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Foreword 

This report was prepared by a task group of the NEA CSNI, as the starting point 
of a widening of the structural integrity activities of CSNI. To date the 
Principal Working Group 3 (PWG-3) of CSNI on Reactor Component Integrity had 
only considered metal components. CSNI set up a task group to prepare a status 
report and propose a future programme of work, in the area of concrete 
structures, and this report is the result. At the autumn 1995 meeting, CSNI 
approved a new mandate for PWG-3 in the area of integrity of structures and 
components, with an emphasis on ageing. Three task groups were set up, oh metal 
components', concrete structures and seismic behaviour of structures. The 
expanded task group on ageing of concrete structures will pursue the proposals 
in this report. 

This document is published under the responsibility of the Secretary-General of 
the OECD. 
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EXECUTIVE SUMMARY 

At the November 16-17, 1994, meeting of the Nuclear Energy Agency (NEA) Committee 
on the Safety of Nuclear Installations (CSNI), a proposal was approved to set up a task group to 
study both what were the needs for international activities in the areas of concrete structural 
integrity, seismic studies and ageing from a general perspective, and how such a programme could 
be organized. The first meeting of the task group was held April 6, 1995, at NEA in Issy-les-
Moulineaux, France. At this meeting, attendees summarised activities of interest in their respective 
countries and an outline of a letter requesting information and comments from Organisation for 
Economic Cooperation and Development (OECD) Member Countries not represented on the task 
group was drafted. Results obtained from the letter, input from task group members, and 
information presented in the open literature were used to prepare this report. 

Contained in the first chapter of the report is background information on formation of the 
task group, the mandate of the task group, and organisation of the task group. 

The second chapter addresses longevity of nuclear power plants. The present status of 
nuclear power plants in the 25 OECD Member Countries is summarised and the importance of 
ensuring continued safe operation of nuclear power plants described. Safety-related concrete 
structures (primarily containments) for several reactor concepts are briefly described as well as 
their materials of construction. Primary mechanisms that can produce adverse ageing of the 
concrete structures are described (e.g., chemical attack and corrosion of steel reinforcement). The 
overall performance of nuclear power plant concrete structures is described and age-related 
degradation incidences that have occurred are noted (e.g., corrosion of steel in water intake 
structures and corrosion of metal liners). 

Chapter 3 describes national ageing management programmes of OECD Member Countries 
with the emphasis placed on nuclear power plant safety-related concrete structures. As over 80 of 
the OECD Member Country nuclear plants have been in operation for over 20 years, many 
countries are developing systematic ageing management programmes. Although the majority of 
these programmes are addressing components such as the reactor pressure vessel and steam 
generator, several national programmes have sophisticated activities that address the concrete 
structures (e.g., Canada, France, Japan, Switzerland, United Kingdom, and the United States). 

International ageing management activities, summarised in Chapter 4, have primarily been 
addressed under the auspices of the International Atomic Energy Agency (IAEA) and the 
Commission of European Communities (CEC). The IAEA currently has a coordinated research 
programme that is identifying ageing management activities for concrete containment buildings. 
Also, the requirements of a data base for use in ageing management of nuclear power plant 
structures and components have been established. CEC activities primarily have addressed an 
assessment of the long-term durability of reinforced and prestresssed concrete structures and 
buildings, and steel containments in nuclear power plants. This was done through visual 
inspections, material sampling, and testing at selected plants ranging up to 29 years in age. 
Corrosion of steel reinforcement and the steel containment pressure boundary were the primary 
degradation mechanisms observed. Recommendations were made to prevent further degradation 
occurrence [e.g., repair of cracks and spalls, replace sealant materials, and maintaining the building 
environment internal temperature (T > 15°C) and humidity (< 50% R.H.)]. 

General conclusions and recommendations are provided in the last chapter of the report. 
Primary conclusions are that the overall performance of the safety-related concrete structures has 
been good, with problems identified initiating during construction; in-service inspection techniques 
are effective in detecting ageing and provide vital input for assessing structural condition, but 
techniques applicable to thick reinforced concrete sections and inaccessible areas require 
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development; repair methods for general civil engineering concrete structures are well established 
and effective when the correct method has been properly selected and applied, but the long-term 
effectiveness of remedial measures applicable to nuclear power plant structures has not been 
established; several activities are ongoing that continually provide improved analysis methods and 
modeling techniques applicable to nuclear power plant reinforced concrete structures; reliability-
based methodologies provide a useful tool for assessments of current and future structural 
reliability and performance, but quantitative data for input into the methodology are limited and the 
reliability models for condition assessment have not been validated; and a number of national and 
international programmes are presently addressing ageing of the concrete structures, with the 
national programmes driven by licensing arrangements as opposed to a specific design life. 
Recommendations of the Task Group were that the topic of ageing of concrete structures should be 
reviewed again in two to three years, and that a series of workshops should be held with loss of 
prestressing force in nuclear power plant containments and inspection methods for thick reinforced 
concrete sections and inaccessible areas being the topics having highest priority. 
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1. INTRODUCTION 

1.1 BACKGROUND 

The present activities of the Nuclear Energy Agency (NEA) Committee on the Safety of 
Nuclear Installations (CSNI) are conducted through five Principal Working Groups (PWGs): (1) 
operating experience and human factors, (2) coolant system behavior, (3) reactor component 
integrity, (4) confinement of accidental radioactive releases, and (5) risk assessment. The present 
activity falls under PWG-3 that addresses high priority topics related to the safety and structural 
integrity assessment of reactor components — primarily pressure circuit components. Areas 
addressed include current safety issues, assessment of operating experience, safety aspects of 
material degradation (ageing), evaluation of methods and techniques for assessing material 
degradation, and current research activities in relevant areas. 

At the November 16-17, 1994, meeting of the NEA CSNI, a proposal was approved to set 
up a task group to study both what were the needs for international activities in the areas of 
concrete structural integrity, seismic studies and ageing from a general perspective, and how such a 
programme could be organized. It was agreed that a consultant would be appointed to work with a 
small group of experts, provided by member NEA countries. The consultant would prepare the 
report, with the assistance of the task group and the NEA Secretariat, that would be presented at 
the November 29-30, 1995, meeting of the CSNI. 

1.2 MANDATE OF THE TASK GROUP 

The mandate of this activity is to review current international (and, where appropriate, 
national) activities in the areas of ageing (both structural and functional), concrete structural 
integrity and seismic studies, and to formulate recommendations for a medium-to-long term CSNI 
Programme of Work (specialists meetings, workshops, preparation of state-of-the-art report, data 
base formation, etc.). 

At the CSNI Bureau meeting on April 10, 1995, it was agreed that seismic studies would 
not be covered in the task group report. Professor Shibata would be asked to make a presentation 
on this topic at the next CSNI Bureau meeting scheduled for November 29-30, 1995. Material 
related to seismic studies that has been assembled under this activity is contained in an Appendix. 
The Task Group decided at the first meeting to concentrate on nuclear power plant concrete 
structures.** 

1.3 ORGANISATION OF THE TASK GROUP 

The Task Group held its first meeting on April 6, 1995, at NEA in Issy-les-Moulineaux, 
France. The Task Group was composed of the following members: 

Dr. A. Miller, Secretary (OECD/NEA) 
Mr. B. Barbé (IPSN, France) 
Mr. J. Figueras (CSN, Spain) 
Dr. T. McNulty (Nil, United Kingdom) 
Mr. R. Monge (CSN, Spain) 
Dr. A. Murphy (NRC, United States)* 

** Contained in an appendix is information on ageing management practices used for reinforced concrete structures by 
several non-nuclear industries. 
* Apologies. 
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Mr. H. Schulz, PWG-3 Chairman (GRS, Germany) 
Professor H. Shibata (U. Yokohama, Japan) 
Professor K. Tôrrônen, Former PWG^S Chairman (VTT, Finland) 
Dr. D. Naus, Consultant (ORNL, United States) 

At this meeting, the attendees summarised activities of interest in their respective countries. Also, 
the outline of a letter requesting information and comments from OECD Member Countries not 
represented by the Task Group was developed. Items specified as being of interest included 
identification of issues of importance to nuclear safety that relate to ageing, what national 
programmes are in place that address these issues, and international programmes in which member 
countries are participating. 

The second meeting of the Task Group was held September 28-29, 1995, at NEA in 
Issy-les-Moulineaux, France. Task Group members included 

Dr. A. Miller, Secretary (OECD/NEA) 
Mr. B. Barbé (IPSN, France) 
Dr. T. McNulty (Nil, United Kingdom) 
Mr. R. Monge (CSN, Spain) 
Mr. H. Morimoto (NEA/NDD)" 
Dr. A. Murphy (NRC, United States) 
Mr. H. Schulz, PWG-3 Chairman (GRS, Germany)* 
Mr. C. Seni (AECL, Canada) 
Professor H. Shibata (U. Yokohama, Japan) 
Dr. D. Naus, Consultant (ORNL, United States) 

At this meeting, the Task Group report was finalized and a list of recommendations for a medium-
to-long CSNI programme of work was developed. 

** Part-time attendance. 
* Apologies. 
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2. LONG-TERM PERFORMANCE OF NUCLEAR POWER PLANTS 

2.1 PRESENT STATUS 

As of December 31, 1994, Organisation for Economic Cooperation and Development 
(OECD) countries had 340 installed reactors having a total capacity of 283 GW(e) that provided 
about 20% of the total electricity generation.1 An additional 19 reactors [19.4 GW(e)] were under 
construction and 6 reactors [5.6 GW(e)] were firmly committed. Also, 41 reactors [42.3 GW(e)] 
were in the planning stage. Table 1 presents a summary of existing nuclear power plants and their 
distribution by type. 

Although it is generally desired that the nuclear power plants have at least a 30 to 40 year 
operating time, the duration of initial operating licenses among OECD Member Countries ranges 
from a specific number of years (e.g., nominally 40 years in the United States) to no restriction 
with respect to number of years (e.g., Germany). Despite the existence or nonexistence of a 
defined licensing period, the nuclear power plants throughout their lives are subjected to routine 
maintenance, inspection, and re-evaluation taking into account ageing effects and changes to 
operating conditions and safety standards. 

As shown in Fig. 1, over 80 nuclear power plants of OECD Member Countries have been 
operating for 20 or more years. Of these, 10 have been in operation for over 30 years. Operating 
licenses for several of these plants that have a predefined initial operating license period will start to 
expire in the next few years. Continuing the service of these plants is important in providing a 
timely and cost-effective solution to the problem of meeting future energy demand. This is 
especially true because there has been a steady downward trend since 1985 both with respect to 
number of nuclear units under construction and number of units planned. 

2.2 CONTINUED PERFORMANCE CONSIDERATIONS 

The importance of nuclear power and the necessity for ensuring continued satisfactory 
operation is thus clearly established. One of the key concerns that could affect the continued 
operation and development of nuclear power relates to ageing of the plants and its potential impact 
on performance.2 The amount of radioactive material contained in a nuclear power plant can 
present a potential hazard to workers and the public if not properly contained. Nuclear power 
plants are designed, built, and operated to standards that aim to reduce the releases of radioactive 
materials to levels as low as reasonably achievable. Nuclear power plants, however, involve 
complex engineering structures and components operating in demanding environments that 
potentially can present challenges to ensuring that a high level of safety (i.e., safety margins) is 
maintained throughout the operating life of the plant. It is necessary that safety issues related to 
plant ageing and continuing the service of the nuclear plants be resolved through development of 
sound scientific and engineering understanding. One area noted where particular concern should 
be focused is on the ageing behavior of structural materials — particularly those involved in 
pressure-retaining structures.2 

Continuing the performance of the structures comprising a nuclear power plant is also of 
interest during decommissioning.3-4 Some OECD Member Countries are considering a staged 
approach to decommissioning that eventually would return the sites to green field conditions. By 
delaying the complete dismantling and removal of reactors and associated buildings for periods 
ranging from several decades to about 100 years after the plant has ceased operation, the 
dismantling process can be facilitated due to the anticipated reduction of radioactivity levels. 
Throughout the decommissioning period, however, the safety-related civil structures are expected 
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to continue to meet several of their intended functions (e.g., leaktightness and shielding). 
Although these structures were originally designed to have a specific design life (e.g., 30 to 40 
years), results indicate that the reinforced concrete structures in these facilities can continue to meet 
their functional and performance requirements over a period significantly greater than the initial 
design life.5 However, in order to do this, the potential degradation of these structures must be 
addressed through an effective ageing management programme. Licensing issues are likely to be 
more important in limiting the service life of these structures than their initial design life. 

2.3 SAFETY-RELATED CONCRETE STRUCTURES 

2.3.1 Description 

All commercial nuclear power plants contain concrete structures whose performance and 
function are necessary for protection of the safety of plant operating personnel and the general 
public, and the environment. Typical safety-related functions that the concrete structures provide 
include foundation, support, biological shielding, containment, and protection against internal and 
external hazards. With respect to the containment function, a number of concepts exist depending 
on the type of reactor system utilized [e.g., pressurized-water reactor (PWR), boiling-water reactor 
(BWR), heavy-water reactor, or gas-cooled reactor]. More detailed information on containment 
concepts to that provided below is available in Refs. 6 and 7. Typical cross-sections for these 
concepts are presented in Figs. 2-5. Reference 6 provides information on design of concrete 
containments. 

Concrete containments for PWRs may be fabricated from reinforced concrete, prestressed 
concrete, or a combination of the two. They all enclose the entire primary circuit that includes the 
reactor pressure vessel, steam generators, etc. Single- or double-wall construction may be used 
and the containment may or may not be lined to provide a leaktight barrier. Three general 
categories of PWR containments exist: large dry, ice condenser, and subatmospheric. The large 
dry containment is designed to have a capacity to contain the energy of the entire volume of 
primary coolant fluid in the unlikely event of a loss-of-coolant-accident (LOCA). The ice 
condenser containments channel the steam resulting from a LOCA through ice beds to reduce the 
pressure buildup and thus the containment volume and pressure requirements. The 
subatmospheric containments are fabricated from reinforced concrete and are designed so that a 
slightly negative pressure is maintained in the containment to reduce the volume requirements. 
Spray systems may be present in PWRs. A secondary concrete containment is used as a shield 
when a steel primary containment is used. 

Although the majority of BWR plants utilize a steel containment vessel, a number of units 
utilize either a prestressed- or reinforced-concrete containment. With only one exception, all BWR 
plants in the United States that utilize a steel containment have reinforced concrete structures that 
serve as secondary containments or reactor buildings and provide support and shielding functions 
for the primary containment. The BWRs are all designed with a pressure suppression system. 
The containments are divided into two main compartments — wetwell and drywell. After a 
LOCA, the air and steam in the drywell are forced through a number of downcombers to a pool in 
the wetwell, where the steam condenses. Water spray systems are also provided and the auxiliary 
systems are generally housed in the secondary containment. 

The containments (reactor buildings) housing the primary systems and steam generators, 
and the vacuum building for the pressurized heavy-water reactors (PHWRs) are prestressed 
concrete. After a major failure in one of the reactor buildings with subsequent release of steam, 
valves will open to a duct leading to the vacuum building and the overpressure of the reactor 
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building will be replaced by atmospheric pressure. A spray system operates if the absolute 
pressure exceeds a specified value. Multiunit stations utilize a prestressed concrete vacuum 
building with leak tightness provided by a metallic or non-métallic (epoxy or vinyl resin) liner. 

Primary containment for high-temperature gas-cooled reactor concepts is provided by a 
prestressed concrete pressure vessel (PCPV). The PCPV is relatively thick-walled (4 to 5 m) 
compared to conventional reinforced or prestressed concrete containments (1 to 1.5 m) since its 
primary function is to retain high gas pressure for the majority of its operational life. The reactor 
core, steam generators arid coolant circulators are housed within the PCPV. The PCPVs are used 
for the Magnox and Advanced Gas-Cooled Reactor (AGR) concepts. 

In addition to the containment, there are a number of other safety-related concrete structures 
contained as part of a nuclear power plant. These structures vary by plant design but can include 
such things as containment internal slabs and walls, turbine foundation block, support structure for 
the reactor pressure vessel, radioactive waste storage building, reactor biological shield wall, 
vacuum building, cooling water intake structures, and fuel and equipment storage pools. These 
structures are generally fabricated from reinforced concrete and are of wall and slab design. 
Interior structures may be lined if leaktightness is required. 

2.3.2 Materials of Construction 

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 concrete, conventional steel reinforcement, 
prestressing steel, and steel or non-metallic liner materials. Concretes used in the fabrication of 
these structures typically consist of a moderate heat of hydration cement, fine aggregates (sand), 
water, various admixtures for improving properties or performance of the concrete, and either 
normal-weight or heavy-weight coarse aggregate. Both the water and aggregate materials are 
normally obtained from local sources and subjected to material characterization prior to use. Mild 
steel reinforcement is used primarily to provide tensile and shear load resistance/transfer and 
consists of plain carbon steel bar stock with deformations (lugs or protrusions) on the surface. 
Minimum tensile yield strengths generally range from 270 to 415 MPa. The post-tensioning 
system consists of prestressing tendons that are installed, tensioned, and then anchored to the 
hardened concrete forming the structure. The prestressing tendons provide primary resistance to 
tensile loadings and also improve resistance to shear forces such as could develop during 
earthquake loadings. Three major categories of prestressing system exist depending on the type of 
tendon utilized — wire, bar, or strand. Minimum ultimate strengths of prestressing tendons 
generally range from 2000 to 10,000 kN. The tendons are installed within preplaced ducts in the 

( containment structure and are post-tensioned from one or both ends after the concrete has achieved 
sufficient strength. After tensioning, the tendons are anchored by buttonheads, nuts, or wedges, 
depending on the tendon type. Corrosion protection is provided by filling the ducts with wax or 
corrosion-inhibiting grease (unbonded), or portland-cement grout (bonded). Some PCPVs have 
been circumferentially prestressed by wrapping wire or strand under tension around the vessel 
circumference. Metallic or nonmetallic liners are provided on the inside surface of many of the 
single-wall containments to provide a barrier against the leakage of gas. A typical liner is 
composed of steel plate stock less than 13-mm-thick, joined by welding, and anchored to the 
concrete by studs, structural steel shapes, or other steel products. The PWR containments and 
dry well portions of BWR containments are typically lined with carbon steel plate. The liner of the 
wetwell of BWR containments, as well as the light-water reactor (LWR) fuel pool structures, 
typically consists of stainless steel plates. Certain LWR facilities have used carbon steel plates clad 
with stainless steel for the liner. The PHWRs have an organic liner. Although the liner's primary 
function is to provide a leaktight barrier, it also can act as part of the formwork during concrete 
placement. 
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2.3.3 Ageing and Durability Considerations 

Reinforced concrete structures at nuclear power plants have been designed in accordance 
with national consensus codes and standards. The rules in these documents were developed over 
the years by experienced people and are based on the knowledge that was acquired in testing 
laboratories and supplemented by field experience. Design principles have been dominated by 
analytical determinations based on strength principles. Durability considerations require that the 
time element be factored into the design of reinforced concrete structures. Associated with the 
design specifications developed for concrete structures in conformance with these calculations was 
a certain level of durability (e.g., minimum concrete cover requirements to protect embedded steel 
reinforcement under different anticipated environmental conditions). Although the vast majority of 
reinforced concrete structures, and particularly those associated with nuclear power plants, have 
met and continue to meet their functional and performance requirements, several instances can be 
cited where these structures have exhibited degradation. These instances have generally been due 
to the effects of environmental stressors. 

Primary mechanisms or factors that can produce premature deterioration of concrete 
structures include those that impact either the concrete or reinforcing steel materials. Degradation 
of concrete can be caused by adverse performance of either its cement-paste matrix or aggregate 
materials under chemical or physical attack. Chemical attack may occur in several forms: 
efflorescence or leaching, sulfate attack, attack by acids and bases, salt crystallization, and alkali-
aggregate reactions. Physical attack mechanisms for concrete include freeze/thaw cycling, thermal 
exposure/thermal cycling, abrasion/erosion/cavitation, irradiation, and fatigue or vibration. 
Degradation of mild steel reinforcing materials can occur as a result of corrosion, irradiation, 
elevated temperature, or fatigue effects. Prestressing materials are susceptible to the same 
degradation mechanisms as mild steel reinforcement, plus loss of prestressing force primarily due 
to tendon relaxation and concrete creep and shrinkage. 

2.3.4 Longevity of Nuclear Power Plant Concrete Structures 

The performance of nuclear power plant concrete structures has been very good. 
However, there have been several isolated instances that if not remedied could challenge the 
capacity of the concrete containment and other safety-related concrete structures to meet future 
functional and performance requirements. Table 2 presents a summary of local degradation 
mechanisms that have been observed by one organisation during condition surveys of various 
concrete structures in nuclear plants located in areas having several different climatic conditions.8 

Some general observations derived from these results were that virtually all nuclear power plants 
have experienced cracking of the concrete structures that exceeded typical acceptance criteria for 
width and length, numerous plants had groundwater intrusion occurring through the power block 
or other subsurface structures, few plants have a programme for conducting periodic inspections of 
the concrete structures, and ageing concerns exist for subsurface concrete structures as their 
physical condition can not be easily verified. 

In general, many of the reported degradation instances associated with nuclear power plant 
concrete structures occurred early in the life of the structures and primarily have been attributed to 
construction/design deficiencies, improper material selection, or environmental effects. Although 
the vast majority of these structures will continue to meet their functional and performance 
requirements during their service period, it is reasonable to assume that there will be isolated 
incidents where the structures may not exhibit the desired durability without some form of 
intervention. Examples of some of the specific problems that have occurred due to age-related 
degradation include corrosion of steel reinforcement in water intake structures, corrosion of post-
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tensioning tendon wires, leaching of tendon gallery concrete, low prestressing forces, leakage of 
corrosion inhibitor from tendon sheaths into concrete, freeze/thaw damage, corrosion of 
containment metallic liners, and cracking of non-metallic liners. 

New structures can be designed for improved durability based on operating experience 
(e.g., use of high performance concrete materials that exhibit improved durability by minimizing 
the transport of fluids through the concrete). Existing structures, however, have already been 
designed and constructed so apart from possibly the addition of barrier materials and sealants to 
accessible surfaces to prevent ingress of hostile environments, the most prudent approach to 
maintaining adequate structural margins is through an ageing management programme that involves 
application of in-service inspection and maintenance strategies. 
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3. NATIONAL AGEING PROGRAMMES 

There is a need to ensure that ageing effects in systems, structures, and components 
(SSCs) will not compromise plant safety and reliability. This has led many countries to develop 
systematic programmes related to the management of ageing to provide better assurance of safety in 
ageing nuclear power plants 

Information on Organisation for Economic Cooperation and Development (OECD) Member 
Country ageing management programmes that address the safety-related nuclear power plant 
concrete structures is provided below. Input was provided from Task Group members, open-
literature sources, and a survey questionnaire that was developed and sent to members of the 
Committee on the Safety of Nuclear Installations (CSNI) that did not directly participate in the Task 
Group. A copy of the letter of transmittal and survey questionnaire is provided in an Appendix. 

