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Abstract.  In general, nuclear power plant concrete structure’s performance has been very good; 
however, aging of concrete structures occurs with the passage of time that can potentially result in 
degradation if its effects are not controlled. Safety-related nuclear power plant concrete structures are 
described.  In-service inspection and testing requirements in the U.S. are summarized.  The 
interaction of the license renewal process and concrete structures is noted.  A summary of operating 
experience related to aging of nuclear power plant concrete structures is provided.  Several candidate 
areas are identified where additional research would be beneficial for aging management of nuclear 
power plant concrete structures.  Finally, an update on recent activities at Oak Ridge National 
Laboratory related to aging management of nuclear power plant concrete structures is provided. 
 
1. Introduction 
 
One key concern that could affect the continued operation and development of nuclear power relates 
to the impact of aging on plant performance.  Nuclear power plants are designed, built, and operated 
to standards that aim to reduce the likelihood of release of radioactive materials to levels as low as 
reasonably achievable.  A nuclear power plant (NPP), however, involves complex engineering 
structures, sometimes operating in demanding environments, that potentially could challenge the high 
level of safety (i.e., safety margins) required of the plant throughout its service life.  With respect to 
the concrete structures, age-related degradation may affect engineering properties, structural 
resistance/capacity, failure mode, and location of failure initiation that in turn may affect the ability of 
a structure to withstand challenges in service.    In order to ensure the safe operation of NPPs, it is 
essential that the effects of potential degradation of the plant structures, as well as systems and 
components, be assessed and managed during both the current operating license period as well as 
subsequent license renewal periods.  In contrast to many mechanical and electrical components, 
replacement of many concrete structures is impractical.  Therefore it is necessary that safety issues 
related to plant aging and continued service of the concrete structures be resolved through sound 
scientific and engineering understanding. 
 
2. Concrete Structures 

 
A myriad of concrete-based structures are contained as a part of a light-water reactor (LWR) plant to 
provide foundation, support, shielding, and containment functions.  Typical safety-related concrete 
structures contained in LWR plants may be grouped into four general categories:  primary 
containments, containment internal structures, secondary containments/reactor buildings, and other 
structures.  Only information related to primary containment structures for pressurized-water reactor 
(PWR) and boiling-water reactor (BWR) plants is summarized below.∗  
 
Of the PWR plants that have been licensed for commercial operation in the U.S., approximately 80% 
use either reinforced or a combination of reinforced and prestressed concrete primary containments.  
The concrete containments are of three different functional designs:  subatmospheric (reinforced 

                                                 
∗ Information on other concrete structures is provided elsewhere [1]. 
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concrete), ice condenser (reinforced concrete), and large/dry (reinforced and prestressed concrete).  
The primary differences between these containment designs relate to volume requirements, provisions 
for accident loadings/pressures, and containment internal structures layout.  The PWR containment 
structure generally consists of a concrete basemat foundation, vertical cylindrical walls, and dome. 
Containment leak tightness is provided by a steel liner attached to the containment inside surfaces.  
Exposed surfaces of the carbon steel liner are typically painted to protect against corrosion and to 
facilitate decontamination should it be required.  Depending on the functional design (e.g., large dry 
or ice condenser), the concrete containments can be on the order of 40 to 50 m in diameter and 60 to 
70 m high, with wall and dome thicknesses from 0.9 to 1.4 m, and base slab thicknesses from 2.7 to 
4.1 m.  PWR plants that utilize a metallic primary containment (large dry and ice condenser designs) 
are usually contained in reinforced concrete “enclosure” or “shield” buildings that, in addition to 
withstanding environmental effects, provides radiation shielding and particulate collection, and 
ensures that the free-standing metallic primary containment is protected from the natural environment. 
 
Approximately 30% of the BWR plants in the U.S. utilize reinforced concrete primary containments.  
BWR containments, because of provisions for pressure suppression, typically have "normally dry" 
sections (dry well) and "flooded" sections (wet well) that are interconnected via piping or vents.  
BWR plants that utilize steel primary containments have reinforced concrete structures that serve as 
secondary containments or reactor buildings and generally are safety-related because they provide 
additional radiation shielding; provide resistance to environmental and operational loadings; and 
house safety-related mechanical equipment, spent fuel, and the primary metal containment.  Although 
these structures may be massive in cross-section in order to meet shielding or load-bearing 
requirements, they generally have smaller elemental thicknesses than primary containments because 
of reduced exposure under postulated accident loadings.  
 
