure 5).
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Figure 18: Injection device

Figure 19: Injection – detail view

Results of measurements are illustrated in Figures 20 and 21.

Figure 20: The drilled hole state in 2006 after drilling

509

NEA/CSNI/R(2009)9

Figure 21: The hole after injection of CarboPur WF foam (2007)

The laboratory experiments are fully confirmed. They are no significant differencies between velocities of
UT waves propagation through the cavity with air and with CarboPur WF.
Since the CarboPur measurements have been performed one year after first measurements the
improvement of the concrete quality is observed due to ripen.

3.

Conclusions

The main problem of existing NPPs is ageing management. According IAEA ageing management is the
synergy of engineering, operations and maintenance actions to control within acceptable limits ageing
degradation and wear out of SSCs. It is evident that in this context NDE play important role. The basic
principles are illustrated in next Tables 3 and 4.

Table 3: Motivation of NDE
•

•
•

Table 4: Requirements on NDE
•
•
•

Reassessment of the original project
due to changes, long term operation,
decommissioning.
Periodic safety review.
Assessment of defects.

Detail description of as built conditions.
Detection of defects.
Characterisation and quantification of
defects.

To meet this requirements the NDE teams shall to have following skills:
− To detect position of rebars or reinforcement
− To detect depth and position of defects
− Description of identified cavities but with unknown origin.
The presented results demonstrate that the UT is good tool for NDE application in existing NPPs.
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Figure 1: Experimental stend

Figure 2: Specimen № 1

Figure 3: Specimen № 2
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Figure 4: Internal liner with defects

Figure 5: Specimen № 3
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Figure 6: Specimen № 4 with good of rebars

Figure 7: Containment wall with rebars and ducts
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Figure 7: Containment wall with rebars and ducts Cont’d
Figure 8: TICO device

515

NEA/CSNI/R(2009)9

Figure 9: Detection of artificial cavity
Velocity of UT waves propagation

Figure 10: Detection of holes ø 150 and 100 mm
Velocity of UT waves propagation
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Figure 11: Hole with ø 50 mm, range 50 m s-1

Figure 12: Detection of ducts
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Abstract
Typically each traditional seismic NDE technique is based on a simplified model and measurement set-up,
tuned for a specific application, e.g. Impact Echo for thickness, surface waves for stiffness. These
simplified models are essentially 1D models based on homogeneous layers with finite thickness extending
to infinity in the other two directions. These traditional methods cannot be used to accurately predict the
effect of the finite size source and receivers, near field effects, 2D and 3D effects from the actual geometry
and variable material properties, scattering from cracks and voids etc. To fully utilise the information in
seismic data, we propose to use finite element (FE) based evaluation of measured data. The overall idea of
this approach as applied to concrete containment walls are presented along with two numerical examples.

1.

Introduction

Ageing management of thick walled concrete containment walls, fuel the need for new efficient
non-destructive evaluation (NDE) techniques. Seismic wave based techniques have proved useful to
estimate thicknesses of layers, dynamic Young’s modulus, depth to delaminations, voids, and cracks in
concrete structures non-destructively (Malhotra and Carino 2004). However, each traditional seismic NDE
technique is based on a simplified theoretical model and measurement set-up, tuned for a specific
application, e.g. Impact Echo for thickness, surface waves for stiffness. These simplified models are
essentially 1D models based on wave propagation in homogeneous layers with a finite thickness extending
to infinity in the other two directions. Seismic response from many ordinary defects cannot be accurately
predicted using these simple 1D models. Further more, these traditional methods cannot be used to
accurately predict the effect of the finite size source and receivers, near field effects, 2D and 3D effects
from the actual geometry and variable material properties, scattering from cracks and voids etc.
For the future research and development of NDE techniques for concrete containment walls it is important
to move towards more realistic 2D and 3D theoretical models. It can be argued that the true potential of
seismic wave based techniques has not been fully explored due to the simplified theoretical models used
for the evaluation of measured data. The complete seismic wave field recorded along the surface of a
structure contains a lot of information about the structural properties of the medium. To fully utilise this
measured information sophisticated 2D and 3D full waveform models need to be utilised for the
evaluation of measured data.
In this paper we propose to use a finite element (FE) based evaluation of measured data. The overall
approach as applied to concrete containment walls are presented along with two numerical examples.

2.

FE based evaluation of measured seismic/acoustic data

The basic idea of FE based evaluation of measured seismic data is to increase the accuracy and reliability
of the results from seismic non-destructive testing of concrete containment walls. The increased accuracy
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and reliability is realised by using a more realistic FE model for the evaluation of the measured seismic
data. 2D and 3D wave propagation simulations using FE models are in general computationally
demanding. However, with the growing capabilities of modern computers and improvements in
commercial FE packages, this approach has now become more realistic (Romano et al. 2008).

Figure 1: Schematic illustration of the proposed FE based evaluation of measured seismic data
Figure 1 shows a schematic illustration of the proposed approach applied to NDE of concrete containment
walls. Multichannel Analysis of Surface Waves (MASW) data is recorded along the surface of the wall
and iteratively compared to the corresponding response from a FE model. The structural properties of the
FE model are changed iteratively to minimise the difference between measured and predicted seismic
waves. This approach is similar to conventional inversion of seismic data (Ryden and Park 2006) but
improved by using a more sophisticated theoretical model.

3.

Example A: Impact echo response over a defect steel liner

To demonstrate some of the capabilities of FE based models two examples are given next. The synthetic
reference layer model presented in Table 1 has been used in both cases to model the cross section of the
wall. This synthetic concrete containment wall is 1.0 m thick and has an embedded steel liner 0.734 m
from the outer surface. The outer radius of the wall is 12.6 m.
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Table 1: Layering and material properties used in the reference model
Medium

Thickness
(mm)

E-modulus (GPa)

VP (m/s)

VS (m/s)

ν

Density
(kg/m3)

Air (outside)
Concrete

734

33.621

3945

2416

0.20

2400

Steel

6

200

6144

3095

0.33

7850

Concrete

260

33.621

3945

2416

0.20

2400

Air (inside)
In this first example FE modelling is used to predict a theoretical defect in the 6 mm thick steel liner (steel
layer in Table 1). Figure 2a shows the amplitude spectrum from an FE simulation of the impact echo test
(Sansalone and Streett 1997) over the delaminated area. The blue line in Figure 2 shows the theoretical
spectrum from an intact liner and the red curve shows the spectrum from a defect liner. In this example the
defected liner is modelled as a drop in E-modulus (to 10 MPa) comparable to a rusted steel liner. The echo
from the defect liner is clearly visible at 2550 Hz and there is now no echo from the backwall.

(a)

(b)

Figure 2: (a) FE simulation of an impact echo test over an intact steel liner (blue) and a defect steel liner
(red). The test is simulated from the “outside” of the reference layer model (Table 1) and
predicts the fundamental resonance frequencies to be 1865 Hz and 2550 Hz for intact and
defect conditions respectively. The second blue peak at 3750 is the first higher mode
resonance for the intact wall
4.

Example B: Influence from pre-stressed steel tendon ducts

In this example FE modelling is used to predict the response from embedded steel tendon ducts within the
containment wall. The source wave used is a gaussian pulse with 10 kHz centre frequency. In Figure 3a, a
representative MASW shot record has been extracted from the model and is plotted with a receiver
spacing of 0.04 m and a total offset range of 3.0 m from the source. The main wave front show surface
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waves with a velocity of about 2200 m/s. First arrival P-waves arrives at about 3900 m/s. These wave
velocities agree with the input material properties (Table 1) used in the model. Several hyperbolic
reflections are also visible. The first reflection from the opposite side of the wall arrives at about 0.5 ms at
the closest receivers and interferes with surface waves at offsets beyond about 0.7 m from the source.
Figure 3b shows the same response including steel tendon ducts. This model is exactly the same as the
previous model (Table 1) but with 20 steel cables (70 mm diameter) added at 200 and 350 mm depth from
the outer surface with 500 mm separation. The main wave front show surface waves with a velocity of
about 2200 m/s. First arrival P-waves arrives at about 3900 m/s, similar to the model without steel cables.
However the hyperbolic reflections from the opposite side of the wall are now disturbed by scattering
from the steel tendon ducts.
To illustrate the difference with and without steel cables in more detail, the difference between Figure 3a
and Figure 3b is plotted in Figure 3c. Backscattering from the steel cables is visible at incremental offsets
of 0.5 m, which is in agreement with the position of the steel cables. This type of backscattering at
incremental distances has been observed in many real measurements (Figure 4) indicating that steel tendon
ducts may be located and evaluated using seismic measurements in combination with FE modeling.

(a)

(b)
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(c)
Figure 3: (a) FE modelled seismic data without steel tendon ducts, (b) including steel tendon ducts, (c)
difference plot.

Figure 4: Example data set recorded along a concrete containment wall with embedded steel tendon
ducts. Backscattering (backward propagating waves) can be observed at 0.9 m, 1.6 m, and
2.3 m.
5.

Conclusions

For the future research and development of NDE techniques for concrete containment walls it is important
to move towards more realistic 2D and 3D theoretical models. It can be argued that the true potential of
seismic wave based techniques has not been fully explored due to the simplified theoretical models used
for the evaluation of measured data. The complete seismic wave field recorded along the surface of a
structure contains a lot of information about the structural properties of the medium. To fully utilise this
measured information sophisticated 2D and 3D full waveform models need to be utilised for the
evaluation of seismic measurements.
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Non-Destructive Validation of Concrete Structures
How do you Assess of the Quality of Concrete Without Destructive Testing
Author:- I.A.G.M. Peeze Binkhorst
Second Author:-C.J. Boxma

Founded in 1927, KEMA is an independent company that is active worldwide in the energy chain,
specialising in high-level services in the field of business & technical consultancy, operational support,
measurements & inspections, and testing & certification. The company advises and supports producers,
suppliers and end users of electricity and other types of energy, in addition to public organisations, while
certifying products, systems and persons for a broad scale of customers. KEMA is headquartered in the
Netherlands and has more than 50 offices in 20 countries around the globe. KEMA has a laboratory
specialised in concrete and other building materials.
The durability and integrity of a structure is based on design, implementation of the construction and its
use. In general a concrete construction is built to requirements of durability, maintenance costs and for a
minimal technical life time of at least a 50 years period. But, experience is a hard master, and it has taught
many, that concrete requires more maintenance than initially expected.
For Life Time Extension programs techniques fail to fully assess the condition (durability) and
maintenance status of the concrete structures. The decision, whether or not to repair, depends on the extent
and quality of renovation versus building a new structure.
The durability and quality of concrete (repairs) are directly related to the type of mortar, ambient
conditions, correct advice (as to repair) and the skills of the person performing the work. For proper
condition monitoring (state of art) and quality control during execution of (repair) work to concrete
structures, non-destructive evaluation tools are required. Owners, consultants, supervisors, inspectors and
building companies need a technique that quickly determines the quality of a concrete in accordance the
specifications of the quality assurance program. The present available method is destructive testing
following the EN 1542:1999; testing the tensile bound strength of concretes. The measure procedure and
the results are often subject for discussion caused by interpretation difference of the value found and based
on the occurrence of the fault plane after testing. A wrong decision can be made. For this purpose a
non-destructive scanner has been developed with SME partners in an EU CRAFT-project to verify the
bonding quality of concrete. Two prototype called CUBE-1 and -2 have been build during the project and
both prototypes were field tested.
Now a new scanner, CUBE-3, is developed which solves some practical limitations.
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1.

The Project

1.1. Introduction
The project was carried out by a consortium of concrete repair companies, the administrator of concrete
structures in the Netherlands, manufacturers and suppliers of NDT systems and RTD performers like
KEMA. The main objective of the project was to produce a prototype of an easy to use non destructive
scanner to determine the repair quality. At the beginning of the project ultrasonic technology was chosen
as the NDT technique with the largest chance for success measuring disbonding.
1.2 Ultrasonic properties concrete repair types
Before the development of the first ultrasonic scanner the ultrasonic properties of 14 concrete repair
mortars were determined as a function of the hardening time (> 28 days). The following properties were
measured as a function of the hardening time:
−
−
−

Velocity of sound C.
Density ρ.
Acoustic impedance Z = p⋅C.

Figure 1a: Ultrasonic reflection at an interface between concrete and repair layer interface with good
bonding
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Figure 1b: Ultrasonic reflection at an interface between concrete and repair layer interface with bad
bonding
The measurements were carried out on 14 repair mortars of the BETEC brand, namely: 110 (HOZ), 140
(HOZ), 180 (HOZ), 311, 330, 405, 440, 506, 510, 518 and 3600.
The presence of water in the repair mortars during hardening is favourable: the ultrasound is not or hardly
transmitted in hardened concrete in which all the water has bonded or evaporated. In general the
ultrasound is damped by two mechanisms: scattering and absorption. In the case of concrete scattering at
larger aggregate types or absorption in soft material for example polymer-bonded cement hinders the
transmission of ultrasound. For this measurements were carried out both after the first 2 days when the
material is still plastic (in the hardening phase) and after a few weeks hardening when the moisture in the
mortar has partly evaporated and has partly chemically bonded. "Old" concrete repair layers are difficult
to measure, but by moistening the surface a good measurement is possible.
The water is also used as a couplant between the ultrasonic transducer and the repair material. Figure 2
shows the ultrasonic velocities of sound of Betec 110, 140 and 180 as a function of the hardening time.
The ultrasonic properties of the 14 repair types are set out in reference1.