3.1 BELGIUM 

Lifetime management activities for the seven pressurized-water reactor (PWR) units in 
Belgium are addressing nine areas of concern: (1) reactor pressure vessels, (2) reactor vessel 
internal components, (3) reactor vessel head penetrations, (4) thermal stratification, (5) steam 
generators, (6) pressurizer protection systems, (7) severe accidents, (8) backfitting of balance of 
plant, and (9) qualification of ultrasonic inspection methods and personnel for in-service 
inspection. Lifetime management of concrete structures is not presently being addressed. 

3.2 CANADA 

The Canadian vendor of nuclear power stations is AECL which is known as the Atomic 
Energy of Canada Ltd. AECL is a Canadian crown corporation that is wholly owned by the 
Canadian Government. The CANDU stations are owned and operated by a group of Canadian 
utilities — Ontario Hydro, New Brunswick Power Corp., and Hydro Quebec. Regulation and 
licensing of nuclear power stations in Canada is by the Atomic Energy Control Board (AECB). 
Currently there are 22 nuclear reactors in Canada. Ageing management activities specifically 
addressing the concrete structures are being carried out by the Canadian Utilities and AECL. 

Ontario Hydro operates 20 CANDU reactors in 5 multiunit stations. The oldest unit has 
been in service for over 22 years. Containments at these stations are subjected to regular visual 
inspection and leak-rate tests (five-year intervals) to verify integrity, meet operating standards, and 
satisfy regulatory requirements. Ontario Hydro's overall approach to life management has 
objectives of ensuring that appropriate maintenance, inspection, or surveillance programmes are in 
place for station systems, structures, and components (SSCs); assuring the ongoing quality and 
effectiveness of the programmes implemented; incorporating operating experience to continuously 
improve the ageing management programmes and respond to new concerns as they occur; and 
carrying out periodic programme reviews and initiating modifications in programmes not fulfilling 
their objectives. 

In 1991 Ontario Hydro initiated a Nuclear Plant Life Assurance (NPLA) Programme with 
objectives of (1) maintaining the long-term reliability, availability, and safety of their nuclear 
plants during the normal service life of 30 years (life assurance and life management); and 
(2) preserving the option of extending the life of the plants beyond the currently assumed service 
life of 30 years (life extension).9 The programme focuses on understanding and managing ageing 
degradation of a relatively few major components that are most critical to the long-term reliability, 
safety, and life of the plant since they can not easily and economically be replaced. The NPLA 
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Programme methodology is summarised in Fig. 6. Major civil structures that were identified 
include the vacuum building, calandria vault, reactor building, cooling water intake structure, and 
turbine foundation block.* Scoping reports using Ontario Hydro's NPLA scoping methodology 
presented in Table 3 have been completed for the Pickering and Bruce stations. While the 
performance of the civil structures has generally been good, there have been incidences of localized 
material deterioration and increases in leakage rate during leak-rate tests.10 These incidences have 
been primarily associated with construction flaws, unanticipated environments, material 
discontinuities, and short-lived materials (e.g., coatings). Examples include cracks in Pickering A 
vacuum building floor due to premature exposure to cold weather, reactor building dome cracks 
noted immediately after construction (probably shrinkage cracks), and leaks from reactor shield 
tanks due to weld flaws and deteriorated sealants. Other incidences of degradation include 
elastomeric seal failures due to uneven clamping or construction flaws, corrosion of intake 
structure steel components by lake water, cracked concrete near boilers due to elevated 
temperature, and attack of sealants and coatings inside the vacuum building by sulfate reducing 
bacteria from lake water used in safety systems. These problems are being addressed through 
research programmes on concrete repair materials for cracks and overlays, concrete behavior 
(leaching, elevated-temperature response, carbonation rates), ageing of elastomers, standardization 
of inspection programmes, and analysis of inspection information. To date, testing of concretes 
aged 8 to 22 years shows carbonation rates less than 1 mm/year of service and testing of a 
polyvinylchloride (PVC) waterstop obtained from a 25-year old containment building indicated that 
it still met original material spécifications. Also, procedures have been written for standardized 
inspection programmes, and testing of crack repair materials has been completed. 

The reactor building concrete containment walls at the Gentilly 2 Nuclear Power Plant and 
Point Lepreau 1 Nuclear Generating Station have an epoxy liner on the inner surface to provide a 
leaktight barrier and assist in decontamination. Although the initial containment leakage rate test 
results at these stations were satisfactory, subsequent results have shown a significant increase 
with time (e.g., tests at Gentilly 2 in 1981,1985, and 1987 produced leakage rates of 0.15, 0.60, 
and 0.83%, respectively, of the containment free volume in 24 hours). The majority of leakage 
was attributed to leakage through the containment walls where cracks have occurred and increased 
in number and magnitude with time. The epoxy liner was determined not to be capable of bridging 
the cracks. This has been recognized in the latest revision of the Canadian Nuclear Code CAN 
N287.3-M82, "Design Requirements for Concrete Containment Structures for CANDU NPPs," 
where a rigid liner is not credited as being a leakage barrier. Ageing concerns at AECL are thus 
addressing methods to control the leak tightness of the containments. Two materials are being 
considered to enhance the performance with respect to leak tightness of containment buildings, 
polyurethane and fiber reinforced mortar. 

• Tests were conducted on the polyurethane to qualify it as a containment liner and 
for "in-service" applications. Tests to qualify the polyurethane material as a liner 
were conducted in accordance with the Canadian Nuclear Code and included 
radiation resistance, air leakage rate, decontamination, impact resistance, adhesion, 
fire resistance, and abrasion resistance. Additional investigations and in situ tests 
were conducted to qualify the polyurethane for in-service application. Lab studies 
evaluated the polyurethane resistance to two approved solvents, (i.e., 1, 1, 1 
trichloromethane, and methylene chloride). In situ tests defined the best surface 
preparation, method of application, and safe application procedures. Results of 
these tests were such that the polyurethane material has been used to recoat the 
containments at both Gentilly 2 and Point Lepreau 1 which resulted in a reduction 
of the leak rate. 

* New Brunswick Electric Power Corporation, Hydro Quebec, and AECL initiated a plant life management program 
in 1994 that addresses the CANDU 6 containments at Point Lepreau and Gentilly 2. 
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• Fiber-reinforced mortar materials were subjected to leakage and irradiation testing. 
Fiber materials utilized in the test programme included steel, glass, polypropylene, 
carbon, and aramid. Fiber volume percentages ranged from 0.5 to 2.5. The 
500-mm-long by 150-mm-diam leakage test concrete specimens were cast in 
polyvinylchloride tubes. Cracks having widths of either 0.1, 0.15, or 0.25 mm 
were formed in the diametrical plane by introducing an expanding device into 
predrilled holes. Ends of the specimen were either sealed with fiber reinforced 
mortar or unsealed, and flow was measured through the specimen under a 
pressure gradient similar to LOCA conditions in a CANDU 6. At the sealed end, 
leakage was retained up to 99.9%. For unsealed concrete having a 0.25-mm crack 
width, each fiber type exhibited a trend of having higher leakage rates for the 
higher fiber volume contents (probably due to increased difficulty of 
consolidation). Fiber reinforced mortar modulus of rupture beams 300 by 60 by 
25 mm fabricated using the same fiber materials as the previous test were tested to 
evaluate the effect of irradiation on material properties. Two levels of gamma 
radiation were used: 42 Mrad (equivalent to 100 years service in a CANDU 6 
containment) and 142 Mrad (equivalent to 100 years service plus a major 
accident). Test results indicate that the cracking strength [first deviation from 
linearity of load-deformation (P-8) curve] of all beams except those reinforced 
with steel fibers showed increases from 40 to 128%; however, the beams 
containing steel fibers exhibited the best toughness (area under P-Ô curve) results. 
All the fiber-reinforced materials exhibited satisfactory strengths after irradiation, 
but all except the steel fiber specimens exhibited embrittlement, with the organic 
fiber materials performing the poorest. 

AECL is carrying out research programmes as part of the CANDU Owners Group (COG). 
The COG is a partnership of the Canadian nuclear utilities and AECL. Current programmes are 
developing effective repair materials for concrete containments (1995-1996), evaluating the effects 
of elevated temperatures on concrete materials (1993-1997), evaluating potential 
structural/functional issues associated with reactor building containment leak test intervals (i.e., 
does repeated pressure testing accelerate ageing) (ends 1997), and assessing the ageing of nuclear 
power plant concrete structures/components (1995-1999). Also, AECL is participating with the 
IAEA in the creation of an "International Data Base on Ageing Management and Life Extension of 
the Concrete Cotainment" and a coordinated research programme on "Management of Ageing of 
Concrete Containment Buildings." Both of these activities are addressed under Sect. 4.1. 

With respect to assessing ageing of concrete structures, a reliability-based inspection 
programme for reinforced concrete structures at CANDU plants is being developed by AECB. 
Current requirements for inspection of these structures are specified in "Inspection Requirements 
for CANDU," CAN/CSN-287.8-M94 Standard. Appendix A to this standard addresses 
prestressed concrete containments with grouted tendons and Appendix B covers prestressed 
concrete containments with ungrouted tendons. The Code requires mat prestressing systems used 
as principal reinforcement in concrete structures be evaluated to determine the effects on the 
structural integrity of time-dependent shrinkage and creep of concrete, corrosion of tendons, and 
stress relaxation. Under this project, a systematic approach for appraisal of the structural reliability 
of concrete containment structures is being developed based on information collected from grouted 
prestressed concrete beams, inspection of ungrouted prestressed concrete structures, and visual 
inspections during pressure tests of containments. The inspection and repair approach is aimed at 
maintaining the target reliability of the containment at an acceptable level throughout its service life 
(i.e., reliability-based inspection methodology, such as illustrated schematically in Fig. 7). The 
technical approach involves four steps: (1) development of the time-dependent reliability analysis, 
(2) updating of the reliability analysis based on inspection data (Bayesian approach), (3) factoring 
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into the analysis the effects of sample size (statistics), and (4) determination of optimal inspection 
frequencies or intervals. The approach has been used to define the number of prestressing tendons 
in a general civil engineering structure that need to be inspected to assure, for a given coefficient of 
variation, that the percentage of failed tendons in the entire structure will be less than a predefined 
percentage of the entire population. The approach is currently being applied to nuclear power 
plant-specific concrete structures. 

3.3 FINLAND 

Ageing and longevity problems are considered to be an integral part of the general safety 
and availability of nuclear power plants in Finland as the first of its four plants has been producing 
power for over 18 years. Ageing aspects are being addressed primarily at the Finnish Centre for 
Radiation and Nuclear Safety (STUK) under a programme that is currently planned to continue 
through 1999.1J The programme is being carried out primarily at the Technical Research Centre of 
Finland (VTT) and is directed at topics relevant to assuring the safe and reliable operation of 
nuclear power plants during their planned service life. The focus has been on research in the areas 
of experimental and computational fracture mechanics, material deterioration due to irradiation and 
water environment, nondestructive structural integrity evaluation, and validation of fracture 
assessment methods by large-scale pressure tests. Other ageing-related programmes being carried 
out at VTT include evaluation of ageing affects on material performance, development of 
probabilistic methods for management of piping integrity, and establishment of the interaction of 
maintenance and ageing effects (i.e., decision models for maintenance actions). Concrete-related 
activities at VTT include investigation of non-destructive evaluation methods, corrosion of steel 
reinforcement under the influence of carbonation and chloride ions, repair methods and materials, 
coating materials, and moisture penetration. 

The utilities, Imatra Power Company (IVO) and Industrial Power Company Ltd. (TVO), 
have also taken special steps in their preventative maintenance and in-service inspection 
programmes to take into account the ageing of operating plants. Activities at IVO are addressing 
the reactor pressure vessel (e.g., Loviisa 1 annealing in 1996), pressure-retaining components, 
erosion-corrosion on the secondary side, cables, and electronics (especially loss-of-coolant-
related). At TVO preventative maintenance and renovation programmes are being investigated 
addressing the reactor pressure vessel and internals, rotating equipment, valves, concrete and 
associated building structures, instrumentation, and electronics. Vibration and building 
performance monitoring systems are being used in the study. The concrete activity is investigating 
dynamic loads that occur in concrete structures due to interaction of the core and moisture resulting 
from an accident. Only limited activities are addressing seismic effects because the plants in 
Finland are sited on bedrock. The effect of seismic loads on the concrete containment is being 
addressed. 

In 1994 the Finnish utilities implemented a quality inspection, control, and assessment 
system for nuclear power plant concrete structures.12 The quality control system is being applied 
to the shield building (e.g., cracking, relaxation, deformations, and permeability), turbine building 
(e.g., cracks and vibration), foundation (e.g., reinforcement and concrete condition), other 
structures (e.g., inspection requirements), and miscellaneous items (e.g., coating materials and 
surface concrete). Some of the details considered are based on past experience and include the 
effect of temperature on ageing, service life estimation, deterioration of pre- and post-tensioned 
concrete structures, test method mapping, dynamic effects (i.e., fatigue and resonance), and 
performance of concrete in seawater. Nearly 20 years of research in Finland have addressed 
service life estimation with the basis being either deterioration of surface materials or corrosion of 
reinforcement. Use of high-strength (compressive strength > 50 MPa) or high-performance (e.g., 
low permeability) concrete seems to be the best approach to providing durable structures. 
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3.4 FRANCE 

Currently France has 54 PWR and 2 fast reactor nudlèar power plants that supply over 75% 
of France's electricity. In France no limit is set on the plant operating license period but the utility 
has to obtain a permanent renewal of its license subject to numerous and continuous justifications 
(e.g., safety re-evaluation).13 Research and development programmes have been conducted in 
support of continuing the service of the French nuclear power plants by Electricité de France 
(EdF), which is the operator, and also by the French Atomic Energy Commission (CEA). The 
Institut de Protection et de Sûreté Nucléaire (IPSN) is the technical support body of the safety 
authority that analyses documentation in particular provided by the licensees to determine if 
operating conditions are acceptable. 

Starting in 1986, a systematic work programme known as the "Lifetime Project" was 
implemented to (1) evaluate as accurately as possible the potential for technical and economic 
longevity of each of France's nuclear power plants, and (2) take the necessary measures to 
provide improvements wherever possible and to do so effectively while maintaining a satisfactory 
safety level.14 The project is run at EdF and addresses four topics: (1) ageing of materials, 
(2) influence of changes in operating conditions, (3) safety aspects, and (4) economic aspects. 
Activities primarily address a limited number of items considered to be most critical from a safety 
or economic viewpoint. The basic approach is to characterize ageing of each of the sensitive 
components and to address problems as they occur. This approach is supplemented by a large data 
base on the in-service performance of the components and experience derived from standardized 
designs. Components of current interest identified as sensitive include the containment and cooling 
towers. Assurance of continued satisfactory and safe service of these components is primarily 
through testing, monitoring, and structural and performance assessments. Cooling towers are not 
considered to be safety-related so they will not be addressed. 

Prior to commissioning a unit, a containment is subjected to leakage rate and structural 
integrity tests to the design pressure. These tests are repeated after the first refueling (= two years) 
and every 10 years thereafter. Also, the containments, with the exclusion of rafts, are inspected 
every 10 years for cracks, with recent inspections being recorded on video tape. The recordings 
provide a more efficient method for documenting concrete distress, such as cracks, and can be 
used as a reference for future examinations to indicate changes since the previous inspection. The 
first unit of each plant at a site is instrumented extensively to obtain results for comparisons to prior 
analytical studies, to verify that the concrete globally remains in a state of compression (essentially 
crack free), and to account for changes in material properties with time, (e.g., concrete creep and 
shrinkage, and relaxation of prestressing steel). Instrumentation utilized includes vibrating wire 
strain gauges cast into the concrete in the dome, near penetrations, near the junction between the 
wall and basemat, at different elevations in the cylinder, and in the basemat itself; thermocouples to 
provide information on thermal gradients and temperatures where vibrating wire strain gauges are 
located (i.e., make temperature corrections for the strain gauges); pendulums positioned at three 
elevations and 90° intervals to measure relative radial and tangential displacements; invar wires 
located in the same positions as the pendulums to measure changes in vertical dimensions; 
dynamometers (vibrating wire strain gauge-based load cells) to measure prestressing forces in the 4 
tendons that are ungrouted in the first plant unit; 12 to 20 hydraulic leveling pots (optical levels) io 
determine tilt of the basemat; and bench marks for determination of basemat distortions. 
Instrumentation measurements are made at three-month intervals unless an abnormal event occurs. 
Readings are then taken at weekly, bi-weekly, or monthly intervals. This large data base, that has 
been accumulated for up to 15 years at some plants, not only enables the performance of these 
structures to be demonstrated, but also provides information for use in trending analyses should 
life extension of these structures be a consideration. Recent developments relative to the 
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containment instrumentation systems have been directed at more automated data collection and 
analysis. Two ageing-related problems have been detected as a result of testing and monitoring of 
instrumentation: corrosion of the steel liner and larger than anticipated loss of prestressing force. 

Corrosion of the 6-mm-thick liner of the 900 MW(e) prestressed concrete containment 
vessels has occurred more or less in all the containments in the CP Series. The corrosion occurred 
in two areas: general area along the entire circumference of the conical portion of the liner adjacent 
to the upper portion of the concrete basemat, and beneath the construction joints of the 1-m-thick 
concrete-base floor slab. Corrosion of the steel liners was first noticed at a plant age of 10-15 
years. Corrosion had occurred over a 20-cm section of the liner extending from the location of the 
waterstop between the wall and the 1-m-thick concrete slab over the liner toward the basemat 
(inaccessible region). Corrosion had progressed to the state that 1-cm-diameter holes penetrated 
the liner in this region. Although the containments passed the integrated leak-rate tests, it was 
observed at test conclusion that water containing corrosive substances was stagnating in some of 
the pressurization channels that were used during construction for inspection of the welds used to 
join the liner plate sections over the foundation raft. Corrosion occurrence was attributed to a 
breakdown in the waterstop in conjunction with the presence of high humidity during construction 
and operation. The holes in the liner were repaired by removing some of the concrete slab, 
sandblasting the liner, inspecting, welding plates over the holes, and painting. In addition, the 
pressurization channels were filled with cement grout, the space between the liner and floor slab 
was filled with a corrosion inhibitor (wax), and a new waterstop installed. The new waterstop 
consisted of a composite elastomeric material that was shielded by a metallic sheet attached by bolts 
so it could be periodically removed for inspections. Liner corrosion also has been observed at a 
location at the bottom of a joint in the base floor slab (CP units only). The corrosion had 
penetrated through about 3 mm of the 6-mm-thick liner and was attributed to decomposition of the 
joint seal and the presence of water with a pH ~ 5. 

In two of the prestressed concrete containments, tendon force vs time curves obtained from 
the control ungrouted tendons are showing larger than expected losses in prestressing forces. The 
losses are attributed to creep and shrinkage of the concrete, with one plant exhibiting twice the 
design value. Although the prestressing force vs time results from these plants are approaching the 
design curves (lower tendon force limit), the forces remain at acceptable levels, and the slope of the 
curves is following the same shape as obtained from plants having prestressing forces in the 
normal range [i.e., the force vs time curves are flattening out (embedment instrumentation is 
showing concrete creep to be leveling off) so they should not intersect the lower tendon force limit 
during the desired service life of the plant]. As the cause of the greater than expected losses of 
prestressing force are somewhat uncertain, modeling studies are being conducted to address the 
delayed behavior of the PWR containments (i.e., creep and shrinkage). Prediction of the time-
dependent response of concrete (creep in particular) is important because of its potential impact on 
the prestress level that in turn possibly affects the leak tightness of containments. Since all but the 
four monitoring tendons are grouted in the French containments, the possibility of re-establishing 
the required prestressing forces is unlikely. Considerable efforts are underway at EdF to develop 
methods to predict concrete creep and shrinkage. These efforts are required because regulations 
[including the French Code (BPEL)] provide only crude hypotheses for creep that are based on 
structures such as bridges that have smaller thicknesses and are loaded at an earlier age than 
containments. Furthermore, there is no separation of autogenous (basic) creep from drying creep. 
Other difficulties include the biaxial nature of the concrete loads; simultaneous variation of 
temperature, relative humidity, and stress; and unknown physio-chemical origins of concrete 
creep. Finite-element-analysis methods, in conjunction with laboratory tests, have been used to 
model the concrete performance. The finite-element code computations entail a three step 
approach: (1) temperature field calculations, (2) water content determinations, and 
(3) summation of components to provide total strain. Total creep is the sum of basic creep 
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(without drying), drying (microcracking effect), and intrinsic effect (stress induced). The results 
of instrumentation and monitoring of strains and temperatures obtained routinely at the plants 
provide a significant data base for each structure. 

3.5 GERMANY 

In Germany an operating license for a nuclear power plant is not directly restricted to a 
specific number of years, but the construction permits for all plants are based on documents, 
records, and data in which an operating time of 32 effective-full-power years is assumed. The 
majority of nuclear power plants in Germany are of the PWR type having a spherical-steel 
containment from 44 to 56 m in diameter with a thickness from 30 to 38 mm. The older 
containment designs have the 30-mm thickness and allocate 1 mm of this for reduced section as a 
result of corrosion. The newer designs have increased the shell thickness to 38 mm with an 
allowance of 2 mm for corrosion. A coating is applied to all areas of the steel pressure boundary 
except the lower portions that are embedded in concrete. A reinforced concrete shield building 
about 1.5 to 1.8 m in thickness surrounds the steel containment, primarily to protect it from aircraft 
impact. The steel containment and shield building are isolated from each other except for the 
common foundation. This isolation is to minimize vibration effects on the plant as a result of a 
shield building event. The boiling-water reactor (BWR) plants, except for the two newest that 
utilize a prestressed concrete containment, also have steel containments. 

Over the last 20 years, activities in the area of concrete structural integrity have been mainly 
directed at impact problems of the outer secondary containment shell, and plant-specific 
investigations such as evaluation of the long-term behavior of the prestressed concrete reactor 
vessel for the high-temperature reactor. Also, there have been containment failure studies for the 
BWR prestressed concrete containments, evaluations of the effect of elevated temperature on 
concrete performance, and long-term integrity assessments of the prestressed concrete pressure 
vessel (PCPV) of the decommissioned Thorium High-Temperature Reactor (THTR). Recent 
activities are investigating concrete structural response associated with severe accidents. These 
studies are related to development of improved constitutive relations to model concrete behavior in 
cases of high loading rates, and to investigation of molten core-concrete interactions. 