3. In-service Inspection and Testing 

 
In-service inspection programs for NPP structures have the primary goal of ensuring that the 
structures have sufficient structural margins to continue to perform in a reliable and safe manner [2,3].  
A secondary goal is to identify environmental stressors or aging factor effects before they reach 
sufficient intensity to potentially degrade structural components.  
  
One of the conditions of all operating licenses for water-cooled power reactors in the U.S. is that the 
primary reactor containment shall meet the containment leakage test requirements set forth in 
Appendix J, “Primary Reactor Containment Leakage Testing for Water-Cooled Power Reactors,” to 
Title 10, “Energy,” Part 50 of the Code of Federal Regulations (10 CFR 50) [4].  Contained in this 
regulation are requirements pertaining to Type A, B, and C leakage-rate tests that must be performed 
by each licensee as a condition of their operating license.  Type A tests are intended to measure the 
primary reactor containment overall integrated leakage rate (1) after the containment has been 
completed and is ready for operation, and (2) at periodic intervals thereafter.  Type B tests are 
intended to detect local leaks and to measure leakage across each pressure-containing or leakage-
limiting boundary for primary reactor containment penetrations (e.g., penetrations that incorporate 
resilient seals, gaskets, or sealant compounds; and air lock door seals).  Type C tests are intended to 
measure containment isolation valve leakage rates.  Appendix J, also requires a general visual 
inspection of the accessible interior and exterior surfaces of the containment structures and 
components to uncover any evidence of structural deterioration that may affect either the containment 
structural integrity or leak-tightness. Section XI, Subsection IWL of the ASME Code [3] addresses 
reinforced and post-tensioned concrete containments (Class CC).  Two examination categories are 
provided in Subsection IWL.  Examination Category L-A addresses accessible concrete surfaces and 
examines them for evidence of damage or degradation, such as cracks.  The concrete is examined at 1, 
3, and 5 years following the containment structural integrity test and every 5 years thereafter.  The 
primary inspection method of Category L-A is visual examination (general or detailed).  Examination 
Category L-B addresses the unbonded post-tensioning system.  The unbonded post-tensioning system 
examination schedule is the same as for the concrete.  For post-tensioned concrete containments, 
tendon wires are tested for yield strength, ultimate tensile strength, and elongation.  Tendon corrosion 
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protection medium is analyzed for alkalinity, water content, and soluble ion concentrations.  
Prestressing forces are measured for selected sample tendons.  Subsection IWL specifies acceptance 
criteria, corrective actions, and expansion of the inspection scope when degradation exceeding the 
acceptance criteria is found.  Additional requirements for inaccessible areas are specified in 10 CFR 
50.55a(b)(2)(viii).  The acceptability of concrete in inaccessible areas is to be evaluated when 
conditions exist in accessible areas that could indicate the presence or result in degradation to such 
inaccessible areas.  Guidelines for the evaluation of existing nuclear safety-related concrete structures 
(other than containments), including acceptance criteria, have been developed by organizations such 
as the American Concrete Institute [5].  Information on aging management programs for NPP 
masonry walls [6,7] and water-control structures [8] also is available.  Inspection requirements for 
steel containments and liners of concrete containments are contained in Section XI, Subsection IWE 
of the ASME Code [3].  Acceptable editions and addenda of the ASME Code are identified in 10 CFR 
50.55a. 
 
4. License Renewal and Concrete Structures 

 
Requirements for license renewal are codified in Parts 54 (License Renewal Rule) and 51 
(Environmental Regulations) of Title 10, “Energy,” of the Code of Federal Regulations and provides 
for a renewal of an operating license for an additional 20 years.  The license renewal application:  
identifies any reactor system, structure, or component that would be affected by license renewal; 
demonstrates that it can manage the adverse effects of aging during the renewal period; and analyzes 
the environmental effects of extended reactor operation.  Information contained in the license renewal 
application and the applicant’s implementation of license renewal activities is verified by United 
States Nuclear Regulatory Commission (USNRC) inspections (e.g., regional inspections, 
scoping/screening inspections, aging management program inspections, and site inspections).   
 