1

C.J. Boxma, CRAFT PROJECT BRST-CT98-5482, Technical Report phase I, “Ultrasonic measurements on concrete repair mortar”,
Arnhem, May 18th 1999.
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Figure 2: Ultrasonic speed of sounds from Betec-repair materials as a function of the hardening time
1.2.1. Principle of operation
If ultrasound strikes a transition between different materials with different acoustic impedance Z
perpendicularly, a reflected wave and a transmitted wave is created. The amount of reflected signal depends on
the difference in acoustic impedance between material 1 and 2; between repair material and concrete. As the
acoustic impedance of repair material and concrete do not differ very much, a small echo of the reflection will
be visible at the transition. If there is an air layer (= poor bonding) between the two materials, the amplitude of
the reflection will be much greater, (see Figure 2). If the method is to work under field conditions, then the
difference between good and poor bonding under laboratory conditions must be a minimum of 12 dB (a factor
of 4 in amplitude).
It is noted that disbonding can be detected if air is found at the transition from repair material to concrete.
So-called “kissing bonds” whereby both materials sit against one another properly without an air layer, but
were just the strength is insufficient cannot be detected for the present.
1.2.2. Production of test specimens
The layer thickness and the mortar composition were varied. The artificial defects applied were:
− Curing compound on the transition layer which gives poor bonding.
− Drilling cylindrical holes from the concrete to the transition layer (so-called flat-bottom holes).
− Placing tissues, film, teflon sheets, rubber inserts on the transition layer.
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An incidental circumstance was the "natural" disbonding of the repair layer on the tile caused by
shrinkage, as a result of which realistic "natural" defects are also measured. In addition the measurements
were carried out on test specimens with and without reinforcing steel and the susceptibility to a tilt angle
and roughness were examined:
− Tilt angle: production of a flat interface at 0, 5, 10 and 15° tilt.
− Roughness: production of a rough interface consisting of broken gravel of 2, 4, 8, 16 or 32 mm
diameter.
1.2.3 C-scan imaging
The transducers used were moved over the test specimens by means of an automated x/y scanner. The
ultrasonic amplitude in the relevant depth area around the transition was saved using 16 gates with a x,y
position of 1 x 1 mm. The test specimens were automatically scanned using a meander pattern.
The presentation of amplitudes of the wall thickness as a function of the x, y position is called C-scan. An
example is given in Figure 3. Here combinations of 4 tissues and films were placed on the transition from
concrete to repair material (red square areas) together with a square area with curing compound (top area).
The curing compound produced no or insufficient disbonding here.
An example of a C-scan measurement is shown on tile P2 in Figure 3. Except for the pyramid shaped recess
(red square in the centre) a crack in the concrete on both sides of the recess was also displayed. With the
separate transmitter/receiver (TR) probe it was found possible to detect all the above disbonding areas.

Figure 3: Image from a C-scan measurement on a test tile with disbonding an a crack
The TR probe has the following advantages:
− Virtually unsusceptible to tilt and rough interface.
− More than 20 dB signal-to-noise ratio for all tested Betec types.
− A small variation in sensitivity over the repair material wall thickness range of 10-60 mm (flat
bottom hole echo).
− No strong interface echo as a result of which measurement of small layer thickness is possible.
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− Extension of the range to greater wall thickness possible.
− (Damping) properties of the individual transducers less relevant: probably transducers of other
makes are also sufficient now.
A disadvantage of the measurement with the separate transmitter/receiver probe was found to be that only
a significant signal is measured in case of disbonding: the repair material/concrete transition echo is no
longer measured in case of good bonding.
The consequence is that the wall thickness of the repair layer cannot be measured if there is no disbonding.
1.3 Translation to the practical situation
In a practical situation in the field there will be no x/y manipulator present. The measurements must be carried
out with simple ultrasonic equipment corresponding to a wall thickness meter with (digital) A-scan image
visualisation. However, the requirement mentioned in the introduction must also be met, particularly important
is the susceptibility with respect to the area of the disbonding. The minimum area to be detected must as far as
possible corresponds with the minimum area to be detected in the destructive (pull-off) test. Insufficient
strength is only determined in case of disbonding over a circle of 30 mm diameter or more.
It is not desirable for the scanner to give a disbonding message for a relatively small area of disbonding.
The ultrasonic beam is as regards width, even in separate TR mode, much smaller than the diameter of
50 mm of the cylinder in the destructive tests.
A solution for this is not to average in the fixed position but during movement of the scanner, called spatial
averaging. Various methods for spatial averaging in concrete are discussed among others in references2 and3. In
the project a hand manipulator was developed in which during the measurement the TR probe rotates over a
circle of a diameter of around 50 mm. The A scans are sampled during rotation and processed such that the
alarm is only given in case of disbonding of a circle of a diameter of around 30 mm. The scanner has been
given the name CADD scanner (Concrete Averaging Disbond Device) for the laboratory prototype. The
scanner built for the field tests are called CUBE (Concrete Ultrasonic Bonding) Evaluator.
The amplitude produced, measured in a port over the repair/concrete interface, is shown as a grey tint in a
square grid. The grid represents the x,y position of the hand manipulator on a wall, floor or roof being
measured. The mechanical part of the scanner must meet the following conditions:
− The TR probe must rotate smoothly without wear due to contact with the repair material.
− There must be a connection with a water hose for supply of the coupling fluid.
− Scanner unit and electronics must be operated together by one person: the scanner unit may not be
too large or heavy.
− The unit must comprise start and end switches for marking the start and end of the spatial
averaging.

2

Kemnitz, U. Richter, W. Wappler, Institut für Energetik Leipzig GmbH, Dresden (D), Thickness measurements on
reinforced concrete components applying ultrasonic superposition techniques, international Symposium non-destructive
testing in Civil engineering (NDT-CE) 26.-28.09.1995.

3

F. Wollbold, J. Netsecke, ultrasonic testing with fast imaging pulse echo technique, 7th European conference on nondestructive
testing Copenhagen, 26-29 May 1998, proceedings pp. 3009-3016.
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1.4 Results of field-tests
The project succeeded to develop and build a prototype scanner called CUBE (Concrete Ultrasonic
Bonding Evaluator). The scanner had been developed in the research institute of KEMA and tested in
practice on repair work executed at building sites in Belgium, Norway, Denmark and the Netherlands.
The practical field tests showed that the CUBE is easy-to-use can measure different thickness layers,
10 mm up to 60 mm and can distinguish good and bad bonds if placed on a smooth repair surfaces ≤ 2 mm
but is not yet suitable to measure very rough surfaces up to 5 mm. Two versions of the CUBE scanner
build in the CRAFT project are shown in Figure 4a and 4b.

Figure 4a: Proto type scanner CUBE-2
with spatial averaging included

2.

Figure 4b: Simplified (commercial) version
of CUBE-2 without an A-scan screen and
without spatial averaging

Developments

2.1. Introduction
The scanner works on the basis of ultrasonic technology. This is a well-understood, common, tested and
reliable technique that works in a relatively simple manner. With the right choice of ultrasonic transducer,
thickness of a repair layer is measured, cracks and gaps in concrete can be detected. The test-scanner is
suitable for detection of concrete disbonding at a depth of 10 until 60 mm. The presence of reinforcement
steel does not interfere with the measurements results. In addition tile bonding can be measured. For a
proper measurement a good acoustic contact between the sensor and concrete is required. To promote
good contact, water was used up to a roughness concrete surface of 2 mm.
The practical field tests with the CUBE-2 have showed that the method is:
•
•
•
•
•

Easy-to-use.
Able to measure different thickness layers up to 60 mm.
Able to measure concrete with a grain size up to 8 mm.
Able to measure good and bad bonds of smooth surfaces up to 2 mm.
Not yet suitable to measure on very rough surfaces up to 5 mm..
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One of the participants of the project has build both CUBE prototypes but was not in a position to develop
and build more modern versions. Due to requests of construction owners with questions about the
condition of, or damage further feasibility of CUBE was investigated by KEMA in the Netherlands both
CUBE versions build during the project were designed by KEMA. KEMA has proceeded with the design
and validation of an improved version of the bondtester; the CUBE-3.
2.2 Increasing the possibilities of application of CUBE
The following (practical) points needed to be addressed in order to gain (more) acceptance for the NDT
method by the concrete construction owners, repair companies and inspectors:
• Finding the relation between the non-destructive method versus destructive method with regard to
the size (area) of the disbonding.
• To be able to measure rough surfaces up to 5 mm.
• To be able to measure concrete with a grain size > 8 mm.
• To be able to measure layers (delamination) > 60 mm.
In order to overcome the limitations mentioned above a new scanner was developed by KEMA, the CUBE-3.
The CUBE-3 has new software, a different transducer and improved electronics, features, coupling fluid,
and display. The CUBE-3 is ready for practical field testing and can be used for inspection of the
bounding of concrete layers and the adhesion of ceramic tiles on a sub-surface of concrete or steel, like
•
•
•
•
•
•
•

Water basins and swimming pools.
Cooling water canals/pipes.
Thickness measurement of floors.
Bounding of plasters, mortar layers, mable.
Fire proofing in tunnels
Water retention walls
Concrete repairs.

The depth range for CUBE-3 is increased with the application of low frequency transducers: layers upto
300 mm can be measured.
Advantages compared to impulse echo and radar are:
•
•
•
•

Direct reading; no extra evaluation step.
Portable equipment.
Low investment.
Easy to use.

Disadvantage of the ultrasonic method is:

• Coupling with the repair layer needed.
2.3 Ultrasonic transducer for the CUBE-3
Ultrasonic bundles of standard probes are small in diameter. Therefore echoes are received from small
aggregates, pores or small areas of disbonding. So standard ultrasonic probes are too sensitive for the
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coarse concrete material. Therefore, spatial averaging was introduced during the project. The ultrasonic
signal was summed over a larger area. The spatial averaging process was also added in order to be able to
compare destructive testing on 50 mm diameter piles with the NDT result. Spatial averaging is realised by
scanning in a circular motion on an area of 50 mm. However this has a disadvantage under field
conditions: much water couplant is needed for scanning on a rough (sometimes vertical) concrete surface.
The process was too tedious/time consuming under field conditions.
Therefore a probe was developed which has a defocused ultrasonic bundle of about 50 mm diameter in the
thickness range of interest. Now the probe is not sensitive to small pores or disbonding areas any more. So
spatial averaging is not needed any more. The probe also has a sensitivity which is 10 dB higher than the old
probe. The signal to noise ratio in the depth range of interest was also improved making the method easier to
use for less experienced operators. Coupling is realised by water or silicon pads when rough surfaces are
encountered.
2.3.1. Electronics and software for CUBE-3
The CUBE-2 electronic box contained lead batteries and the software was based on Windows 98. The
C-scan image only contained grayscales and no evaluation software was available.
A smaller pulser/receiver is developed which is steered via a network cable by KEMA software
(Windows XP/vista) on a notebook. The program also includes evaluation software. The typical setting for
the (standard) probe are pre-programmed but the pulser/receiver box is also suitable for other probes for
detecting disbonding at larger depth up to 300 mm. Apart from detecting disbonding wall thicknesses can
be measured too. The new CUBE-3, Figure 5, is deployed for some field inspections to determine its value
for several different applications with concrete.
A photo of the new CUBE-3 is given in Figure 5.
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Figure 5: CUBE -3, A-scan and manual C-scan visible
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The CANDU 6 Containment Leak Tightness and the Contribution of an
Elastic Liner to its Service Life Extension
Claude Seni, Mattec Engineering Ltd., Canada

Abstract
Keeping the containment leak tightness within acceptable limits is one of the features that ensures the
licensibility of a nuclear station during its service life.
In this respect, because the ageing of the concrete can affect its leak tightness, addressing the concrete
ageing is a major concern of the nuclear industry.
Exceeding the containment leak rate limit set by regulatory authorities could affect the re-licensing and
thus become a station life limiting factor.
However, appropriate ageing management methods could succeed to slowdown the process and even
stretch the designed containment service life.
The paper reviews

1.

−

the various containment alternatives that have been selected by the designer, i.e. the double wall
containment, the single wall containment with or without the addition of a liner (metallic or
organic) and the steel containment,

−

the various concrete ageing factors affecting the concrete permeability and why the concrete wall
alone may not always be sufficient to maintain the required concrete containment leak tightness
over the years,

−

the leak rate history of a few CANDU 6 stations over a span of more than 20 years and the
solution adopted to keep under control the leak rate in spite of the increased concrete wall
permeability due to ageing, by application of an elastic liner, as well as the R&D work that lead to
this solution.