Because the first of German's nuclear power plants will not reach an age of 40 years until 
the year 2007, ageing and continuing the service of nuclear power plants beyond 40 years is just 
starting to be addressed. Also, there are presently no new orders for nuclear power plants in 
Germany. Currently, efforts are concentrating on upgrading of existing light-water reactors 
(LWRs) with the goal of lifetime extension. Activities in the area of ageing of structures, systems 
and components fall into three categories: (1) evaluation of operating experience, 
(2) investigation of damage mechanisms, and (3) research and development programmes. 
Evaluation of operating experience primarily is performed by plant owners with supplementary 
actions by safety organisations providing technical support for licensing authorities and the Federal 
Ministry. Activities include using incident reports as a basis to perform selective studies 
investigating reliability of degraded systems and components, generation of plant-specific 
component reliability data including dependence on time- or environmental-effects, and 
performance of trending analyses that result from maintenance or inspection actions to investigate 
indicators of system or component degradation. Time- and environmental-effects on damage 
mechanisms are being investigated under the framework of failure and defect assessment of safety-
related systems and components. 

In-service inspections are carried out by the plant licensee under supervision of a public 
authority. The inspections include visual inspection, leak-rate tests, functional tests, and 
nondestructive material examinations. Programmed maintenance is used to often detect and 
prevent possible failures due to ageing. Two cases of steel containment corrosion have been 
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identified in German plants — Obrigheim (KWO) and Neckar 1 (GKN-1). Both of these plants 
are PWRs and started commercial operation in March 1969 and December 1976, respectively. 
Corrosion was detected during an inspection of the KWO plant in the transition area on the inside 
surface of the steel containment where it becomes embedded in the concrete. Thermal insulation is 
located in this region to protect the liner during a LOCA. Humidity had entered the insulation at the 
inside-containment transition region to cause corrosion of the steel shell. The average depth of 
corrosion was about 1 mm, with local areas to 6 mm. The galvanized-sheet-metal insulation 
covers were also heavily corroded. Concrete to a depth of about 100 mm was removed adjacent to 
the outside surface of the steel shell to see if the thermal insulation had produced.similar corrosion 
in this area. No corrosion was found. An assessment indicated that the corrosion was limited and 
not significant enough to present a safety problem. The corroded areas were reconditioned, a 
corrosion-preventing coating applied, and a new seal design (silicone plus metal covers) 
implemented at the inside containment interface between the steel shell and concrete. The thermal 
insulation was repositioned at the outside-containment interface between the steel shell and 
concrete. It was determined that the thermal insulation was not needed at the inside-containment 
interface. Inspection of the GKN-1 steel containment in the same areas also revealed corrosion on 
the inside-containment steel shell in the transition region. The same repair procedure was 
implemented. It was then recommended that all plants having a similar transition region design be 
inspected to determine if the thermal insulation is wetted, or the steel shell corroded. The BWR 
plants were examined in corrosion-at-risk areas, such as the transition region where the 
containment penetrates concrete and where platforms are in close proximity to the shell, but to date 
no corrosion incidences have been reported. 

With respect to the long-term integrity of the PCPV at the THTR, the German authorities 
have funded a study to demonstrate the integrity during decommissioning of the PCPV of the 
300 MW(e) THTR at Schmehausen. The PCPV of the decommissioned plant had a working 
pressure of 39 bar, external height of 28.5 m, external diameter of 24.8 m, and was prestressed by 
852 grouted tendons of about 9000 kN ultimate strength. In conducting the structural integrity 
assessments, different prestress loss scenarios were assumed (i.e., prestress force losses ranging 
from 0 to 100%, as well as varying force losses in only isolated sections of the PCPV). The 
criterion utilized was that penetration liners and steel enclosures must remain leaktight. Data from 
embedded vibrating wire strain gauges up to an age of about 6000 days were available for use in 
the study. The effect of concrete creep and ambient conditions after plant shutdown (particularly 
with respect to properties of the metallic materials) on leak tightness and integrity were also 
evaluated. It was determined that some cracking of the concrete will occur with prestress loss, but 
this cracking for all conditions considered would not impact leak tightness. The study 
recommended that carbonation depths, chloride contents, and concrete compressive strength be 
evaluated at eight-year intervals throughout the decommissioning period of the THTR. 

3.6 ITALY 

No nuclear power plants are presently operating in Italy. Primary research and 
development activities currently are focusing on the design of a new plant that will incorporate 
passive safety features. Research is also being conducted that addresses the integrity of the reactor 
pressure vessel, piping, and containment. Reactor pressure vessel research is developing a finite-
element code for evaluation of pressurized-thermal shock accidents, evaluating the lower-head 
integrity following a severe accident, and determining the effect of irradiation on SA 508 Class 1 
steel properties. Under piping integrity, methods for prediction of fracture behavior of cracked 
piping are being developed and evaluated as part of the International Piping Integrity Research 
Group. With respect to integrity of steel containments, the behavior of SA 537 Class 1 steel under 
dynamic and biaxial loading as well as the containment under static and dynamic loading is being 
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investigated. Reinforced concrete containment activities are related to an assessment of the 
containment response under impact loads, and reduction of seismic risk through development of a 
base isolation concept. 

3.7 JAPAN 

Inspections of nuclear power plants are voluntarily made by the utilities one, two, five, and 
ten years after completing construction. Reports, based on the Ministry of International Trade and 
Industry (MOT) Plant Life Management (PLM) Programme, have been completed for several items 
of interest for the earliest constructed plants and have been provided to MITI in draft form. The 
objective of the Japanese life extension programme is to increase lifetime energy generation while 
reducing lifetime generating costs. In meeting this objective, technologies are being developed to 
predict the lives of critical nuclear power plant components, diagnose and monitor ageing, repair or 
replace degraded components, and develop maintenance and life management strategies. Ageing 
research activities are being conducted by several groups under the Nuclear Safety Commission 
and MOT [e.g., Japan Atomic Energy Research Institute (JAERI), Japan Power Engineering and 
Inspection Corporation (JAPEIC), and Central Research Institute of Electric Power Industry 
(CRIJEPI)]. Several additional organisations are also involved in conducting research in support of 
life extension. Figure 8 presents the research and development organisation of the Japanese ageing 
and lifetime management activities. 

At JAERI, the basic framework of ageing research consists of three aspects: 
(1) identification of key ageing degradation phenomena and development of the prediction method, 
(2) development of monitoring/inspection techniques for ageing degradation, and (3) development 
of integrity analysis methods to assess the safety margin quantitatively. Safety research at JAERI 
is conducted in accordance with the Five Year Safety Research Programme (FY 1991-FY 1995) 
authorized by the Nuclear Safety Commission. Basic activities under mis and the next programme 
are presented in Fig. 9. As noted in the figure, the reactor pressure vessel, concrete structures, and 
electrical cables have been identified as important components, with most of the work addressing 
the reactor pressure vessel. In addition to laboratory studies, JAERI utilizes the decommissioned 
nuclear reactor, the Japanese Power Demonstration Reactor (JPDR), to investigate the actual 
degradation of power plants, and to verify and (if needed) to improve current prediction methods. 
With respect to the concrete structures, a study has been completed investigating the ageing of the 
biological shield wall of the JPDR. Results obtained indicated that the concrete compressive 
strength may increase at fluence levels higher than 1015 n/cm2 (E > 0.11 MeV), however, the 
tensile strength showed a trend to decrease with increased exposure level. Investigation of ageing 
of the containment vessel has just initiated. 

The Ministry of International Trade and Industry (MOT) plant life extension activities 
mainly are conducted at JAPEIC. The planned 11-year programme started in 1985, consists of 
three phases, and has objectives of providing the technology required for life extension of existing 
LWRs. The basic framework of the programme is shown in Fig. 10. Under Phase I, the 
methodology shown in Fig. 11 was used to identify critical components. A component is 
considered important if its duration for replacement, repair, or refurbishment is more than one 
year, or if it is exposed to high levels of radiation and radiation monitoring is not available. Tables 
4 and 5 present critical components and ageing mechanisms considered for BWRs and PWRs, 
respectively. Phase 2 (1987-1996) is conducting tests to verify fatigue life of thermally aged low 
alloy and stainless steels under simulated LWR water environment, thermal ageing of cast stainless 
steel, material performance of irradiated stainless steels obtained from LWR internals, and 
irradiation-assisted corrosion cracking behavior of stainless steels. Ageing models are being 
developed for each of these test areas. Verification testing and repair techniques for concrete 
structures are also being investigated under this phase. For concrete components, the major 
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degradation factors were identified as radiation, heat, salt content, carbonation, and alkali-
aggregate reactions. Based on examination of the important structures in a nuclear power plant 
(i.e., the basemat, reactor pedestal, walls of the steam generator room, shielding walls, and intake 
and discharge structures), the only structures that were identified for periodic inspection were the 
intake and discharge structures that could be affected by salt contamination. For concrete 
components that experience carbonation, the service life, was predicted to be more than 80 years. 
For concretes exposed to high temperatures, the concrete is assumed to be unaffected by 
temperatures below the ASME Code limits (i.e., 65°C). For concrete exposed to radiation, the 
irradiation accumulated for 80 years under the most severe radiation environments is within the 
ASME Code limit. For alkali-aggregate reaction, concrete degradation is not expected because 
constituent materials were tested and fly ash and low-alkali cements were used in the mixes. Based 
on this assessment, the major concrete structures of a nuclear power plant are generally considered 
to have a lifetime of over 80 years. Research conducted to substantiate the service life predictions 
for the concrete components was performed by the Shimizu Corporation under contract to JAPEIC 
(discussed later). Under Phase 3 (1995-1996), an overall assessment of prior plant life extension 
activities is being assembled (i.e., plant component material data concerning age-related 
degradation). 

Industry ageing research activities are conducted by CRIEPI under a ten-year programme 
that was initiated in 1987. The programme objective is to develop an evaluation system that will 
determine the optimum cost-effective plant operating period. Technology has been developed to 
minimize or mitigate ageing degradation of important components such as the reactor pressure 
vessel and steam generator. Long-term and temperature-dependent properties of concrete are being 
determined at the Abiko Research Laboratory, primarily to support the design of a high-level 
radioactive waste storage facility where the concrete structural members may be subjected to 
elevated temperatures for long periods of time. Current design criteria limit long-term exposure of 
concrete to 65°C. However, since the concrete in the waste storage facility may be exposed to 
somewhat higher temperatures, there is interest in understanding the behavior of concrete exposed 
to elevated temperatures for long periods of time. In this study, compressive strength, tensile 
strength, modulus of elasticity, weight loss, and pore size distribution of concrete specimens made 
from different mixes were investigated. The specimens were tested after they had been exposed to 
temperatures up to 110°C for periods up to three years. Results of this study indicate that the 
compressive strength decreases as the exposure temperature increases, but there were little 
differences in results obtained at 65°C and 85°C; the modulus of elasticity decreases linearly as the 
temperature increases; and the weight of concrete decreases as the temperature increases. Based on 
this work, it appears that the current code limit of 65°C can be increased to 85°C. The laboratory is 
also conducting a long-term (10 years) creep study for a Japanese utility. In this study, concrete 
specimens are being maintained at laboratory conditions (20 C and 55% relative humidity) and at 
65°C. 

Obayashi Corporation has investigated corrosion of steel reinforcement at nuclear reactor 
sites and the behavior of concrete structures exposed to elevated temperature under their ageing 
programme. The corrosion investigation identified salt contamination of the concrete due to sea 
breezes as the cause of corrosion. Carbonation of the concrete also contributed to the corrosion 
process. The extent of the corrosion was quantified by visual examination and audio methods to 
detect concrete delamination. Knowing the cause and the extent of the corrosion, a repair method 
was proposed and an extensive laboratory investigation was conducted. The repair method, which 
was based on restricting the flow of oxygen to the steel, included a barrier layer that was applied to 
the surface of the concrete. Candidate coatings were evaluated so that an effective, durable, and 
easy-to-apply coating could be selected. In the laboratory, the half-cell potential method was used 
to measure the effectiveness of the coatings by monitoring the rate of corrosion of steel embedded 
in 100 coated concrete test specimens. Based on this research, a coating was selected and then 
applied to nine nuclear reactor units. The elevated temperature tests were conducted in support of 
the design of the "Monju" reactor. Physical property tests of concretes subjected to temperatures 
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ranging from 20° to 175°C were performed. Long-term (1-1/2 years) exposure of concrete at 
elevated temperatures also has been investigated. In the long-term tests, either basalt or sandstone 
coarse aggregate were tested. After curing for 91 days, the Specimens were slowly heated at 30°C 
per hour to designated temperatures of either 65,90, or 110°C. The specimens were-maintained at 
these temperatures for periods of either 28, 91, 182, 365, 450, or 547 days. At the end of the 
designated sustained heating period, the specimens were permitted to cool at 30°C per hour to room 
temperature and then tested to determine the effects of heating on compressive strength, modulus 
of elasticity, and weight change. Companion unsealed specimens were heated to 175°C at 30°C per 
hour and then maintained at this temperature for either 3 or 6 hours or 1, 3, 7, 28, or 91 days. At 
the end of the designated sustained heating period, the specimens were permitted to cool at 30°C 
per hour to room temperature and then tested using the same procedures. A series of thermal cycle 
tests was also conducted using sealed and unsealed specimens. In this study, specimens were 
cycled from 20°C to 110°C to 20°C with a complete cycle taking four days. Specimens were then 
tested after 1, 20, 28, 82, 180, 360,452, or 480 thermal cycles. Results of these tests show that 
the compressive strength of sealed and unsealed specimens as well as those subjected to thermal 
cycling increased relative to the reference strength. The modulus of elasticity for the sealed 
specimens increased, but the modulus of elasticity for the unsealed specimens decreased. 
Compressive strength for specimens exposed to short-term heating to 175°C increased relative to 
the reference room-temperature strength, but the residual modulus of elasticity after heating was 
only about 50% of the reference value. After heating, the weight of unsealed specimens decreased 
by 5 to 6%. 

At the Takenaka Technical Laboratory, an extensive experimental effort is investigating the 
properties of concrete exposed to sustained elevated temperatures up to 300°C. In this study, 
concrete specimens were heated to designated temperatures, maintained at these temperatures for 
either 10,100, or 1,000 days, and then tested so that compressive strength, modulus of elasticity, 
tensile strength, and weight loss of each specimen could be determined. Results obtained show 
that for the mixes investigated (water-cement ratios of either 0.50 or 0.60, gravel-aggregate ratios 
from 2.68 to 4.13, and sand-cement ratios from 2.47 to 3.21), average residual compressive 
strength, modulus of elasticity, and tensile strength values trended to decrease with exposure to 
increasing temperatures. There also was a general trend for these residual values to continue 
decreasing as the exposure period increased. After 1,000 days of exposure to elevated 
temperatures, average residual compressive strength, modulus of elasticity, and tensile strength 
values were approximately 60, 40, and 50%, respectively. The average weight losses of test 
specimens was also influenced by exposure to increasing temperatures, but the weight losses of 
specimens exposed to temperatures of 110°C and higher were relatively unaffected by the duration 
of exposure. For example, the average weight losses of specimens increased from about 5.25% at 
110°C to about 6.5% at 300°C whether the exposure period was 10, 100, or 1,000 days. 
Additional research is using the reliability design method for calculating the cover thickness 
required to prevent corrosion of steel reinforcement due to carbonation. This method considers the 
expected service life of the structure, environmental exposure conditions, finishing or coating 
materials applied to the surface of the structure, water-cement ratio of the concrete, coefficient of 
variation of* depth of concrete carbonation, standard deviation of cover thickness, and allowable 
probability of reinforcement corrosion at the failure condition of the structure. Normal 
distributions are used to represent carbonation depth of the concrete cover thickness. 

Shimizu Corporation is developing a method for predicting the service life of reinforced 
concrete structures. The prediction methodology incorporates the influence of carbon dioxide gas 
concentration, chloride content, surface coatings, temperature, relative humidity, water-cement 
ratio, reinforcing steel cover thickness, and reinforcing bar diameter. The influence of carbon 
dioxide gas concentration on corrosion of steel in concrete is very significant. For example, when 
the cover thickness is 30 mm and the air is clean (carbon dioxide gas concentration of 0.03%), 
carbonation of the concrete may take as long as 150 years to reach the level of the reinforcing steel. 
However, when the carbon dioxide gas concentration approaches 1%, such as in a room where a 
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fire or open flame is being used, the time can be reduced to as short as 5 years. The chloride 
content of fresh concrete also influences service life. When the chloride content of fresh concrete 
is maintained at or below 0.6 kilograms per cubic meter, a service life of 100 years can be 
expected. However, when chloride-contaminated aggregates, admixtures with chlorides, or 
seawater are used in the concrete mix, corrosion can initiate quickly thus reducing service life. 
Coatings applied to the surface of concrete can increase service life because they tend to inhibit 
carbonation of concrete, reduce the diffusion of oxygen into the concrete thereby slowing the rate 
of corrosion, and keep chloride ions from penetrating into the concrete. Emulsion paints are 
effective in extending the service life, but other materials such as acrylic spray Goatings are more 
effective. The temperature of the concrete influences service life in two ways. The rate of 
corrosion of steel in concrete and the rate of carbonation of concrete decrease as the temperature 
decreases. The service life of concrete is influenced significantly by relative humidity. Concrete 
exposed to low humidity (45% or less) can have a very long service life because corrosion of 
reinforcing steel is severely hampered As the relative humidity increases, corrosion increases 
thereby decreasing the service life. The rate of carbonation of concrete is also influenced by 
relative humidity. Carbonation of concrete increases as the relative humidity decreases, but when 
the humidity is low, the reinforcing steel does not corrode or corrodes very slowly so the service 
life is longer. Concretes with low water-cement ratios (below 0.50-0.55) tend to have longer 
service lives than concretes with high water-cement ratios. Cover thickness influences the service 
life of reinforced concrete structures more than any other factor. For the same conditions, concrete 
structures with thicker cover will have a longer service life than concrete structures with thinner 
cover. Measures to improve durability such as lowering the water-cement ratio of the concrete, 
minimizing the chloride content of constituent materials, and applying surface coatings are effective 
only when the cover is adequate. Service life is not significantly influenced by the diameter of 
reinforcing bars. The rate of corrosion increases in proportion to the bar diameter, therefore, the 
service life of structures with large diameter reinforcing bars is somewhat less than the service life 
of structures with small diameter reinforcing bars. 

3.8 KOREA 

Korea presently has 16 nuclear power plants, 10 in operation and 6 under construction, that 
supply about 40% of the electricity. Early, nuclear power plant ageing management consisted 
primarily of accumulation of technology and experiences of plant construction, operation, and 
maintenance by the Korea Electric Power Corporation (KEPCO). More recently ageing 
management programmes have been implemented by the Korea Electric Power Research Institute 
(KEPRI) of KEPCO and Korea Institute of Nuclear Safety (KINS). 

Korea Electric Power Corporation (KEPCO) 

As the nuclear power plants in Korea are getting older (e.g., Kori Unit 1 started 
commercial operation in 1978), plant ageing and preventative maintenance have become more of a 
concern. To meet this concern, a programme of Lifetime Management of Nuclear Power Plant 
(LMNPP) has been developed by KEPCO15 and is shown schematically in Fig. 12. Goals of the 
LMNPP Programme are to operate Korean nuclear power plants safely and economically up to the 
specified plant lifetime, and then to an optimum lifetime that exceeds the specified lifetime. 
Currently a feasibility study is underway at Kori 1 that is serving as the pilot plant and consists of 
10 tasks as shown in Table 6. Associated key research activities are also summarised in the table. 
The LMNPP Programme consists of three major phases as shown in Table 7 along with 
programme timing and key activities under each phase. Other programme participants include 
Korea Power Engineering Company (KOPEC) and Korea Atomic Energy Research Institute 
(KAERI). 
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Currently activities are taking place under Phase I (Nuclear Power Plant Lifetime 
Improvement and Management-PLIM) which started in 1993. Main activities performed under 
Phase I include field data surveys, screening and prioritization of SSCs, preliminary life 
evaluations of major components, and evaluation of monitoring systems. The screening process 
applies safety-related criteria that were based on the U.S. Nuclear Regulatory Commission's 
license renewal rule16 and maintenance rule.17 The containment (liner, basemat, and shield 
building) was ranked second behind the reactor pressure vessel as a result of application of the ten 
attributes used for critical component identification presented in Table 8. Life evaluation (residual 
life) determinations for the key components resulting from the screening process are taking into 
account pertinent stressors, degradation sites and mechanism, and failure modes. Present activities 
are focusing on fracture mechanics evaluations of reactor pressure vessel coupons removed from 
Kori Unit 1, and fatigue evaluations of the pressurizer surge line nozzle. Although not a part of the 
LMNPP Programme, activities are also taking place related to field refurbishment and replacement 
of major components that will be required to maintain plant performance and operational safety up 
to the design life (e.g., steam generators and low-pressure turbine rotors). 

Korean Institute of Nuclear Safety (KINS) 

As the operation of a nuclear power plant progresses, major SSCs are exposed to. operating 
environments under which their physical characteristics can change leading to degradation of 
performance. Eventually the point can be reached where the SSC will not be able to meet its 
functional or performance requirements to potentially jeopardize plant safety. Since Kori Unit 1 in 
1991 experienced an unusually high number of scrams, an augmented safety inspection was 
triggered that demonstrated a strong need for an in-depth assessment of plant ageing degradation. 
The KINS, under the auspices of the Korean Government, implemented a project to develop an 
effective means for ageing management under which root causes of ageing degradation in major 
safety-related SSCs and their mechanisms were to be identified and the state of degradation 
assessed for key components.18 Using results of an in-depth assessment of experiences obtained 
by other countries and those of the International Atomic Energy Agency pilot studies on 
management of ageing of nuclear power plant components, several SSCs were selected for 
evaluation (i.e., reactor cooling system; safety-related components and systems, such as motor-
operated valves, pumps, and instrumentation and control systems; and structures). With respect to 
structures, items of interest included corrosion and ageing of concrete components due to operating 
conditions, and collection and classification of operating experiences. The SSCs noted above were 
further evaluated with respect to operating and maintenance history, available manufacturing-
related data, and design-related data. The ageing-related mechanisms and degradation factors were 
classified and analyzed in order to develop a comprehensive ageing management programme in 
terms of continued collection of ageing-related data and information, additional research to be 
performed, further improvement and replacement (if needed), and improvements in operating 
conditions including upgrades of technical specifications. The ageing management programme will 
be used to establish both short- and long-term regulatory positions. Establishment of a regulatory 
guide for use in evaluating the extent of degradation was recommended as a result of this study. 

3.9 NETHERLANDS 

About 6% of the electricity in the Netherlands is produced by two nuclear power plants 
(1 BWR and 1 PWR) with the first plant having been in commercial operation for over 25 years. 
Activities related to ageing have primarily addressed the reactor pressure vessel. Ageing of, 
concrete structures has not received much attention in the Netherlands because the concrete 
structures do not provide a pressure-retaining function at either plant. Though seismic risk is 
small, concrete structures are addressed in the periodic safety assessment. Operating experience 
has identified several areas of concern (e.g., corrosion of steel reinforcement embedded in concrete 
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due to environmental conditions or poor quality concrete cover, effects of acid rain on materials 
utilized to coat the concrete, anchorage fixation problems, monitoring of building settlements 
where the buildings have been constructed using foundation piles, and breakdown of the seal 
between the steel containment and concrete basemat). 