With respect to the concrete-related materials, the structures and components subject to an aging 
management review can include the containment, containment liner, component supports, and seismic 
Category I structures.  License renewal guidance is provided in documents such as the Generic Aging 
Lessons Learned (GALL) Report [9] and the Standard Review Plan (SRP) for License Renewal [10], 
as well as a number of other documents.   The GALL Report provides a technical basis for the SRP 
for License Renewal and contains the USNRC Staff’s generic evaluation of the existing plant 
programs and documents the technical bases for determining where existing programs are adequate 
without modification and where existing programs should be augmented for the extended period of 
operation.  Each structure and/or component is identified as well as its material(s) of construction, 
environment, aging effects/mechanisms, acceptable programs to manage the effects of aging, and if 
further evaluation is required. 
 
The SRP has the purpose of assuring the quality and uniformity of USNRC Staff reviews and to 
present a well-defined base from which to evaluate a licensee’s application.  This report incorporates 
by reference the GALL Report and Regulatory Guide 1.188 [11].  Regulatory Guide 1.188 provides 
the format and content for applications and endorses NEI 95-10, Rev. 6 [12], however, applicants may 
elect to use other suitable methods or approaches for satisfying the License Renewal Rule’s 
requirements and completing a license renewal application.  NEI 95-10 addresses: identification of 
systems, structures, and components within the scope of license renewal; identification of the 
intended functions of systems, structures, and components within the scope of license renewal; 
identification of the structures and components subject to aging management review and intended 
functions; assurance that the effects of aging are managed; application of new programs and 
inspections for license renewal; identification and resolution of time-limited aging analyses; 
identification and evaluation of exemptions containing time-limited aging analyses; and identification 
of a standard format and content of a license renewal application.  Additional sources of guidance 
related to license renewal include:  inspection manual chapters and procedures, license renewal 
interim staff guidance, office instructions, regulatory guides, NRC technical reports in NUREG series, 
and nuclear plant aging research reports.   
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As part of the license renewal process, the USNRC conducts an aging management review that 
includes an assessment of the applicant’s proposed programs to manage aging of structures and 
components.  One of the elements associated with an assessment of an aging management program 
addresses operating experience, and for the concrete structures this includes a walk-down of areas of 
interest (e.g., buildings, spent fuel pool, supports, masonry walls, and water-control structures).  
Although continuing the service of a NPP past its initial operating license period is not expected to be 
limited by environmentally-related degradation of the concrete structures, occurrences of age-related 
degradation have been observed [1,13-16].  Examples of age-related degradation include:  corrosion 
of steel reinforcement in water intake structures, corrosion of post-tensioning tendon wires, rock 
anchor/tendon coupling failure, leaching of tendon gallery concrete, larger-than-anticipated loss of 
prestressing force, concrete spalling at containment buttress, water infiltration, and leakage of 
corrosion inhibitors from tendon sheaths.  Other examples include cracking and spalling of 
containment dome concrete due to freeze-thaw damage, low strengths of tendon wires, and corrosion 
of concrete containment liners (interior areas as well as backside areas adjacent to concrete).  
Recently, concrete cracking due to alkali-silica reactions has been identified at one plant [17], and 
internal concrete cracks associated with architectural features of a shield building were observed at 
another plant during construction of an opening to replace the reactor pressure vessel head [18].  Also, 
leakage of water from spent fuel pools and refueling cavities has occurred at several plants that may 
potentially result in erosion of the concrete or corrosion of carbon steel components it contacts, 
particularly for pressurized-water reactors that utilize borated water [16].  A review of plant operating 
experience indicates that aging degradation of concrete has primarily been in the form of 
cracking/spalling/loss of material due to aggressive chemical attack [16].   
 
5. Update on Concrete-Related Aging Management Activities at ORNL  
 
The U.S. Department of Energy (USDOE) and USNRC cosponsored a three-day workshop in 
February 2008 to identify areas that may need additional research in order to confirm the ability of 
currently licensed commercial NPPs to continue safe operation beyond a 60-year lifetime [19].  At 
this workshop two of the presentations [20,21] addressed research needs related to concrete materials 
and structures.  Structural research topics identified in these presentations included:  (1) compilation 
of material property data for long-term performance and trending, evaluation of environmental 
effects, and assessment and validation of nondestructive evaluation methods; (2) evaluation of long-
term effects of elevated temperature and radiation; (3) improved damage models and acceptance 
criteria for use in assessments of the current as well as estimating the future condition of the 
structures; (4) improved constitutive models and analytical methods for use in determining nonlinear 
structural response (e.g., accident conditions); (5) non-intrusive methods for inspection of thick, 
heavily-reinforced concrete structures and basemats; (6) global inspection methods for metallic 
pressure boundary components (i.e., liners of concrete containments and steel containments) 
including inaccessible areas and backside of liner; (7) data on application and performance (e.g., 
durability) of repair materials and techniques; (8) utilization of structural reliability theory 
incorporating uncertainties to address time-dependent changes to structures to assure minimum 
accepted performance requirements are exceeded and to estimate on-going component degradation to 
estimate end-of-life; and (9) application of probabilistic modeling of component performance to 
provide risk-based criteria to evaluate how aging affects structural capacity.  Several of these areas 
are currently being addressed at ORNL. 
 
