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ABSTRACT

The Structural Aging (SAG) Program is addressing the aging management of safety-related
concrete structures in nuclear power plants (NPPs) for the purpose of providing improved
technical bases for their continued service. The program consists of three technical tasks:
materials property data base, structural component assessment/repair technologies, and
quantitative methodologies for continued service deteitninations. Recent accomplishments
under each of these tasks are summarized.

INTRODUCTION

By the end of this decade, 63 of the 111 NPPs presently licensed for commercial operation in
the U. S. will be more than 20 years old, with some of these units nearing the 40-year limit of
their operating license term. The most timely and cost-effective approach for utilities to
ensure adequacy of future electricity generating capacity is to extend the operating licenses of
existing stations. The United States Nuclear Regulatory Commission (USNRC), U.S.
Department of Energy, and utility organizations are conducting extensive research programs
aimed at providing the technical bases to ensure that the critical reactor components, safety
systems, and structures will continue to provide adequate safety and reliability throughout the
operating life of the plant [ 1 J. References [2-4] describe some of these activities.

Although NPPs in foreign countries generally are not granted fixed-term licensing, but
undergo periodic recertification, aging is of interest relative to assessments of NPP technical
and economic longevity. Programs are underway in Canada, England, France, Germany, and
Japan [1,5]. In addition, the International Atomic Energy Agency initiated two major
projects in 1991 involving both technical and regulatory aspects of NPP aging: pilot studies
on evaluation and management of safety aspects of NPP aging, and development of safety
practices related to continued licensing of aging NPPs {1 ].
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BACKGROUND

Since the concrete structures play a vital role in the safe operation of NPPs by providing
foundation, support, containment, and shielding functions, the potential effects of aging on
the safety-related concrete structures in these facilities is an important part of each of the
above assessments. In addition, there are a number of environmental stressors (leaching,
alkali-aggregate reactions, sulfate attack, acid attack, freeze-thaw exposure, irradiation
exposure, thermal exposure, fatigue, and steel reinforcement corrosion) which have the
potential if their effects are not controlled to increase the risk to public health and safety.

Incidences of structural degradation related to the safety-related concrete components in
NPPs [6-8] indicate that there is a need for improved surveillance, inspection/testing, and
maintenance to enhance the technical bases for assurances of continued safe operation of
NPPs throughout any continued service period. Guidelines and criteria for use in evaluating
the remaining structural margins (residual life) of each structure are required. In the U. S.
several activities have been conducted specifically addressing aging management of safety-
related concrete structures in NPPs [7-10], Results presented in Ref. [7] were used to help
formulate the SAG Program which is being conducted at the ORNL for the USNRC.

STRUCTURAL AGING PROGRAM

The SAG Program has the overall objective of preparing documentation which will help
provide criteria for use by the USNRC in evaluating requests for continuing the service of
NPPs. To meet this objective, activities are being conducted in three technical task areas: (1)
materials property data base, (2) structural component assessment/repair technologies, and
(3) quantitative methodology for continued service determinations.

Materials Property Data Base

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 aging factors. Results presented in Ref. [11] were
used to develop the Structural Materials Information Center (SMIC) which consists of the
Structural Materials Handbook and the Structural Materials Electronic Data Base. To date,
97 material data bases (82 concrete, 12 metallic reinforcement, 1 prestressing steel, 1
structural steel, and 1 rubber material) have been developed for the SMIC.

The Structural Materials Handbook will be an expandable, hard-copy reference document
that contains complete sets of data and information for each material. The handbook consists
of four volumes that will be provided in loose-leaf binders for ease of revision and updating.
Volume 1 will contain performance and analysis information useful for structural
assessments and safety margins evaluations, e.g., performance values for mechanical,
thermal, physical, and other properties presented as tables, graphs, and mathematical
equations. Volume 2 will provide test results and data used to develop the performance
values in Volume I. Volume 3 will contain material data sheets providing general
information, as well as material composition and constituent material properties, for each
material system contained in the handbook. Volume 4 will contain appendices describing the
handbook organization, as well as updating and revision procedures.



The Structural Materials Electronic Data Base will be an electronically accessible version of
the Structural Materials Handbook. Due to software limitations, the electronic data base will
not be as comprehensive as the handbook, but will provide an efficient means for searching
the data base files. The data base is being developed on an IBM-compatible personal
computer and employs two software programs: Mat.DB 112] and EnPlot (13|. Mat.DB is a
data base management program that employs window overlays to access data searching and
editing features. It is capable of maintaining, searching, and displaying textual, tabular, and
graphical information and data contained in the data base files. EnPlot is a software program
that creates and edits engineering graphs. It includes curve-fitting and scale-conversion
features for preparing engineering graphs and utility features for generating output files. The
graphs generated with EnPlot can be entered directly into the Mat.DB data base files.