3.10 SPAIN 

Containments for the BWR and PWR plants in Spain are of similar design to those in the 
United States. Ageing studies are related to the prediction of potential long-term deterioration of 
critical components and its potential impact with respect to life extension. The Spanish electric 
industry is currently developing a Residual Lifetime Evaluation System (RLES) Programme as a 
tool for managing the life cycle of main nuclear power plant components. The RLES Programme 
is based on monitoring the condition of nuclear power plant components and has primary 
objectives of (1) identifying the most significant ageing phenomena, their causes, and appropriate 
ageing parameters; and (2) developing a modular system for data acquisition and processing to 
facilitate evaluation of component condition. The programme is being conducted in two phases. 
Phase I (base project) consists of (1) development of a component selection guide, 
(2) determination of the most severe ageing phenomena, (3) evaluation of maintenance 
procedures, (4) definition of condition evaluation parameters (i.e., data acquisition and processing 
characteristics), (5) market survey of commercially-available monitoring and diagnosis systems, 
and (6) definition and specification of the evaluation system (i.e., database management system 
requirements and algorithms for evaluation of the degradation mechanisms identified as important). 
Phase II will develop and implement the system specified in Phase I. Reports have been prepared 
addressing components identified as critical (e.g., reactor pressure vessel, metal containment and 
structures). Components were identified based on a set of criteria that had been developed (e.g., 
safety, cost, operation life, maintenance, operating conditions, and effect on plant availability). 
The critical components were then ranked according to another set of criteria (e.g., service 
conditions, licensing, service history, effectiveness of plant programmes, and reliability). The 
effectiveness of current maintenance procedures is being evaluated through pilot studies in which 
component degradation sheets (component description, its functions and design parameters, and 
experience of operation and degradation mechanisms) are being prepared for each component. 
Also, a maintenance practice sheet is prepared for each component in the pilot studies describing 
current programmes, practices and procedures, and containing information related to observations 
from experience, what corrective actions to be taken and when to apply, and limitations on carrying 
out current practice. Input from the maintenance activity is used to evaluate procedures being used 
to monitor component degradation and to document control and monitoring of the ageing processes 
of the selected components. 

3.11 SWEDEN 

Sweden has 12 nuclear power plants (9 BWR, 3 PWR) with the oldest starting commercial 
operation over 20 years ago. The government agencies [i.e., Swedish Nuclear Power Inspectorate 
(SKI) and National Radiation Protection Institute (SSI)] are responsible for ensuring that the 
licensees for these plants assume their responsibility in providing for safety and radiation 
protection. At SKI an ongoing study is assessing the impact of ageing on nuclear power plant 
safety.19 The study is screening the Swedish Reliability Database for components used in 
Swedish Plant Safety Assessments to find if ageing is present, and investigating the treatment of 
models to identify increased failure rates indicating ageing and abnormal wearout. Components in 
safety-related systems at the older BWR (Ringhals 1) and PWR (Oskarshamn 1) plants are being 
considered as the primary units of study. Responses to a questionnaire sent to operating and 
maintenance personnel at the Ringhals nuclear power plants indicated that all the personnel had 
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observed some kind of ageing phenomena and several suggestions were made to solve the ageing 
problems (e.g., better material at manufacture, design changes, and improved maintenance). 
Concrete structures were not covered by this activity. 

A research programme has initiated relatively recently to establish inspection methods for 
concrete containment integrity determinations. This activity is the result of the Barsebâck 2 BWR 
plant not meeting its leak-rate requirements during a routine test. Follow-up inspections showed 
that severe corrosion had occurred in the vicinity of an electrical penetration through the 
containment. In one location corrosion occurred through the entire thickness of the liner plate. 
The root cause of the problem was poor quality concrete construction practices that had left voids 
in the concrete that were filled by water having a low pH. Repair methods for the liner and 
concrete materials are under development. 

3.12 SWITZERLAND 

Operating licenses for the five nuclear power reactors (2 BWR, 3 PWR) are, according to 
Swiss law, not formally restricted by time-limited licenses. However, the licensing authority 
(Swiss Federal Nuclear Safety Inspectorate-HSK) requires that the utilities report periodically on 
their plant's condition in order to demonstrate that safety requirements are continuing to be met. 
The approach used by the utilities to meet this requirement has focused on preventative measures 
and immediate repair of any visible degradation. For the reinforced concrete structures, this has 
included (1) periodic visual inspections, (2) periodic testing of special structural elements (e.g., 
anchorages and joint sealants), and (3) early and complete repair of any detected degradation. 
Examples of problems that have been experienced at the Swiss nuclear power plants include 
leakage of borated water from the fuel pool, failure of waterstops, cracking of coating materials, 
and cracking in the roof or dome of reactor buildings. Because the older plants in Switzerland 
have been in commercial operation for over 20 years, HSK in 1991 required that all utilities 
develop ageing management programmes for their plants that address the structural condition as 
well as electrical and mechanical components.20 

In developing ageing management programmes, the HSK recommended the following 
actions (1) identification of potential degradation modes and areas of the plant subject to 
degradation, (2) listing of periodic testing and maintenance programmes that are currently in 
effect, (3) assessment of data provided by state-of-the-art inspection techniques, and 
(4) cataloging additional measures for use in surveillance and assessment of the ageing process. 
Initiation of these actions was through preparation of a state-of-the-art report that defined the basic 
problem being addressed, reviewed world-wide experience in this area, and provided the basic 
technical requirements for the ageing management programme that is to be developed.21 

Conclusions of the report were that the most important degradation mechanism was corrosion of 
steel reinforcement, with structural elements not accessible for inspection being of most concern 
(e.g., foundation and outer walls embedded in soil); inspection methods used for general civil 
engineering reinforced concrete structures are also applicable to the nuclear power plant structures; 
plant service life is not likely to be limited by degradation of the concrete structures; anchorage 
elements embedded in concrete should receive special attention; and decommissioning needs to be 
included in service life predictions. Basic elements of the ageing management programme 
proposed for the concrete structures are provided in Table 9 and an outline of an inspection 
programme for safety-related concrete structures and anchorage elements is provided in Table 10. 
Draft ageing management programmes are in progress for each of the five nuclear power plants 
based on these guidelines. 

35 



3.13 UNITED KINGDOM 

Nuclear Power Stations in the United Kingdom are operated by Nuclear Electric pic and 
British Nuclear Fuels Ltd. in England and Wales, and Scottish Nuclear Ltd. in Scotland. Between 
them they operate eight Magnox stations, seven Advanced Gas-Cooled Stations (AGRs) and a 
PWR. British licensees are also responsible for a number of plants that have ceased operation. 
The principal safety related civil structures are reinforced concrete bioshields surrounding steel 
reactor pressure vessels, PCPVs, and the PWR Prestressed Concrete Containment (PCC) 
building. All stations have several other safety related concrete structures (SRCSs). Operators of 
nuclear installations are required to comply with conditions imposed by the "site license." Licence 
Condition (LC) 28 calls upon the operator to make and implement adequate arrangements for the 
regular and systematic examination, inspection, maintenance, and testing of all plant structures that 
may affect safety including bioshields, PCPVs, PCCs, and SRCSs. 

The operators are reaching the conclusion of a programme of Long Term Safety Reviews 
(LTSRs) of the Magnox stations which examined their fitness for continued operation beyond 20 
years. These reviews examined the ageing of concrete structures. Compliance with the site license 
requires operators to conduct Peridic Safety Review (PSR) of all their stations every ten years. 
The PSR should demonstrate a station's fitness for continued operation and, like the LTSR, are 
required to consider ageing of civil structures. 

The PCPVs are regularly monitored, and the condition of both the concrete and the 
prestressing system assessed, to assure the integrity of these structures. There is a legal 
requirement to shut the reactors down for inspection and maintenance at regular intervals (i.e., two 
to three years depending on the station). This is referred to as the "Statutory Outage." The 
programme of maintenance and monitoring work carried out during and between these outages is 
called the "Maintenance Schedule" that is agreed with the Nuclear Installations Inspectorate (Nil) 
who regulates nuclear sites within the United Kingdom. Requirements for PCPV inspections are 
outlined in British Standard 4975 : 1990, Prestressed Concrete Pressure Vessels for Nuclear 
Engineering. Each PCPV is inspected by an "Appointed Examiner" with the condition of the 
vessel assessed on the basis of (1) tendon load checks, (2) tendon anchorage examination, 
(3) tendon material corrosion examination, (4) concrete surface examination, (5) foundation 
settlement and tilt, (6) thermocouple results, (7) reactor coolant leakage history, (8) top cap 
deflections, and (9) review of previous operating history. In addition to the maintenance schedule 
activities, operators regularly monitor vibrating wire strain gauges that were originally installed in 
all PCPVs to measure the vessel's response during the proof pressure test. The strain data is 
reviewed every five years by comparing the vessel's measured performance against that predicted 
by an axisymetric finite-element analysis. Results of surveillances indicate that the performance of 
the PCPVs has been good with only minor incidences of tendon corrosion (insignificant pits) and 

concrete cracking reported.22 The PCC at the recently commissioned PWR station at Sizewell B 
will be monitored according to requirements provided in Section XI of the American Society of 
Mechanical Engineers Boiler and Pressure Vessel Code. In recent years, UK operators have 
reviewed their arrangements for complying with LC 28. SRCSs are now categorised according to 
safety signficance and visually inspected to provide baseline information on their condition. 
Defects identified are placed into one of five categories depending upon their severity and the 
requirement for remédiai action. Any structure that displays serious ageing is identified as 
requiring either repair and/or continuing surveillance at intervals determined by it's safety 
significance and condition. Defects found to date include concrete spalling, cracking and leaching, 
and corrosion of steel reinforcement. 

In support of continuing and extending the service of Magnox stations past an operating life 
of 30 years, research programmes are conducted. In August 1993, the Health and Safety 
Commission endorsed proposals for introducing new arrangements that would transfer 
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management responsibilities for most of the United Kingdom nuclear safety research programmes 
from the Heath and Safety Executive (HSE) to three of the Licensees (Nuclear Electric, Scottish 
Nuclear Limited, and British Nuclear Fuels Limited). In determining their nuclear safety research 
programme, the Licensees have to take into account those technical issues that HSE considers 
necessary. The UK Health and Safety Commission (HSC) are responsible for ensuring that 
adequate and balanced programmes of nuclear safety research are maintained. The HSC Co
ordinated Programme consists of research to address the safety issues presented in the Nuclear 
Research Index (NRI) which is produced annually by the Nuclear Safety Division of the Health 
and Safety Executive (HSE). The scope of the issues in the Index is limited to safety concerns 
related to thermal reactor sites and has 12 technical areas: (1) plant life management; (2) chemical 
processes; (3) fuel and core; (4) fission products; (5) reactor physics, critiçality, and shielding; 
(6) heat transfer and thermal hydraulics; (7) severe accidents; (8) external events; (9) control and 
instrumentation; (10) human factors; (11) probabilistic safety assessment; and (12) radiological 
protection. Technical area (1) is of interest to the present programme. 

Plant life management is subdivided into three areas: steel components, concrete 
components, and reliability of ageing mechanical and electrical components. Under concrete 
components there are presently six active areas and four areas just initiated or about to be initiated. 
Also, a general review of the ageing behavior of PCPVs has been conducted. The active areas 
include: 

(1) Compilation of concrete property data — Taywood Engineering Ltd. is 
producing a compendium of concrete material property data for PCPVs and 
PCCs. The compendium aims to provide, in an easily accessible form, the 
means of estimating the late life in-situ properties of concrete used at UK 
nuclear licensed sites. Data for the compendium has been obtained from the 
licensee's own data manuals and several research projects on the properties of 
concrete used to construct SRCSs. The compendium will include information 
on strength, elastic modulus and Poisson's ratio, creep, shrinkage, and thermal 
properties. It will also consider ageing of the concrete due to various chemical 
and environmental stressors. 

(2) Structural integrity of PCPVs and PCCs using finite-element methods — The 
objective of this activity is to develop an improved understanding of the 
response of PCPVs under loading beyond the design basis. The research is 
being conducted by the QADS Consultancy in collaboration with Swansea 
University's Institute of Numerical Methods and Engineering (INME). The 
programme commenced with a review of Finite Element (FE) code requirements 
for the analysis of PCPVs and PCCs. The capabilities of three commercially 
available codes (i.e., ANSYS, ABACUS, and LUSAS) and INME's own code 
ELFEN have been assessed against these code requirements. The project has 
assessed the capability of each code to reproduce the results of various 
benchmark parametric problems and also of tests of model containments for 
which experimental data exists. The ability of the codes to undertake non-linear 
analysis has also been examined. The programme will also report on the 
capabilities of the FE codes to model time dependent phenomena such as creep 
and ageing. 

(3) Nondestructive testing of thick concrete structures — The nondestructive testing 
of thick concrete structures is under the direction of Taywood Engineering Ltd. 
Nonreinforced and reinforced concrete test blocks about 1 by 1 by 2 m have 
been fabricated with known flaws (polystyrene-formed flaws and regions of 
loose gravel to simulate honeycombed concrete). An additional nonreinforced 
concrete test block has been formed containing a crack that was formed by 
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using an expansive grout. Cobalt 60 gamma scintillation, ultrasonic pulse 
velocity, acoustic impulse, pulse radar, and mapping radar techniques are being 
investigated. Results obtained to date are not encouraging for the reinforced 
concrete block due to the presence of the steel reinforcement. Better results are 
being obtained from the plain concrete specimens. 

(4) Ageing and long-term structural integrity of concrete structures (TCPVs and 
biological shields') — Characterization of ageing and durability issues (long-
term integrity) associated with PCPVs is being conducted at the University of 
Sheffield. The most significant potential ageing degradation issue was 
identified as elevated temperature. Concrete mixes representing the concretes at 
Hinkley Point "B," Dungeness "B," and Heysham "EH were developed and test 
specimens cast. The specimens are either sealed or unsealed and subjected to 
temperature excursions to either 60, 80, 105, or 150°C at ages of either 28d, 3 
months, 1 year, or 5 years. The unsealed specimens are heated to temperature 
at a rate of 10°C/h, held at temperature for 3 to 4 days to stabilize, and then 
tested at temperature. Sealed specimens are heated at the same rate to the 
desired test temperature in an autoclave, but are tested at room temperature. 
Dynamic modulus of elasticity, static modulus of elasticity, ultrasonic pulse 
velocity, and acoustic emission data are determined. Nuclear Electric is 
performing microstructural examinations on the specimens. Three-month 
property tests have been completed, and one-year tests are currently underway. 
Results obtained compare well with similar tests reported in the literature. Older 
specimens are producing better strength-retention characteristics, but older 
specimens ate loaded to a lower percent of their ultimate strength at time of test 
due to concrete strength gain with age. Separation of thermal- and moisture-
condition effects on test results is under evaluation. A test is being evaluated in 
which stiffness degradation under cyclic loading is being used as an indicator, of 
damage susceptibility of concretes under thermal loadings. Concrete specimens 
are load cycled to about 10% of their compressive strength and the hysteresis in 
the load versus deformation response evaluated. Specimens exhibiting larger 
hysteresis response are more susceptible to degradation. The approach is based 
on a test developed to determine the potential for alkali-aggregate reactions to 
occur in concretes. Results obtained to date are encouraging. 

(5) International Studies on Ageing — This activity has the objective of advising 
the HSE and industry on current international developments on ageing of 
safety-related nuclear power plant structures. Participation in the IAEA Co
ordinated Research Programme on Management of Ageing of Concrete 
Containment Buildings and the International Union of Testing and Research 
Laboratories for Materials and Structures (RDLEM) committee addressing life 
prediction of nuclear power plant concrete structures is supported under this 
activity. 

(6) Steady-state loading with thermal cycling — Taylor Woodrow Engineering Ltd. 
are evaluating the response of PCPV concrete to elevated temperatures under the 
simultaneous action of steady state loading and thermal cycling. Archived 
samples cast during construction of several PCPVs and a PCC are being studied 
at temperatures up to 150°C. In addition to measuring strength, the programme 
is also recording creep and creep recovery. The results of the programme will 
be used to develop methodologies for assessing the response of PCPVs and 
PCCs at elevated temperatures. 
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Research areas recently or about to be initiated include (1) integrity of reinforced concrete 
structures below ground, (2) concrete repair materials and protective coatings (assessment of the 
availability and performance of concrete repair systems for" restoration of the structural integrity of 
reinforced concrete and inhibiting existing as well as future ageing mechanisms), (3) review and 
assessment of nondestructive testing for detecting and indicating rate of occurrence of corrosion of 
concrete reinforcement (establish capability of techniques to detect the initiation and progress of 
corrosion prior to structural damage, and provide a measure of effectiveness of concrete repair 
techniques), and (4) long-term performance of corrosion protection for prestressing tendons 
(determination of useful life considering grease migration, covering ability, separation of base oil, 
temperature effects, embrittlement, adhesion and covering ability, and residual protection in 
presence of humidity). 

AEA Technology has conducted a review of the ageing behavior of concrete with respect to 
the PCPVs at Oldbury, Hinkley Point B, Hunterston B, Heysham II, and Torness.23 Specific 
items addressed included (1) identification of ageing/service wear effects which, if unmitigated, 
could cause degradation of critical structures and thereby impair plant safety; (2) identification of 
methods for inspection, surveillance, and monitoring, or of evaluating residual life of structures 
that could be used to ensure timely detection of significant ageing effects prior to loss of function; 
and (3) ensuring recognition of existing operating and assessment practices using new methods or 
approaches specifically developed. A method for classification of structures and significant ageing 
mechanisms has been developed to provide a consistent framework for defining monitoring and 
inspection requirements to provide trending data to demonstrate continued performance in line with 
design predictions. The method incorporates a fault tree analysis in which the likelihood of 
degradation is considered as an event. Finite-element methods have been developed for use in 
ageing assessments. Emphasis has been placed on developing methods to represent PCPV's 
material degradation and nonlinear behavior. A general constitutive model of concrete creep has 
been developed for use in predicting local behavior within the PCPV (e.g., near penetrations) or 
the response of other structures. Also, methods for coupling creep and concrete cracking have 
been identified. Finally, probabilistic assessment methods have been introduced for use as an 
alternative to support or to augment deterministic assessments associated with safety evaluations. 
These methods provide a more rational treatment of uncertainties and give a better appreciation of 
the extent of design margins and, thus, may improve operational decisions. Analytical treatments 
of reliability- and risk-based probabilistic methods have been related to numerical approaches 
developed to overcome the complexities associated with evaluating concrete structures. In order to 
implement the methods developed, distributions of input parameters must be defined through use 
of available data or by consensus estimation techniques (Delphi). Methods developed have not 
been validated through application to a candidate PCPV. 

3.14 UNITED STATES 

There are 109 nuclear power reactors presently licensed for commercial operation in the 
United States with 1 reactor still under construction and 5 reactors partially completed, but under a 
deferred construction schedule.24 The Atomic Energy Act (AEA) of 1954 limits the duration of 
operating licenses for most of these reactors to a maximum of 40 years. Approximately 46 of these 
reactors have been in commercial operation for 20 or more years. Expiration of operating licenses 
for these reactors will start to occur in the year 2000 when Big Rock Point's license expires. 
Through 2010, an additional 13 plants will also reach the end of their initial operating license 
period with a potential net loss of electrical generating capacity of approximately 9 GW. An 
additional 30 GW loss of net electrical generating capacity will occur between 2011 and 2015 when 
the initial licenses for an additional 37 plants are scheduled to expire. Under current economic, 
social, and political pressures in the United States, the prospects for early resumption of building 
of new nuclear plants to replace lost generating capacity are very limited. As a consequence of the 
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significant economic and energy supply implications due to expiration of operating licenses of 
existing nuclear power plants, both the United States utilities and the Nuclear Regulatory 
Commission (USNRC) have conducted extensive research programmes addressing ageing 
management and its relation to license renewal. 

U.S. Utilities 

The nuclear utility industry has expressed considerable interest in operating nuclear power 
plants beyond their initial term of operation and has undertaken several initiatives in support of 
this. A Steering Committee on Nuclear Plant Life Extension (NUPLEX) was formed under the 
direction of the Nuclear Management and Resources Council (NUMARC) [now part of Nuclear 
Energy Institute (NEI)]. The Electric Power Research Institute (EPRI), in cooperation with the 
U.S. Department of Energy (DOE) and two utilities, sponsored research on life extension, 
including pilot studies on two nuclear plants, Surry-1 and Monticello. This led to funding by DOE 
of two lead plants to develop formal requests for renewal of their operating licenses, the Yankee 
Rowe and Monticello plants. The technical aspect of the DOE programme was to provide an initial 
evaluation of the effects of ageing on commercial nuclear power plants and establish the scope of 
the effort to extend the operating lifetime of these plants beyond the initial 40 years of licensed 
operation. Since that time, Yankee Rowe has been permanently shut down, and although a license 
renewal application has been prepared for Monticello as a BWR Owners' Group document, 
submittal of the license renewal application has been delayed. 

The DOE and EPRI have co-sponsored a series of ten generic assessments for certain 
critical components, called Industry Reports.25 The objectives of these reports are to characterize 
age-related degradation mechanisms that can affect certain nuclear power plant components or 
structures, and to draw conclusions as to the significance of ageing for license renewal. These 
reports are intended to provide a partial demonstration of the viability and stability of the license 
renewal process by reaching agreement with the USNRC staff on technical issues related to LWR 
SSCs for operation beyond the current licensing term. When approved by the USNRC, renewal 
applicants could reference the industry reports in the same manner that they can reference a topical 
report for other licensing actions. Industry reports of interest to this study include the PWR 
containment,26 BWR containment,27 and Class 1 structures.28 The PWR containment report 
investigated both steel-lined reinforced concrete and free-standing steel containments as well as 
other structural elements required to maintain the pressure boundary following a postulated design 
basis accident. Areas identified as potentially susceptible to significant degradation that are not 
managed by existing effective programmes included (1) below-grade portions of concrete 
containments that are exposed to groundwater or soil, (2) steel liners of concrete containments and 
free-standing steel containment shells where moisture or corrosive fluids can accumulate, and 
(3) portions of structures inaccessible for inspection. Enhanced inspections were recommended 
for inaccessible areas that can not be evaluated by current test and inspection practices. The BWR 
containment report addressed free-standing steel containments and containments constructed of 
reinforced or prestressed concrete with steel liners. Pre-Mark I designs, the reactor building, the 
dry well and weir walls of Mark HI plants, and diaphragm floors of Mark II containments were not 
addressed. Two degradation mechanisms were identified as significant, local corrosion of lower 
portions of the steel pressure boundary embedded in concrete, and groundwater or soil attack of 
below grade concrete structures. Preventative measures for the first mechanism included indirect 
observations (e.g., maintenance or replacement of degraded seals, flashings or coatings at metal-
concrete interface) and aggressive cleanup of fluid spills and timely maintenance where persistent 
leakage occurs. The Class I structures report addresses non-containment structures that would 
typically be identified as requiring evaluation for preparation of a plant-specific license renewal 
application. Because of design and classification variations for components from plant to plant, the 
structures were categorised into nine groups on the basis of structural components, environmental 
service conditions, and functions, thereby enabling the licensee to evaluate similar structures that 
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are not specifically addressed in the report (e.g., containment internal structures; concrete tanks; 
intake structures, cooling tower, and spray pond; reactor building and structural steel 
superstructure; etc.). The report indicates that additional ageing management practices are 
necessary to address (1) corrosion of reinforced concrete exposed to aggressive chemicals, 
(2) corrosion of structural steel in inaccessible areas resulting from exposure to a harsh 
environment and deteriorated or damaged coating systems, and (3) intergranular stress corrosion 
cracking of stainless steel tanks and stainless steel-lined concrete tanks. In addition to these 
reports, a number of individual utilities have conducted inspections of the concrete structures above 
that performed in conjunction with the periodic Type "A" leak-rate tests required by Appendix J to 
10 CFR Part 50, and required by Regulatory Guide 1.3529 for prestressed concrete containments 
with ungrouted tendons. 