Purpose

The containment building is one of the main components of a Nuclear Power Plant (NPP).
Its structural function is to perform within allowable safety factors and deformations to house and protect
the equipment and personnel from the aggressive environment, seismic events and accidents, e.g. an
aircraft crash. Its membrane function is to provide a barrier against radioactive releases into the
environment (ensure leak tightness).
Both these aspects are covered by codes and standards and are regularly monitored.
Along with the other NPP components (mechanical, electrical, etc) the containment component as well is
subject to the influence of time, i.e. ageing. The effect of ageing is managed through periodic monitoring,
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remedial actions and ultimately by replacement of the aged component when it has reached a critical
stage. While replacement even of major component (mechanical or electrical) is possible (replacements of
calandria pressure tubes or pressure vessels have been performed so far), a replacement of the containment
is not possible. This is why, loosing containment’s structural or membrane capability can become an entire
station service life limiting factor.
The purpose of this paper is to address the aspect of the membrane function i.e. the leak tightness of the
containment in relation with the ageing factors that can affect its performance and methods applied to
control it, thus contributing to the extension of its service life, and this in particular for the concrete
containment. As backup, a history performance of a few CANDU NPPs is presented.

2.

Categories of containment

A large variety of solutions have been adopted for the containment as can be seen from a review of the
database of the operating NPPs [1]. Out of 312 NPP units (Table 1.), 164 single concrete containments,
43 double concrete wall containments and 62 steel containments are listed while 43 are not identified.

Table1:
Containment
Concrete/single
Concrete/double
Steel
N/A
Total units

3.

Units Pressure KPa

As indicated earlier above only the aspects related to
concrete containments will be addressed in this paper.

164
43
62
43
312

The components that contribute to the leak tightness are
the concrete wall itself and the liner, and the various
alternatives selected by the designer are shown in Table 2.
To my knowledge, it should be noted, the selection has
never targeted.

217-600
270-530
390-630

Table 2:
Concrete containment
PHWR single/PC/RC
PHWR double/PC/RC
PWR double/PC/RC
PWR single/PC

Steel Other No
liner liner liner
9
7
12
6
5
24
84
3

BWR single/PC/RC

16

BWR double/PC/RC

2

VVER single/RC

9

VVER double/PC/RC

13

Total units

138

1
2

7

48

to obtain a specific leak rate under the postulated
accident design pressure. There also is not R&D
work performed to define the contribution of the
concrete wall and liner to the leakage obtained.
As per Table 2, out of 193 concrete
containments, 138 units have a steel liner, 7 units
have a liner and 48 units have no liner. Table 3,
an excerpt of a few NPPs taken from [1], shows
that the type of containment as well as the type of
liner had little impact on the variation of the leak
rate that remains at 0.5%. However if we take the
design pressure in consideration one can see a
certain preference for steel containments in the
region of a high design pressure.

Ageing factors and effect based upon surveys

The Coordinated Research Program undertaken by the International Atomic Energy Agency (IAEA) in the
late 90s, which included a survey of 154 operating nuclear units [2], provides a comprehensive list of
concrete containment ageing factors and associated effects.
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The results summarised in Table 4 [2] refer to the concrete while in Table 5 [2] they refer to steel
elements. There are 22 degradation factors with 11 degradation effects out of 244 events in Table 4 and 17
degradation factors with 4 degradation effects out of 26 events in Table 5.
With the containment leak tightness i.e. concrete permeability in mind, a few criteria can be applied to
reach some conclusions:
−

Degradation effects with most impact on permeability

Table 4
cracking
increased permeability
−

145 out of 244
15 out of 244

Table 5
(59%)
(6%)

corrosion

17 out of 26 (65%)

Degradation factors with most impact on permeability

Table 4
Shrinkage
construction defects
thermal gradient
leak rate test
freeze/thaw
creep
vibrations

56 out of 244
54 out of 244
12 out of 244
10 out of 244
10 out of 244
10 out of 244
10 out of 244

Table 5
(23%)
(22%)
(5%)
(4%)
(4%)
(4%)
(4%)

chloride penetration
4carbonation
construction defects

4 out of 26 (15%)
2 out of 26 (8%)
6 out of 26 (23%)

Table 3
Country
Canada

Station
Pickering B

Type
PHWR

MW
4x540

Kpa
141

Liner
no

Leak rate%
0.48

steel

0.48

200

Containment
Single+Vac.Bldg.RC
1219cm
Single+Vac.Bldg.
PC 1800cm
Single RC 1500cm

Canada

Darligton

PHWR

4x935

197

Armenia

Medzamor2

VVER

1x408

steel

n/a

USA
USA
Canada
S. Korea
Japan

BWR
BWR
PHWR
PHWR
BWR

Belgium

Clinton1
Perry1
PLepreau
Wolsong
Fukushima I6
Doel 3

1x985
1x1250
1x680
4x679
3x1100

204
204
217
217
385

Single RC
Steel
Single PC
Single PC
Steel

steel

0.65
0.20
0.5
0.5
0.5

PWR

2x790

450

Palo Verde
Tricastin
Belleville 1

PWR
PWR
PWR

3x1307
4x900
2x1300

514
500
520

Hope Creek
Ohi 1
Emsland

BWR
PWR
PWR

1x1118
2x1175
1x1363

528
540
630

Double
PC/RC850/1200cm
Single PC 1215cm
Single PC 900cm
Double
PC/RC900/550cm
Steel
Steel
Steel

USA
France
France
USA
Japan
Germany

other
other
steel

0.5

steel
steel
no

n/a
0.21
1.5
0,5
0.5
n/a

Besides the impact of the chloride penetration and concrete carbonation upon the concrete reinforcement
which has an indirect effect upon its permeability (creation of cracks) there also is a direct impact on
concrete permeability as will be shown in the next sections.
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Analyzing concrete cracking, by far the most frequent degradation effect (Table 4), it can be found to be
due, out of 145 events, to shrinkage 54 (37%), construction defects 23 (16%) and to freeze/thaw, thermal
gradient, creep, and vibrations, for a 7% each. Of a lesser effect are the containment leak rate test (5%)
and seawater exposure (4%).

4.

Ageing factors and effect based upon lab tests

There are a few ageing effects upon the concrete permeability that did not appear in the previous survey
with the significance they deserve, since more difficult to be connected to one of the effects provided in
the survey.
However a few laboratory tests performed can show their significance.
−

The concrete carbonation effect.

This process, due to the penetration of carbon dioxide from the environment is generally a slow process
dependent on the concrete permeability, the concrete moisture content, and the carbon dioxide content and
relative humidity of the ambient medium (e.g., carbonation occurs primarily at relative humidities between
40 and 70% reaching a maximum at about 50%). It reduces the pH of the concrete (by conversion of the
calcium hydroxide to calcium carbonate) and advances slowly (approx. 1mm/year) in a good quality
concrete. However, the process may be accelerated in a poor quality concrete or in the presence of micro
cracks.
In NPPs carbonation is most likely to be a problem at the inside concrete surfaces, especially those
exposed to relative low humidities and elevated temperatures.[2] Besides the fact that by lowering the
concrete pH carbonation facilitates the corrosion of the reinforcement and consequently the creation of
cracks making the concrete more permeable, it also has a direct increasing effect upon the concrete
permeability, as shown in Fig.1 and 2. [3] In addition the process will be accelerated under relative low
humidity as shown in Fig.3, as is the case inside a NPP containment.
−

The freeze/thaw effect.

Already recorded by the IAEA Survey (Table 4) as one of the frequent events with impact on concrete
cracking, fact which will affect the containment leak tightness, it also has a direct impact upon the
concrete permeability as can be seen in Fig.4 . [3]
Correlating the weight loss with air permeability prior to the freeze/thaw testing, a decreasing frost resistance
can be observed, with increased air permeability. The effect is even higher for concretes manufactured with
Portland blastfurnace slag cement ((PBFSC) compared to those with ordinary Portland cement (OPC).
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Table 4
−

Table 5

The chloride penetration effect.

Although not singled out as a high frequent event in the IAEA survey, it’s most important implications
will come when combined with the effect of concrete cracks and the action of freeze/thaw, which both
appear with a higher frequency of occurrence.
The ingress of chlorides in concrete are manifold, i.e. direct or cyclic sea water exposure, splash or spray
in costal areas or chloride concentration in the air deposited or washed out by acid rain.
The effect is a reduction of the alkaline environment of the concrete and initiation of reinforcement
corrosion (Table 5) with direct impact upon the structural response.
Regarding the impact upon containment leak tightness, reinforcement corrosion will facilitate concrete
cracking thus an increase of concrete permeability.
Besides this complex process there is a direct impact on concrete permeability as demonstrated by
laboratory tests (Fig.5) [3]. The test specimens subjected to 56 days of preconditioning period show an
increase in concrete permeability for an increase in depth of chloride penetration for two chloride
concentrations of 0.4% and 1.0%.
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Figure 1: Depth of carbonation after1 year storage

in normal air at 65% RH as a function of
permeability at an age of 56 days
Processed from Hilsdorf H.K. Dauerfestgkeit von
Betonen-RILEM Reprt #12 [3]

Figure 2: Depth of carbonation vs. permeability index
Processed from Hardt. R. Einfluss einer
Karbonatisierung auf die Permeabilitat von
Beton-RILEM Report #12 [30]

Figure 3: Diffusivity vs, relative humidity Ref. RILEM
Report 12 [3]

Figure 4: Weight loss after 60 cyclesfreeze/thaw vs.
Ref. RILEM Report#12 [3]

Air permeability of concrete.
Diffusivity vs. Relative Humidity

Freeze / Thaw Effect
100

OPC

weight loss W 60 [g]

PBFSC

130g

50

0

10
102
103
104
coefficient of air permeability K56 * 1010 [m2/s]
Weight loss after 60 cycles of freezing and thawing versus air permeability
of concrete.
Processed form Hilsdorf et al. RILEM Report #12

From Papadakis et al RILEM Report #12

5.

A few preliminary conclusions

At this point it is worthwhile to repeat IAEA Survey conclusions and see how they relate to the expected
future performance of the membrane function of the containment.
The general conclusions were that “the performance of the reinforced concrete structures in nuclear power
plants has been good, with the majority of the identified problems initiating during
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Figure.5: Chloride penetration vs air permeability.
Ref. RILEM Report#12 [3]
Chloride penetration vs.air permeability.

Processed from RILEM report # 12.

construction and being corrected at that time. However, as these structures age, incidences of degradation
due to environmental stressor effects are likely to increase the potential threat to their functionality and
durability. The most commonly observed form of degradation has been concrete cracking. Degradation
factors of primary concern would be corrosion of steel reinforcement due to carbonation of the concrete or
presence of chloride ions, excessive loss of prestressing force, excessive containment leakage due to
failure of the metallic or nonmetallic boundary (lined) or excessive concrete cracking (unlined), and
leaching of concrete”.
To the environmental stressors I would add the not less important effect of a man made stressor, that is the
periodic containment leak rate test which will open the cracks in concrete to their maximum value each time
the containment is pressurised to the accident pressure, cracks which will never close to their initial stage after
the test.
While some of these factors have higher impact on the containment structural function, like the loss of
prestressing force, reinforcement corrosion and concrete cracking, there are others like carbonation of
concrete, ingress of chloride ions or the containment leak rate test with its crack opening effect, which
impact more directly on the leak tightness function and where the protection of the concrete face by a liner
becomes important. In fact the provision of a concrete containment liner will have the combined effect of
protection from the environmental stressors and the cover of concrete cracks, thus contributing to the
reduction of its leak rate and help not only to renew the station periodic functioning license but also to its
life extension, as it will be shown in the next sections.
Going back to Table 2 it is surprising to see that 48 NPPs have unlined containments.
The high majority of 138 containments have a steel liner while only 7 have a non-metallic liner
Designers have based the selection of a liner upon a few factors among which one could mention its leak
tightness property, radiation/corrosion resistance, ability to cover concrete cracks, as well as construction
cost and duration.
Again, the next sections will show examples of two CANDU 6 containments that have performed well
over 20 years with a non-metallic liner and its merits compared with other type of liners.
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6.

The leak rate history at a few CANDU 6 NPPs.

Gentilly 2 and Point Lepreau are the oldest CANDU 6 stations in service. Both are of the PHWR
type with a single concrete wall containment of 1.07m thickness, reinforced with a system of pre-stressed
grouted cables and protected at the inside face by a non-metallic liner. The design pressure is 0.217 KPa
(abs) and the design leak rate 0.5%. According to the Canadian nuclear code CAN/CSA-N287 a Reactor
Building Leak Rate Test (RBLRT) has to be performed no later than every 5 years.
Gentilly 2 started commercial operation in Oct.1983 and performed periodic RBLRT in 1981, 1985, 1987,
1990, 1994, 1997, 2000, and 2003, with the results shown on page 9
The initial liner selected was an epoxy (from 1981 to 1987). Staring in 1990 the liner was changed to a
polyurethane liner. The first years showed an increase of the leak rate that was approaching the allowable
limit with implication upon a license renewal (0.60% in 1985 and 0.63% in 1987). This was attributed
mostly to concrete shrinkage with formation of hairline cracks that had propagated also into the epoxy
liner. At that time AECL initiated a research to look for a more elastic liner capable to bridge the concrete
cracks formation. The result was a polyurethane elastic liner BR-3S, capable to bridge minimum twice the
maximum expected concrete crack under the postulated accident condition, which was the Canadian
nuclear code requirement. Its properties were later improved to become NR-5S 400. The application of the
newly selected liner succeeded to bring down the leak rate to acceptable limits (0.37% in 1990), Fig, 6 [4].
The total leak rate obtained 0.78% (leak rate including the Reactor Building and the Fuel transfer room)
represented a significant drop of 67% when compared to the total predicted leak rate of 1.15%. From 1990
on the leak rate has remained rather unchanged, i.e. 1994 (0.41%); 1997 (0.39%); 2000 (0.47%); 2003
(0.46%), as shown on page 9.
Point Lepreau started commercial operation in Feb.1983 and performed periodic RBLRT in 1981, 1982,
1987, 1990, 1994, 1997, 2000 and 2004, with the results shown on page 9
Similarly to Gentilly 2, the initial liner selected was also epoxy (from 1981 to 1987). Staring in 1990 the
liner was also changed to a polyurethane liner. The first years showed an increase of the leak rate that was
approaching the allowable limit with implication upon a license renewal.(0.58% in 1987). This was
attributed to the same reasons as for Gentilly 2 described above and the R&D initiated by AECL
mentioned earlier to find a better liner material was jointly conducted for both stations. After application
of the new liner NR-5S in 1990, the leak rate dropped to 0.33% from a predicted leak rate of 0.87%. From
1990 on the leak rate has remained rather unchanged, i.e. 1994 (0.47%); 1997 (0.401%); 2000 (0.38%);
2004 (0.497%), as shown on page 9 [5].
For the history of events that lead to the liner material application at a few CANDU 6 stations refer to
Liner history, presented on page 10.

