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ABSTRACT

The Structural Aging (SAG) Program is being conducted at the Oak Ridge National Laboratory
(ORNL) for the United States Nuclear Regulatory Commission (USNRC). The SAG Program is
addressing the aging management of safety-related concrete structures in nuclear power plants
for the purpose of providing improved technical bases for their continued service. The program
is organized into four tasks: Program Management, Materials Property Data Base, Structural
Component Assessment/Repair Technologies, and Quantitative Methodology for Continued
Service Determinations. Objectives and a summary of recent accomplishments under each of
these tasks are presented.

1. INTRODUCTION

Concrete structures play a vital role in the safe operation of all light-water reactor plants
since they provide foundation, support, shielding, and containment functions. History tells us
that concrete can be a very durable material. However, a number of factors can compromise its
performance, singly or in combination: (1) faulty design, (2) use of unsuitable materials, (3)
improper workmanship, (4) exposure to aggressive environments, (5) excessive structural loads,
and (6) accident conditions. Furthermore, aging of nuclear power plant concrete structures
occurs with the passage of time and has the potential, if its effects are not controlled, to increase
the risk to public health and safety. Many factors complicate the affect of aging on the residual
life of the concrete structures in a plant. Uncertainties arise due to: (1) differences in design
codes and standards for components of different vintage; (2) lack of past measurements and
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records; (3) limitations in the applicability of time-dependent models for quantifying the
contribution of aging to overall structure failure; and (4) inadequacy of detection, inspection,
surveillance, and maintenance methods or programs [ 11.

2. BACKGROUND

In general, the performance of concrete materials and structures in nuclear power plants has
been good. To a large degree, this can be attributed to the effectiveness of the quality
control/quality assurance programs in detecting potential problems (and subsequent remedial
measures) prior to plant operation 12]. However, there have been several instances in nuclear
power plants where the capability of concrete structures to meet future functional and
performance requirements has been challenged due to problems arising from either improper
material selection, construction/design deficiencies, or environmental effects. Examples of some
of the potentially more serious instances include anchorhead failures, voids under vertical tendon
bearing plates, dome delaminations, and corrosion of steel tendons and rebars. Other problems
such as the presence of voids or honeycomb in concrete, contaminated concrete, cold joints,
cadweld (steel reinforcement connector) deficiencies, concrete cracking, higher than code-
allowable concrete temperatures, materials out of specification, misplaced steel reinforcement,
lower than predicted prestressing forces, post-iensioning system buttonhead deficiencies, water
contaminated corrosion inhibitors, water intrusion through basemat cracks, low tensile strength
of post-tensioning tendon wire material, leaching of concrete in tendon galleries, and leakage of
corrosion inhibitor from tendon sheaths also have been identified [3-5],

3. STRUCTURAL AGING PROGRAM

Incidences of structural degradation related to the concrete components in nuclear power
plants 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 nuclear power
plants. The Structural Aging (SAG) Program has the overall objective of preparing
documentation that will provide the USNRC license reviewers 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) identification and evaluation of relevant in-service inspection or
structural assessment programs; and (4) methodologies required to perform current assessments
and reliability-based life predictions of safety-related concrete structures. To accomplish this
objective, ihe SAG Program is addressing the sources of uncertainty identified earlier with
respect to determination of the residual life of safety-related concrete structures. Structural
Aging Program activities are conducted under four task areas: (1) program management, (2)
materials property data base, (3) structural component assessment/repair technologies, and (4)
quantitative methodology for continued service determinations.

3.1 Program Management

3.1.1 Objective and Scope

The overall objective of the program management task is to effectively manage the technical
tasks undertaken to address priority structural safety issues related to nuclear power plant



continued service assessments. Management duties include planning, integrating, monitoring,
reporting, and technology transfer. A key part of the management function is the integration of
the technical objectives and the efforts of program participants. Figure 1 presents program
participants listed by task under which their particular activity falls.
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Figure 1. Organization of the Structural Aging Program.