U.S. Nuclear Regulatory Commission (USNRC) 

The USNRC programme on the degradation of nuclear power plant SSCs due to ageing 
began in 1980's. The programme has addressed both the development of rules related to renewal 
of operating licenses (e.g., License Renewal Rule and Maintenance Rule) and conducting 
research in support of various rulemaking activities. Of importance to this study is the research 
conducted in support of rulemaking activities that was done under the Nuclear Plant Ageing 
Research (NPAR) and Structural Ageing (SAG) Programmes. 

In 1985, the Division of Engineering of the Office of Nuclear Regulatory Research issued 
the first comprehensive programme for nuclear power plant ageing research.30 The NPAR 
Programme is aimed at developing the technical bases to ensure that the critical SSCs will provide 
adequate reliability as reactors age (i.e., understand and manage ageing). The NPAR approach to 
understanding ageing is to (1) define the component's boundary and all interfaces of interest, and 
identify materials used in the design and fabrication of component parts; (2) identify applicable 
stressors and environments during the lifetime of the component, including those expected during 
and post design-basis events; (3) identify ageing mechanisms and where they could be operative; 
and (4) determine age-related degradation effects and their significance on operability or 
performance (performing, when necessary, in situ testing and testing under controlled laboratory 
conditions; performing testing on naturally-aged components and samples of materials for 
correlation and validation). This hardware-oriented programme at its conclusion will have studied 
22 electrical and mechanical components, 13 safety-related systems, and 10 special topics (e.g., 
data needs and record keeping, risk evaluation of ageing phenomena, and degradation 
modeling).31 Results obtained under this programme have been summarised in approximately 160 
technical reports and papers.32 

Two reports prepared under the NPAR Programme address nuclear power plant concrete 
structures. The first report33 presents insights for effective ageing management of LWR concrete 
containments and foundation elements to ensure their safe, long-term operation. These insights are 
gained from a comprehensive review of the technical literature related to degradation of concrete, 
corrosion of reinforcing and prestressing steels, and degradation of nonstructural systems and 
components. In-service inspection testing requirements and techniques, and methods for 
mitigation of degradation factors or repair of degraded concrete are discussed. Operating 
experience with respect to design- or construction-related problems that have occurred are 
described and an approach for use in ageing management is presented. The second report34 

developed background information and data relative to the longevity and life extension 
considerations of safety-related concrete structures in LWR facilities and provided background that 
will logically lead to subsequent development of a methodology for assessing and predicting the 
effects of ageing on the performance of concrete-based materials. Conclusions and 
recommendations of the report note the need for (1) obtaining ageing data from decommissioned 
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plants, (2) using in-service inspection programmes to provide ageing trends, (3) developing a 
methodology to quantitatively and uniformly assess structural reliability as affected by ageing or 
degradation of structural materials, and (4) performing research in support of all these needs. 
Although, as a group concrete structures have a history of reliability and durability, it was noted 
that there was no standardized, widely accepted methodology for quantifying the condition and 
capacity of an individual structure. Such a means of evaluation needs to be developed if informed 
licensing decisions are to be made on an extension of licensed design life of nuclear power plant 
structures. 

In 1988, the Structural and Seismic Engineering Branch of the USNRC initiated the SAG 
Programme at the Oak Ridge National Laboratory (ORNL). The SAG Programme is addressing 
the ageing management of safety-related concrete structures in nuclear power plants for the purpose 
of providing improved technical bases for their continued service. Over 90 reports or papers have 
been prepared presenting results obtained under three technical task areas: (1) materials property 
data base; (2) structural component assessment/repair technologies; and (3) quantitative 
methodology for continued service determinations.35 

The objective of the materials property data base task is to develop a reference source that 
contains data and information on the time variation of material properties under the influence of 
pertinent environmental stressors and ageing factors. Primary activities have included 
development of the Structural Materials Information Center (SMIC), assemblage of materials 
property data, and formulation of materials behavior models. The SMIC consists of the Structural 
Materials Handbook and the Structural Materials Electronic Data Base. The Structural 
Materials Handbook is an expandable, hard-copy reference document containing complete sets of 
data and information for each material (e.g., material composition, constituent material properties, 
and performance and analysis information useful for structural assessments and safety margins 
determinations). The Structural Materials Electronic Data Base is an electronically accessible 
version of the Structural Materials Handbook providing an efficient means for searching the 
various data base files to locate materials with similar characteristics or properties. Reference 
sources and testing of prototypical concrete samples obtained from nuclear power plant facilities 
have been used to develop over 140 material property data bases for the SMIC. A review and 
evaluation was conducted of accelerated ageing techniques and tests that can either provide data for 
service life models or that by themselves can be used to predict the service life or performance of 
reinforced concrete. The most promising approach for predicting the remaining service life of 
concrete involves the application of mathematical models of the degradation processes. Models 
were identified and evaluated for each of the degradation processes that can potentially impact the 
performance of nuclear power plant concrete structures. A major conclusion of this study was that 
theoretical models need to be developed, rather than relying solely on empirical models, because 
predictions from theoretical models are more reliable, far less data are needed, and the theoretical 
models would have wider applications. 

The objectives of the structural component assessment/repair technologies task are (1) to 
develop a systematic methodology that can be used to make quantitative assessments of the 
presence, magnitude, and significance of any environmental stressors or ageing factors that could 
adversely impact the durability of safety-related concrete structures in nuclear power plants; and 
(2) to provide recommended in-service inspection or sampling procedures that can be utilized to 
develop the data required both for evaluating the current condition of concrete structures and for 
trending the performance of these components. Associated activities include an assessment of 
techniques for repair of concrete components that have experienced an unacceptable degree of 
deterioration, and the identification and evaluation of techniques for mitigation of environmental 
stressors or ageing factors that may act on critical concrete components. Primary activities have 
included development of a structural ageing assessment methodology, review and evaluation of in-
service inspection and structural integrity assessment methods for concrete structures, formulation 
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of in-service inspection guidelines for reinforced concrete nuclear power plant structures, ageing 
assessments of post-tensioning systems, and reviews of repair practices for degraded reinforced 
concrete structures. 

The overall objective of the quantitative methodology for continued service determinations 
task is to develop a procedure that can be used for performing condition assessments and making 
reliability-based life predictions of critical safety-related concrete structures in nuclear power 
plants. The methodology integrates information on degradation and damage accumulation, 
environmental factors, and load history into a decision tool that provides a quantitative measure of 
structural reliability and performance under projected future service conditions based on an 
assessment of a new or existing structure. A probabilistic methodology for condition assessment 
and reliability-based life prediction of concrete structures has been developed. The methodology 
has been applied to structures subjected to combinations of structural load processes and to 
structural systems. The effect of degradation in component strength on the component and system 
reliability function has been investigated using simple parametric representations of time-dependent 
strength. The methodology also has been used to investigate optimization of inspection and 
maintenance strategies to maintain failure probability below a specified target value as well as to 
minimize costs. The impact on plant risk due to structural ageing was also investigated within the 
framework of a seismic probabilistic risk assessment for an existing PWR nuclear power plant. 
Results of the assessment indicated that substantial damage to structural components due to ageing 
leads to less than an order-of-magnitude increase in core damage probability. The impact of 
structural ageing becomes more important if a margin's analysis is used to assess suitability for 
continued service. Sensitivity analysis can help to identify the structures of importance that should 
receive particular attention. 
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4. INTERNATIONAL AGEING PROGRAMMES 

Collaborative programmes have also taken place at the international level so that common 
approaches can be developed and expertise and experience can be shared. Safety-related nuclear 
power plant concrete structures have been addressed in many of these programmes. International 
ageing management programmes addressing nuclear power plant concrete structures have primarily 
been conducted under the auspices of the IAEA and the Commission of European Communities 
(CEC). The IAEA project "Safety Aspects of NPP Ageing" integrates information on the 
evaluation and management of safety aspects of NPP ageing (generated by Member States) into a 
common knowledge base, derives guidelines, and assists Member States in the application of these 
guidelines. Coordination of activities with other international programmes is through periodic 
advisory group meetings and participation in programmatic meetings of other relevant groups. The 
NEA is involved in coordination of activities with the safety committees of IAEA and the CEC 
through the "NEA Expert Group on Nuclear Power Plant Life Management." This group has the 
objectives of clarifying essential elements of plant life decisions and reducing the associated safety, 
technical, and economic uncertainties to the extent possible. Primary activities include identifying 
important elements of the plant ageing, life extension, and life management decision-making 
process; identifying the nature of information that will be needed to support key elements in the 
decision-making process and to reducing decision uncertainties to an acceptable level; and 
identifying existing or needed sources of information as well as assessing the feasibility of 
obtaining that information. The IAEA Division of Nuclear Power International Working Group on 
Life Management of Nuclear Power Plants (IWG-LMNPP) has a mandate that covers life 
management generally, but they decided at their 1995 meeting that concrete structures would not be 
included in their priority list. PWG-3 is represented on the IWG-LMNPP to coordinate between 
NEA and IAEA. In the inverse manner, IAEA and CEC are represented on the NEA Nuclear 
Development Division Plant Life Management Group, and also on PWG-3. In addition to 
activities of IAEA and the CEC, the International Union of Testing and Research Laboratories for 
Materials and Structures (RILEM) is addressing ageing management of nucleajr power plant 
concrete structures. 

4.1 INTERNATIONAL ATOMIC ENERGY AGENCY (IAEA) 

Ageing can be defined as a continuous time-dependent degradation of materials due to 
actual operating conditions and includes both normal operations and transient conditions (design-
basis accident and beyond design-basis accidents are excluded) (see Fig. 13). The overall 
approach of IAEA to nuclear power plant life management is shown schematically in Fig. 14. Two 
activities of interest to the present study are being conducted by IAEA — development of an 
international database and the coordinated research programme on management of ageing of 
concrete containment buildings. 

International Database 

Under sponsorship of the Nuclear Power Division of IAEA, a document has been 
prepared, International Database on Ageing Management and Life Extension, IWG-LMNPP-
94/6, that describes the requirements for a data base for use in ageing management of nuclear 
power plant structures and components. The objective of this activity is to advance understanding 
of the degradation mechanisms encountered in nuclear power plant operation. Benefits of having 
such a data base include providing assistance in predicting future performance and remaining 
service life; ability to identify and evaluate component degradation features and malfunctions 
attributable to ageing (basis for corrective actions); ability to identify developing ageing effects, 
before they affect plant safety, reliability, or service life; availability of comprehensive information 
on plant operation and maintenance experience for use in licensing decisions concerning continued 
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operation; and improved feedback of information to designers on performance of plant components 
under actual service conditions to provide a basis for more effective ageing management-related 
design of future plants. Component selection for inclusion in the data base is based on safety and 
economic criteria and four categories have been developed: (1) components important to nuclear 
power plant safety and reliability that are considered irreplaceable (e.g., reactor pressure vessel and 
containment); (2) components important to nuclear power plant safety and reliability that are 
difficult or expensive, or both, to replace (e.g., steam generators and piping); (3) components 
important to nuclear power plant safety and reliability that are routinely replaced (e.g., valve 
control rods); and (4) other nuclear power plant components (e.g., cables). Details have been 
formulated on the data base for reactor pressure vessel materials. Development of a data base on 
primary piping will initiate shortly. Data bases addressing the containment and other key 
components have been deferred. 

Coordinated Research Programme 

Pilot studies were initiated at IAEA in 1989 related to the evaluation and management of the 
safety aspects of nuclear power plant ageing.36 The purpose of the studies was to facilitate the 
exchange of information and collaboration among international organisations engaged in ageing 
management and evaluation projects. This led to the development of an overall strategy for IAEA-
coordinated ageing management studies involving four components: (1) reactor pressure vessel 
primary nozzle, (2) motor-operated isolation valve, (3) concrete containment building, and (4) in-
containment instrumentation and control cables. Studies on components (1) and (2) are sponsored 
by the Nuclear Power Division with sponsorship of components (3) and (4) by the Nuclear Safety 
Division. These components were selected on the basis that they represent different safety 
functions and material, as well as susceptibility to different ageing mechanisms. The general 
objectives of the ageing studies for each of these components were to identify dominant ageing 
mechanisms and to identify or develop an effective strategy for managing ageing effects caused by 
the identified mechanisms. Results of these studies were expected to have application in 
(1) monitoring the degradation and in preventative maintenance of the selected components 
(including the development of criteria for designs of the type and timing of preventative 
maintenance actions); (2) predictions of component performance and remaining service life under 
all expected service conditions; (3) future designs and material selections; and (4) amendments to 
applicable codes, standards, and regulatory requirements. The resulting pilot studies were 
implemented in two phases. Phase I pilot studies (i.e., interim ageing studies) were completed 
through Technical Committee Meetings in November 1990 and October 1991. Under Phase I, 
dominant ageing mechanisms were identified as well as a strategy for managing ageing.57 

Phase II activities (comprehensive ageing studies) have been implemented through IAEA 
coordinated research programmes (CRPs) that take place over a three- to four-year period. 
Objectives of the CRP involving nuclear power plant concrete containments and their 
subcomponents include (1) production of a summary of current ageing management practices and 
experiences, (2) compilation of a state-of-the-practice report on concrete repair techniques and 
materials, (3) development of crack mapping techniques and acceptance/repair guidelines, and 
(4) formulation of a set of condition indicators for monitoring ageing. A questionnaire was 
developed and sent to approximately 200 plant owners/operators. Responses representing over 
150 nuclear power units were provided from 15 countries, Fig. 15. Figures 16 and 17 present a 
summary of types of units responding, and design and in-service dates, respectively. A number of 
containment or confinement concepts were included in the survey (e.g., double wall, unlined, 
reinforced concrete; metal lined, prestressed concrete with grouted tendons; metal lined, 
prestressed concrete with ungrouted tendons; metal lined, reinforced concrete; and epoxy lined, 
prestressed concrete). With respect to ageing management programmes, about 60% of the 
respondees said that they had a programme that addressed the concrete containment, but only about 
25% of these programmes are based on specific standards. The majority of the responses indicated 
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that visual crack mapping was utilized with inspections performed at intervals ranging from one to 
ten years. Crack widths, lengths, and depths may be measured and either recorded on drawings or 
photographs taken. About 40% of the respondees have acceptance criteria for the crack widths 
(e.g., acceptable if < 2 mm). The instrumentation systems most commonly installed in the 
containment structures include strain gauges and thermocouples. Other forms of instrumentation 
that have been utilized include stress cells, humidity gauges, invar wires, vertical pendulums, and 
topographic surveys. The most common nondestructive evaluation/nondestructive testing 
(NDE/NDT) methods used on the containments include integrated leak-rate tests and impact 
hammer. Other NDE/NDT methods include ultrasonic pulse velocity, permeability, chloride depth, 
carbonation depth, and pull-out. Anchorage elements in prestressed concrete containments are 
primarily inspected using visual techniques. The condition of the prestressing tendons in these 
containments is evaluated through lift-off tests, load cells, visual inspection, mechanical property 
testing, and corrosion inhibitor chemistry assessments. Visual inspections are primarily utilized to 
inspect the containment mild steel reinforcement. Cover meter and half-cell potential measurements 
have been performed at a few containments as part of an overall assessment of the condition of the 
reinforcing steel. Concrete core samples have been removed from about one-third the 
containments as part of either the chloride- and carbonation-depth determinations, or to obtain 
mechanical properties (e.g., compressive strength and modulus of elasticity). Liners of the 
containments, when present, are inspected using both visual and leak-rate testing techniques. 
Containment preventative maintenance programmes have primarily included use of protective 
coatings, grout refurbishment, and application of sealants. Cracking and spalling are the primary 
degradation symptoms observed, as indicated in Table 11. Several of the units noted that there had 
been a breakdown of the sealant, either between the containment liner and bearing floor, or 
associated with the containment penetrations. Also, several of the plants noted that corrosion of 
the containment liner had occurred. Although some form of concrete degradation had occurred in 
about 80% of the units, about half these units were either taking no action at present or increasing 
the frequency and scope of their inspections. Where repair actions were implemented, concrete 
cracks were repaired primarily by epoxy injection and spalls/voids/honeycombed areas were 
reestablished using either dry pack or concrete replacement methods. Results of the survey are 
provided in an IAEA Working Material document, Summary Results of the Survey on Concrete 
Containment Ageing, that was issued in July 1995. A Technical Document, Management of 
Ageing of Concrete Containment Buildings, is presently being prepared that will provide state-of-
the-practice information and more detailed analyses of responses to the questionnaire. 
Development of guidelines on ageing management of containment buildings is also planned under 
this activity. 

4.2 COMMISSION OF EUROPEAN COMMUNITIES (CEC) 

The CEC has several activities that are of interest to the present study. These activities fall 
into two categories: studies on long-term performance characteristics or Reinforced Concerted 
Action (RCA) projects. 

Studies on Long-Term Performance Characteristics 

The CEC under Directorate-General XII Science, Research and Development, has funded 
programmes at Taywood Engineering Limited (London, England); Stangenberg, Schnellenback 
und Partner GmbH (Bochum, Germany); and TUV Bayem (Munich, Germany). The overall 
purpose of these studies was to assess the likely durability of reinforced and prestressed concrete 
buildings and structures, and steel containments of nuclear power plants during an envisaged 
period of 140 years (40 years operation plus 100 years storage prior to decommissioning).38 
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Taywood Engineering Limited, during 1984 and 1988, selected several nuclear power 
plants representing different environmental conditions for the purpose of visual inspections, 
material sampling, and testing. Plants selected included Wihdscale Advanced Gas-Cooled Reactor, 
Hinkley Point "A," Bradwell, and Wylfa from the United Kingdom; and Chinon "Al" and 
Marcoule "G2" in France. Plant ages ranged from 17 to 29 years. The principal deterioration 
mechanism examined was steel reinforcement corrosion due to chloride ingress or carbonation. 
Plant surveys (visual, reinforcement potential measurements, concrete resistivity, and non
destructive and strength testing) were performed, and material samples obtained for chloride 
content and depth of carbonation determinations. In general, the condition of the components 
examined was considered to be good, although some concrete cracking and spalling due to 
reinforcement corrosion occurred at Marcoule "G2." Certain recommendations were made to 
protect against further occurrence of corrosion (i.e., repair any spalled concrete and cracks in 
external walls, replace all sealants and built-up roofing at their end of life, maintain building 
internal temperature > 15°C and humidity at less than 50%, and apply anti-carbonation coatings to 
exposed concrete surfaces). These sites were revisited between 1989 and 1993 under a second 
CEC-funded programme for the purpose of obtaining additional chloride content and carbonation 
depth measurements. These results were used to refine the relationships used to predict onset of 
steel corrosion. A recommended inspection and maintenance system was developed and minimum 
performance criteria for the post-tensioning systems were determined to ensure satisfactory 
performance of a period of 100 years following operation life. Taywood Engineering Limited is 
looking at the importance of the prestressing system relative to the leaktight integrity of PCPVs 
during a 100-year decommissioning period; Results obtained from the prestressing system study 
were similar to those noted earlier for the study of the long-term performance of the PCPV at the 
THTR. 

Stangenberg, Schnellenback und Partner investigated the reinforced and prestressed 
concrete structures at the German nuclear power plants Emsland (PWR) and Gundremmingen II 
(BWR) as part of the same ÇEC study. At Emsland, the secondary containment degradation 
mechanisms considered include carbonation, chemical attack, microbiological attack, and 
irradiation. Carbonation of the concrete and its potential to cause corrosion of the reinforcing steel 
was determined to be the major potential degradation mechanism for the structures. (Carbonation 
depths reported in the literature for a 54-year-old concrete were generally less than 16-mm. Some 
carbonation depths of 68 mm were noted, but these occurrences were related to poor quality 
concrete.) Carbonation of concrete was noted to increase the compressive and tensile strengths up 
to 100 and 40%, respectively. Other activities identified reporting results of studies of the long-
term behavior of structures in nuclear power facilities in England (G. H. Lewis, Degradation of 
Building Materials Over a Lifespan of 30-100 Years, EUR 10020 EN, Commission of 
European Communities, Brussels, 1985) and France (P. Antoine et al., Intégrité a Long Terme 
des Bâtiments et des Systèmes, EUR 9928 FR, Commission of European Communities, 
Brussels, 1985) were reviewed. Both of these studies concluded that the structures would exhibit 
the desired durability if they were maintained by repairing any defects that might occur, and 
favorable internal environmental conditions were maintained (e.g., > 15°C and humidity < 50%). 
Monitoring methods recommended for the critical structures included visual examinations, 
periodically taking and testing concrete core samples, and making carbonation depth 
measurements. 