7.

The liner contribution

The Gentilly 3 and P.Lepreau experience has succeeded to show that:
−
−
−
−

the application of an elastic liner capable to bridge concrete cracks formation or opening during a
RBLRT can bring a significant contribution to the reduction of the containment leak rate,
the liner application can be performed even with the plant in operation,
the new liner can be applied on top of the existing liner, without removal of a previous existing
liner,
a liner application will contribute to maintain containment leak tightness and also extend its service life
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8.

Liner selection and qualification

When in the early 80s the need appeared to look for an improved liner material, the R&D initiated by
AECL started with a market survey, the main selection criterion being the elasticity. However there are a
good number of other requirements a good liner material had also to fulfill as shown in
NR-5S 400 Main Features on page 11. Some of these requirements are stated with specific values in the
Canadian nuclear code CAN/CSA N287.2, to which the material was qualified.
The list of tests preformed and results are listed on pages 11 and 12 under Test Qualification and
NR-5S 400 Test Results.

9.

Liner application history

The initial positive results obtained with the elastic liner application at Gentilly 2 and P.Lepreau have
contributed to encourage its further application at other stations like Cernavoda U1 and U2 and this not
only on the containment but also on other components like the Spent Fuel Bay or the Spent Resin Tanks
where the leak tightness is important. It has also triggered additional R&D work that ended up with the
possibility of application with the station in service and improved application methods, more reliable and
less time consuming. The history of these steps is presented on page 13.

10.

Concluding remarks

Maintaining the leak tightness of the containment within allowable limits is one of the main factors for
ensuring a station service life.
The integrity of the leak tightness is affected by ageing factors and could reach unacceptable limits
creating re-licensing problem.
However these aspects are not threatening since the concrete can be protected against the ageing factors
and the leak tightness can be kept under control by selecting an appropriate liner material.
Practice has shown that elastic non-metallic liner materials can be effectively and easily applied if
necessary even later during stations service life with positive results.
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PERFORMANCE FEED-BACK
History of R/B Leak Test Results (%) 1981
2003
2004
Gentilly 2 0.16
PLepreau 0.34
1

0.60
0.26

0.842
0.58

0.782
1.153
0.33
0.873

1982

1

1985

1987

1990

0.792 0.39

0.47

0.46

0.47

0.401 0.38

1997

2000

2003

0.39
0.77

0.47

0.46

1994

1997

2000

0.497

After first liner application
24% area at G2
30% area at PL

2

Breakdown at G2
Fuel transfer room
R/B
Total

1987
0.21
0.63
0.84

1990
0.41
0.37
0.78

1994
0.38
0.41
0.79

3

Predicted
Reference for G2 1981-1997: CNS Oct.94 On-line R/B Integrity Testing at Gentilly2,-Summary of results,
1987-1994, N.Collins, System Engineer, Hydro Quebec.

CONCLUSIONS
1.
2.
3.
4.

R/B leak rates of G2 and PL containments lined with epoxy have increased with age, and could
have affected licence renewal and reduce entire station service life
Application of an elastic liner NR-5S 400 has reduced the R/B leak rate
NR-5S 400 could be applied on top of epoxy with the plant in operation and with no impact on
equipment, filters or D2O
R/B leak tightness remained steady after application of the NR-5S 400
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Figure 6: G2 leak rate history

Liner history
1972 – 1977 DESIGN OF G2, PL, W1
• Initial liner epoxy at G2, P.Lepreau, Wolsong 1, Cernavoda U1.
• Nuclear codes not yet published, no qualification required.

1976 FIRST ISSUE OF N287.2 (MATERIAL REQUIREMNETS) & 1978 ISSUE N287.3 (DESIGN)
• Liner material qualification becomes a requirement.
• Test program is defined.

1981-1985 PLANTS START OPERATION (Excluding Cernavoda U1)
• Epoxy liner rigid, hairline cracking. (G2/PL) (As a result of concrete shrinkage).
• Containment leak rate increase, re-licensing problems (G2/PL).

1984 - 1985
• AECL starts market survey and R & D to find a replacement elastic liner & Normac BR-3S is selected

1988 - 1990
• Subsequent R&D performed to improve physical properties and as a result Normac NR-5S is
qualified to N287.2 in a certified lab (AECL).
• Normac NR-5S qualified as nuclear grade liner material and Q.A. procedure approved by AECL.
This ensured steady quality and performance on future applications.
• Normac NR-5S applied at G2 and P. Lepreau on top of epoxy succeeds to reduce containment leak
rate and to renew license.
• R&D performed to eliminate solvent to make it applicable to station in-service condition.
Reformulated without solvents and designated NR-5S 400.
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1991 – 1993
• NR-5S 400 is applied over existing epoxy liner also at Cernavoda U1 after unsuccessful leak test
with epoxy.
• Code revision:
− Liners are classified as rigid (ex. epoxy) and elastic (ex. NR-5S).
− Rigid liners can not take credit as a membrane against leakage.

583

NEA/CSNI/R(2009)9

NR-5S 400 Test Results
RADIATION RESISTANCE
• 40 YEARS SERVICE + LOCA/lossECC 1.2 E8 RAD
• 100 YEARS SERVICE + LOCA/lossECC 1.5 E8 RAD *
* Further qualification by MDS Nordion in 2003 for PWR to maximum 2.295 E8 RAD

AIR LEAKAGE
0.009 ml/s,m2 <<0.022 ml/s,m2

•

At ACCIDENT PRESSURE 124 KPa
(allowable)

•
•
•

At 0 RAD
At 9E6 RAD
At 1.2E8 RAD

377%
281%
108%

At 0 RAD
At 9 E6 RAD
At 1.2 E8 RAD

7.00 mm
6.22 mm
1.73 MM > 0,653 mm ACCIDENT

ELASTICITY

CRACK BRIDGING
•
•
•

CHEMICAL RESISTANCE
•
•
•

1% NITRIC ACID, 700 C.
24 HOURS
5% SULPHURIC ACID, 700 C 24 HOURS
5% CAUSTIC SODA, 700 C 24 HOURS

•
•
•

At 0 RAD
2755 KPa
At 9 E6 RAD
2962 KPa
At 1.28 E8 RAD 1975 KPa >> 550 KPa

ADHESION

IMPACT RESISTANCE
•
•

At 0 RAD
At 9 E6 RAD

NO DAMAGE, 3105 KPa ADHESION, 94 HARDNESS
NO DAMAGE, 4080 KPa ADHESION, 94 HARDNESS

ABRASION RESISTANCE
•

448 REVOLUTIONS FOR 0.025 mm REMOVAL

•

130 HOURS AT 100°C

HEAT AGEING

FIRE SPREAD INDEX
•

FSI 37 < 40

DECONTAMINATION
•
•

AT 0 RAD GAMMA/BETA 3.2/4.1
At 9 E6 RAD GAMMA/BETA 3.3/4.2
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LINER APPLICATION HISTORY

LOCATION / MATERIAL / METHOD / PLANT STATUS
GENTILLY 2 NGS (QUEBEC)
•

RB / NR-5S / spray / in operation

PT. LEPREAU NPP (NEW BRUNSWICK)
•

RB, Dousing Tank, Spent Resin Tanks / NR-5S 400 / Roller & Spray / In
Operation (RB) In Outage (Dousage Tank, Spent Resin Tanks)

CERNAVODA NPP (ROMANIA)
•

Rb, Dousing Tank, Spent Fuel Bay /Receiving Bay/Defficient Fuel Bay/ NR-5S
400 / Roller / In Outage

DATE, LOCATION, & REASON FOR APPLICATION
1989

GENTILLY 2, P. LEPREAU

R/B leak rate high, concern for license
renewal, NR-5S application to reduce R/B
leak rate

1992

P. LEPREAU

NR-5S 400 application to reduce R/B leak
rate

1993

CERNAVODA U1

NR-5S 400 application after the R/B leak
rate test with epoxy liner failed

1995-98

P. LEPREAU

Complete areas not finished

2003

CERNAVODA U2

NR-5S 400 liner application

1998-08

G2, P. LEPREAU,
Cernavoda u1 & u2

Continued application to maintain
acceptable leak rate
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EDF Reactor Building Containment: Monitoring of the Pre-Stressed Concrete Structure
Nobert Badez1

Abstract
The concrete containments of the EDF PWR are pre-stressed, and are monitored to observe the ageing
effects on the structure, in particular the evolutions of creep, shrinkage, pre-stress loss, and air leakage
tightness.
Monitoring devices are installed during construction period, and measurements are checked, stored on a
data base, and analysed during all the plant operating life time.
The topic of the presentation is to present each part of the EDF monitoring organisation.
A continuous monitoring makes it possible to produce periodical comprehensive reports about the
mechanical analysis of the structure, the strain stabilisation,...
Periodical tests (each 10 years) are planned. They consist to submit the containment to an internal air
pressure at the accidental pressure level. The monitoring system gives the strain values in order to check
their linearity and reversibility with decreasing pressure. At the same time, the containment tightness is
checked with a specific instrumentation to verify that leak rate is lower than the required level.
A general view of instrumentation implemented on the containment (sensors, data acquisition), and a data
analysis are presented.

1

EDF-DTG civil work expert responsible for NPP structures monitoring
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Concrete Technology Program for Nuclear Power Plants
Manouchehr Hassanzadeh, Vattenfall R&D AB, Sweden
Lars Wrangensten, Elforsk AB, Sweden

1.

Introduction

The nuclear power plants in Sweden and Finland were built during the seventies/eighties. They have been
in service without any major interruption since the first day. Only two reactors have been closed down, in
Sweden, due to non-technical reasons. The remaining ten reactors are still working and it is planned to
extend their service life and increase their production capacity. As far as concrete structures within the
plants are concerned there are several aspects regarding structural safety, stability, service life and
durability that should be addressed and solved in order to achieve the described goals.
The concrete structures were built almost 40 years ago with knowledge and regulations prevailing at that
time. Time has been changed, with new requirements and regulations issued on concrete structures. The
structures, which were designed to withstand specific loads during a prescribed period of time, are now
facing new type of loads and requirements for a longer service life. The challenges are now to assess the
condition of the concrete structures; to verify whether or not the structures can withstand the prescribed
loads and functions; and verify if the structures can be upgraded in order to fulfil the requirements
regarding load bearing and functional capacity.
Elforsk is the Swedish Electrical Utilities R&D Company in Sweden and was established in 1993.
Owners are the branschorganisation Swedenergy (75%) and The Swedish national grid (25%). Elforsk is
to conduct efficient R&D of importance to generation, transmission, distribution and utilization of
electricity. In 2007 Elforsk started a research program, “Concrete Technology Program for Nuclear Power
Plants”. The program was started after an initiative from the biggest power company in Sweden,
Vattenfall. Vattenfall is also majority owner of the two nuclear power plants in Forsmark and Ringhals.
The aims of the program are among others to: (1) support and strengthen the nuclear power industry by
means of the R&D resources within the industry and academy; (2) identify structural issues which are
important for the continuous operation of the power plants, formulate research programs and perform
research; (3) facilitate the research related to the nuclear power structures at universities, research
institutes and companies.
The priority of the program is condition assessment of the reactor containment. The research includes
condition of the pre-stressing reinforcement, reinforcement bars, lining, leakage etc. The conditions are
assessed both by destructive and non-destructive test methods. The addressed properties are physical,
mechanical, electro-chemical and geometrical.
Next the organisation of the program, co-operating partners, the research program, and the content of the
on-going and planned research projects will be presented.

2.

Organisation and co-operating partners

Elforsk is responsible for the program. Elforsk’s assignment is to administrate the program and to follow
up execution of the projects and to organize reporting and distribution of the results.
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The research program and its content is directed by a steering committee consisting of one representative
from each nuclear power companies, one representative from the Swedish Radiation Safety Authority and
one Representative from Vattenfall AB. The participating nuclear power companies are Forsmark AB,
Ringhals AB, OKG (Oskarshamn) and Teollisuum Voima Oy (TVO).
Vattenfall Research and Development is responsible for the technological contents of the program. The
assignment includes state-of-the-art analyses, defining the technological standards, review of the research
projects, reports and results.