3.1.2 Summary of Recent Accomplishments

Recent activities under this task have included administration of six subcontracts, and
preparation of an annual technical progress report |6) and two foreign trip reports (7,8). Program
presentations have been made at the NIST 1993 Building Technology Symposia Series [9],
Electric Power Research Institute Life Cycle Management Subcommittee Meeting [10],
International Conference on Failures of Concrete Structures (111, International Atomic Energy
Agency Coordinated Research Program Meeting on Management of Ageing of Concrete
Containment Buildings [12], American Society of Mechanical Engineers Pressure Vessel and
Piping Conference (131, International Conference on Safety and Reliability (14|, 12th



International Conference on Structural Mechanics in Reactor Technology (15-17], and Post-
SMiRT Conference Seminar - Containment of Nuclear Reactors |18]. In addition, program
personnel participated in technical committees of the American Concrete Institute (Service Life
Prediction, Concrete Materials Property Database, and Radioactive and Hazardous Waste
Management), American Society of Mechanical Engineers (Section XI Working Group on
Concrete Pressure Components and Subgroup on Containments), and International Union of
Testing and Research Laboratories for Materials and Structures (Damage Classification of
Concrete Structures).

3.2 Materials Property Data Base

3.2.1 Objective and Scope

The objective of the materials property data base task is to develop a reference source which
contains data and information on the time variation of material properties under the influence of
pertinent environmental stressors and aging factors. This source will be used to assist in the
prediction of potential long-term deterioration of critical structural components in nuclear power
plants and to establish limits on hostile environmental exposure for these structures. Primary
activities under this task have included continuing the development of the Structural Materials
Information Center and assemblage of materials property data. In addition, survey data and a
durability assessment review of several reinforced concrete structures contained as a part of
several nuclear power stations located in England were assembled.

3.2.2 Summary of Recent Accomplishments

Structural Materials Information Center (SMIC). Formatting of the SMIC has been
completed and results presented in a report 119j. Contained in the report are detailed descriptions
of the Structural Materials Handbook and the Structural Materials Electronic Data Base which
form the SMIC.

The Structural Materials Handbook, when issued, will be an expandable, hard-copy
reference document containing complete sets of data and information for each material. The
handbook includes 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 1.
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, and
updating and revision procedures. Example pages contained in Volumes 1-3 which have been
prepared fora long-term study of concrete properties |20| are presented in Figs 2-4, respectively.

The Structural Materials Electronic Data Base when issued 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 it will provide an efficient
means for searching the various data base files to locate materials with similar characteristics or
properties. The electronic data base is being developed on an IBM-compatible personal
computer and employs two software programs: Mat.DB |21 | and EnPlot |22). Mat.DB is a
menu-driven software program for data base management that employs window overlays to
access data searching ana editing features. It is capable of maintaining, searching, and



displaying textual, tabular, and graphical information and data contained in electronic data base
files. EnPlot is a software program that incorporates pop-up menus for creating and editing
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Figure 2. Example of page from Volume 1 (Performance Values)
of Structural Materials Handbook.

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.

To date, 139 material data bases (123 concrete, 12 metallic reinforcement, 1 prestressing
steel, 2 structural steel, and 1 rubber material) have been developed. Concrete material property
data and information files currently contained in the SMIC include: ultimate compressive
strength, dynamic modulus of elasticity, and flexural strength versus time for several different
concrete materials which had been cured under a variety of conditions (air drying, moist curing,
or outdoor exposure) for periods up to 50 years; ultimate compressive strength and modulus of
elasticity versus temperature at exposures up to 600°C for durations up to four months; dynamic
modulus of elasticity, ultimate compressive strength, flexural strength and weight change versus
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Figure 3. Example of page from Volume 2 (Supporting Documentation)
of Structural Materials Handbook.

radiation exposure; ultimate compressive strength for stressed (maintained at 20 to 55% baseline
compressive strength while heated) and unstressed specimens versus temperature for exposures
up to 871°C; weight ioss versus time tor specimens subjected to sulfuric acid concentrations (by
weight) of 0.0016 to 0.027c; length change versus time for specimens subjected to wet (2.1%
Na2SC>4 solution) - dry cycling; creep of sealed concrete exposed to temperatures of either 20°,
40°, or 70°C while loaded to -0.2 the 28-day ultimate compressive strength; porosity versus time
for thermal exposures to either 20°, 40°, or 70°C; Poisson's ratio versus time for thermal
exposures to 232°C for periods up to 1198 days; and bond stress versus slip for reinforced
concrete bond test specimens exposed for 14 days to either direct or alternating current (potential
up to 20 volts). Metallic reinforcement data and information files include: ASTM A 615
uncoated, plain and uncoated, deformed carbon steel reinforcing bar material ambient and
temperature-dependent engineering stress-strain performance curves (Grades 40, 60 and 75), and
S - N (fatigue) performance curves (Grade 40 material); and ASTM A 15 uncoated, plain and
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Figure 4. Example of page from Volume 3 (Material Data Sheet)
of Structural Materials Handbook.