Structural Component Assessment/Repair Technology

The main objectives of this task are to: (1) develop a methodology for making quantitative
assessments of the presence, magnitude, and significance of environmental stressors or aging
factors which may adversely impact durability of NPP safety-related concrete structures; and
(2) provide in-service inspection procedures to develop data for use in evaluating the current
condition and trending the performance of the critical concrete structures.

Direct and indirect methods are used to detect concrete material degradation. Direct methods
involve a visual inspection of the structure, removal/testing/analysis of material, or a
combination of the above. Indirect methods use established correlation curves to relate a
measured property of concrete to an estimate of concrete strength, elastic behavior, or extent
of degradation. Contained in one of the reports for this task are: (1) reviews of the
capabilities, accuracies, and limitations of available destructive and nondestructive inspection
techniques for assessment of concrete structures; (2) in-service inspection methodologies
used to indicate the condition of concrete components in civil engineering structures, e.g..
routine and periodic inspections, and condition surveys; and (3) recommended testing
methods for detection of the occurrence of degradation factors that can occur in NPPs [ 14|.

Typically, a number of destructive and nondestructive tests (NDTs) are conducted in tandem
at noncritical locations in a structure to develop a regression relation between the two tests.
If destructive tests are not permitted in the structure or laboratory tests can not be performed
using specimens fabricated from the same concrete mix design, assessment of in-place
strength must be based on published relations. Monovariant linear regression analyses were
applied to data obtained from publications to develop correlation curves and other statistical
data for selected NDT techniques, i.e. break-off, pullout, rebound hammer, ultrasonic pulse
velocity, and probe penetration. Reference [15] presents regression analysis results along
with the parameters required to estimate concrete strength from subsequent NDTs.

Quantitative Methodology for Continued Service Considerations

The objective of this task is to develop a methodology for use in performing condition
assessments and making reliability-based life predictions of safety-rel-ued concrete structures
in NPPs. The methodology will integrate information on degradation and damage
accumulation, environmental factors, and load history into a decision tool that will provide a
quantitative measure of structural reliability and performance under projected future service



conditions based on an assessment of a new or existing structure. A more detailed discussion
of the methodology relative to that provided below is presented in Ref. 116|.

The strength of structural members and components can be described statistically by data
gathered in research over the past decade to develop improved bases for structural design of
new reinforced concrete structures 117,18]. Time-dependent changes in concrete strength
due to aging phenomena were not considered in developing these statistics, and they are not
directly applicable to the evaluation of existing, possibly degraded, structures with a given
service history [19]. To account for aging effects, the concrete structure strength can be
modeled as a time-dependent function,

R(t) = Rog(t), (1)

in which Ro is the initial random resistance and g(t) is a time-dependent degradation function
defining the fraction of initial strength remaining at time, t. Conceptually, a function g(t) can
be associated with each environmental stressor.

Structural loads are random in both time of occurrence and intensity. If the load intensity
varies slowly during a load event, its effect on the structure is essentially static. Moreover,
significant load duration is usually short, and such events occupy only a small fraction of the
total life of a structure. Therefore, structural loads can be modeled as a sequence of pulses,
whose occurrence is described by a Poisson process with mean occurrence rate, A., and
duration, x. The pulse intensities Sj are assumed to be identically distributed and statistically
independent random variables described by the cumulative distribution function F,s(x). Many
loads for which NPP structures are designed can be modeled by such processes |20).

The reliability function, L(t), is defined as the probability that the structure survives during
interval of time (0,t). If n events occur within time interval (0,t), the reliability function for a
structural component can be represented as:

L(t) = P[R(t,) > S, DR(t :)) S 2 n - 0 R(tJ ) So j . (2)

Taking into account randomness in number of loads, as well as times at which they occur,
and in the initial strength, and assuming that g(t) is deterministic, the reliability function
becomes:

L(t) = JJ°exd 4 t 1 --f^^ (r • g(t))dt fR (r)dr, (3)

in which fRo(r) = probability density function of the initial strength Ro [ 16,211. The limit

state probability or probability of failure during (0,t) is,

F(t) = 1 - L (t). (4)

The hazard function, or failure rate, h(t), is the probability of failure within time interval
(t,t+dt) given that the component has survived up to time t, and can be expressed as.



h(t) = - —lnL(t) . (5)
dt

When structural failure occurs due to aging, h(t) increases with time.

These methods have been extended to structures subjected to combinations of structural load
processes and to structural systems (21J. The reliability function has a similar appearance to
that in Eq. 3, but the outer integral on resistance increases in dimension in accordance with
the number of system components. System reliability is evaluated by Monte Carlo
simulation, using an importance sampling technique to enhance the efficiency of the
simulation [22,23). The effect of degradation in component strength on component and
system reliability function using several simple parametric representations of time-dependent
strength is presented in Refs. (21,23). In the absence of in-service inspection and
maintenance, the failure rate, h(t), may increase rapidly after ages of ~60 years, depending on
the mode of environmental attack. The methodology can be used to devise appropriate
maintenance policies to ensure that L(t) remains above a regulatory target during the service
life of interest.
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