3.

Objectives and aims

The objectives of the research program are:
• To support and strengthen the nuclear power industry by means of the R&D resources within the
industry, research institutes and universities.
• To constitute a technologically advanced support for nuclear power industry concerning
management, maintenance, condition assessment and repair of the civil engineering structures of the
nuclear power plants.
The aims of the program are:
• To provide the nuclear power industry and the corresponding authorities with tools, guidelines and
techniques which are necessary for their operation.
• To identify structural issues important for the continuous operation of the power plants, formulate
research programs and perform the programs.
• To co-operate with universities and research institutes regarding education of the graduate and
under graduate students with attention to nuclear power industry’s problems.

4.

Overall strategy and field of activities

The strategies to achieve the aims are as followed:
• The concrete technology program is performed on a three-year basis and is evaluated after the end
of the third year.
• The first period, which is presently going on, is dedicated to condition assessment, maintenance and
repair of the civil engineering structures in the nuclear power plants. Although the priority is given
to the reactor containments, issues related to the cooling water ways are dealt with as well.
• Other types of structure such as turbine foundations, buildings etc might be dealt with during the
next three year period.
• The concrete technology program seeks co-operation with other national and international programs
within the field of concrete technology.
The field of activities includes issues related to the following items:
• Requirements – The power plants were built according to the codes and standards valid at the time
of construction. Many codes and standards have been changed and some are not valid any more.
Therefore, a review and compilation of the codes and standards valid for the civil engineering
structures of nuclear power plants should be performed.
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• Inspection and assessment – Instructions and methods for condition assessment of the structural
members within the nuclear power plants should be developed.
• Technical solutions and Optimisation – Different technical solutions for repair and strengthening of
the structural members must be developed. The methods must be optimized with regard to type and
cause of damage, type of structure, mechanical and environmental performance, etc. It should be
noted that many parts of the power plant are accessible only during a short period of the time. It is
also necessary that the repair and strengthening methods must be optimized with regard to the speed
of application.
• Implementation and Follow up – The effects of the actions during the implementation of the repair
and strengthening on the surrounding structures depends on the nature of the work being done.
Directives and regulations should be developed to protect the workmanships and the sensitive
equipments during the implementation. Furthermore, monitoring, control and test methods should
be develop in order to verify and follow up the results of the implementation.

5.

Ongoing projects

Following projects are in progress:
5.1 Condition assessment of bonded tendons in nuclear reactor containments – PhD-project
The main objective of this PhD-project is to evaluate the status of the containments with bonded tendons.
This regards both the pre-stress losses and the risk of corrosion on tendons and stressing anchorages. The
pre-stress losses will be estimated by using various models regarding the creep and shrinkage of concrete
and the relaxation in the pre-stressing steel and also by testing of several pre-stressed concrete beams.
5.2 The moisture conditions of nuclear reactor concrete containment walls
The aim of the project is to describe the drying process of the containment walls and predict the future
moisture condition. The development of the moisture condition is used to determine the shrinkage strains
in the containment walls.
5.3 Follow up and documentation of inspection and condition assessment in Forsmark’s nuclear
power plant
The main objective of the project is to follow up and to document the inspections and condition
assessments, which are taking place in Forsmark’s nuclear power plant. The results of different condition
assessment methods will be compared and documented. The purpose is to reveal the weaknesses of some
assessment methods and tools and formulate new R&D projects.
5.4 Evaluation of non-destructive test methods (NDT) applied to the civil engineering structures in
nuclear power plants
The project is finished. The objective of the project was to evaluate the results of selected
NDT-applications with regard to:
•
•
•
•

The quality of the results.
To compile the issues which have been studied.
To describe the technical development within the field.
To point out those tracks which have the greatest possibility to be developed both in short and long
terms.
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As a result of this project a new NDT-project has been created which will be started soon.
5.5 Gas penetration in concrete in reactor containment
The objective of the project is to develop a model to describe the development process of the compression
during the tightness tests of the containment. The model will be used to estimate the volume of the gas
penetrated in concrete, which will increase the accuracy of the tightness tests.
5.6 Corrosion of the embedded steel liner inside a water-filled gap
The objective of the project is to verify whether the environment at the top of a water-filled gap between
the steel liner and concrete is corrosive, for the liner, or not. Furthermore, the corrosion process shall be
described and corrosion rate shall be estimated in the case that the environment inside the gap is corrosive.
5.7 Corrosion of steel in concrete in the cooling water ways
The objectives of the project are:
• To describe the reasons for high Chloride concentrations in concrete, in water ways, which can be
higher than the concentrations expected with regard to the concentration in sea water and the
normally bounded Chloride.
• To develop a test method to determine the Chloride threshold values.
• To study the possibility of corrosion in the saturated concrete.

6.

Project funding

The project is financed by the companies, which are represented in the steering committee. The annual
budget is EUR 350 000.
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Ageing Management of EDF NPP Concrete Structures: from the Theory to the Reality
Dr. Etienne Gallitre, M. Claude Brunet (EDF-SEPTEN), France

Abstract
This paper presents EDF practice about concrete structure ageing management, from the materials analysis
to the formal procedure which allows EDF to increase 900 MWe NPP lifetime until 40 years.
This practice is based on a methodology which identifies every ageing mechanism, then both plants
feedback and state of the art are screened and conclusions are drawn up and taken into account into an
“ageing analysis data sheet”. That leads to a collection of 57 data sheets: if the data sheet conclusion is not
clear enough, then a more detailed report is launched. This ageing management detailed report gathers
every theoretical knowledge and monitoring data; its objective is to propose a solution for ageing
management: this solution can include more inspections or specific research development.
After a first practise on the 34 French 900 MWe units, only 2 generic ageing management detailed reports
have been needed for the civil engineering part: one about reactor building containment which focuses on
two mechanisms: steel liner corrosion and pre-tress losses, and one about other structures which focuses
on Alkali-Aggregate Reaction (AAR).

1.

Introduction

Managing ageing and remaining lifetime of an industrial facility is a concern that must be taken in account
as part of daily activity. Especially Nuclear Power Plants ageing management is an essential issue for
Utilities, in term of safety and availability and corresponding economical consequences.
Practically every nuclear country has developed a systematic program to deal with ageing of components
on their plants [1].
EDF is concerned since the beginning of plant operation the importance by that need for its nuclear
facilities, which leads to the following lifetime management policy:
• Daily operation and maintenance activities, with an effective experience feedback organiSation
taking advantage of the high level of standardization of the units: periodic inspections are a part of
these activities.
• “Exceptional Maintenance” operations dealing with possible problem: improvement of reactor
building containment by glass fibre-reinforced polymer coating is an example of exceptional
maintenance operation.
• Complete safety review every ten years of each NPP series, including ageing evaluation of system,
structure and components [3].
But lifetime extension from 30 to 40 years needs to pass another step: this step consists in what we call the
“Lifetime Management Program” which is the subject of our presentation.
So we will focus on this program concerning lifetime of 900 MWe series civil engineering part.
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2.

Ageing management program review for civil engineering

The major objectives of this 10 years basic activity is to justify that the structures and associate systems
concerned with ageing mechanism remain in the design and safety criteria, including all feedback from the
field.
So that the first step of this program is to identify each potential degradation mechanism, which can affect
these structures or systems. In order to do that, we proposed a specific grid with one line per potential
degradation mechanism and the following information collected in the columns:
− Is the degradation mechanism potential or encountered in French or International similar plant?
− Did we encounter difficulties that can have affected a safety function?
− Is the degradation mechanism analysed in the design report? And if yes, what is the expected
lifetime?
− Is the present maintenance program adapted, easy to adapt or not adapted for this degradation
mechanism?
− Is the repair easy or difficult for this degradation mechanism and this location?
− Is the replacement easy or difficult? Do we have any risk of obsolescence of the system?
A specific data sheet is attached to each line of the grid in order to collect all the references used to
complete the grid.
For the civil engineering part, 57 mechanisms has been identified and analysed, they are distributed as
follows:

Structure, component or system
Containment
Equipment hatch & Personnel air lock
Penetration
Transfer tube
Civil Engineering structures and systems
Pools
Fire protection
Embedded pipes
Site specific structures

Sheet number
12
3
2
1
18
3
7
3
8

Table 1: Mechanism sheet number distributed in the civil engineering families
At the end of the sheet, as a conclusion, a “status” of the mechanism is given, depending on the answer to
the questions in the following table:
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Degradation
Mechanism
Operation and
maintenance
Repair and
replacement very
difficult
Repair or
replacement very
difficult

Encountered

Easy or difficult

Potential

Potential

Adapted

Difficult to adapt

Adapted

Difficult to adapt

2

2

0

2

0

2

0

1

Table 2: Mechanism “status” 0,1 or 2 depending on repair difficulty
After the allocation of the “status” on, each sheet, the consequences are:
− For status 0: analyse is considered as sufficient
− For status 1: instruction is needed to qualified a status 0 or 2
− For status 2: an Ageing Management Detailed Report is needed
As yet, only 2 mechanisms (or group of mechanism) have a status 2: these ones are:
− Containment: pre-stress losses and liner corrosion
− Every concrete structures: alkali-aggregate reaction
These two reports have two stages: the first one is generic (only one report for the 900 MWe series); the
second one is local (one report per unit). The generic ones will be briefly summarized in the following
chapters.

3.

Containment ageing management detailed report

This report summarises the containment design and particularly the pres-tress losses due to steel relaxation
and the losses due to shrinkage and creep. Liner design is also described, taking into account that even if it
does not play any part in the resistance, it presents unfavourable aspects, concerning its action on the
concrete. Design differences between Fessenheim-Bugey NPP and the main part of the 900 MWe series
units are also described.
The liner mainly behaves under concrete imposed strain for permanent loads, and under thermal effect
under accidental loads.
The liner thickness of the liner was mainly given by no bucking condition under permanent loads:
nevertheless, but recent studies have shown that bucking is not a problem from a safety point of view.
Pre-stress losses:
On each EDF containment reactor building, there is a large instrumentation (strain censors) which
measure strain in the three dimensions very two months on several areas (raft, dome, standard part…).
These censor data are recorded every two months since the commissioning: so we have curves we can
extrapolate until 40 years or more. The new studies done for the third decennial safety examination (taking
into account severe accident for example) have taken these new extrapolated curves as new hypotheses to
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fixed shrinkage and creep assumptions. That is interesting to note that the steel liner confer to the concrete
wall a virtual thickness that is the double as the real one.
As airtightness is given by the liner, such concrete long term strains have no consequences on safety.
Steel liner corrosion risk:
Steel liner corrosion risk cannot be ignored because of the events that happened during the early 90th in
the lower part of the reactor building: a localised type corrosion happened near the basement and needed
repair operations (but without impact on periodic airtightness test results): now the definitive operation
which consisted in wax grouting has solved this problem.
An international survey has been undertaken after this event and to prepare this lifetime extension: this
survey has confirmed our analyse that concluded to the link between corrosion and bad protection (void or
gap just next to the liner without coating)
As a conclusion, risk is controlled but periodic inspections completed by ultrasonic thickness
measurement in critical areas are considered as necessary.

4.

Alkali-aggregate reaction ageing management detailed report

The alkali-aggregate reaction is an irreversible chemical reaction of concrete, which has not indices
specification during the phases of the existing NPP. As a matter of fact, concrete requirement (on
aggregates) to avoid alkali-aggregate reaction date from the years 1994 and after.
This reaction is due to alkali and hydroxyls ions from Portland cement paste and certain reactive siliceous
minerals that are often present in the aggregate. In literature, the phenomenon is referred to as alkali-silica
reaction (ASR) [2]. Pop-outs and exudation of a viscous alkali-silicate fluid are other manifestations of the
phenomenon: the first paper about this subject was published by Stanton in 1940 from his investigation of
cracked concrete structure in California, but has not been clearly explained at this moment. Later a dam in
France (which belongs to EDF) has been affected and has been traited recently by a sawing procedure,
allowing future concrete expansion.
So a risk scale has been established, on the base of different factors such as cement, aggregate and
admixture chemical composition. Every site has been classified on this risk scale and only four among a
total of 19 has been considered with potential risk. These sites are essentially located on the Loire River
where aggregates contain a large part of silica. So these sites are inspected in order to detect ASR.
In case of serious problem, some solutions exist but are limited and not so adapted to nuclear facilities. By
chance, this phenomenon is slow and can be detected by observations like pop-out or concrete expansion
when the structure is instrumented as the reactor containment wall and raft: early detection is less obvious
when there is no instrumentation. If ASR is detected, a methodology exists to follow its evolution: it
consists in measuring crack length inside a fixed area, it is normalized and called “Trihedron” method.
A first analysis of potential consequences has been done, taking into account expansion and cracking of
concrete leading to loss of strength and elastic modulus, the conclusions are the following ones:
− In medium term there is no dangerous consequence because of the large amount of reinforcement in
the concrete.
− In a longer term, inspections may be intensified if manifestations are detected, and more
sophisticated analysis may be undertaken if necessary.
− In long term, watertightness may be improved if necessary by metallic or organic coating.
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Note that on this subject, that EDF participates to a RILEM group, which focus on RSA and other
expanding concrete reactions, which started in 2007.