uncoated, deformed billet steel ambient engineering stress-strain performance curves (all grades),
and S-N (fatigue) performance curves and temperature-dependent stress-strain performance
curves (Intermediate Grade material). Prestressing tendon data and information files (ASTM A
421, Type BA material) include a temperature-dependent engineering stress-strain performance
curve, a tensile yield strength vs temperature performance curve, an ultimate tensile strength vs
temperature performance curve, and an ultimate tensile elongation vs temperature performance
curve. Structural steel data and information files (ASTM A 36 material) include a temperature-
dependent engineering stress-strain performance curve, a tensile yield strength vs temperature
performance curve, an ultimate tensile strength vs temperature performance curve, and an
ultimate tensile elongation vs temperature performance curve. Rubber data and information files
[ethylene propylene diene (EPDM), ASTM D 1418) include a temperature-dependent hardness
vs time performance curve.



Data Collection. In parallel with efforts to develop the SMIC, activities are being conducted
to establish materials property data for input into the SMIC. Two approaches have been utilized:
(1) obtaining and testing of prototypical concrete materials, and (2) pursuing technology transfer
with U.S. and foreign research establishments.

Several U.S. organizations have been contacted to pursue the possibility of removing and
testing concrete core samples from prototypical structures. These contacts have resulted in
procurement of samples from the Shippingport Power Station; EBR-II site; Palisades, Midland,
Dresden, Braidwood, Quad Cities, Zion, and LaSalle Power Stations; and Vallecitos Nuclear
Center. Specimens have been tested and material property data bases developed for heavyweight
and normal-weight concrete materials obtained from the EBR-II site, and for normal-weight
concrete materials obtained from the Vallecitos Nuclear Center and Midland Power Station. The
relation between compressive strength, 28-day reference compressive strength, and age at testing
for specimens prepared from these samples is shown in Figure 5. Specimens obtained from the
Palisades, Midland, Dresden, Braidwood, Quad Cities, Zion, and LaSalle Power Stations have
been tested, but material property data bases have not been completed because baseline data and
information have not been completely assembled. Reference [6] presents additiona1 information
on these materials.

In a related activity, prototypical nuclear power plant concrete materials have been tested
under a subcontract with Taywood Engineering Ltd. (London, England) |23]. Twenty-nine
specimens cast in conjunction with the nuclear power stations at Wylfa, Heysham, Hartlepool
Torness, and Sizewell "B" were tested. Th<- specimens had ages from 4 to 24 years and had been
stored in a sealed condition at temperatures ranging from 10° to 95°C while either loaded to 13.8
MPa or unloaded. Variables investigated included age of specimen, concrete mix design, loaded
or unloaded while curing, and storage temperature. Prior to compression testing each specimen
was submitted to a series of nondestructive tests (density, ultrasonic pulse velocity, Schmidt
hammer, surface hardness, and dynamic modulus of elasticity). Results indicate that, with only
one or two exceptions, there was a consistent trend for the concrete moduli of elasticity and
compressive strength to increase with age for each of the mixes. From the limited results which
were available for specimens continuously stored at 10° to 20°C, increases in modulus of
elasticity ranged from 3% for the Sizewell "B" concrete (test age of 4.8 years) to 112% for the
Wylfa concrete (test age of 21 years). Figure 5 summarizes the compressive strength test results.