TUV Bayern addressed the corrosion potential of the steel containment of PWRs and the 
steel liner of BWRs of representative German design. Stations selected for study included 
Emsland (PWR) and Gundremmingen (BWR). The containment of the PWR and liner of the 
BWR plants were both fabricated from medium strength, fine grained, steel materials. Corrosion 
protection of the PWR steel containment was provided by a zinc silicate paint applied to both the 
inside and outside surfaces. For the BWR liner, corrosion protection was provided by an epoxy 
coating on the inside surface of the pressure-suppression-pool liner and by zinc-silicate paint in 
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other regions. Potential corrosion risk areas were identified using criteria that included intermittent 
or continued exposure to corrosive media (design feature related), poor air circulation, areas 
impossible or difficult to inspect, and prior occurrence of corrosion (areas adjacent to platforms 
where gap material trapped moisture, and over a depth of about 100 mm for die encased bottom 
portion of containment). For the PWR plants, the risk areas included the encased bottom portion 
of containment (seal failure at concrete-steel containment interface), portions adjoining platforms 
(water accumulation in gap-forming material), and penetrations (seal failure between pipe sleeve 
and penetration). The BWR region at risk was the steel liner inside the pressure-suppression pool 
(coating improperly applied or presence of mechanical damage). Potential corrosive-media sources 
were condensation water, cleaning water, and reactor water. Uniform and pitting corrosion were 
identified as the most likely types of degradation that could occur. Based on the above assessment, 
several recommendations were made and two experimental investigations were undertaken. The 
recommendations included: (1) change design to avoid penetration and accumulation of moisture 
in risk areas (remove gap material and improve joints and seals), (2) maintain temperature 
sufficiently high to prevent condensation and use precautionary measures during cleaning and 
decontamination activities, and (3) provide monitoring and repair measures both during operation 
and after decommissioning. Due to problems associated with inspection of inaccessible areas and 
occurrence of seal failures, both of these areas were experimentally studied in detail. Ultrasonic 
testing was investigated as a technique to detect corrosion damage in inaccessible areas. 
Calibration blocks containing rounded and sharp-edge-pit corrosion were fabricated. Angle-beam 
search units (45° to 90°) were used on the calibration blocks that either did or did not have a coating 
applied to the back surface (transducer contact surface). The 45° search unit was found to provide 
the best results for detection of sharp-pit corrosion (i.e., other angle beam units either experienced 
too high damping, short detection distance, or poor signal to noise ratio). Using the 45° angle 
beam unit, an inaccessible portion of the containment or liner can be inspected to a distance equal to 
about four times the inspected member's thickness. A rounded pit could not be detected. Ageing 
tests were conducted on representative silicone materials to determine if they could provide 
tightness to water over the time period of interest (140 years) while being subjected to continuous 
temperatures of 30° to 40°C and 20% compression. Samples were fabricated and thermally aged at 
either 40°, 60°, 80°, or 120°C. Samples aged at each temperature were removed for testing at 
exposure ages of 24, 72, 168, 336, 672, 1344, 2688, 5376, and 9000 hours. Material tests 
conducted at each age and thermal exposure included Shore "A" hardness, density, compressive 
deformation set, and tensile strength. Test results were used to show that the Arrhenius ageing law 
was applicable to the silicone material, and curves were developed to predict times required for a 
specific compressive deformation set at a given exposure temperature. It was concluded from the 
study that the silicone material will provide satisfactory seals for decades provided it has been 
properly processed and used at a constant temperature of 40°C with 20 to 25% compressive strain. 

Reinforced Concerted Actions (RCA) Projects 

The CEC Directorate General (DG) XDZF/5 has eight activities that come under their "RCA 
on Reactor Safety Projects." The RCA Projects include core degradation, reactor pressure vessel, 
hydrogen, molten fuel coolant interaction, molten core concrete interaction, source term, 
containment, and accident management support. The containment project is examining the 
behavior of a reinforced or prestressed concrete PWR containment under severe accident 
conditions. Three aspects are examined — leak assessment, effect of hydrogen explosions, and 
effect of missile impact. Under the leak assessment aspect, an experimental programme is 
investigating steam leakage through well defined cracks in the concrete to provide input into 
development of theoretical methods for predicting gas flow through cracks. The hydrogen 
deterioration activity is oriented toward experimental validation of computer tools for deterioration 
modeling that includes treatment of shock waves and hydrogen chemistry. The impact studies are. 
validating concrete numerical impact models, with emphasis on non-linear strain-rate effects and 
failure modes. A series of experiments on high resistance reinforced concrete slabs will be 
performed and analyzed. 
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The CEC DG XII also has programmes associated with the RCA Projects that are aimed at 
scientific and technical cooperation with Central and Eastern Europe (Pays de l'Europe Centrale et 
Orientale, or PECO Programmes). One of these at the Kosice Technical University (Slovakia) 
addresses diagnosis, safety, and ageing of concrete structures in nuclear plants.39 Archieved 
results indicate that important civil engineering properties of concrete decrease with increasing 
temperature due to effects on the crystalline structure of the hydrated portland cement paste and 
increase in pore structure. The largest decrease in concrete properties occurred at temperatures 
greater than 400°C, primarily due to thermal incompatibility between the cement paste and 
aggregate that affected bond. It was recommended that the influence of concrete composition and 
stress state be factored into the effects of elevated temperature so that the response of concrete 
structures at elevated temperatures can be evaluated. 

A programme on fission safety emphasizing research related to the confinement of 
radioactivity under severe accident conditions in LWRs has also been organized under CEC DG 
XII as a RCA Project. The aims of the project, which took place between 1991 and 1995, were 
the assessment of existing know-how concerning severe accident phenomena, and the development 
of a consensus about these issues at the level of the European Union based on appropriate research 
and development activities (both analytical and experimental). Three main areas were addressed: 
(1) accident progression analysis (i.e., study of severe accidents and its implications for 
containment with respect to in- and out-of-vessel phenomena), (2) behavior and qualification of 
the containment system (i.e., investigation of the integrity problems of the containment, material 
characterization, and the identification of failure modes in order to evaluate safety margins), and 
(3) accident management support (i.e., development of improved man-machine interfaces in 
advanced nuclear power plant control rooms and new strategies of accident mitigation). Results of 
this programme will be presented at FISA-95 Symposium/EU Research on Severe Accidents to 
be held in Luxembourg on November 20-22,1995. Results of this symposium will provide input 
for the next Framework Programme of the European Union on severe accidents and help identify 
international cooperative research programmes relevant to this area. 

4.3 INTERNATIONAL UNION OF TESTING AND RESEARCH 
LABORATORIES FOR MATERIALS AND STRUCTURES (RILEM) 

In October 1993, a proposal to form a committee, "Methodology for Predicting the Service 
Life of Concrete Structures in Nuclear Plants (TC-MLN)" was accepted by the RILEM General 
Council. Activities of this committee will be conducted for the purpose of reviewing guidelines 
and procedures being used to monitor and evaluate the performance history of concrete structures 
contained as a part of a nuclear power plant. A state-of-the-art report will be prepared presenting 
results of this review. Guidelines and recommendations, including assessment criteria, will be 
developed for performance monitoring of existing and new nuclear power plant concrete structures 
to help assure continued safe operation. Technology developed will be transferred to the 
international technical community through publications in the RELEM journal, Materials and 
Structures, preparation of technical recommendations, and possible sponsorship of an international 
conference (near conclusion of the technical committee activities). Upon completion of activities, 
the committee's final summary report will be produced. 

The first meeting of the committee was held in October 1994, at the campus of Ecole 
Normale Sup Cachan, France. At this meeting, participants from 10 countries presented 
summaries of related activities with which they are involved and several areas were identified for 
preparation and presentation of summary papers at the next meeting (e.g., concrete creep, 
condition monitoring, in-service inspection, material property data bases, international ageing 
management activities, and repair materials and techniques). These papers were presented at the 
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second committee meeting held at the National Institute of Standards and Technology in 
Gaithersburg, Maryland. The next committee meeting is planned for June 3-4, 1996, at Electricité 
de France in Paris. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

In reviewing national and international activities addressing ageing management of safety-
related nuclear power plant reinforced concrete structures and liners, several conclusions can be 
derived. 

• Performance — Performance of the structures has been good. Where problems 
have been identified, they initiated during construction (e.g., poor material quality 
control and premature stripping of formwork). As these structures age, 
degradation due to ageing may threaten their fitness for continued service. 

• Material Data — Numerous data are available on the physical and chemical nature 
of concrete under various service conditions (e.g., freeze/thaw cycling and 
elevated temperature). However, insufficient data exist where more man one of 
these ageing factors is operating at the same time. 

• In-Service Inspection Methods — When properly used and applied, in-service 
inspection techniques are effective in detecting ageing and provide vital input for 
assessing the structural condition (e.g., relevant parameters or indications of 
ageing processes). Techniques for in-service inspection of thick sections and 
inaccessible areas require development. 

• In-Service Monitoring — Instrumentation systems to routinely monitor 
performance provide valuable data for assessing the structural condition and 
detecting ageing phenomena. However, these systems should be used in 
conjunction with periodic condition assessments. 

• Condition Assessment — General guidance exist for conducting condition 
assessments. However, criteria do not exist for interpreting the data provided 
(i.e., a definitive answer on when ageing has advanced to the point of degradation 
mat requires implementation of a remedial measures activity). 

• Repair Methods — Repair methods for general civil engineering reinforced 
concrete structures are well established and effective when correctly implemented. 
The long-term effectiveness or durability of remedial measures relative to their 
application to nuclear power plant structures has not been established. 

• Service Life Models — Service life models have been developed for estimating 
the remaining life of concrete structures. However, experience-based data are not 
readily available in a form suitable for use to refine and validate the models. 
Applications of these models have been primarily to new structures with 
corrosion of steel reinforcement being the primary ageing factor considered. 

• Analysis Methods — Several activities are ongoing that continually provide 
improved analyses and modeling of nonlinear and time-dependent conditions. 
Many of these developments should be applicable to analyses of nuclear power 
plant reinforced concrete structures. 

• Structural Reliability Methods — Reliability-based methodologies provide a 
useful tool for quantitative assessments of current conditions and estimating 
future structural reliability and performance. The methodology can be used as a 
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basis for selecting appropriate intervals for conducting in-service inspections and 
determining the extent of inspection and repair activities to help assure continued 
safe operation. Quantitative data for input into the methodology are limited and 
the reliability models for condition assessments have not been validated. 

Ageing Management Programmes — A number of national and international 
ageing management programmes are presently addressing ageing. The national 
programmes are driven by licensing arrangements, as opposed to design life 
considerations, and are application specific. Some information exchange has 
initiated at the international level through efforts of organisations such as IAEA, 
but are directed mainly at structures, systems, and components other than the 
concrete structures. 

5.2 RECOMMENDATIONS 

Ensuring the performance and function of nuclear power plant safety-related nuclear power 
plant concrete structures is important to continuing the reliable and safe production of electricity. A 
number of national and international programmes are addressing ageing issues associated with 
these structures, however, these studies are generally application specific, or in the case of 
international programmes, tend to be more general in that they are preparing state-of-the-art reports 
and not addressing specific issues in depth. As a result of this, the Task Group has prepared 
recommendations for a medium-to-long term CSNI programme of work. These recommendations 
are 

• Holding a series of workshops that address specific issues associated with 
ageing. These workshops have been prioritized by the Task Group as follows 

— First Priority 
• Loss of prestressing force in tendons of post-tensioned concrete structures 
• In-service inspection techniques for reinforced concrete structures having 

thick sections and areas not directly accessible for inspection (a round-
robin testing activity could result from this workshop) 

— Second Priority 
• Viability of development of a performance-based database 
• Response of degraded structures (including finite-element analysis 

techniques, possibly leading to an International Standard Problem) 

— Third Priority 
• Instrumentation and monitoring* 
• Repair methods 
• Criteria for condition assessment 

• The CSNI should review again in two to three years the topic of ageing of 
concrete structures. 

* Based on presentation of the Task Group report to the CSNI, it was recommended by representatives from Belgium 
and Spain that instrumentation and monitoring should be a higher priority, possibly a first priority. 
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Table 1. Nuclear Power Plant Summary for NEA Countries* 

OECD 
Member 
Country 

Belgium 

Canada 

Finland 

France 

Germany 

Japan 

Korea 

Mexico 

Netherlands 

Spain 

Sweden 

Switzerland 

United Kingdom 

United States 

Total 

PWR 

7 

0 

2 

54 

14 

22 . 

8 

0 

1 

7 

3 

3 

0 

72 

193 

BWR 

0 

0 

2 

0 

7 

25 

0 

1 

1 

2 

9 

2 

0 

37 

86 

Number of Units 
Reactor Type 

GCR 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

34 

0 

35 

HWR 

0 

22 

0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

24 

FBR 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

Total 

7 

22 

4 

56 

21 

49 

9 

1 

2 

9 

12 

5 

34 

109 

340 

Total 
Capacity, 

GW(e) 

5.5 

15.4 

2.3 

58.5 

22.6 

38.4 

7.6 

0.6 

0.5 

7.4 

10.0 

3.1 

11.9 

99 

282.8 
'Status as of December 31, 1994. ! 
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Table 2. Condition survey results for various NPP concrete structures.8 

Local 
Degradation 
Mechanisms 

Concrete 

Chemical Attack 
Efflorescence 

and Leaching 
Alkali-Aggregate 

Reaction 
Freeze/Thaw 

Cycling 
Thermal Exposure 
Abrasion/Erosion 
Fatigue/Vibration 
Cracking 

Conventional 
Reinforcing 

Corrosion 

Prestressinp 
System 

Corrosion 

Block Walls 

Excessive Cracking 

Structural Steel 
and Liners 

Corrosion 

Soil/Structure 
Issues 

Differential 
Settlement 

Soil Erosion (Scour) 

A 

b,c 

d 

c,d, 
f.g 

b,d 

n/a 

d 

c 

d 

B 

c 
b,c,d 

c 
a,b, 
c,d 

b,d 

el 

c 

e 

C 

b 
b,c 

c 
c 

c,d,g 

b 

n/a 

c,d 

D 

c 

a,d 

c 

c,d 

n/a 

Plant 

E 

c 
b,d 

c 

a,b, 
c,d,g 

b,d 

n/a 

d 

F 

c 
b,d 

b,e, 
d,f,g 

b 

n/a 

G 

c 
d 

d 

c,d 

b,f 

n/a 

c 

c,e 

H 

c 
b,d,f 

f 

c 

b,c, 
d,f 

b,d 

n/a :. 

a 

I 

a,b, 
c,d 

b,c, 
d,f 

b 

n/a 

e 

J 

b,f 

a 

b,f,g 

b,f 

n/a 

g 

Key: 

a - External Structure (Power Block) 
b - Subgrade Structure (Power Block) 
c - Internal Structure (Power Block) 
d - Water Control Structure (Intake, Discharge, Etc.) 
e - Containment Vessel 
f - Other Site Structure 
g - Equipment Supports 

Notes: 

1. Corrosion limited to exposed grease can and 
bearing plate surfaces (no tendon corrosion noted). 
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Table 3. Ontario Hydro's 13 step NPLA scoping methodology.9 

Step 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Activity 

Identify major components and subcomponents. 

Review design documentation. Evaluate operational maintenance history. 
Review international experience. 

Review degradation mechanisms, rate of degradation and failure modes. 
Identify key failure mechanisms. 

Condition assessment. 

Identify technical uncertainties related to future performance. 

Perform Stage 1 (qualitative) and Stage 2 (more precise) life assessments. 

Identify record keeping requirements. 

Identify new inspection, surveillance, and monitoring required to enable 
early detection and trending of equipment degradation. 

Identify changes in maintenance practices. , 

Identify changes in operating procedures. 

Identify technology developments required to address technical. 

Prepare preliminary budget cost for each critical component. 

Prepare an implementation plan. 
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Table 4 

Scope of survey of critical component life prediction evaluation 
for BWRs under Japanese life extension program. 

Critical Components 

Reactor Pressure Vessel 

Reactor Pressure Vessel 
Supports 
Reactor Internals 

Reactor Primary System 
Pipe 
Primary Loop 
Recirculation Pump 
Primary Loop II and 
Regulation Pump 
Injection/Discharge Valve 
Dry Well 

Suppression Chamber 
Diaphragm Floor 

Vent Pipe/ 
Downcomer Pipe. 
Residual Heat 
Removal Pump 
Cables 

Reactor Well Seal Bellows 

Feedwater Pump 
Driving Turbine 

Simple Agin? Phenomena 

Fatigue 

-

X 

-

• 

X 

Thermal 
Embrittlement 

-

— 

— 

— 

0 

O 

— • 

— 
— 

— 

— 

- • 

— 

-

Irradiation 
Embrittlement 

• 

"-

0 

-

-

-

-

-
-

-

- . 

-
-

-

Complex Aging Phenomena 
Fatigue 

+ 
Irradiation 

-

-

0 

-

- ' • 

-

-

-
-

-

-

-
-

-

sec 
+ 

Irradiation 

-

-

0 

-

• -

-

-

-
' -

-

.— 

. -

-

-

Fatigue 
+ 

Thermal 
Embrittlement 

O 

- ' 

0 

0 

0 

— 

— 

-
-

• — 

— 

-
— 

-

Insulation 
Degradation 

• -

— 

-

-

— 

— 

— 

-
— • 

-

— 

0 
. — ' 

-

* Life prediction evaluation being conducted. X Life prediction evaluation not to be conducted. 

O Life prediction evaluation to be conducted. - Aging not assumed. , 
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Table 5 

Scope of survey of critical component life prediction evaluation 
for PWRs under Japanese life extension program. 

Critical Components 

Reactor Vessel 

Pressurizer 

Reactor Internals 

Control Rod Drive 
Mechanism 
Reactor Coolant Pump 

Steam Generator 

Main Coolant Pipe 

Containment Vessel 

Residual Heat Removal 
Pump 
Residual Heat Removal 
Cooler 
Charging Pump 
(Charge/High Pressure 
Injection) 
Regenerative Heat 
Exchanger 
Non-Regenerative Heat 
Exchanger 
Volume control Tank 

Cables 

Simple Aging Phenomena 

Fatigue 

X 

X 

X 

X 

X 

X 
-

Thermal 
Embrittlement 

- -

-

-

-

0 

• -

0 

— 

-

-

-

-

-

-
-

Irradiation 
Embrittlement 

• 

-

0 

-

-

-

-

-

-

. -

-

-

-

. -

-

Complex Aging Phenomena 
Fatigue 

+ 
Irradiation 

— 

-

0 

-

— 

— 

— 

— -

-

-

-

-

-

-
- . 

sec 
+ 

Irradiation 

-

— 

O 

-

— 

— 

-* 

— 

• -

-

-

-

- • 

-
- ' 

Fatigue 
+ 

Thermal 
Embrittlement 

0 

0 

0 

-

o 
o 
0 

-

-

-

-

• -

— • ' . 

- ' 
-

Insulation 
Degradation 

— 

— 

— 

— 

— • 

— 

— 

— 

— 

— 

— 

— 

— 

• — 

O 

* Life prediction evaluation being conducted. X Life prediction evaluation not to be conducted. 

O Life prediction evaluation to be conducted. - Aging not assumed. 
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Table 6 

Tasks and Research Activities of Phase I of KEPCO LMNPP Program 

Ten Task Areas 

6 PLIM project plan and design life reiew 

• Screening major SSCs 

• Data survey and review 

• Evaluation of reactor pressure vessel (RPV) 

• Evaluation of major SSCs 

• Monitoring systems for LMNPP 

• Survey and review of LMNPP regulation 

• Economic evaluation 

• LMNPP technology development 

• Feasibility safety reports 

Research Activities 

O Utilization of small or reconstituted specimens of RPV material 

O Pb stress corrosion cracking of steam generator (SG) tubes 

O Evaluation of hideout return and SG crevice condition 

O Natural cracked small pipe specimen and defect signal analysis 

O Destructive test of thermal and radiation exposed cable 
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Table 7 

Three Phases of the KEPCO LMNPP Program 

Phases 

Phase I 

Phase II 

Phase in 

Time Period 

1993 ~ 1996 

1997 ~ 1999 

2000-2008 

Contents 

Feasibility Study 

- Feasibility of evaluation method and techniques 

- Kori Unit 1 LMNPP feasibility study 

- Phase II planning 

Detail Evaluation and Engineering 

- Kori Unit 1 detatil inspection and residual life evaluation 

- Documentation for license renewal 

- Planning for life extension 

Refurbishment. Replacement, and Maintenance 

- Implementation 

- Advanced technology 

Table 8 

Ten Attributes for Critical Component Prioritization Used in the Korean PLIM Program 

• 

• 

• 

• 

• 

Cost to replace or refurbish 

Impact on plant availability 

Radiation dose 

Regulatory importance 

Modifications required 

• 

• 

• 

• 

• 

Replacement prededent 

Generic applicability 

Mode of failure 

Consequences of failure on plant safety 

Consequences on prant operation 
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Table 9. Basic elements of ageing management for concrete structures in 
Switzerland.20 

Action 

1. List and prioritize complete structures, 

critical parts of structures (including 

equipment anchorage elements). 

2. Periodic Condition Assessment for 

important structures (or parts). 

3. Repair measures and/or redefinition of 

inspection program. 

Criteria, Basic Data 

- safety function 

- environmental exposure 

- inspectability and early identification 

- potential consequences of failure 

- documented plant history 

- surveillance, inspections, maintenance: 

documents and experience 

- fundamentals in materials and aging 

effects, available inspection methods 

- experience exchange 
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Years of Commercial Operation 

45 40 35 30 25 20 15 10 
35 

30 
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c* 
Q\ 9\ 0\ 0\ 9v ©s Os ©\ ©s ©\ ©\ ©s ©s 0\ ©\ 9s Os 0\ 0\ ©\ 9\ Ov 

Year of First Commercial Operation 

Fig. 1 Summary of OECD Member Country nuclear power plants by first year of 
commercial operation and years of commercial operation. 1 
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Administration 
building 

/^/auxiliary bay Intake channel 

Standby power 

an. 

o ID 
CScreen h 

house=*J 

-ppoqqr 
Vacuum 
building 

Water treatment 

rr l *• i i "' " 

J-n—— m—7- .—.- .IT—11. .. • . . H I 

• \ - i ( ; ' ' , M ' ! 7 f i U ) , ' U 1 l 

Fig. 4 Station layout for CANDU 4. 