5.

Conclusion

EDF has developed a specific writing procedure to review how the ageing phenomenon has to be treated
from a safety point of view. This procedure has been applied to the 34 French 900MWe units. The
application to the civil engineering has been appreciated by the Safety Authority because of its systematic
aspect, that lead to a documented discussion about every ageing mechanism.
This procedure is based one ageing data sheets written on each mechanism: that can lead to more
consistent reports if necessary for critical ones. These ones are analysed through Ageing Management
Detailed Reports (for civil engineering: containment steel liner corrosion plus pre-stress losses and
Alkali-Granulate Reaction).
As a conclusion, all the lessons learned in this program have to be included in the new design of NPPs by
improving the corresponding Code & Standards. Nevertheless, EDF took into account as reasonably as
possible the ageing aspect in EPR design for example about containment instrumentation design or steel
liner corrosion protection.
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Twenty Years of In-Service-Inspection of Concrete Structures in Belgian NPP’s
Luc De Marneffe, Tractebel Engineering, Belgium
Yvan Merckx, Electrabel, Belgium
Michel Sonville, Tractebel Engineering, Belgium

1.

Introduction

Belgian NPP’s were built in the years 1969-1985. The present paper describes the in-service-inspection
(ISI) program implemented to follow the evolution of their concrete structures and certify that they remain
in compliance with the reglementation.

2.

Local context

The seven Belgian NPP’s are located in two sites. Four NPP are in Doel along the river Schelde, in a
sea-shore like environment. These plants are founded on piles. The last three NPP’s are along the river
Meuse, with in-land conditions. They are founded on the rock.

Table 1: Belgian NPP’s
Power

Year of first operation

Containment

Doel 1-2

2 * 392 MW

1975

Steel

Doel 3

970

1982

Pre-stressed concrete

Doel 4

1001

1985

Pre-stressed concrete

Tihange 1

962

1975

Pre-stressed concrete

Tihange 2

960

1983

Pre-stressed concrete

Tihange 3

1015

1985

Pre-stressed concrete

Every reactor building has a primary containment (steel or pre-stressed concrete) and an outer containment
in reinforced concrete.

3.

Regulation

Belgian NPP’s have to comply with the requirements of US reglementation, and more specifically with
ASME for the containments and ACI-349 for seismic category 1 structures.
Moreover, it has been decided to perform a full ISI program for structures that are not themselves safety
related but whose damage could be dangerous for other safety related structures. For example, a problem
in a water tunnel (itself being not safety related nor seismic class 1) cannot be the origin of a flood of
adjacent safety related structures. As consequence, the natural draft cooling tower, its pool and its internals
will be inspected.
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4.

Categorisation of structures

For a convenient organisation of inspection campaigns, concrete structures have been categorised onto
domains.
Primary containments are in a specific domain. Indeed their ISI program is fully determined by codes.
Domain A is for the structures that can be inspected only during an outage of the plant: internal structures
of the reactor building, water in-take galleries…
Domain B is for structures or part of structures located is in the controlled area (one year of inspection
periodicity).
Domain C is for structures that can be inspected without special operational contingencies (three years of
inspection periodicity).
Further, a list of performance criteria has been drafted for each structure: among others, functional
integrity (ability to support equipment), radiological protection, air, rain or water-table tightness, seismic
classification and structural integrity.

5.

Experience based inspection procedures

Inspection procedures have then been written. They take into account the specificities of each site and of
each structure.
Indeed, in place of inspecting with the same care every m² of each structure, it has been decided to look
with special care at locations where experience shows that damage can occur. For example, expansion
joints in water tunnels have a higher susceptibility to damage than their main body and are inspected with
higher care.
Another example concerns structures in marine environment where salt can attack concrete. Similarly,
structures below water table can suffer from infiltration.

6.

Seismic class 1 structures

Seismic class 1 structures include all the major buildings of the nuclear island.
The ISI program includes a follow-up of differential settlement between structures.
A major concern is with the rooms housing steam-outlet valves: indeed, it has been stated that, after
several years of operation, the hot steam in contact with concrete is the origin of a peeling of the
reinforcement cover. Concerned walls had to be repaired.

7.

Other structures

This domain concerns all the structures that can have an indirect impact on the safety without being
themselves class 1.
This applies to the cold circulating water circuit: the natural draft cooling tower with its pool, the tunnels
and ducts from the cold source to the condenser and back, the pump station, the water in-take and outlet.
The chimney and several gazoil tank containers are also concerned.
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8.

Primary containments

Inspection of pre-stressed containments complies with the requirements of RG. 1.90 [1]. It includes visual
inspection, lift-off and deformation measurements. In addition to the objectives regarding other safety
related structures, it is here important to follow the evolution of the pre-stress and to show that actual
pre-stressing losses are lower than the losses considered for the design.
Lift-off (jacks lifting off the anchor plate of a tendon) measures the tension in a tendon just below the
anchor plate (only for Doel 3-4 and Tihange 2-3). Figure 3 shows the evolution of such a measure. The
main difficulty with lift-off is to be convinced that the tension just under the plate is representative of the
tension along the tendon.
Figure 4 gives the measured evolution of strains in the hoop direction versus the theoretically foreseen
values. Strains are lower, inducing that pre-stressing losses are also lower than foreseen. For this plant,
measurements are done with vibrating wires.
A complementary inspection system is made of “witness beams” (only for Tihange 1-2): pre-stressed
concrete beams, cast during the construction of the containment and kept in similar conditions are
regularly cut (destructive tests) in order to show that corrosion does not affect the pre-stressing hardware.

9.

Strain measuring devices

The live evolution of the measuring devices for containments is worth mentioning. Lot of vibrating wires
and strain gages have been cast in the concrete. Despite their special protection, several of them were
destroyed during the construction. The others have now been active for more than twenty years.
Nevertheless, the number of active devices is decreasing with years. Figure 2 is typical for the evolution of
the number of defective measuring devices in a containment.
The reason for the defect of devices is not straightforward: it can be the strain-gage or the wire themselves
or the electrical connection. Anyway the origin of the problem is inside the concrete and cannot be fixed.
With a decreasing number of measuring devices in structures or part of structures (i.e. in domes), the
volume of available information becomes too small to give a good idea of the evolution. Several years
ago, it has been decided to renew the measuring devices of Doel 3 containment [3]. This means fixing
new vibrating wires on the face of the containment in order to supplement devices cast in the concrete.
Figure 5 gives a comparative evolution of the mean strains measured by the old systems (strain gages and
manual measurements) and new system (new vibrating wires).
The first problem faced has been the correlation between old and new measurement systems. It appeared
that several months after the fixation are necessary in order to allow for the stabilisation of the new system
and see a parallelism in the evolution of their respective measurements.
The second difficulty has been that the start measurement (T0) of the new system was several years after
the construction of the containment with a loss of the strain evolution for the corresponding years. An
intermediate solution has been to adopt as starting point the theoretical value of the strains at the time of
re-instrumentation. Figure 5 shows that the new system follows fairly the theoretical curve afterwards.
Nevertheless this hypothesis is not totally satisfactory as the total actual deformation of the containment is
not accurately taken into account from the first year.
In the following years, a project will start for the re-instrumentation of a second containment.
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10. Conclusions
Every Belgian NPP is now more than twenty years old. An extensive In-Service Inspection program of
their concrete structure has been launched. The return on experience for all those years has been used to
focus inspectors’ attention on specific substructures where damage can first be expected. Several
repair/replacement actions have been undertaken.
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Figure 1: Nuclear Power Plants in Belgium

Figure 2: Typical evolution of the number of defective measuring device
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Figure 3: Evolution of horizontal lift-off
700.0

650.0

600.0

Force (kN)

550.0
Moy
Min
Max

500.0

450.0

400.0

350.0

300.0
28-août-76

18-févr.-82

11-août-87

31-janv.-93

24-juil.-98

14-janv.-04

06-juil.-09

dates
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Figure 5: Doel 3 evolution of mean vertical strains according to measurement systems
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Life Assessment of Candu16 Reactor Building Containment Structures
Ms. Julia Tcherner (nee Milman), Dr. Tarek S. Aziz, Dr. Jay K. Biswas, Ms. Laurie McCrea
(Atomic Energy of Canada Limited), Canada

Abstract
Containment system represents an ultimate barrier to fission product releases to the environment in a
Nuclear Power Plant (NPP). Existing design and operating strategies are in place to protect this final
barrier in a CANDU NPP. As part of the containment system, CANDU6 NPPs use a fully prestressed
concrete Reactor Building (R/B) that is designed to contain the pressure build-up that might result from
accident scenarios. The epoxy liner system is applied to the inner surface of the R/B concrete to enhance
its leak tightness.
Many NPPs are nearing the end of their original design life and life extension is being considered.
Although concrete is a very durable construction material under favourable environmental and operational
conditions, its properties might be adversely affected with age due to continuing micro-structural changes
and environmental influences. In addition, deviation from design specifications during construction or
changes in anticipated environmental conditions can sometimes lead to unpredicted effects. Therefore, it is
important to confirm the integrity of the safety-related civil structures and equipment to continue
successful operation of the station.
Life Assessment (LA) is applied to critical and complex components and structures such as R/B
containment structure, that are designed not to be replaced as part of normal maintenance program, and
that are subject to long-term degradation mechanisms. The assessment of current condition of R/B
containment structure is based on the historical data of operation and maintenance assessed against the
design basis as defined by the functional, safety, and operational requirements. The health prognosis for
extended life is then based on both this current condition and a systematic identification and assessment of
Ageing Related Degradation Mechanisms (ARDMs) and their possible impact on the ability of the R/B
containment structure to meet its functional requirements during the extended service life.
Recently, AECL has assessed R/B containment structures for two CANDU6 NPPs. The assessments
included concrete, prestressing system, non-metallic liner system and joint sealant material. Theses
assessments have shown that R/B containment structures will continue to meet their functional
requirements for an extended plant life of 30 years beyond designed life provided that recommended
activities will be implemented. This paper describes the methodology used to perform life assessment,
typical techniques, limitations, and recommended activities that are necessary to continue successful
operation of the plants.

1

CANDU® is a registered trade-mark of Atomic Energy of Canada Limited.
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1.

Introduction

A Plant Life Management (PLiM) program provides for the systematic assessment, timely detection,
mitigation, recording, and reporting of significant ageing effects in systems, structures and components.
The program recognises approaches used internationally and is consistent with their intent2,3. One of the
key elements of a PLiM program is the systematic and rigorous ageing assessment of systems, structures
and components. Ageing assessments generally entail a review of plant data in order to assess the effect of
ageing degradation on systems and components, establish their current condition, and provide a prognosis
for attainment of design life and/or long term operation with associated recommendations.

2.

Life assessment methodology

Life Assessment is applied to critical and complex components and structures such as the R/B
containment structure, that are designed not to be replaced as part of normal maintenance program, and
that are subject to long-term degradation mechanisms. It is a systematic and rigorous evaluation of design,
construction, commissioning, operation and maintenance data in order to assess the effect of ageing
degradation on structures and their components, establish their current conditions, and provide a prognosis
for future performance with associated recommendations.
The life assessment identifies changes, which are necessary and sufficient in order to address issues
related to ageing effects, and may include economic opportunities for improvement.
Review and systematic assessment of collected design, construction, commissioning, operation,
inspection, and maintenance history and any other relevant documentation enables determination of design
basis and identification of any changes to the structure during construction and operation. Physical and
functional boundaries of the structure and associated components are then established. Screening can be
performed to identify specific components that do not require further ageing assessment. Alternatively,
ageing assessment is performed for all components of the structure. This includes assessment of Ageing
Related Degradation Mechanisms (ARDM) and ageing evaluation to establish structure’s health
prognosis. Based on the ageing assessment, recommendations are provided for the structure in terms of
repair and monitoring, as well as PLiM related maintenance activities to assure plant safety and production
goals over the life of the plant.

3.

Ageing related degradation mechanisms

Two CANDU6 Reactor Buildings have been assessed recently. The completeness of the assessment is
dependent upon the quality of gathered information. Besides review of documents and drawings,
interviews with site personnel helped in identifying the information, which was not formally documented.
A walkdown is an experience based visual inspection method, where most of the findings are based on
actual structure condition and engineering judgement. Walkdowns have proven to be a valuable source of
information as they helped in identifying location of areas of distress and possible deterioration of the
structure.
Based on review of available information, design and operational exposure conditions for a structure were
compared. Engineering judgement was used to understand all potential ageing mechanisms that might
influence performance of a structure under assessment and an ARDM matrix was created.
2

Methodology for the Management of Aging of Nuclear Power Plant Components Important to Safety, IAEA, Technical Reports
Series No. 338, Vienna, 1992.