Associated with the Taywood Engineering Ltd. subcontract was an activity to collate
surveillance data for several prestressed concrete reactor vessels (PCRVs) in England.
Prestressing tendon lift-off load measurement data, results of corrosion examinations, and visual
examination results were compiled from surveillance records for the vessels at Wylfa,
Hanlepool, and Heysham I stations. Two PCRVs are located at each of these stations. Results
obtained covered time periods since prestressing of 23, 14.5, and 13.4 years for the Wylfa,
Hartlepool, and Heysham I stations, respectively. As expected, the tendon lift-off load
measurements showed a general trend for the loads to decrease with time due to the combination
of prestressing steel relaxation and concrete creep. Examination of prestressing strands removed
for inspection and testing revealed only a few minor, structurally insignificant pits indicating that
the combination of waxes and greases used to inhibit corrosion of the ungrouted prestressing
systems has been effective. Tensile test results for the prestressing strands exceeded design
requirements. Visual examination of the concrete surfaces revealed a few surface cracks, with
the cracks < 0.30-mm wide, and when active their rate of growth was <20 microns per year. The
cracks were associated with drying shrinkage. More detailed surveillance results for each of the
three power stations is contained in Ref. |24|.
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Material Behavior Modeling. Modeling studies under this subtask are designed to
complement, as closely as possible, related activities conducted under other NRC programs such
as "Performance Criteria for Concrete-Based Barriers for Low-Level Waste Disposal Facilities."
During the previous reporting period, a review and evaluation was conducted to identify and
evaluate models and accelerated aging techniques and methodologies which can be used in
making predictions of the remaining service life of concrete in nuclear power plants [25]. Recent
activities have focused on development of prototypical data for input into the service life
prediction models that have been identified for corrosion of reinforced concrete.

A collation of survey data and a durability assessment review of reinforced concrete
structures contained as a part of several nuclear power stations located in England has been
completed [26]. The nuclear power station surveys were aimed primarily at providing data
which can be used to predict the onset of corrosion of steel reinforcement due to carbonation or
chloride ingress. Corrosion of steel reinforcement was recognized to be a two-stage process:
activation and propagation. The present state-of-the-art for modeling carbonation and chloride
migration into concrete was reviewed along with factors which affect the time to corrosion
activation, e.g., concentration level, environmental conditions, and diffusion coefficient. Survey
data obtained at selected locations in the Windscale Advanced Gas-Cooled Reactor, and Hinkley
Point "A," Bradwell and Wylfa Nuclear Power Stations included chloride content, carbonation
depth, compressive strength, resistivity, moisture content, sorptivity, oxygen diffusivity, and
petrography. Environmental conditions (temperature, relative humidity, and rainfall) and survey
results were used to predict the onset of steel reinforcement corrosion due to either carbonation
or chloride ingress at selected locations in these stations. Predicted maximum age for steel
reinforcement corrosion activation due to carbonation or chloride ingress ranged from 31 to >140
years and 43 to >140 years, respectively. Visual surveys at the stations indicated that for interior
structures the steel reinforcement and concrete were sound with no corrosion, whereas the
external concrete in most instances exhibited only a few localized areas of cracking and spalling.
The exception to this was at Wylfa where the cooling plant exhibited severe rust staining and
spalling due to chloride ion penetration. Other survey results were that the depths of carbonation
reached up to 50 mm for uncoated internal concrete, chloride ingress was generally low (<0.05%
in surface 10 mm) except for Wylfa, and the concretes were free of alkali-silica reactivity and
sulfate attack.

3.3 Structural Component Assessment/Repair Technology

3.3.1 Objective and Scope

The objectives of this task are to: 11) develop a systematic methodology which can be used
to make quantitative assessments of the presence, magnitude, and significance of any
environmental stressors or aging factors which adversely impact the durability of safety-related
concrete structures in nuclear power plants; and (2) provide recommended in-service inspection
or sampling procedures which 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
which have experienced an unacceptable degree of deterioration, and the identification and
evaluation of techniques for mitigation of any environmental stressors or aging factors which
may act on critical concrete components.
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3.3.2 Summary of Recent Accomplishments

LWR Critical Concrete Component Classification. Under this subtask a methodology has
been developed which provides a logical basis for identifying the critical concrete structural
elements in a nuclear plant and the degradation factors which can potentially impact the
performance of these structures. The methodology was described previously [27].

NDE/Sampling Inspection Technology. Nondestructive and sampling/analysis procedures
which are available for performing in-service inspections of the critical concrete components in
nuclear power plants are evaluated under this subtask. Also, recommended criteria are being
developed for use in inspection of these components to assess their current condition as well as
to develop trending information for use in continued service assessments. Primary activities
under this subtask have included a review and assessment of in-service inspection techniques and
methodologies for application to concrete structures in nuclear power plants, and development of
statistical data for selected techniques used to determine the in-place compressive strength of
concrete.