5.1 Development and Population of an Operating Experience Database 
 
A web-based Nuclear Concrete Materials Database (NCMDB) has been developed and resides on an 
internal server at ORNL.  When finalized, the database will offer the capability of global access.  The 
NCMDB was designed to contain and manage data and information for concrete and concrete-related 
materials used in the design and construction of nuclear energy systems.  The advanced materials 
property information management system developed for the Gen IV Nuclear Energy Systems 
Program, the Gen IV Materials Handbook System, was used to develop the NCMDB to take 
advantage of the information management infrastructure already in place [22]. 
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Development of the NCMDB is being done in two phases.  In Phase I, which has been completed, a 
document database was designed and constructed to store and manage historical data and information 
on concrete and concrete-related materials [23].  The major focus of Phase I was to keep the 
characteristics of original historical data and information documents in a form that was familiar to 
scientists and engineers.  The historical data and information were uploaded as Portable Document 
Format (PDF) and/or Microsoft Word files into a database structure having rudimentary search 
capabilities.  Users can conduct search operations to find the documents they need and conveniently 
print or review the data and information on their computer screens.   In Phase II the major focus will 
be to enable advanced data processing functionalities.  Data and information will be stored and 
managed in digitized form in the database structure that will enable powerful searching, reporting, 
tabulating, plotting, comparing, and many other desirable data processing and information 
management capabilities.  
 
In parallel with development of the infrastructure for the NCMDB, data and information are being 
identified or developed for populating the NCMDB.  Since the Structural Materials Information 
Center (SMIC), developed under the USNRC Structural Aging Program [1], and the NCMDB use the 
same formatting structure as the Nuclear Systems Materials Handbook that was developed in the 
1970’s under the Liquid-Metal Fast-Breeder Reactor Program [23], initial data and information input 
into the NCMDB were provided by the SMIC.  Presently, material properties, data, and information 
for 144 Portland cement concrete, metallic reinforcement, prestressing tendon, structural steel, and 
rubber materials reside in the NCMDB.  Additional data and information will be input into the 
NCMDB utilizing two primary sources:  well-documented results presented in the literature, and 
removal and testing of samples obtained from decommissioned NPPs or infrastructure-related 
facilities.  Areas of particular interest address the long-term aging effects (e.g., change in mechanical 
properties with time) and the influence of environmental stressors (e.g., effects of elevated 
temperature and irradiation).  Current efforts are related to obtaining samples from the biological 
shields of decommissioned nuclear plants or production reactors, and from areas of spent fuel pools 
that have experienced leakage of borated water.  Two USNRC-sponsored programs at ORNL also 
provide sources of data and information for input into the NCMDB (i.e., evaluation of irradiation 
effects and compilation of data and information on effects of elevated temperature on concrete [24]).     
 
5.2 Application of Structural Reliability Theory to Concrete Nuclear Structures 
 
If properly designed and constructed, the concrete structures in NPPs generally have substantial safety 
margins; however, additional information for quantifying the available margins of degraded structures 
is desired.  In addition, how age-related degradation may affect dynamic properties (e.g., stiffness, 
frequency, and dampening), structural response, structural resistance/capacity, failure mode, and 
location of failure initiation is not well understood.  A better knowledge of the effects of aging 
degradation on structures and passive components will help ensure that the current licensing basis is 
maintained under all loading conditions. 
 
