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ABSTRACT

The Structural Aging Program has the overall objective of providing the U.S. Nuclear

Regulatory Commission with an improved basis for evaluating nuclear power plants for continued

service. In meeting this objective, a materials property data base is being developed as well as an

aging assessment methodology for concrete structures in nuclear power plants. Furthermore,

studies are well under way to review and assess inservice inspection techniques for concrete

structures and to develop a methodology which can be used for performing current as well as

reliability-based future condition assessments of these structures.

1. INTRODUCTION

Aging* affects all nuclear power plant structures, systems, and components and has the

potential, if its effects are not controlled, to increase the risks to public health and safety. Many

factors complicate the contribution of aging effects to the residual life of various safety-significant

plant components and structures. Uncertainties arise due to the following [1]: (1) differences in

design codes and standards for components of different vintage; (2) inadequacy of past measure-

ments and records; (3) limitations in the applicability of time-dependent models for quantifying the

contribution of aging to overall structure, system, or component failure; (4) inadequacy of detec-

tion, inspection, surveillance, and maintenance methods for aging components and structures; and

(5) inadequacies in identifying and implementing the required adjustments to the operations and

management of an aging plant.

*Aging refers to cumulative changes in systems, structures, and components with the
passage Oi time that may, if unchecked, result in loss of function and impairment of safety.
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The aging of structures, systems, and components in nuclear power plants has become a

subject of significant interest in the last few years. This interest is prompted by the fact that no

orders for commercial nuclear power plants have been placed in the U.S. since about 1978, and

starting in the 1990s, the operating licenses of the existing plants will start to expire. In fact, with-

out an extension of the life of existing p'ants past their original license term of 40 years, there could

be a loss of electrical generating capacity in excess of 75 GW during the time period 2006 to 2020.

Furthermore, according to a U.S. Department of Energy study [2], there are economic benefits

related to continuing the service of existing nuclear power plants. The estimated net benefit to the

U.S. economy is on the order of $230 B (1987 dollars) through the year 2030, assuming 20-year

life extension for current reactors. These benefits reflect both lower projected fuel costs of nuclear

power plants relative to fossil plants, and reduced outlays for replacement generating capacity if the

useful life of current reactors can be extended. Since the concrete structures in nuclear power

plants provide a vital safety role, potentially providing one of the final barriers to the release of

fission products to the environment under postulated accident conditions, any continued service

considerations should include an in-depth evaluation of the effects of aging on these structures.

2. CATEGORY I CONCRETE STRUCTURES

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. The Category I* concrete structures are composed of several constituents which, in con-

cert, perform multiple functions, i.e., load-carrying capacity, radiation shielding, and leak tight-

ness. Primarily, these constituents include the following material systems: concrete, conventional

steel reinforcement, prestressing steel, and liner/structural steel. Table 1 lists typical safety-related

concrete structures in light-water reactor plants. Detailed descriptions of these structures are

provided elsewhere [3,4].

*Category I structures are those essential to the function of the safety-class systems and
components, or that house, support, or protect safety-class systems or components, and whose
failure could lead to loss of function of safety-class systems and components housed, supported,
or protected.
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3. DEGRADATION OF CATEGORY I CONCRETE STRUCTURES

The longe '. y, or long-term performance, of Category I concrete structures is primarily a

function of the durability or propensity of these structures (i.e., their constituent materials) to

withstand the potential effects of degradation. Over the life of a nuclear power plant, changes in

the properties of the structure's constituent materials will in all likelihood occur as a result of aging

and environmental stressor effects. These changes in properties, however, do not have to be

detrimental to the point that the structure has deteriorated and is unable to meet its functional and

performance requirements. In fact, it has been noted that when specifications covering concrete's

production are correct, and are followed, concrete will not deteriorate [5]. Concrete in many

structures, however, can suffer undesirable degrees of change with time because of improper

specifications or a violation of specification. Primary mechanisms (factors) which can produce

premature deterioration of the materials that comprise concrete structures are summarized in

Table 2 as well as the primary manifestations of the degradation factors.

4. STRUCTURAL AGING PROGRAM

Results of a study [3] conducted under the NRC Nuclear Plant Aging Research (NPAR)

Program [6] were utilized to help formulate the Structural Aging (SAG) Program [7] which was

initiated in 1988. The SAG Program has the overall objective of preparing a handbook or report

which will provide the NRC I cense reviewers and licensees with the following: (1) identification

and evaluation of the structural degradation processes; (2) issues to be addressed under nuclear

power plant continued-service reviews, as well as criteria, and their bases, for resolution of these

issues; (3) Vientification and evaluation of relevant inservice inspection or structural assessment

programs in use, or needed; and (4) methodologies required to perform current assessments and

reliability-based life-predictions of safety-related concrete structures. To accomplish this objective,

the SAG Program is addressing the sources of uncertainty identified earlier with respect to

determination of the residual life of safety-related components or structures. Structural Aging

Program activities are conducted under three major technical task areas: (1) materials property data
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base, (2) structural component assessment/repair technology, and (3) quantitative methodology for

continued service determinations.