• O • iLJl 
0Wbury.UK1968 
300MW. 24-1bar 

D 
DungenessB' UK 1981 
607MW. 30 0 bar 

Wylfa. UK 1971 
590MW. 26 6bar 

a 
Hinkley Point'B'. UK 1976 Hartlepool. UK 1981 
616MW. 38-7bar 625MW. 403bar 

D 0 
Marcoule. Fr 1960 Chinon 3. Fr 1967 
36MW. 14-7bar. (Closed) 480MW. 30-4 bar 

St.Laurent2.Fr1970 
516 MW. 27-6 bar 

D P D 
Bugeyl. Fr1972 
545MW. 44-8bar 

Fort St. Wain. USA 1974 Schmehausen. G 
330MW. 47 4 bar 300MW. 4 0 0 bar 

Scandinavian. Sw 
900MW. 8 6 0 bar (Prototype) 

0 15 30m 

Fig. 5 Cross sections of prestresed concrete pressure vessels for gas-cooled reactors. 
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0 » SELECTION 0» 
I CRITICAL CQMPQME 

NO 

FAIIURC 0» NON-CRITICAL 
COMPONENTS l i NOT A NPLA 
i ssue , A S S C S S A O E O U A C T or 
r u s r i M C " C o P R O C R A M S FOR 
RCOUCIMC FORCEO OUTACCS OUI 
TO UN>0*CSC(N »AllU«CS Or 
MQM-CI ITICAL COMPONENTS 

HO UTILITY ACTIONS 
JReouiRCo MOW 

MONITOR ANO REVIEW 
IX i YEARS 

NO 

PREPARE A LIST Of CRITICAL 
PLANT COMPONENTS 

YES 

OOES 
DESIGN REVIEW 

SHOW LirC LIHITIMC 
oesiCN A S S U M P T I O N S 

FOR NPLA 
f 

ooes A 
R E V I E W or o i M 

NO y ^ HISTORY ANO WO» 1 0 , . 
EXPERIENCE S H O W L I M I T S O N 

LIFE ANO LONC TERM 
RELIABILITY 

.YE$ 

CONOUCT M ASSESSMENT OF NPLA OPTIONS. 
• iNPROVEO OATA CATHfRINC 
• CHANCES •— OiM PRACTICES 
• C M A N C E S I N ISI PRACTICES 
• HONITORINC ( SURVEILLANCE 
•OCSICN REVIEWrREAHALYSIS 
• • (PAIR t UPCRAOINC 
• « ( 0 NEEDS 

RECOMMIMO SPECIFIC NPLA PROCRAMS 
FOR EACH CRITICAL COMPONENT 

ASSESS INFLUENCE OF SYSTEM PLANNING 
t CORPORATE PLANNINC REQUIREMENTS 
ON NPtA PROGRAM 

RECOMMENO AN OVERALL NPLA 
PROCRAM ANO STRATECY FOR ON 

OESICN RELATED ACTIVITIES 
•OESICH OOCUMiNTATION 
• nes iCN Review 
• UPCRAOINC 

OPERATIONS RELATEO ACTIVITIES 
• DATA CATMERINC 
•MOMITORIMC t SURVEILLANCE 
• OiM PRACTICES REVIEW 
• ISI PRACTICES REVIEW 
• UPCRAOINC 

RIO RELATED ACTIVITIES 
• UNOERSTANOINC ACINC MECHANISMS 
• IMPROVED NOE TECHNIQUES 
• OECRAOATION MECHANISMS FOR 
•CONCRETE 
•DEVELOPMENT OF MONITORING 
•METHODS 
• IN-SITU REPAIR METHODS 

IMPLEMENTATION OF PERIOOIC 
REVIEW OF NPLA PROCRAMS 

Fig. 6 Methodology for Ontario Hydro Nuclear Plant Life Assurance (NPLA) Program. 
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No 

Fig. 7 Flow Diagram of reliability-based inspection methodology being developed for A£CL. 
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r HMMXW'DIŒ DJ PUÎS PRDGJIAM 

COMPONENTS 
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IDENTIFICATION OF 

AGING FACTORS 

DEVELOPMENT OF LIFE 
PREDICTION TECHNOLOGY 

NO 

DEVELOPMENT OF MONITORING 
TECHNOLOGY 

DEVELOPMENT OF REFURBISHMENT 
TECHNOLOGY 

PLANT LIFE EXTENSION 

GJJAPEIC 

Fig. 10 Framework of JAPEIC plant life extension program. 

77 



Vi 

•4 ç 
"c w u 
to u 

CO 

Causal 

Equipments/facilities listed io 
application tor construction permit 

Non-Critical 

Non-Critical 

[Yes 

(repiacemeat/repair period) 

f 
> ivear 1 year > > durauon of (duration of 

oai i 
Non-Critical 

not available or 
paroally available 

(replacement/repair technology) I 

available 

i 
(exposure) 

high/medium 

Critical 

i 
(exposure) 

low/nooe high 

Non-Critical 
• 1 

Critical f 

low/pone Wtt 

(aging detection 
technology) 

not avaiiihle or 
pamally available 

Non-Critical 

available 

I 
Cnnoi 

i 
Non-Critical 

Fig. 11 JAPEIC methodology used to identify critical equipment and facilities. 
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KEPCO 

Basic Strategy, Project Management, 
Long Term Planning 

Feasibility Study 

KOPEC 

Main Component Life 
Assessment 

Feasibility Study 

KAERI 
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W (CG, YA) 

Off-shore Consulting 

Domestic Consulting 

7 Areas including the 
Regulatory Aspect 

W - Westinghouse 
GC - Gilbert/Commonwealth 
YA - Yankee Atomic 

Fig. 12 Block diagram of Korean LMNPP organization. 
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Fig. 13 IAEA concept of plant/component aging during its lifetime. 
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NUCLEAR POWER PLANT CONCRETE STRUCTURES 
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OECO NUCLEAR ENERGY AGENCY 
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D«l« EN/S/995 dd +33 1 4524 1057 
15 May 1995 

TO: CSNI members 

FROM: Alex Miller 

SUBJECT: CSNI Task Group on integrity/ ageing and seismic studies 

The SESAR report identified the importance of the research topic of 
plant ageing, in particular the ageing behaviour of pressure containing 
structures, concrete structures, deterioration of cable insulation and the wear 
or falling performance of pumps, valves and relays etc. In response to this a 
proposal was presented to CSNI at the November 1994 CSNI meeting to set up a 
task group to study both what were the needs for international activities in the 
area of concrete structural integrity, seismic studies and ageing in a general 
sense, and how such a programme of work could be organised. This proposal was 
approved, and it was agreed that a consultant would be appointed to work with a 
small group of experts, who would be provided by NEA Member countries. The terms 
of reference of this task group would be broad, and cover both the technical 
programme and possible methods of organisation. The consultant would prepare a 
report, with the assistance of the task group and the NEA secretariat, 
containing options to be presented to the 29-30 November 1995 meeting of the 
CSNI to enable it to decide on the future course of action. 

At present the closest PWG to general integrity, general ageing and 
seismic studies is PWG-3, which deals with steel reactor component integrity. It 
has not addressed concrete structures, functional ageing, active components, 
cable ageing, or seismic topics. (PWG-1 in its operating experience studies has 
some ageing related studies.) 

The secretariat has proceeded with the formation of the group, and the 
first meeting has been held. In order to" facilitate the working of the group, 
and to ensure that the relevant information is available to it, I would be 
grateful if the CSNI members of those countries which are not represented in the 
membership of the task group could arrange for the following information to be 
made available to the group through the NEA secretariat (fao Alex Miller, PWG-3 
secretary and task group secretary) before 17 July. I attach the membership of 
the task group and brief notes on the first meeting. 

Best Regards 

Alex Miller 
Nuclear Safety Division 
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Internet alex.millereoecd.org 

ce PWG-3 members 
Task Group meters 
J.-P. Clausner, NEA (PWG-1 secretary) 
Prof. H. Sundqvist, RIT 
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Questionnaire from CSKI Task Group on in t eg r i t y , ageing and seismic studies for 
those count r ies not represented on the task group 

1. Based on personal knowledge and operating experience from nuclear power 
p lan t s in your country, what issues do you consider important with respect t o 
a f fec t ing as well as being able to demonstrate the in tegr i ty of the safety-
r e l a t ed concrete s t ructures , both during normal operation as well as postula ted 
accident condit ions such as a seismic event? 

For example, issues might be re la ted to the inab i l i ty to direct ly 
monitor the containment basemat because of i t s inaccess ib i l i ty and congestion of 
s t e e l reinforcement, absence of well-defined knowledge on the affects of ageing 
and environmental s t ressors on s t ruc tura l response during conditions such as a 
seismic event , and limited avai labi l i ty of c r i t e r i a for assessment and repa i r of 
degraded s t r u c t u r e s . 

2 . In the areas of concrete performance, ageing, seismic response, and 
t h e i r i n t e r a c t i o n , what national programmes do you have in place to address 
theses topics? Do these programmes speci f ica l ly address the issues ident i f ied 
in your response to item (1)? If each of these issues are not being addressed, 
what recommendations would you make for implementation of programmes to address 
these issues? 

3 . Does your country part icipate in co-operative programmes with other 
coun t r i e s , or in international programmes addressing the areas noted in item 
(2)? If sd, please provide a description of these a c t i v i t i e s . 

Examples of international a c t i v i t i e s would include the International 
Atomic Energy Agency (IAEA) Co-ordinated Research Programme on Ageing of 
Concrete Containment Buildings and the Commission of the European Communities 
Reinforced Concerted Action on Reactor Safety Projects? 

4. Based on personal knowledge of nat ional and internat ional programmes 
addressing the safety of nuclear power p l a n t s , please provide a l i s t of top ics 
t h a t have not been addressed (or where addi t ional work i s required) that would 
be of benef i t for study under CSNI programmes. Also, what are your thoughts on 
implementation of research addressing these unresolved topics? 

Examples topics noted at the Task Group Meeting included validation of 
nonlinear f ini te-element codes for reinforced concrete s t ruc tures , seismic 
réévaluat ion of aged structures, and improved nondestructive evaluation 
techniques and methodologies for use in current and future condition assessments 
of concrete s t ruc tu re s . 

5 . What recommendations do you have with respect to enhancing exchange of 
information between Member Countries re la ted to safety of nuclear power p l an t s ? 

Example actions would he formation of working groups, writing of 
s t a t e - o f - t h e - a r t reports, and organisation of s p e c i a l i s t s ' meetings or 
workshops. 
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Task group membership 

Mr. B. Barbé, IPSN 
Mr. J . Figueras , CSN 
Dr. T. A. McNulty, Nil 
Mr. R. Monge, CSN 
Dr. A. Murphy, NRC 
Dr. D. Naus, ORNL 
Mr. H. Schulz, GRS 
Prof. H. Shibata, Yokohama Univers i ty 
Prof . K. Tôrrônen, VTT 

Notes on the f i r s t meeting of the CSNI task group on i n t e g r i t y , age ing and 
s e i s m i c s t u d i e s , held at NEA € A p r i l 1995 

\m The group members presented t h e i r present nat ional programmes and 
c o n c e r n s . Current NEA, CEC FWP3/4, IAEA and RILEM a c t i v i t i e s were c o n s i d e r e d . 

2 . Ageing i n general was too broad t o consider . Ageing of the pres sure 
c i r c u i t meant embrittlement and c o r r o s i o n processes ,and t h i s was a l ready covered 
by PWG-3 and the IAEA. 

3 . Ageing of act ive components was already being addressed by PWG-1 i n a 
s tudy of operating experience. Ageing of e l e c t r i c a l cab les was a l ready be ing 
addressed by national programmes, but there was probably no need t o address the 
t o p i c w i t h i n the framework of the OECD. 

4. For containment there were a lready strong i n t e r n a t i o n a l a c t i v i t i e s 
w i th in t h e IAEA, but these did not address a l l the points o f concern. Some 
s p e c i f i c t o p i c s that were not covered i n t e r n a t i o n a l l y at t h e present were: 

4 .1 Inspect ion , 
4 .2 Val idat ion of non-l inear c o n c r e t e s tructural a n a l y s i s codes , and the 

materia l models used in them. 

5 . Although seismic s tud ie s were a large area separate from age ing , t h e r e 
was a connect ion in the se ismic s a f e t y re -evaluat ion of o l d plant* and t h i s 
r epresented a poss ib le area of i n t e r n a t i o n a l a c t i v i t y . 

v g. The prec i se scope of the s t r u c t u r e s t o be considered was d i s c u s s e d . The 
p o s s i b i l i t i e s were concrete containments, or more genera l ly s a f e t y r e l a t e d 
c o n c r e t e s t ruc tures , and p o s s i b l y a l s o metal containments and l i n e r s . 

7 . Prof. Shibata gave a p resen t a t ion on the Kobe earthquake. 

8. X l e t t e r requesting information and comments from c o u n t r i e s not 
r e p r e s e n t e d at the meeting would be draf ted by the consul tant and the s e c r e t a r y , 
and d i s t r i b u t e d t o the group for comment before d i s t r i b u t i o n . 

9. When the responses from t h i s l e t t e r had been rece ived , a p o s s i b l e f a c t 
f i n d i n g miss ion by Dr. Naus to c o u n t r i e s such as Switzerland and Sweden not 
r e p r e s e n t e d in the group would be cons idered . The d e s i r a b i l i t y of obta in ing 
informat ion from the u t i l i t i e s i f p o s s i b l e was a l so agreed. 

10 . The consultant would draft the report , with the a s s i s t a n c e of the group 
and t h e s e c r e t a r i a t . 

1 1 . The 2nd meeting of the group would be at NEA on 28-29 September, t o 
c o n s i d e r the draft report. 
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12. The draft report would then be presented to the CSNI bureau meeting 
provisionally in October 1995, and then to the main CSNI on 29-30 November 1995. 

Note from the CSNI Bureau meeting April 10 

The secretary made a brief presentation about the meeting to the CSNI bureau 
meeting on April 10. Following some discussion, it was agreed that: 

a)seismic studies should not be covered in the task group report; instead 
Professor Shibata should be asked to make a presentation on this topic to the 
next CSNI meeting on 29-30 November. (Note - information on seismic studies 
would still be welcome to assist with this presentation.) 

b)containment integrity issues are of high current interest and should be given 
more emphasis in the work of the group; the generally lower technical level of 
discussions at IAEA should be considered when assessing possible duplication of 
work. 
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APPENDIX B 

INFORMATION OBTAINED FROM SURVEY QUESTIONNAIRE 
RELATED TO SEISMIC ACTIVITIES AND CURRENT OECD/NEA SHEAR 

WALL INTERNATIONAL STANDARD PROBLEM 

B.l SEISMIC ACTIVITIES 

SPAIN 

In the seismic area, level 1 probabilistic risk assessments have been completed for three 
plants with ultimate capacities of the containments evaluated. A primary concern is that equipment 
contained in two of the older nuclear power plants still in operation had not been reviewed 
according to the current licensing criteria for seismic qualification of equipment. The equipment 
and its supports may not be adequately designed to survive and function in the event of a safe-
shutdown earthquake (i.e., according to USNRC Generic Letter 87-02). Application of U.S. 
requirements to the Spanish plants needs to be evaluated because of the amount of equipment of 
European design that are contained in these plants. Pertinent elements in the overall program for 
seismic verification of equipment include an experience data base containing acceleration response 
spectra that can be used to show with a high confidence level that entire classes of equipment will 
perform satisfactorily provided certain limitations are met, and development of generic equipment 
ruggedness spectra that represent a lower bound of test spectra under which entire classes of 
equipment have satisfactorily functioned during shake table tests. - Some of these data have been 
developed using a 2-3 meter shake table located in Spain. 

SWITZERLAND 

Since extensive upgrades have been completed at Miihleberg and Beznau H, their Safety 
Analysis Reports have been revised to account for the actual condition of the plants. Seismic 
requalification was included in the upgrade.1 A probabilistic approach was used for the seismic 
hazard analysis and a deterministic approach was used for seismic analyses of the structures and 
equipment. Requirements for the seismic hazard analysis included use of the complete data base, 
performance of a probabilistic seismic hazard analysis for all sites, conduction of site-specific 
amplification studies, and development of design response spectra for rock and alluvial nuclear 
power plant sites. Seismic analyses required adequate dynamic analysis of experimental 
investigations for all seismic Class 1 structures and equipment. These requirements represent 
significant changes from the guidelines developed in 1970 that were first used for these older 
plants. Results of the seismic re-evaluations indicated that at Miihleberg the reactor building 
structures and reactor support structures had sufficient seismic capacity, but some modifications 
are required for the piping systems within the containment and reactor building. At Beznau, the 
reactor building and primary loop were found to have sufficient capacity, but some improvements 
were required with respect to piping systems within containment, shear capacity of several 
auxiliary buildings, and supporting steel structure for main steam line and feedwater line. 

1 "Practice and Experience in Switzerland," contained as part of report, Seismic Re-Evaluation of Operating Nuclear 
Power Plants in European Countries, (J. Gentil), Contract CEC/IPSN N° ETNU-CT92-0061, July 1994. 
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B.2 OECD/NEA SHEAR WALL INTERNATIONAL STANDARD PROBLEM 

The Nuclear Power Engineering Corporation (NUPEC) in Japan started a series of tests in 
1986 (i.e., Elastoplastic Test of Reactor Buildings) to improve and develop seismic analysis codes 
as well as to enhance reliability of seismic evaluation methods. As a part of this activity, tests were 
performed starting in 1991 to study ultimate dynamic response characteristics of reinforced 
concrete shear walls as major earthquake resisting elements of reactor buildings and to obtain 
experimental data to verify seismic response analysis methods. Results of these tests are being 
made available by NUPEC for an International Standard Problem that addresses safety analysis 
codes and their analytical and modeling methods for earthquake response. The first workshop 
addressing this problem was held in Paris on September 27-28, 1994, and had about 50 
participants. 
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APPENDIX C 

AGEING EXPERIENCE OF NON-NUCLEAR CONCRETE STRUCTURES 

C.l INTRODUCTION 

Properly designed and maintained concrete structures normally perform well over extended 
periods of time. However, these structures are subject to a phenomenon known as ageing, which 
refers to time-dependent changes that may impact the ability of these structures to withstand 
various demands from operation, the environment, and accident conditions. The time-dependent 
behavior of these changes should be considered in the overall condition assessment of a structural 
system. Failures can occur when excessive degradation takes place, frequently due to design or 
construction errors or an unanticipated aggressive service environment. Such failures often are 
related to serviceability rather than to safety. 

Condition assessment and management of ageing of concrete structures requires a more 
systematic approach than simple reliance on existing code margins of safety.C1 What is required 
is the integration of structural component function, potential degradation mechanisms, and 
appropriate control programmes into a quantitative evaluation procedure (Fig. C l ) . 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; and (3) a monitoring or in-service inspection-based programme that includes 
criteria for resolution of existing conditions. Methodologies for selection of components important 
to ageing and conducting condition assessments have been developed, or are fairly well established 
(e.g., see Refs. C.2-C.5). Although some guidance on acceptance criteria are available,C6_c-9 

the development of criteria relating the impact of degradation to performance characteristics of the 
effected structure in large measure require development. Reinforced concrete structures present 
special challenges 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 nondestructive evaluation 
techniques. The most effective approach at present to managing ageing of these structures is to 
conduct periodic inspections, implement maintenance measures to prevent or slow deterioration, 
and repair defects before they propagate to effect a loss of serviceability. 

C.2 NON-NUCLEAR STRUCTURES AGEING EXPERIENCE 

Background on ageing management of nuclear power plant reinforced concrete structures is 
available elsewhere (e.g., Refs. C.10 and C.ll). A review of national and international 
programmes that address nuclear power plant reinforced concrete structure is provided in the main 
part of this report. Contained below is a summary of practices used by several other industries to 
manage ageing of their structures (i.e., highway bridges and pavements, offshore oil/gas 
production and marine, general building, inland waterways, chemical/petrochemical, and railways 
and transit). 
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C.2.1 HIGHWAY BRIDGES 

C.2.1.1 Background 

Both reinforced and prestressed concrete have been used extensively in the construction of 
highway bridges. Service life design for these structures generally involves à combination of the 
following: (1) design strategy (protection against deterioration), (2) type and composition of 
materials utilized, (3) workmanship, (4) maintenance strategy, and (5) level of quality 
assurance.C12 Although this basic approach has been used to design bridge structures that are 
expected to have service lives of at least 50 years in the United States and over 100 years in the 
United Kingdom, problems have occurred within 10 years or less of construction. In 1988, it was 
reported that 41% of the bridges in the United States were deficient.^13 A study on behalf of the 
Department of Transport in the United KingdomC14 in 1989 involving a representative sampling 
of 200 bridges* indicated that over 30% of the bridges were classified as poor based on visual 
inspections. Factors contributing to premature deterioration of bridges include (1) corrosion of 
metallic embedments (e.g., steel reinforcement) due to environmental conditions and use of deicing 
salts, (2) fatigue of structural members, (3) inadequate maintenance, and (4) changing 
performance requirements for older bridges as a result of increased vehicle sizes and frequency of 
use. Given the magnitude of this problem, both in terms of number of bridges effected and costs 
that would be associated with repair or replacement, a systematic approach is required to effectively 
address the problem. Some activities toward development of such a systematic approach to bridge 
management and structural assessment have occurred. 

C.2.1.2 Bridge Management and Structural Assessment Systems 

Systems or guidelines for the development of bridge management and structural assessment 
systems have been developed by the Organisation for Economic Co-Operation and Development 
(OECD) for use by Member Countries. Individual countries have also developed systems for their 
use (e.g., United States, United Kingdom, Denmark, Peoples Republic of China, and Poland). 

OECD Basic recommendations for a bridge management system that includes optimization 
of inspection and maintenance of bridges, prediction of deterioration and service life, development 
of data banks and management systems, and formulation of guidelines for bridge management 
practices are contained in an OECD report.C16 Basic conclusions or recommendations of vthis 
report are summarized below. 

Bridge inspections are effected according to a general inspection plan that includes 
inspection work scheduling, decisions on different inspection types, inspection intervals, data 
collection, financial possibilities, and inspector's training. Bridge inventory, collection of bridge 
data, and easy access to this information are considered important for optimisation of the 
inspection. An automated archive (e.g., electronic data base) is the preferred medium for data 
storage and retrieval. Optimisation of maintenance requires the introduction of criteria for 
maintenance operations, access to information on previous repair actions, and adequate training of 
personnel. Although considerable progress has been made with respect to repair actions, the 
effectiveness of repair actions is difficult to assess. Maintenance should be carried out at timely 
intervals to ensure safety and avoid undue traffic obstruction. Assessing the remaining service life 
of a bridge is an essential factor in the overall bridge management process and requires the 
development of more detailed deterioration models. Service life can be based on statistical 
information from actual service lives, or methods based on log-normal distributions with respect to 

* Reference C.15 estimates that out of over 150,000 bridges in Britain, at least 60,000 use concrete as the main 
construction material. 
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variables such as materials, bridge conditions, and structural aspects. Reliability assessments of 
existing bridges requires data on actual geometry, material parameters, performance, etc., to which 
probabilistic methods can be applied. Data banks have been developed by many of the Member 
Countries for use in bridge management. Two basic types of data have been incorporated: 
administrative and technical information for each bridge (constant data), and variable data related to 
daily activities such as inspection and maintenance actions. Finally, recommendations and a 
prototype are provided for a bridge management system that covers all engineering and 
management functions necessary to carry out bridge operations efficiently as well as providing 
procedures for coordinating these functions and analytical models or tools to help identify bridge 
needs and establish priorities. Systematic procedures for incorporating data, engineering 
judgments, and managerial considerations have been incorporated into the decision-making process 
(e.g., estimating costs, predicting deterioration, and selection of remedial measures). 

United Kingdom In the United Kingdom, inspection procedures for concrete bridges are 
primarily contained in Refs. C. 17 and C.18. According to Réf. C.19, general inspections are 
carried out every two years by a Bridge Inspector. Principal inspections involving a complete 
examination of all accessible elements are carried out every six years by a Chartered Engineer with 
the results provided in a detailed report. In addition, as a result of the general or principal 
inspection, there may be special inspections. Guidance on defect detection (e.g., chloride ion 
attack, carbonation, alkali-silica reactions, cracking, etc.), testing methods, and repair is provided 
in Réf. C.17. Any defect present is generally repaired. If the bridge is assessed to be in poor 
condition, the Authority undertakes a detailed assessment which may result in weight restrictions, 
strengthening, or replacement. Additional guidance on United Kingdom practice is provided in 
Refs. C.20 and C.21. 