A review of direct and indirect techniques that can be used to detect degradation of concrete
- aerials and structures was conducted [28]. Capabilities, accuracies and limitations of available
i .idestmctive evaluation testing techniques were assessed. Also included in the review was a
discussion of methodologies used to indicate the condition of concrete structures and emerging
methods under development which potentially have application to detection of concrete
degradation, i.e., leakage flux, polarization resistance, ultraviolet radiation, etc.

Correlation curves and statistical data were developed for selected nondestructive testing
techniques [29]. This information is required where destructive and nondestructive tests can not
be conducted in tandem at noncritical locations to develop a regression relation between the two
tests. Monovariant linear regression analyses were applied to data obtained from publications on
selected nondestructive testing techniques that are commonly uscJ to indicate concrete
compressive strength, e.g., break-off, pullout, rebound hammer, ultrasonic pulse velocity, and
probe penetration. Figure 6 presents an example of the relationship between concrete cylinder
compressive strength and rebound number that was obtained from data for gravel-aggregate
concretes having water-cement ratios irom 0.37 to 0.56 by weight, and coarse aggregate contents
from 0.45 to 0.49, by mass.

Remedial/Preventative Measures. Basic activities under this subtask are related to an
assessment of repair procedures for concrete material/structural systems and establishment of
criteria for their utilization. Techniques which can be used to mitigate the effects of
environmental stressors or aging factors are being identified. Recommended preventative
measure procedures which can be used to effectively offset, counteract, or minimize any minor
deterioration effects to prevent them from becoming significant are being established. Current
work is directed at reviews of European and .North American practices for the repair of
reinforced concrete structures, preparation of a state-of-the-art report on corrosion of reinforced
concrete, and development of damage assessment and repair prioritization criteria.

A report [30] has been prepared providing an overview of the European perspective on
concrete repair, e.g., methods of damage assessment and repair strategies. Specific topics
covered include: (1) criteria used in selection of a particular repair procedure, (2) descriptions of
various repair materials and procedures currently utilized, (3) an assessment of the effectiveness
of the various repair techniques as determined by both in-situ evaluation (testing) or performance
history, and (4) an assessment of the future direction of concrete repairs within Europe. Although
there are no European standards governing repair of concrete, there are several documents that
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provide guidelines, with the most widely developed regulations having been prepared by the
German Committee on Reinforced Concrete |31 ]. Steel reinforcement corrosion occurring as a
result of concrete carbonation or chloride presence are the most important sources of reinforced
concrete distress in Europe. For carbonation, the emphasis has been placed on anti-carbonation
surface treatments, protective properties of patch materials, and the durability/compatibility of
these materials. For chloride attack, efforts are underway to provide an improved understanding
of the corrosion mechanisms, the mechanism of incipient anode development, and the use of
cathodic protection to overcome the problem.

A complementary activity to the one described above is reviewing North American
practices for concrete repair. The distinction between the two efforts is that European repair
activities have primarily (but not exclusively) addressed those for corrosion damaged reinforced
concrete in building and general civil engineering structures, while in North America, repair
activities have concentrated on roads and bridge structures. A draft of a state-of-the-art repair
manual [32J has been prepared which identifies methodologies and materials for repair. Basic
components of the manual include discussions of: when a specific repair technique is applicable,
e.g. specific crack sizes; how the techniques or materials are used, e.g., injection, grouting; how
to evaluate and test a repair; how to maintain the repair after it has been installed; the expected
life of the repair technique; methods for determining when a repair has failed; and methods for
re-repair. Information specifically addressing repair of reinforced concrete structures in light-
water reactor plants was assembled through responses to a questionnaire which was sent to the
utilities. In addition to a general description of the particular plant, the questionnaire requested
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each utility to provide information on inspection procedures utilized, types of deterioration that
have occurred, the deterioration mechanism(s), repair actions that have been undertaken, research
investigations on repair materials, and performance history of repair procedures utilized.
Responses to the questionnaire were provided by 29 sites representing 41 units. Preliminary
analyses of the survey responses indicate that the majority of the plants perform inspections of
the concrete structures only in compliance with the integrated leak-rate test requirements and
surveillances of the prestressed concrete containment post-tens:oning systems. The 12 plants
which do conduct regular inspections specifically addressing the concrete structures do so at
intervals ranging from one to five years and rely mainly on visual techniques. The performance
of the concrete structures, in general, has been good with the primary forms of degradation that
have occurred being concrete cracking, spalling, and staining, and steel reinforcement corrosion.
The most common causes of deterioration were drying shrinkage, acid/chemical attack, thermal
movement, freeze/thaw cycles and sea water exposure. The most common locations of
deterioration for the pressurized-water reactor plants were the containment dome and in the walls
and slabs of auxiliary structures. For the boiling-water reactors, the locations of deterioration
were primarily in the walls, slabs, and equipment supports or pedestals of the reactor buildings
and auxiliary structures. Most of the repair activities were associated with problems during
initial construction (cracks, spalls, and delaminations), with the repairs performed on an as-
needed basis. Little information was available on the materials used for repair, the repair
procedure, or the durability of the repair. Where the performance of a repair was evaluated,
visual inspection was used.