4.1 Materials Property Data Base

The objective of the materials property data base task is to develop the Structural Materials

Information Center (SMIC) which contains data and information on the time variation of material

properties under the influence of pertinent environmental stressors and aging factors. The data

base will be used to assist in the prediction of long-term deterioration of critical structural compo-

nents in nuclear power plants and to establish limits on hostile environmental exposure. Such data

bases are required in conjunction with expert systems and simulation models for development of

integrated materials knowledge systems [8] which can be used to predict the chemical, physical,

and mechanical response of materials or structures to various stimuli. The results also will have

application in helping to establish component service life or improving the probability of a compo-

nent surviving an extreme event. Primary activities under this task include the development of the

Structural Materials Information Center, assemblage of materials property data, and formulations

of material behavior models.

4.1.1 Structural Materials Information Center (SMIC)

A review and assessment of materials property data bases, hardware, and software has been

completed [9]. Conclusions derived from the investigation were that no data bases existed which

met the needs of the SAG Program, personal computers provide the most economical approach in

setting up the desired data base, and a "canned" commercial data base, which can be formatted to

meet program requirements, should be utilized. Reference [10] presents the plan utilized in the

development of the SMIC which consists of the Structural Materials Handbook and the Structural

Materials Electronic Data Base.

The Structural Materials Handbook is an expandable, hard-copy reference document that

contains complete sets of data and information for each material in the data base and serves as the

information source for the Structural Materials Electronic Data Base. The handbook consists of
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four volumes and is provided in a loose-leaf format so that each volume can be easily revised and

updated. Volume 1 contains design and analysis information useful for structural assessments and

structural margins evaluations. This volume contains design values for mechanical, thermal,

physical, and other properties presented as tables, graphs, and mathematical equations. Volume 2

reflects the supporting documentation and includes test results and data used to develop the design

values presented in Volume 1. Material data sheets are provided in Volume 3. These sheets

include general information and baseline data as weil as material composition and constituent mate-

rial properties. Volume 4 contains appendices describing the handbook organization as well as

updating and revision procedures. Reference [11] provides a detailed description of the handbook.

The Structural Materials Electronic Data Base is an electronically accessible version of the

handbook. The data base was developed on an IBM-compatible personal computer using a data

base management system designed specifically for maintaining and displaying properties of engi-

neering materials [12,13]. Each material record in the electronic data base may contain up to nine

categories of data and information, i.e., designations, specifications, composition, notes, forms,

graphs, properties, classes, and rankings. The user may search an entire data base file to locate

materials with similar material properties. During the search, each material record is screened for

selected tabular data and certain property values based on comparison indicators, i.e., =, >, <,

> = , < = , and < >. The user may elect to perform property searches using either the International

System of Units (SI) or customary units. Due to current software limitations, all the data and

information reported in the handbook are not included in the data base. The data base, however,

provides an efficient means for searching various data base files. More details on the data base are

available in Refs. [12] and [13] and Appendix F to Volume 4 of Ref. [11].

Each material system is presented as a separate chapter in the handbook and as a separate data

file in the data base. A unique seven-character material code, consistent in both the handbook and

data base, is assigned to each material system. The material code consists of four identifying

parameters (i.e., 01 C B 001), each of which can be used to sift information in the data base. The

chapter index (01) is used to represent the various material systems such as concretes, structural
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steels, etc., in the data base. The group index (C) is used to organize groups of materials with

common compositional traits. The class index (B) is used to organize groups of materials with

common compositional traits into subsets having similar compositional makeup or chemistry. The

identifier (001) is used to differentiate structural materials having the same chapter, group, and

class indices according to a specific concrete mix, ASTM standard specification, etc. Since a wide

variety of descriptive information and materials property data are contained in the data base as

tables, notes, and graphs, each entry is assigned a unique four-digit property code (i.e., 3021 rep-

resents compressive strength valje used for structural design) selected from an established set of

material property codes provided in Ref. [11].