Service-related degradation of reinforced or prestressed concrete structures, systems and components 
(SSCs) can occur due to aging that, if not addressed, may impact their ability to respond to extreme 
environmental or accidental events at or beyond their design bases.    Several facilities may have 
reached a point in their service lives where structural deterioration may have occurred in reinforced 
concrete or steel structural components and systems [25].   Aggressive physical (e.g., freeze-thaw, 
thermal expansion) and chemical (e.g., sulfate attack, reactive aggregates) mechanisms can lead to 
degradation of concrete mechanical properties and performance, while the primary mechanisms 
affecting steel structures is corrosion.  Decisions as to whether to invest in maintenance and 
rehabilitation of SSCs as a condition for continued service and risk mitigation, and the appropriate 
level of investment, should consider the nature and level of uncertainties in their current condition and 
in future demands [26].   
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Recent advances in structural reliability analysis, uncertainty quantification, and probabilistic risk 
assessment make it possible to perform such evaluations and to devise uniform risk-based criteria by 
which existing facilities can be evaluated to achieve a desired performance level when subjected to 
uncertain demands.  The standard and regulatory community has adopted risk-based criteria for new 
SSCs [27].  Consideration of in situ conditions, redundancy, and uncertainties in important 
engineering parameters often can lead to significant economic benefits when assessing the condition 
of an existing structure in a (possibly) degraded condition, and maintenance or rehabilitation 
strategies that might be required as a condition for future service.  Reliability-based approaches have 
been applied to the NPP concrete structures [28,29].  The state-of-the-art has reached a level where 
risk-informed approaches to aging management of reinforced or prestressed concrete SSCs now 
appears feasible. 
 
Degradation effects can be quantified with fragility curves developed for both undegraded and 
degraded components.  Fragility analysis assesses, in probabilistic terms in the presence of 
uncertainties, the capability of an engineered system to withstand a specified event.  Fragility 
modeling requires a focus on the behavior of the system as a whole and, specifically, on things that 
can go wrong with the system.  It leads to a median-centered (or likely) estimate of system 
performance, coupled with an estimate of the variability or uncertainty in performance.  The fragility 
concept has found widespread usage in the nuclear industry, where it has been used in seismic 
probabilistic safety and/or margin assessments of safety-related plant systems [30].  The fragility 
modeling procedures applied to degraded concrete members can be used to assess the effects of 
degradation on plant risk and can lead to the development of probability-based degradation 
acceptance limits.  This approach has been applied to a limited extent to degraded flexural members 
and shear walls [31].  Additional work is desired for the purpose of refining and applying the time-
dependent reliability methodology for optimizing in-service inspection/ maintenance strategies and 
for developing and evaluating improved quantitative models for predicting future performance (or 
failure probability) of a degraded concrete structure, either at present or some future point in time. 
 
Currently, a conceptual basis for risk-informed assessment of future safety margins of existing 
reinforced or prestressed concrete structures or components in facilities is being developed, and the 
feasibility of such an assessment will be illustrated through a simple test bed problem.  This research 
goal is being accomplished as follows:  (1) through a literature review, critically appraise 
vulnerability of existing SSCs to intensities of natural and man-made hazards using recent research 
findings on structural resistances and loads; (2) identify a set of SSCs to be used as test beds to 
demonstrate the risk-informed condition assessment process; (3) identify major sources of aleatoric 
and epistemic uncertainties in engineering demand and capacity of these SSCs, and develop 
probabilistic models of these uncertainties to the extent feasible; and (4) develop risk-informed 
guidelines for evaluation of the critical SSCs identified in Task 1 using structural reliability tools to 
model the uncertainties identified in Task 3.  The final product for this activity will be a report, 
Guidelines for Risk-Informed Condition Assessment and Evaluation of Aging Concrete Structures, 
Components, and Systems. 
 
5.3 Concrete Containment Condition Status & Ageing Examination System Project 
 
ORNL is one of nine organizations currently participating in an R&D consortium lead by Scanscot 
Technology (Sweden) to develop an integrated aging management system for nuclear power plant 
concrete containments [32].  More specifically, the objectives of this program are to:  (1) demonstrate 
and verify what can be achieved with current non-destructive testing (NDT) techniques, and based on 
the outcome specify realistic goals for the remainder of the program; (2) set up the framework for 
development of a lifetime management system; and (3) specify the need for further research and 
development.  An important aspect of this program is that activities will take place at Barsebäck 
Unit B1 and Oskarshamn Unit O3.  Since Barsebäck is being decommissioned, it provides the 
opportunity to introduce artificial defects and anomalies into the containment structure for validation 
of NDT techniques under controlled conditions at realistic circumstances as well as the possibility of 
removal and testing of aged concrete materials.  Oskarshamn, although still in operation, provides an 
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opportunity to evaluate NDT techniques at an operating plant.  The program will conclude in 
approximately two years and recently completed a series of NDT measurements at Barsebäck.    
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