3

Implementation and Review of a Nuclear Power Plant Ageing Management Programme, Safety Report Series No. 15, IAEA,
Vienna, 1999.
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To identify those ARDMs that might be applicable to the CANDU6 R/B containment structures,
evidences of past occurrences of each ARDM at the assessed plants or other plants under similar
conditions were considered. Furthermore, a possibility of occurrence of the ARDM at the assessed plants
was evaluated based on the combination of design, material and exposure environment. In addition, failure
consequences associated with the ARDM, and the ability to detect and manage the ARDM with existing
plant programs were assessed. Thus, the susceptibility of the structure to each ARDM was rated as high,
medium, or low as described below:
• High (H) rating was assigned when the degradation mechanism is occurring or has occurred, either
in this structure or in a similar structure under similar conditions, and there is no
management/mitigation strategy in place, or it is unclear if any such strategies are adequate, to
mitigate the degradation for the target life, or to prevent forced outages, etc. (i.e., may result in
significant operational impact).
• Medium (M) rating was assigned when the mechanism is relevant for the application, and is
occurring or has occurred, either in this structure or elsewhere under similar conditions and is being
managed/mitigated with an existing program, OR, there is no evidence that the mechanism has
occurred but it would not be detectable/controlled with an existing program.
• Low (L) rating was assigned when the mechanism is relevant for this structure. There is no evidence
to suggest that it is occurring and it would be detectable/controlled with an existing program, or it
has no impact on facility life.
Based on the performed assessment, the following ARDMs were considered applicable to the CANDU6
reactor building containment structures:
• For the parts of the building exposed to water, leaching, Alkali Aggregate Reaction (AAR), and
corrosion of reinforcement and pre-stressing steel anchorages were identified as relevant
degradation mechanisms.
• For other parts of the R/B structure, in general, exposure to elevated temperatures/thermal cycling,
irradiation, creep and shrinkage, possible loss of pre-stressing forces, weathering of the joint sealant
and non-metallic liner material were identified.
An example of an ARDM matrix is shown in Table 1. The ARDMs not included in the table, or those
having no rating against them in the table, were not considered applicable given the environmental
conditions or materials, or a combination thereof.

4.

Health prognosis and recommendations

Health prognoses were provided based on a thorough review of available information with particular
attention to and focus on ageing related degradation. Where sufficient information to establish current
condition was not available, activities to support results of the assessment were recommended in addition
to recommendations for plant program enhancements to verify and ensure continuing health of the
structure. These included, for example, sampling of the ground water to determine if it has the potential to
adversely affect integrity of parts of the structure in contact with it. Also, testing of concrete that was in
contact with water for a long time to ensure that its properties were not significantly affected.
Generally, the concrete of the reactor buildings was found to be in good condition. Elastomeric material
(i.e. joint sealant and liner system) has shown some degradation over time (Figure 1 – Figure 3). However,
the risk associated with such degradation is considered low since repair methods exist. The risk is higher
in case of pre-stressing steel since repair of the grouted pre-stressing system is not generally practical.
Although there is currently no evidence of degradation of tendons or loss of pre-stressing forces, these
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were considered applicable for the pre-stressing system of the R/B based on review of design and
operating data. Therefore, it is essential that condition monitoring will be implemented to ensure integrity
of the pre-stressing system for the extended service life of the plant.
CSA N287.74 allows instrumented monitoring as an option to satisfy the code requirement of integrity
evaluation of the pre-stressing system. Another option of indirect monitoring of the pre-stressing system
integrity is the use of "test beams". These are beams cast at the time of construction of the structure and
their number is selected to last for the design life. Thus, after refurbishment of the plant, there will be none
or limited number of beams left for testing, therefore other options (i.e. instrumented monitoring) will
have to be used to ensure the integrity of the pre-stressing system during further life extension. Additional
advantage of the instrumentation is early indication of peculiarities in case of unpredicted behaviour of the
structure under pressure during the leak rate tests.
A general recommendation to effectively manage ageing is to periodically examine structures at regular
intervals as required by CSA N287.7 and ACI 349.35.
Therefore, the recommended enhancements to currently existing programs include:
• Developing and implementing an Ageing Management Program for the Reactor Building;
• Enhancing existing procedure for repair of cracks in concrete;
• Developing and implementing procedure for joint repairs;
• Modifying Leak Rate Test (LRT) procedure to include requirements for inspections, to limit
depressurisation rate and to include instrumentation measurements.
Refurbishment outage provides a unique opportunity to implement some of the important repair and
monitoring activities, including the following:
• Developing instrumentation program and installing instrumentation to monitor containment
structure during LRTs to provide assurance of the integrity of the pre-stressing system;
• Implementing program of replacing joint sealant material at discontinuities inside and outside of
R/B;
• Performing condition survey of the accessible areas inside and outside of the R/B, and
• Performing repairs of the liner system.

5.

Conclusions

Based on the reviewed documentation, communication with plants’ personnel, and walkdowns, the R/B
containment structures will continue to meet their intended functional requirements for extended plant life
of 30 years beyond design life if recommendations are implemented and if the results of recommended
additional activities to support the assessments are satisfactory.

4

CSA N287.7-08, In-Service Examination and Testing Requirements for Concrete Containment Structures for CANDU Nuclear
Power Plants, 2008.

5

ACI 349.3R-02, Evaluation of Existing Nuclear Safety-Related Concrete Structures, 2002.
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Table 1: Example of ageing related degradation mechanisms matrix
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Figure 1: Degradation of liner over joint inside R/B

Figure 2: Discoloration of liner system

Figure 3: Degradation of joint sealant (outside
surface of R/B)
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Measured Loss of Pre-stress in 30-Year-Old Concrete Structures
Patrick Anderson, Scanscot Technology, Lund, Sweden
Peter Lundqvist, M. Sc Civil Engineering, Div. of Structural Engineering, Lund Univ., Lund, Sweden

1.

Introduction

Most nuclear reactors, both in Scandinavia and worldwide, are enclosed by a pre-stressed concrete
containment. The containment wall is approximately 1 m thick and is pre-stressed in two directions by
large pre-stressing tendons. On the inner face of the containment there generally is a tight-welded steel
plate securing the tightness (steel liner). The main purpose of the containment is to maintain the structural
integrity of the containment in the event of a major internal accident. The main accidental scenario, which
the containment is designed to withstand, is a so-called loss of coolant accident (LOCA). A LOCA is
initiated by a pipe rupture in the cooling system, discharging hot steam into the containment. The escape
of steam increases both the temperature and pressure inside the containment. The increased internal
pressure arising from a LOCA is referred to as the design pressure. The pre-stressing system is designed to
counterbalance the tensile forces arising from the design pressure. The status of the containment is
gradually changed due to environmental factors and by alterations in the micro structure of the material.
The pre-stress will be reduced due to shrinkage and creep in the concrete and relaxation in the tendons.
The corrosion protection of tendons are for Scandinavian containments arranged in two different ways, either
by cement grouting (bonded tendons) or e.g. by grease injection (unbonded tendons). The major advantage
using unbonded tendons is the possibilities of assessing their status (e.g. pre-stress losses or corrosion damages)
which is not possible using bonded tendons. Both bonded and unbonded tendons are used worldwide. For
example in the U.S. almost all tendons are unbonded, whereas in France almost all tendons are bonded.
For Scandinavian reactor containments with unbonded tendons (6 containments, all in Sweden) the tendon
force is monitored at regular in-service inspections. Except for the regular inspections one containment at
Forsmark power plant is monitored with fixed gauges at a number of tendons. The power plant Olkiluoto in
Finland has bonded tendons and during the construction in the mid-seventies several pre-stressed concrete
beams were constructed with the single purpose to follow up the pre-stress losses. The remaining tendon forces
in five of these beams have recently been tested. Results from the beam tests and from the
in-service-inspections for Swedish containments are presented in this paper. The measured loss of tendon force
has been estimated by using different models for predicting creep and shrinkage of the concrete and relaxation
in the pre-stressing steel.
The work presented in this paper is mainly based on results from two PhD-projects at Lund University. The
testing of the beams is a part of the PhD-project “Bonded Tendons in Nuclear Reactor Containments”. The
evaluation of measurements from Swedish in-service inspections is a part of a PhD-project finished in year
20071.

1

Anderson P., “Structural Integrity of Prestressed Nuclear Reactor Containments”, Ph. D. thesis, ISSN 0349-4969, 2007
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2.

Principal outline of pre-stressed reactor containments

Scandinavian reactor containments are in principle constructed as pre-stressed concrete cylinders founded
on thick concrete plates. The top of the cylinders is either enclosed with a massive steel lid (boiling water
reactors) or with a pre-stressed concrete dome (pressurized water reactors). The cylinder wall consists
from the outside of a bearing concrete shell, which is 0.76-1.2 m thick and pre-stressed in two directions
(vertically and horizontally). Inside the bearing concrete the steel liner (5-10 mm thick) secures the
tightness. The inside of the steel liner is protected from missiles (e.g. from pipe pieces) by a 0.26-0.33 m
thick reinforced concrete shell. Figure 1 shows the principal outline for the containments for these two
types of reactors.
Each containment is pre-stressed with hundreds of tendons. Typical tendons used in Swedish containments, see
Figure 2, are BBRV tendons with 139 wires with diameter of 6 mm (ultimate load, Fu = 7.1 MN) and VSL
tendons with 19 strands consisting of 7 wires each (Fu = 3.5 MN).

Figure 2: Outline of tendon anchors

Figure 1: Outline of Swedish reactor containments
3.

Tests on beams with bonded tendons

When the nuclear power plant Olkiluoto was built in Finland in the mid-seventies several pre-stressed
concrete test beams were fabricated. The beams were cast simultaneously and with the same concrete that
was used for the containment walls. The test program was such that one beam was planned to be tested
approximately every third year. The tests included e.g. determining the remaining tendon forces, the
concretes compressive strength and modulus of elasticity. The main purpose of the tests was to roughly
estimate the condition of the containment, e.g. regarding pre-stress losses. However, after only six years
the test program was cancelled due to unreliable results regarding the remaining tendon forces. The
remaining test beams have been stored inside of the containment building ever since.
The pre-stress losses in five of these beams have recently been tested and the results have been compared
with pre-stress losses estimated using several different prediction models for creep and shrinkage of the
concrete and relaxation of the pre-stressing steel.
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3.1. The beams
Beam details and cross-section are given in Figure 3. In total five beams were tested, two from reactor 1
(OL1) and three from reactor 2 (OL2). The beams were fabricated in 1975 and 1977 respectively, and cast
simultaneously as the containment walls. The beams are 3 m long, with a square cross-section of
500x500 mm. Slow-hardening cement was used and the water-cement ratio of the concrete was
approximately 0.5. The time between casting and tensioning varied between 63 and 687 days. In each
beam there is one tendon placed in the center of the cross-section. For the two reactors, two different
post-tensioning systems have been used, VSL type 19 Ø 13 mm and BBRV type R 238 (72 Ø 6 mm),
respectively. The initial post-tensioning forces were 2.44 MN for the beams from OL1 and 2.52 MN for
the beams from OL2. After the tensioning the ducts were injected with cement grout.

Figure 3:

Beam details for the beams with the VSL post-tensioning system. The arrangement of
reinforcement and tendons are the same for all beams. The difference between the beams with
the two different post-tensioning systems is the dimensions of bearing plates and ducts. Note:
all dimensions in millimeters.

3.2. Evaluation of pre-stress losses
The remaining tendon forces in the beams were determined using the so-called crack re-opening method,
where the beams were subjected to a three point bending test. The test setup is shown in Figure 4.
The beams were loaded until flexural cracks appeared in the bottom. The initial crack was marked and the
beam unloaded. In order to determine the decompression load, i.e. the applied vertical load at which the
crack re-opens, one LVDT-gauge was mounted across the crack, see Figure 5. The beam was loaded once
more and both the vertical load applied by the testing machine and the displacements recorded from the
LVDT were recorded. In order to more accurately determine the decompression load, the beams were
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loaded and unloaded three times. The decompression load was determined by intersecting the slopes in the
load versus crack width diagram, see Figure 6. The intersecting was performed as follows: first the
intersection point, δ, was estimated visually (i.e. “by hand”). A regression line was adapted to the lower
slope from the point where the displacement was 0.01 mm (there were some irregularities in the region
0-0.01 mm) to the point on the slope where the displacement was δ - 0.005 mm. A second regression line
was adapted to the upper slope between the point where the displacement was δ + 0.005 mm to the
endpoint of the slope. The two regression lines were intersected to find the final intersection point.

Figure 4: The test setup of the beams

Figure 5: The LVDT-gauge mounted across the crack
The pre-stress losses in the beams were also estimated using several different prediction models for creep
and shrinkage of the concrete and relaxation in the pre-stressing steel. The models used were the CEB/FIP
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Model Code 19902 and 19993, ACI 2094, Model B35, GL20006 and the PCI Committee on Prestress
Losses7, which also was used for the calculation of the relaxation in the tendons. Although the CEB/FIP
model codes are limited to concrete subjected to a mean relative humidity ranging between 40 to 100 %,
these models have still been used. The initial elastic shortening of the beams at the post-tensioning is also
included in the calculated pre-stress losses. Most of the information regarding the beams which was
needed as input for the prediction models was available, except for the compressive strength and modulus
of elasticity of the concrete and data regarding the curing method and curing time, why the following
assumptions had to be made.
− Compressive tests have been conducted on cylinders which were cast simultaneously as some of the
beams. These tests were performed three and six years after casting and both the compressive
strength and modulus of elasticity was determined. The 91-days compressive strength and the
modulus of elasticity of the concrete were calculated backwards from the test results, using
formulas according to CEB/FIP MC 1999. The 91-days compressive strength and the modulus of
elasticity of the concrete are calculated backwards using formulas according to CEB/FIP MC1999.
The compressive strength was estimated to 34.5 MPa and the modulus of elasticity to 20.4 GPa.
− Since membrane curing was used for the containment, it is assumed that this also was used for the
beams.
− The curing membrane is assumed to be removed, i.e. the on-set of drying occurs, simultaneously as
the tensioning of the tendons.