4.1.2 Data Collection

One of the findings of Ref. [3] was that material property data for concrete over an extended

period of time are practically nonexistent. This is especially true for concretes which have been

subjected to aging factors or environmental stressors characteristic of those associated with nuclear

power plants. For most concrete structures that have been in service for the time period of interest

(30 to 100 years), either detailed information about constituent materials, plastic concrete proper-

ties, environmental exposure, or the time variation of material properties is unknown. Since these

types of data and information are not readily available, three approaches are being used to supple-

ment and expand the data base: (1) exchange of technology, (2) development of properties using

prototypical material samples obtained from existing concrete structures, and (3) accelerated aging

tests. To d?.te, the first two of these approaches have produced eleven material property data base

files which have been incorporated into SMIC. A detailed description of the information sources

utilized to develop these data base files is provided in Ref. [11].

4.1.3 Material Behavior Modeling

Prediction or explanation of the complex interrelationships that occur between concrete's

constituents and between concrete and its environment requires the development of mathematical

models based on scientific and engineering principles. Such models play a vital role in the devel-

opment of techniques for reliability-based life predictions of concrete structures in nuclear power
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plants. Models being developed address the aging factors (cement hydration, alkali-aggregate

reaction, etc.) and environmental stressors (temperature, irradiation, freeze-thaw, etc.) which can

impact ihe Category I concrete structures as well as any synergistic effects that result when more

than one degradation factor is present.

4.2 Structural Component Assessment/Repair Technology

The objectives of this task are to: (1) develop a systematic methodology which can be used

to make quantitative assessments of the presence, magnitude, and significance of any environ-

mental stressors or aging factors which adversely impact the durability of safety-related concrete

structures in nuclear power plants; and (2) provide recommended inservice inspection or sampling

procedures which can be utilized to develop the data required both for evaluating the current condi-

tion of concrete structures as well as trending the performance of these components. Primary

activities under this task include development of a structural aging assessment methodology for

concrete structures in nuclear power plants, review and evaluation of inservice inspection and

structural integrity assessment methods for detection and quantification of potential deterioration

phenomena in concrete structures, and evaluation of remedial/preventative measures considerations

for concrete structures.

4.2.1 Structural Aging Assessment Methodology

The structural aging assessment methodology is founded on several criteria: relation of

subelements to overall importance of the parent safety-related concrete structures, safety signifi-

cance of the structure as a whole, influence of applied environment, and possibility of occurrence

as well as end result of degradation. Application of the structural aging assessment methodology

involves seven primary activities: (1) identification of Category I concrete structures and their

subelements; (2) rating of the importance, I, of each subelement to its parent structure based on its

structural contribution; (3) evaluation and assigning a safety significance ranking value, SS, to

each Category I structure (value is common to all subelements of the parent structure);

(4) evaluation and assigning an environmental exposure severity rating value, EE, to each
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subelement; (5) identification of key degradation factors for each subelement, assignment of a

degradation factor grading value, DFG, to each factor, and calculation of a degradation factor

significance value, DFS, for each subelement by summing the degradation factor grading values

and dividing by the number of degradation factors; (6) computation of the rank of each subelement.

SR, in terms of importance to aging using

SR = wi I + W2 SS + w3[(EE + DFS)/2] , (1)

where wj, W2, and W3 are weighting factors permitting certain components of the equation to be

prioritized; and (7) calculation of the cumulative rank for each Category I structure by summing the

subelement ranks and dividing by the number of subelements. Application of this methodology

provides a listing of safety-related concrete structures and subelements, ranked in order of impor-

tance to aging and longevity of the nuclear power plant. Reference [14] presents more details on

the methodology as well as its application to three light-water reactor plants.

4.2.2 NDE/Sampling Inspection Technology

Basic activities under this subtask are related to evaluation of inservice inspection and

structural integrity assessment methods for detection and quantification of potential deterioration

phenomena in nuclear power plant concrete structures. Table 2 provides a listing of the various

degradation factors that can impact the performance of Category I concrete structures in terms of

the materials of construction, i.e., concrete, mild steel reinforcing, steel prestressing, and

liner/structural steel.

Methods used to detect degradation of concrete materials are grouped into two categories:

direct and indirect. Direct techniques generally involve a visual inspection of the structure,

removal/testing/analysis of material, or a combination. Periodic visual examinations of exposed

concrete provides a rapid and effective means for identifying and defining areas of distress, e.g.,

cracking, spalling, and volume change. In areas exhibiting extensive deterioration, or where more

quantitative results are desired, core samples can be removed for strength testing and petrographic

examination. The indirect techniques measure some property of concrete from which an estimate
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of concrete strength, elastic behavior, or extent of concrete degradation can be made through corre-

lations that have been developed. Several potential nondestructive techniques for evaluating con-

crete materials and structures include: (1) audio, (2) electric, (3) impulse radar, (4) infrared

thermography, (5) magnetic, (6) microscopic refraction, (7) modal analysis, (8) nuclear, (9) radio-

graphy, (10) rebound hammer, (11) ultrasonic, and (12) pulse echo. In addition to core sampling,

potential destructive testing techniques that can be used to evaluate concrete materials include:

(1) air permeability, (2) break-off, (3) chemical, (4) probe penetration, and (5) pull out. A

description of each of these test methods, as well as their capabilities and limitations, has been

completed and the results are presented in Ref. [15].