United States Under a bridge inspection programme that began in March 1968, a biennial 
inspection of most of the bridges in the United States is conducted. Although each of the states has 
its own approach to bridge inspection, contained as a part of each is a Structural Integrity & 
Appraisal (SI&A) sheet that is used to develop the National Bridge Inventory (NBI). The NBI 
provides the only national centralized assessment of bridges and is used to justify solicitation of 
funding from Congress for repair or replacement of structurally deficient or obsolete bridges. 
Although 88 items are included on the SI&A sheet, 14 describe bridge location, 6 list the agencies 
responsible, and 16 list structural improvements. Forty-four of the remaining items address 
structural data with a somewhat subjective approach used to develop a single digit rating for the 
condition of the deck, superstructure, etc. Ibe bridge inventory and condition assessment data 
included in the SI&A sheets are of insufficient detail to provide the basis for a comprehensive 
appraisal of bridge performance (trending analysis) to determine why some bridges deteriorate 
prematurely to require extensive rehabilitation, while others require only minor repairs throughout 
their service lives which may be 50 years or more. In general, the rating systems that have been 
applied to bridge structural systems (e.g., BRASS, BARS, BRRAT, and OVLOAD) are somewhat 
subjective in nature and also do not develop structural information in sufficient detail to make a 

quantitative assessment of structural condition or predict future performance (service life).c-22 

In order to indicate future performance (e.g., residual life) of bridge structures and how 
remedial actions may influence future conditions, at least 11 states have completed bridge 
management sy stems.c-23 Federal legislation required all states to certify that they had 
implemented a bridge management system by January 1, 1995.c-24 In addition, the Transportation 
Research Board, through it's Cooperative Highway Research Program and the Federal Highway 
Administration (FHWA), have funded bridge management system-related projects.C.25.C.26 

The most recent and comprehensive development related to bridge management systems is 
"Pontis" which was developed for the FHWA.C-26 Pontis is a network optimization system 
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developed to address the improvement and maintenance of bridge networks. Several of the 
objectives which "Pontis" has been designed to achieve iticlude providing a systematic procedure 
for establishing current maintenance, repair, and rehabilitation (MR&R) budget requirements; 
providing a priority listing and sequencing for bridges in need of MR&R and improvement; 
accommodation of differing inspection and repair needs for the major structural components for 
bridges as well as the differing needs of the various types of bridges; addressing the probabilistic 
nature of bridge deterioration; allowing the updating of predictive probabilities as data became 
available; considering the relative importance of various bridges in terms of safety, risk exposure, 
and public convenience; and providing the basis for short-term and long-term MR&R and 
improvement in budget planning and resource allocation. A set of interrelated predictive, 
optimization, and economic models forms the basis of "Pontis." 

Denmark One of the most comprehensive bridge management systems is DANBRO which 
was developed by the Danish Road Directorate. DANBROc-27 is an expert system developed over 
the last 15 years and has several objectives: minimizing maintenance costs, optimizing the 
allocation of available funds, securing already invested capital, ensuring traffic safety, and 
preserving the road network capacity. It has been designed to operate with four levels of users in 
mind: (1) executive (indicates current bridge conditions, repair funding requirements), 
(2) planning (optimization of repair strategies), (3) administrative (bridge data, administrative 
data, inspection data, deterioration data), and (4) maintenance (work orders for routine or periodic 
maintenance, monitoring and control of maintenance procedures). The data base part of the system 
consists of a series of modules: general bridge module (technical data and administrative/financial 
data for each bridge), inspection data module, priority ranking module, budget and cost module, 
and maintenance module. It stores information on the development of degradation in critical areas 
of sensitive bridges and can be used for analyzing the advantages and disadvantages of designs 
used for existing bridges. The system is upgraded after each inspection. Finally, the system can 
indicate how current funds for maintenance, can be used with the greatest advantage as well as 
making long-term forecasts of budget requirements for maintenance. 

People's Republic of China In the People's Republic of China, the Ministry of 
Communications issued a specification for bridge inspection and classification.^28 Three levels of 
inspection are considered; (1) routine, which are carried out monthly with damage such as 
cracking, excessive deflections, etc., noted; (2) periodic, which are applicable to newer bridges 
and performed at one or five year intervals; and (3) special, which are essentially reinspections to 
develop detailed information on damage. Bridges are classified into four categories ranging from 
good condition (Class I), requiring normal maintenance, to severe distress (Class IV), requiring 
testing to determine if rehabilitation is feasible. 

Poland In Poland, a damage analysis system has been developed that quantifies the 
usability of bridges, decides on the type and interval of maintenance, and accumulates maintenance 
data for projecting future requirements.^29 Bridges are placed into four classifications ranging 
from undamaged (Class I) to requiring extensive rehabilitation (Class IV). 

C.2.2 HIGHWAY PAVEMENTS 

Requirements for ageing management of highway pavements are in large measure the same 
as for highway bridges (e.g., nomenclature, rating system, photographs, and survey form).c-30 

Central to the concrete pavement damage classification systems is the visual assessment that relies 
on photographs as a reference and permanent record medium.c-4»c-3i'C-32 The Strategic Highway 
Research Program (SHRP) initiated in the United States and participated in by Europe and Canada, 
has developed two identification manuals that are based on reference photographs.^-33^-34 The 
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Pavement Distress Identification Manual was developed to provide a uniform method for 
identification of pavement distress for their "Long-Term Pavement Performance Experiments."* 
The manual's primary use is for identification of distress modes and their severity level with 
suggested methods for measurement. The Handbook for the Identification of Alkali-Silica 
Reactivity in Highway Structures was developed to provide guidance for the field identification 
of alkali-silica reactivity. It's primary purpose is to help in diagnosis and does not provide a 
severity rating. (Some information, however, on evaluating damage to reinforced concrete slab 
and beam elements is available in Réf. C.35.) Data and historical information are obtained at each 
site by photographic survey vehicles. Results are stored in a central performance data base. 
Surface distress data include number of potholes and severity, and length or area of surface 
cracking, spalling, and edge cracking. A separate study,C36 also based on photography, is 
mapping and recording highway features in the United States and Canada for use in determining 
road conditions, prioritizing repairs, making cost predictions, planning traffic flow, and 
coordinating work crews. In many ways the data bank resulting from these activities is similar to 
that developed under the OECD bridge management activity .C 1 6 

Recent advances in computer hardware technology and software development make it 
feasible to develop expert systems that are an effective decision making tool for highway staff 
involved in diagnosing distress, designing concrete structures, and in making decisions related to 
selection of repair and rehabilitation procedures and materials (i.e., ageing management). Such a 
system has been developed under the Strategic Highway Research Program (SHRP) and is called 
HWYCON.c-37 The knowledge domains contained in HWYCON addresses three principal areas: 
(1) diagnostics-distress identification and cause of distress(es), (2) materials selection for 
construction or reconstruction, and (3) repair and rehabilitation recommendations on materials and 
procedures for pavement repair or rehabilitation. Types of pavements and structures covered by 
HWYCON include jointe4 concrete pavements (plain and reinforced), continuously reinforced 
pavements, bridge decks (construction types, environments), and substructures. Knowledge 
domains are also provided that address materials (durability, materials/processes) and repair 
approaches (full depth, partial depth, bonded overlay, unbonded overlay, diamond grinding, and 
milling). Different forms of knowledge normally used by highway staff have been integrated 
through the use of pictures, drawings, data bases, guides, and specifications. Most knowledge 
contained in the system is represented in the form of rules that tell how to use the knowledge (e.g., 
if this condition is present, then do this). The use of HWYCON requires (1) an IBM or 
compatible desk top or portable computer, (2) DOS with Window 3.0, and (3) information about 
the highway structure of interest. 

C.2.3 OFFSHORE OIL/GAS PRODUCTION AND MARINE STRUCTURES 

C.2.3.1 Offshore Oil/Gas Production Structures 

The oil industry has built about 4000 offshore and coastal platforms in the last 50 years, 
with the construction of deepwater rough sea platforms becoming routine in the last 15 years.c-38 

The in-service performance of offshore platforms is monitored through a combination of inspection 
and instrumentation programmes. 

" The Long-Term Pavement Performance Experiments" is an effort to measure pavement performance in different 
climate and soil conditions at about 1000 in-service test sections throughout the United States and Canada. Visual 
evaluation, roughness measurements, and measurement of structural capacity form the basis of the performance 
evaluations. 
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Inspection of platform substructures is undertaken on a regular basis to monitor the overall 
structural condition as well as any components that have been identified as having some risk for 
damage (e.g., specific welds in metal structures that may be vulnerable to fatigue). Reference 
C.39 notes that the same standards of inspection are not required in all areas of the structure and 
has provided three classes of visual and nondestructive testing method requirements for underwater 
and atmospheric inspections. It is generally recommended that the structures be surveyed annually 
for damage or deterioration paying particular attention to areas that required previous repairs or 
modifications, and parts of the structure exposed or subjected to fatigue loadings or alternate 
wetting and drying.c-40 In addition, results of the surveys should be reviewed in detail every five 
years and should cover visual inspection of the general conditions, concrete deterioration or 
cracking, condition and function of corrosion protection system (if present), condition of exposed 
metal components, condition of foundation and of scour protection system, and amount of marine 
growth and presence of debris. Visual signs that indicate the need for future surveillance or repair 
include rust stains on concrete surface, cracking or splitting of concrete, spalling or erosion, or 
damage due to impact. No detailed acceptance criteria are provided. Specific information 
regarding areas to inspect and what to look for is provided in documents such as Réf. C.41. 
Additional guidelines on inspection of offshore concrete structures is provided in Refs. C.42-
C.46. 

The in-service performance of the offshore structures is also monitored by instrumentation 
systems. The primary objective of these systems is to monitor the response of the structures to 
loadings (e.g., wave and impact). Results also have application to the design of future structures. 

C.2.3.2 Marine Structures 

Concrete structures in a marine environment are exposed simultaneously to action of a 
number of physical and chemical deterioration processes. Four environmental zones are usually 
considered: underwater, tidal, splash, and atmospheric.c-47 The tidal and splash zones have 
many similarities and are often combined. The splash (and tidal) zone is considered to be most 
susceptible to degradation because it is subjected to repeated wetting and drying by sea water. The 
atmospheric zone follows in susceptibility ranking. The most significant threat to these structures 
is corrosion of the steel reinforcement. The durability of these structures is covered through 
minimum design requirements in terms of concrete quality and cover to steel reinforcement. For 
example, the Australian standard AS 3600c-48 provides four exposure condition categories (i.e., 
relatively mild, moderately aggressive, tidal or splash zones, and unusual*). Concrete quality for 
each of these conditions is provided in terms ôf minimum cement contents, and concrete cover is 
specified based on the exposure classification and concrete strength. Assessments of the condition 
of the concrete in marine structures is based primarily on visual inspections and follows the general 
guidance provided above for offshore oil/gas production structures. 

2.4 GENERAL BUILDING STRUCTURES 

Civil structures are intended to have service lives on the order of 50 to 100 years. 
Although recently there have been significant efforts addressing the detailing and design of these 
structures for improved durability,C.49,C50 m e durability-of existing structures was only dealt with 
indirectly (i.e., Codes of Practice such as Réf. C.51 or C.52 specified minimum concrete strength 
or cover requirements). Ageing management of existing reinforced concrete structures primarily 
addresses the assessment and repair (when required) of these structures. Guidelines for the 
evaluation of ageing or deterioration of reinforced concrete buildings have been developed and are 

* Environments for which the standard provides no guidance, such as more severe than for tidal zones. 
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based in large measure on current condition assessments (i.e., strength evaluation or damage 
assessments) and classification of any deterioration or damage that may be present. 

Common in the condition assessment approaches (e.g., Refs. C.3-C.8) is the conduct of a 
field survey involving visual examination and application of destructive and nondestructive testing 
techniques followed by laboratory and office studies. Results of the field survey, and laboratory 
and office studies are analyzed to either verify adequacy of the structure to successfully meet its 
intended functional and performance requirements, or to provide data and information necessary 
for implementation of a maintenance or repair activity. Figure C.2 presents a flow diagram of one 
procedure for use in a general structural assessment and evaluation of an existing building.c-3 

Such condition assessment methodologies have been used effectively to determine the performance 
characteristics and the cause and extent of observed distress in reinforced concrete structures. The 
examinations provide a rapid and effective means of identifying areas of distress because most of 
the degradation mechanisms eventually manifest themselves in the cover concrete in the form of 
cracks, spalls, or strains. 

Although much has been published on the basic methodologies and mechanics of 
conducting condition surveys of reinforced concrete structures, only limited information is 
available on classifying or rating the damage state.** Some general infprmation has been provided 
in which observed deterioration in the form of cracks, joint deficiencies» surface damage, changes 
in member shape, and texture features have been ranked through an appearance parameter (e.g., 
longitudinal cracks are rated through width measurements).^9 The Comité Euro-International du 
Betonc-54 provides a six stage assessment process: (1) pre-planning, (2) global scan, 
(3) detailed examination, (4) presentation of results, (5) interpretation of results, and 
(6) recommendations. Damage classification systems generally fall into one of five classifications: 
(1) single feature (e.g., cracking or spalling), (2) several features in a small system (e.g., 
pavement condition rating manual), (3) global (e.g., serviceability impact of details), 
(4) survey/management systems, and (5) expert systems. 

Basic principles for development of a standard survey and damage classification system for 
concrete structures are presented in Réf. Ç.55. Primary components of the proposed damage 
classification system include an introductory description of the system, a trilingual definition of 
terms with a pictorial presentation of features (where necessary), a standard set of classification 
and rating criteria for the structures and their subelements for ease of entry into a computerized data 
base management system. These principles have been used to develop a damage classification 

system for concrete structures in Germany.c-56 The structures are assessed for damage according 
to mechanism of attack, frequency of defects, and amount of repair required, as well as time for its 
application. For damage assessment and condition evaluation, defects are classified according to 
severity and quantity. Several elements of the proposed damage classification system include: lists 
of coded features relating to structural condition, structural parts, and structure's environment; 
amounts, dimensions, locations, ratings, old and new defects, and a catalogue of crack geometries; 
survey records designed for coded and uncoded entries; and a form for listing general background 
data on the structure being assessed. An important aspect of the standardized damage classification 
system is an extensive listing of coded features amenable to a computer-based data management 
system. A damage rating scale of zero to five is used, with zero being as built. Application of the 
system requires detailed training and field experience. 

Limited information on the classification of diagnosis methods used in evaluating the concrete structures is 
available in Réf. C.53. Destructive and nondestructive testing methods were rated on aspects such as cost, expertise 
level, reliability, and transportability. 
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The International Council for Building Research Studies and Documentation (CIB) and the 
International Union of Testing and Research Laboratories for Materials and Structures (RILEM) 
are developing a generic methodology for service life prediction of building materials and 
components.c-57 The general methodology relies on the feedback of long-term ageing data relative 
to the performance of materials and building products in service. Approaches for the development 
of the required data include field exposure tests, inspection of buildings, in-use testing, and 
experimental buildings. Activities are addressing development of methodological procedures to 
generate long-term ageing data from each of the approaches. Assessment of the condition of 
materials or components is based on condition levels (e.g., 0 = intact, 1 = minor damage, 2 = 
maintenance needed, and 3 = replace or repair). A report prepared to present results of an 
investigation using one of these approaches should address the purpose of the investigation, the 
performer, what was inspected, a description of inspection routines used in the field including 
guides and methods for assessing degradation, exposure environment, compilation of results, and 
the presentation and discussion of results. Research and development needs were identified as 
(1) development of generic guidelines for evaluating results obtained from experimental buildings 
and in-use testing approaches, (2) further development of field-applicable nondestructive 
assessment and evaluation techniques, and (3) development of a knowledge base regarding the 
measurement and description of environmental factors causing material degradation. 

Guidelines have been developed in Italy for a handbook on the service life of 
buildings.c-58 The handbook is proposed as a useful tool for structural preservation and is meant 
to be a living document. It consists of three primary parts: the building card, the maintenance 
booklet, and the practice programme. The building card contains records and information that 
identifies the building and all events of importance throughout the building* s service. The 
maintenance booklet contains information related to maintenance activities, inspection-related 
results, quality-level goals, and resource allocation. The practice programme describes approaches 
to mitigate or reduce the rate of any observed degradation. Implementation of the handbook is 
unknown. 

C.2.5 INLAND WATERWAY STRUCTURES 

The condition of reinforced concrete dams, locks, and spillways is routinely inspected for 
structural safety, stability, and operation adequacy.c*59 A condition survey of these structures 
generally includes a comprehensive review of the design of the structures, construction techniques 
and materials, and operational and maintenance history. Information is obtained from available 
engineering data on the structure as well as an on-site investigation. Data are analyzed and an 
evaluation report is written that includes conclusions and/or repair recommendations. The 
frequency of the condition assessments and the approach followed vary somewhat from country to 
country. 

In the United States, Organisations such as the Army Corps of Engineers, Bureau of 
Reclamation, and Tennessee Valley Authority set standards for their civil works structures (e.g., 
Réf. C.60 describes the engineering condition survey procedures used by the Army Corps of 
Engineers to evaluate their civil works structures). Although there is great diversity of facilities 
due to factors such as intended purpose and use, amount and type of building- material, and 
geographical location, most of the procedures utilize checklists for review and maintenance 
operations.c-60 Several Organisations have developed manuals (e.g., see Refs. C.61 and C.62). 
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Although some Organisations have developed rating systems for use in their assessments/ the 
majority generally are somewhat subjective in that responses are of the form yes/no, 
satisfactory/unsatisfactory, high/medium/low, or excellent/good/fair/no change/bad/critical. Some 
use a computer data bank to assist in maintenance operations, and photographs are required as part 
of some of the technical evaluations. Most of the Organisations require professional engineering 
services for performance of the inspection and maintenance activities. Most of the Organisations 
have a time schedule or overall frequency of inspections for their structures (e.g., Los Angeles 
Flood Control District performs annual inspections and the Bureau of Reclamation follows a 
biannual or triennial schedule). 

In Canada, guidelines for evaluation of dams have been developed by the Canadian Dam 
Safety Association^-64 Ontario Hydro Technologies is currently conducting seven-year 
comprehensive reviews of their dam structures in accordance with the policy of the International 
Commission on Large Dams (France). The review of dam safety includes a site inspection; hazard 
classification; design review; surveillance, monitoring, and dam performance; maintenance 
adequacy; operation history; and emergency response procedures. The adequacy of a structure is 
reviewed against the established criteria and a strategy is proposed if shortfalls are identified. 
Risk-based methods have been incorporated into the assessment process.c-65 The maximum 
period between dam safety reviews is governed by the consequences of failure (i.e., high, 
significant, and low relates to intervals of 5,7, and 10 years, respectively). Criteria for use in the 
evaluation are contained in the guidelines. * 

Practice in the United Kingdom, which is typical of Europe, involves two levels of 
inspection.^19 At the lower level, routine visual inspections are performed, typically at a four 
month cycle, by an engineer employed by the particular company. The upper level, required every 
ten years, involves a thorough inspection by an independent civil engineer selected from a panel of 
approved engineers. A complete investigation of any apparent degradation is required and may 
require the use of nondestructive and destructive testing techniques. No criteria are available to 
assess the significance of any defects or degradation noted. The independent civil engineer makes 
the assessment and recommends the remedial measure requirements. 

C.2.6 CHEMICAL/PETROCHEMICAL INDUSTRY STRUCTURES 

Inspection procedures and acceptance criteria used by the chemical and petrochemical 
industries generally follow internal company guidelines. One Organisation, for which information 
was provided in Réf. C.19, inspects their concrete structures every five years. Either an "in-
house" engineer or an outside consultant performs the inspections to check for a wide range of 
concrete defects (e.g., cracking, rebar corrosion, scaling, spalling, etc.). No acceptance criteria 
for resolution of defects or deterioration have been established. It is left to the judgment of the 
inspecting engineer whether additional testing or remedial measures are required. 

* The Army Corps of Engineers has developed a condition index (CI) approach for use in evaluation of the concrete 
in navigation lock monoliths. ^-63 y j i e Q procedure assigns specific deduct values to defects (e.g., alignment, 
honeycomb, and steel deterioration) using Réf. C.4 as a basis. The deduct values are subtracted from 100 to 
establish the CI (e.g., CI of 85 to 100 indicates excellent condition, while 25 to 39 indicates poor condition): 
Visual inspections with limited equipment are used to develop the deduct values. The rating is related primarily to 
structural integrity and secondarily to serviceability. For a CI below 40, an expanded engineering evaluation is 
recommended. 
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C.2.7 RAILWAY AND TRANSIT STRUCTURES 

The bridge is the most common railway structure fabricated of reinforced concrete. In the 
United Kingdom, the bridges are subjected to a wide variety of environments that have produced 
many concrete deterioration mechanisms (e.g., steel corrosion, alkali-silica reactions, sulfate 
attack, and frost attack). Occurrence of steel corrosion due to the presence of chlorides or 
carbonation has been so prevalent that the British Rail Research has developed a portable on-site 
test for rapid assessments of chloride levels and carbonation depths.c-66 Criteria for interpretation 
of results from the chloride content and half-cell potential tests are essentially the same as used by 
the general concrete industry. 

In the United States, a structural monitoring system has been developed for the Miami 
Metrorail System that encompasses a 37 kilometer elevated rapid transit system and 10 open-air 
stations .c-67 The system was developed to address the long-term durability and reliability of the 
transit system which has a design life of 60 years. Although possessing many similarities to 
bridge structures, the metrorail station is not covered under the Federal Bridge Inspection Program. 
The inspection programme developed was designed to provide procedures for (1) inspecting 
structural subelements (routine format); (2) evaluating changing conditions and adding new ones; 
(3) maintaining and updating a data base system; (4) identifying key items that require frequent 
monitoring, repair, or maintenance; and (5) using the data collected in analysis routines in the event 
of derailment or other incidents that cause damage to the structure. Guidelines for data collection 
were prepared. Structural and cosmetic defects observed by the inspectors are recorded in the field 
to scale on drawings, using standard recording symbols that were developed (e.g., SP is a spall 
and EX is exposed steel). Data generated in the field are managed by a data base system that was 
developed. Data evaluation is performed by the responsible engineer who also defines repair 
procedures and stipulates which items are to be repaired and establishes priorities. An item 
requiring repair is monitored for at least one additional inspection cycle to ensure effectiveness of 
the material and technique utilized. A complete inspection of the metrorail system requires two 
years. 

C.3 COMMENTARY 

Several ageing management and damage classification systems or guidelines for their 
preparation have been developed for general civil engineering structures by Organisations such as 
the FHWA, OECD, CEB, and RILEM. However, implementation of these guidelines has been 
somewhat limited. There are several inadequacies associated with many of fie existing systems 
that have been developed on an "as-needed" basis by several industries. Many of the deterioration 
models assume that degradation occurs linearly with time, load ratings may not be included (limits 

effectiveness to predict remaining service life), and the effects of repair may not be addressed.c-68 

As noted in Réf. C.16 several areas require development (e.g., improved service life models, more 
quantitative nondestructive evaluation methods, damage assessment criteria, and durability factors 
for repair methods and materials). Many of these areas are the same as noted in Sect. 5.2 of the 
main report for nuclear power plant reinforced concrete structures. 
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