A review of corrosion of reinforced concrete structures, with an emphasis on stray electrical
current-induced corrosion and use of cathodic protection to control the occurrence of corrosion in
these structures has been completed. Four components are required for corrosion to occur:
anode, cathode, electrolyte, and metallic path. Types of corrosion that can occur on metals
embedded in concrete include uniform, bimetallic, fretting, crevice, pitting, selective leaching,
intergranular, stress corrosion cracking, corrosion fatigue, and hydrogen embrittlement.
Conditions that affect the corrosion rate include oxygen level, conductivity of electrolyte,
concentration of ions, anode/cathode area, temperature, corrosion resistance of metals, electrical
relationship between metals, radiation (affects crystal structure of metal potentially making it
more susceptible to localized corrosion), and bacteria. Methods which are available to detect
corrosion include visual observations, half-cell potential measurements, delamination detection,
electrolyte chemistry', corrosion monitors, acoustic emission, radiography, ultrasonics, magnetic
perturbation, metallurgical properties, and electrical resistance. Advantages and disadvantages
of each of these methods have been identified. Remedial methods to control corrosion include
damage repair, cathodic protection, inhibitors, chloride removal, membrane sealers, stray current
shielding, dielectric isolation, coatings, structural modifications to prevent water accumulation,
material selection, and environmental modification. Stray electrical current is any current
flowing in a path other than its intended circuit. Stray current will take all available conductive
parallel paths back to its source and has a magnitude inversely proportional to the resistance of
the path(s). With the exception of prestressing tendons, the portion of the structure picking up
stray current will not experience corrosion damage. However, the area of discharge will result in
metal dissolution. The amount of metal lost will be directly proportional to the current density
and duration of exposure. In the case of prestressing tendons, hydrogen embrittlement corrosion
may result where the structure is picking up the stray current. For the nuclear power industry,
stray current can be anticipated from a variety of sources with the most significant being cathodic
protection systems, high voltage direct current systems, and direct current welding operations.
Half-cell potential versus time study, half-cell potential versus distance study, and cooperative
(interference) testing are techniques commonly used to detect stray current. Mitigation measures
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for stray current include prevention or elimination of the current source, installation of cathodic
protection, draining the current from the affected source, and shielding the structure from the
source. Cathodic protection is not only u rehabilitation technique for corroding structures but is
also a corrosion prevention technique for steel that may lose its inherent passivity by
contamination of the concrete at a later time or even due to occurrence of stray currents. It
mitigates the corrosion reaction by imposing direct current flow between an anode placed on the
concrete surface and the metal to be protected. Cathodic protection systems are of the impressed
current or sacrificial anode type. Impressed current systems use a DC power supply (rectifier) to
force current flow from a relatively inert electrode (anode) through the concrete to the steel
surface to be protected. In sacrificial systems a metal that is more anodic (higher tendency to
corrode) than the steel embedded in the concrete is used as the source of energy. The theory of
cathodic protection is basically that all galvanic corrosion of steel is halted when the potential
difference between the anodic and cathodic areas on the steel can be made equal to zero. Criteria
commonly used for atmospherically exposed bridge structures to indicate when this condition is
sufficiently met include 100 mV polarization decay, E log I analysis, macrocell current reversal,
fixed current density, voltage probe measurement, half-cell potential measurement and rebar
probe polarization decay. To be most effective, cathodic protection requires electrical continuity
of all metallic components within a concrete structure. Since cathodic protection systems are
DC, they have the potential to cause stray current corrosion in other structures, and application of
cathodic protection to high-strength steel used in prestressing wires or strands may result in
embrittlement due to generation of hydrogen at the cathode. More detailed information on
corrosion of steel embedded in concrete, stray current-induced corrosion of reinforced concrete
structures, and cathodic protection systems is contained in Ref. |33).