Corrosion represents the primary source of distress for steel reinforcement in light-water

reactor concrete facilities. Techniques for corrosion monitoring and steel inspection include:

(1) visual inspection to identify delaminated or cracked and stained concrete adjacent to rebars,

(2) mechanical and ultrasonic testing, (3) core sampling to evaluate rebar directly, (4) corrosion

potential measurements (rebar passivity), and (5) corrosion probes (rate of corrosion). Reference

[3] provides additional information on inspection of mild steel reinforcement in concrete structures.

The condition and functional capability of unbonded prestressing steel systems in light-water

reactor post-tensioned concrete containments is periodically assessed using Regulatory Guide

1.35, Inservice Inspection of Ungrouted Tendons in Prestressed Concrete Containment Structures,

as a basis. Basic components of the RG include sample selection, visual inspection, prestress

monitoring tests, tendon material tests and inspections, and inspection of filler grease. Since the

post-tensioning systems in nuclear power plants are inspected according to a prescribed schedule,

results of the inspections are available for trending the performance of these systems.

Periodic inspections of exposed liner surfaces and provided coatings are conducted under a

surveillance program established in compliance with 10 CFR. Also, Section XI, Subsection IWE

of the ASME Boiler and Pressure Vessel Code (B&PVC) provides rules for preservice

examination as well as inservice inspection of liner materials. In addition, a general inspection of

the entire containment boundary is required prior to each Type A integrated leakage rate test as
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specified in Appendix J to 10 CFR 50. Structural steel members are inspected under a surveillance

program established in compliance with 10 CFR. The members are examined in association with a

Type A integrated leakage rate test and inspections conducted in compliance with requirements

such as provided in Section XI, Subsections IWE and IWL of the ASME B&PVC.

4.2.3 Remedial/Preventative Measures Considerations

Under this subtask, basic activities are planned related to an assessment of repair procedures

for concrete materials/structural systems and establishment of criteria for their utilization.

Techniques which are available for repair, replacement, or retrofitting of degraded concrete struc-

tural subelements will be reviewed and an assessment performed of their effectiveness. Methods

available for evaluating the performance of repair materials as well as any potential impact of a

repair on the inspection procedures will be addressed. Techniques which can be used to mitigate

the effects of environmental stressors or aging factors will be identified. Recommended preventa-

tive measure procedures, which can be used to effectively offset, counteract, or minimize any

minor deterioration effects to prevent them from becoming significant, will be established.

4.3 Quantitative Methodology for Continued-Service Determinations

The overall objective of this task is to develop a methodology which 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 will integrate information on

degradation and damage accumulation, environmental factors, and load history into a decision tool

that will enable a quantitative measure of structural reliability and performance under projected

future service conditions based on an assessment of the existing structure. When completed, the

methodology will take into account the stochastic nature of past and future loads due to operating

conditions and the environment, randomness in those physical processes and environmental stres-

sors that may lead to degradation in strength, and uncertainty in nondestructive evaluation tech-

niques. In other words, the methodology will provide answers to the following questions, or at

least frame the questions in a logical manner.



11 DanJ. Naus

1. Which aging factors are particularly significant for concrete structures in terms of their future

reliability?

2. Has the original strength of the structure degraded over time as a result of environmental

stressors or aging factors?

3. What is the residual life of the structure and how would it respond to a design-basis event?

4. Which NDE techniques or in situ strength measurements are most useful for demonstrating

reliability of an existing structure?

5. What inspection procedures should be required and how frequently should they be conducted?

6. What repair techniques are most effective in extending useable life and enhancing reliability?

7. What documentation (analysis or data) regarding Category I concrete structures condition

assessment should be provided to support an application to continue operation of a nuclear

power plant past its original design period.

There are four main subtasks associated with this activity: (1) identification and appraisal of exist-

ing condition assessment methods and damage prediction models, (2) assembly of pertinent data

for use in the predictive models, (3) development of reliability-based condition assessment

methodologies for the analysis of current and future reliability, and (4) validation of condition

assessment using laboratory or prototypical structure data. Results to date are discussed below and

include the development of probabilistic models and identification of degradation models. More

details on these results are available in Ref. [16].