2

CEB Bulletin d`Ínformation no. 199. “Evaluation of the Time Dependent Properties of Concrete”. Comite European du
Beton/Federation Internationale de la Precontrainte: Lausanne, Switzerland, 1991.

3

CEB-FIP Bulletin 1. “Structural Concrete, Textbook on Behaviour, Design and Performance- Updated knowledge on the
CEB/FIP Model code 1990”. The International Federation for Structural Concrete: Lausanne, Switzerland, 1999.

4

ACI Committee 209.. “Prediction of Creep, Shrinkage and Temperature Effects in Concrete Structures”, ACI 209R-92.
American Concrete Institute: Detroit, MI., USA, 1992.

5

Bazant Z. P. and W. P. Murphy. “Creep and Shrinkage Prediction Model for Analysis and Design of Concrete Structures –
Model B3”. Materials and Structures, Vol. 28. No. 180: pp. 357-365, 1995.
6
Gardner N. J. and M. J. Lockman. “Design Provisions for Drying Shrinkage and Creep of Normal Strength Concrete”. Canadian
Journal for Civil Engineering. Vol. 98, No. 2 (March-April): pp.159-167, 2001.
7

PCI Committee of Prestress Losses. “Recommendations for Estimating Prestress Losses”. PCI Journal, Vol. 20, No. 4 (JulyAugust): pp 45-70, 1975.
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Figure 6: The load versus crack-width diagram. The decompression load is determined by intersecting
the two slopes
3.3. Results
The results from both the tests and the prediction models are given in Table 1. As is apparent from
Table 1, the results from the tests are somewhat scattered. However the measured pre-stress losses in
beams number 1, 2 and 4 are in good agreement. The deviating results for beams 3 and 5 is probably due
to that during the tests splitting cracks occurred and propagated at both ends of the beams and did not
close after unloading. There was also extensive cracking in the zones surrounding the bearing-plates. This
indicates that the anchors have moved inwards during the testing, which causes a shortening of the tendon
thus increasing the pre-stress losses. Due to the short length of the tendons a movement of 1 mm will
increase the pre-stress losses by approximately 5 %. Another parameter which affects the pre-stress losses
in beam number 3 is the time between casting and post-tensioning which was only 63 days. Slowhardening cement has been used, hence the load was applied before the concrete was fully hardened,
(concrete with slow-hardening cement obtains the corresponding 28-days strength after 91 days). This
increases the creep of the concrete substantially thus increasing the pre-stress losses.
What further is apparent in Table 1 is that most of the prediction models underestimate the pre-stress
losses in the beams, especially for beam number 4, for which the time between casting and post-tensioning
was approximately two years. This is, however, not the case with the model GL2000 which overestimates
the pre-stress losses for beams number 1 and 2 and is in good agreement with the measured losses in beam
number 4.
The CEB/FIP model codes are in good agreement with the test results, in spite of the limitations regarding
the mean relative humidity.
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Table 1: Measured and calculated pre-stress losses
Beam

Test

MC 90

MC 99

ACI

PCI

B3

GL2000

1

38 %

36 %

35 %

26 %

31 %

36 %

41 %

2

38 %

36 %

35 %

26 %

31 %

36 %

41 %

3

61 %

39 %

38 %

27 %

31 %

37 %

42 %

4

37 %

30 %

29 %

24 %

28 %

33 %

38 %

5

48 %

33 %

29 %

24 %

28 %

30 %

38 %

The results from the prediction models, i.e. the models predicted lower losses than the measurements,
indicate that the assumptions made regarding the curing time, i.e. the on-set of drying, were correct. If the
concrete had been subjected to drying prior to the tensioning, the parts from both shrinkage and
drying-creep influencing the pre-stress losses would be reduced. Drying-creep is the part of creep which is
associated with the drying of the concrete. The creep strains increases if the concrete is subjected to both
load and drying simultaneously.

4.

Tendon in-service inspections for Swedish reactor containments

Swedish reactor containments with unbonded tendons are located at two different power plants, three
pressurised water reactors at Ringhals power plant and three boiling water reactors at Forsmark power
plant.
4.1 Evaluation of pre-stress losses
Tendon in-service inspections in Sweden are performed according to an American guide Regulatory
Guide 1.35 (1990)8. This guide describes the basic methodology of an inspection program for concrete
containments with unbonded tendons. The inspections shall be made 1, 3 and 5 years after the structural
integrity test and thereafter every 5th year. A reduction of inspections occasions can be made if there are
two or more identical containments at the same power plant. The guide recommends that 4% of the
tendons should be selected randomly and tested at each inspection. If the three first inspections show
acceptable results the amount of inspected tendons can be reduced to 2%. Apart from measuring tendon
force, one wire or strand in one of the selected tendons shall be removed and checked over its whole
length to observe corrosion or other material defects.
Two different methods for measuring tendon force have been used at Swedish reactor containments. (1) At
the tendon inspections so-called lift-off technique is used and (2) at one of the Swedish reactor
containments (Forsmark 1) fixed gauges are installed at some of the tendons. Both these methods measure
the force in the end of the tendon.
Worldwide, lift-off technique is the most common method to measure tendon force. In this method a jack
is used to measure the force at the end of the tendon. The intention with the lift-off technique is to measure

8

Regulatory guide 1.35, “Inservice Inspection of Ungrouted Tendons in Prestressed Concrete Containments”, U.S. Nuclear
Regulatory Commission, revision 3, 1990.
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the force transmitted from the anchor head to the bearing plate, see Figure 7. In principle, the magnitude
of the force is registered at the instant when a movement can be observed between the anchor head and the
bearing plate. The most difficult part of the lift-off test is to decide when the anchor head starts to move.
The simplest method is to visually observe this. A more sophisticated method is to measure the
displacement and force continuously and then define the lift-off force from a curve plot, see Figure 7. The
measuring error for the jack equipment is normally stated to max 2%.

Figure 7: Lift-off test of VSL-tendon
Fixed gauges (Glötzl gauges type K 250 A135) were installed initially on 8 vertical and 5 horizontal
tendons (for horizontal at both ends) in Forsmark 1. The force is measured by a pressure ring, which is
placed between the anchor and the anchor plate. The Glötzl gauges have been read approximately every
second year and more frequently the first three years after the tensioning. The measuring accuracy
provided from the manufacturer is 2% for the used gauges.
4.2 Results
The measured tendon force is compared with the modelled force 30 years after the tensioning. Two
different models are used to calculate long-term losses in the concrete, ACI 209 and Model B3. The
relaxation in the tendons is predicted according to recommendations given in PCI Committee of Pre-stress
Losses. The loss from creep and shrinkage in the concrete are added to the loss from relaxation in the steel
and compared with the measured force in the Figures below. More details about the measuring results and
the modelling of pre-stress are presented in Anderson9.
Figure 8 show lift-off measurements from all Swedish tendon inspections where the measured tendon
force is divided with the initial measured force. Each break-point represents the mean force from the
tested tendons at one inspection. The modeled force 30 years after the initial tensioning is marked with
solid dots. The variability in measured tendon force at each tendon inspection is significant and varies
between different inspections. The evaluated coefficient of variation (COV) from Swedish tendon
inspections is in the region of 1-8 %. The COV for VSL tendons is generally twice as high as for BBRV
tendons. Another tendency shown in the measuring results is that COV evaluated from each tendon
inspections increases with time. This can be expected due to the variability in the mechanisms of long time
losses.
According to Figure 8 the mean of force loss for the Swedish containments lays in general around 5 to
10 % of the initial force. In most cases the whole loss seems to arise before the first tendon inspection i.e.

9

Anderson P., “Thirty years of measured pre-stress at Swedish nuclear reactor containments”. Nuclear Engineering and Design;
Vol. 235, pp 2323-2336. , 2005.
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2-5 years after the initial tensioning. The measurements made at Forsmark 2 and Ringhals 2 differs from
the rest of the measurements and calculated values.
At Forsmark 2 the losses for the horizontal tendons have increased at every tendon inspection and at the
third inspection the measured force was around 20% of the initial force. This force level was confirmed
also at the latest inspection at Forsmark 2 (not shown in Figure 8). At this inspection the average force
along the tested tendons was measured and the results are presented in Anderson et al10. For curved
tendons the friction between tendon and duct could result in unequal loss of force along the tendon. The
results presented in Anderson et al2 indicate that the mean loss of force along the tendons was less than the
loss of force at the end of the tendon.
For Ringhals 2, both the vertical and the horizontal tendons have higher losses than the general result. One
parameter that differs in Ringhals 2 compared to other Swedish containments is the time between the
tensioning and the start of operation. The temperature increases significantly at the start of operation and
the temperature have been shown to highly influence shrinkage, creep and relaxation. For Ringhals 2 the
operation starts already one year after the initial tensioning, but for the other containments the operation
did not start until 4-5 years after the initial tensioning. The early start for Ringhals 2 is assumed to be the
main reason for the larger losses for this containment.

Figure 8: Lift-off force at Swedish tendon in-service inspections
The results from fixed gauges at Forsmark 1 are shown in Figure 9 and 10. In contrast to tendon in-service
inspections, the results from fixed gauges are measured at the same individual tendons over time. The
tendon force is also registered in shorter intervals which make these results more suitable for indicating
trends.
The results from fixed gauges show the same general loss of force as the result from the tendon
inspections, i.e. 5-10 % average loss of force 30 years after the initial tensioning. The tendon force is
assumed to have a linear dependency with a logarithmic timescale. This assumption shows good
agreement with the results from the fixed gauges.
In Figure 10 a distinct change of slope can be observed approximately 5 years after the initial tensioning,
which is at the same time as the operation of the reactor was started11. At this moment, as mentioned
10

Anderson P., Berglund L.E. and Gustavsson J., “Average force along unbonded tendons; a field study at nuclear reactor
containments in Sweden”, Nuclear Engineering and Design, Vol 235, pp 91-100, 2005.

11

First shown in a report by Vattenfall AB 1991.
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before, the temperature was significantly increased (from around 20oC to between 30-45oC). When the
temperature rises the relative humidity can be assumed to decrease. Both these factors have been proved to
increase long time losses in the concrete and the tendons. The clearly stated influence of start up at
Forsmark 1 increases the validity of the assumption made for the results from tendon inspections at
Ringhals 2.

Figure 9: Measured Values from fixed gauges at Forsmark 1

Figure 10: Measured values from fixed gauges at Forsmark 1 (logarithmic time scale)
The general results from in-service inspections at the Swedish containments show significantly lower losses
after 30 years than the results from beams stored at Olkiluoto power plant. Some of the most important
parameters affecting pre-stress losses are the concrete age at loading, the drying conditions and the temperature
surrounding the structure. The main reasons for the low loss shown in the results from Swedish in-service
inspections are assumed to be the large volume/surface ratio and the high concrete age at the initial tensioning.
The volume/surface ratio for the test beams (Section 3) is less than ¼ of a typical containment wall with
liner on the inside. This gives much higher drying rate for the beams, which increases both the shrinkage
and the drying creep for the beams. For the containments included in this study the concrete age was
around 2 years when the tendons where initially tensioned. This very high age, compared to e.g. bridges,
will reduce the basic creep, the drying creep and also the shrinkage. The basic creep is reduced due to the
increased modulus of elasticity of the concrete. The drying creep and the shrinkage will be reduced due to
the fact that a significant part of the drying will have taken place after 2 years. Some of the test beams
were also almost 2 year when the tendons where initially tensioned. However, the beams were, unlike the
containments, sealed until the tensioning and therefore the effect of drying creep and shrinkage can be
assumed to be more significant for the beams than for the containments.
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6.

Conclusions
− Most of the prediction models underestimate the pre-stress losses in the beams with a few
percentage points, ranging between 2-14 %. The longer period between casting and post-tensioning
the more the measured values and the estimated deviates.
− The most accurate of the prediction models used for estimating the pre-stress losses in the beams
loaded early, i.e. 135 days, were Model B3 and CEB/FIP MC 1990. When the post-tensioning is
performed on older concrete, in this case after almost two years, the model GL2000 is the most
accurate in estimating the measured pre-stress losses.
− The general result from in-service inspections at Swedish containments show that the loss of
pre-stress after 30 years is between 5 and 10%, which is much less than predicted at the design
stage.
− The temperature surrounding the containments highly influences the loss of pre-stress. The
influence of temperature is confirmed by the results from the fixed gauges at Forsmark. A distinct
increase of gradient can be observed when reactor of Forsmark 1 starts.
− As the results presented in this paper shows, existing prediction models can be used to obtain a
good estimate of the pre-stress losses in concrete structures.
− Significantly higher loss is shown for the test beams than for the Swedish containments. The main
reasons for this discrepancy are assumed to be the difference in volume/surface ratio and the drying
conditions of the concrete before the tendons were tensioned.
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