Probabilistic models have been developed to evaluate time-dependent reliability and

deterioration of concrete structures subjected to stochastic loads. The changes in engineering

properties of steel and concrete materials over an extended service life are taken into account.

Degradation mechanisms related to corrosion of reinforcing steel and detensioning of prestressing

tendons potentially impact numerous concrete structures in nuclear power plants.

Degradation models and load process statistics necessary to illustrate the methodology have

been identified. Reliability functions also have been developed to illustrate the evolution in

structural reliability over time. Such functions can be used as a basis for selecting appropriate
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plant-license extension periods or to determine required intervals of inspection and maintenance

necessary to maintain reliability at an acceptable level.

5. APPLICATION OF STRUCTURAL AGING PROGRAM RESULTS

When completed, the results of this program will provide an improved basis for the USNRC

staff to permit continued operation near, at, or beyond the nominal 40-year design life of a nuclear

power plant. More specifically, potential regulatory applications of this research include: (1)

improved predictions of long-term material and structural performance and available safety margins

at future times, (2) establishment of limits on exposure to environmental stressors, (3) reduction in

total reliance by licensing on inspection and surveillance through development of a methodology

which will enable the integrity of structures to be assessed (either pre- or post-accident), and (4)

improvements in damage inspection methodology through potential incorporation of results into

national standards which could be referenced by standard review plans. Although activities under

this program address civil structures in nuclear power plants, many of the techniques and

methodologies developed will be equally applicable to general civil engineering structures, e.g.,

factories, warehouses, office buildings, etc.

6. SUMMARY

The cessation of orders for new nuclear power plants in combination with the aging of

existing facilities could lead to a significant future loss of electrical generating capacity. Continuing

the service of these plants past their initial 40-year operating period provides the most viable

approach to alleviating any near-term shortage in electrical generating capacity. However, since

cumulative changes in systems, structures, and components occur with the passage of time, aging

effects must be addressed. Since the concrete structures in nuclear power plants provide a vital

safety role, any continued service considerations should include an in-depth evaluation of the

effects of aging on Category I concrete structures.

Category I concrete structures are described, and degradation factors which can impact the

performance of these structures are identified. The Structural Aging Program conducted by the
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Oak Ridge National Laboratory to provide the USNRC with an improved basis for evaluating

nuclear power plant structures is described. Progress to date and anticipated accomplishments for

each of the three primary technical tasks are summarized. Major accomplishments during the first

two years of the program's planned five-year duration include the development of a Structural

Materials Information Center and formulation of a Structural Aging Assessment Metliodology for

Concrete Structures in Nuclear Power Plants.
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Table 1. Representative LWR Safety-Related
Concrete Structures0

Primary Containment
BWR Reactor Building
PWR Shield Building
Containment Internal Structures
Auxiliary Building
Control Room/Control Building
Diesel Generator Building
Fuel Storage Facility
Tanks and Tank Foundation
Intake Structure
Cooling Tower
Spray Ponds
Utility or Piping Tunnels
Part of Turbine Building (Category I Components)
Auxiliary Feedwater Pump House
Switchgear Room
Unit Vent Stack
Radwaste Building

^Source: "Class I Structures License Renewal
Industry Report," NUMARC 90-06,
Nuclear Management and Resources
Council, Washington, D.C., June
1990 (draft).
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Table 2. Degradation Factors That Can Impact the
Performance of Category I Concrete Structures

Material
System Degradation Factor

Concrete Chemical attack
Efflorescence and leaching
Salt crystallization
Alkali-aggregate reactions^
Sulfate attack
Bases and acids

Physical attack
Freeze/thaw cycling
Thermal exposure/thermal cycling
Irradiation
Abrasion/erosion/cavitation
Fatigue/vibration

Mild Steel Reinforcement Corrosion
Elevated temperature
Irradiation
Fatigue

Prestressing Corrosion
Elevated temperature
Irradiation
Fatigue
Stress relaxation and end effects

Liner/Structural Steel Corrosion
Fatigue
Elevated temperature
Irradiation

Primary Manifestation

Increased porosity
Cracking
Volume change/cracking
Volume change/cracking
Increased porosity/erosion

Cracking/spalling
Cracking/spalling
Volume change/cracking
Section loss
Cracking

Concrete cracking/spalling
Decreased yield strength
Reduced ductility
Bond loss

Reduced section
Reduced strength
Reduced ductility
Concrete cracking
Prestress force loss

Section loss
Cracking
Reduced strength
Reduced ductility

^Includes reactions of cement aggregate and carbonate aggregate.