A systematic rating system for application in the repair of degraded reinforced concrete
structux-es in nuclear power plants is being developed. Similar computerized rating systems have
been developed for evaluating general civil works concrete structures, e.g., BRAIN (Building
Rating Analysis and Investigation System). The first phase of this work reviewed existing
damage assessment and repair prioritization systems for bridge and building structures to
determine their applicability to nuclear power plant concrete structures and an approach was
identified for development of a rating system for nuclear power plant concrete structures [34].
Input developed under the first phase was used in the second phase to develop a computer
program [351 which simplified use of the aging assessment methodology (see Ref. [27]). The
program was validated through its application to the three examples presented in Ref. [27]. The
approach used in development of the damage rating system is similar to that for the aging
assessment methodology, except that instead of using four factors to develop a rating (repair
prioritization number) two factors are considered, i.e. the environmental exposure and the
damage significance. The resulting repair rating system is of the form:

(1)

where,

RPN = repair priority number.
EE = environmental exposure, and
DS = damage significance.

A qualitative presentation of the repair rating system for reinforced concrete structures
subjected to chloride environments is shown in Figure 7. Criteria are being developed so that a
quantitative assessment of the damage to a structure can be made, i.e., environmental exposure
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and damage values are being developed so that scales can be applied to Figure 7 and regions
indicating testing and evaluation or repair actions delineated. When completed, results
developed under this phase will provide a logical connection between the structural aging
assessment methodology and the repair activities noted above.

2

I 1
c o
£ *

*>Ed

Erf

fi

I*

3

TESTING AND
EVALUATION

REQUIRED

REMEDIAL
ACTION

REQUIRED

NO
FURTHER

EVALUATION

V \ \ \ \ \

Damage
State

Crack Width, w

Figure 7. Model for development of repair prioritization methodology.

3.4 Quantitative Methodology for Continued Service Determinations

3.4.1 Objective and Scope

The objective of this task is to develop a methodology to facilitate quantitative assessments
of current and future structural reliability and performance of concrete structures in nuclear
power plants, taking into account those effects that might diminish the ability of these structures
to withstand future operating, extreme environmental or accident conditions. Specific objectives
associated with accomplishing this goal are to: (1) identify models to evaluate changes in
strength of concrete structures over time in terms of initial conditions, service load history, and
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aggressive environmental factors; and (2) formulate a methodology to predict structural
reliability of existing concrete structures during future operating periods from a knowledge of
initial conditions of the structure, service history, aging, nondestructive condition assessment
techniques, and inspection/maintenance strategies. This task will implement results obtained
under other program tasks to develop a reliability-based evaluation methodology for concrete
structures which will enable the factors that affect structural durability to be taken into account.

3.4.2 Summary of Recent Accomplishments

Since the last Water Reactor Safety Information Meeting status report [36], three journal
articles [37,38,39] and a report [40] have been completed which describe the methodology for
condition assessment and reliability-based life prediction of concrete structures in nuclear power
plants. The methodology includes models to predict structural deterioration due to
environmental stressors, a data base to support the use of these models, and methods for
analyzing time-dependent reliability of concrete structural components subjected to stochastic
loads. The methodology can be used to provide a basis for selecting appropriate periods for
continued service and/or determining optimum intervals of inspection and maintenance.
Inspection/maintenance strategies have been identified to minimize the expected future cost of
keeping the failure probability of a structure at or below an established target failure probability
during its anticipated servi-; period. Results of this evaluation are provided in a report which
has been prepared [40|. A summary is provided below.

The failure probability of a structural component under stationary random loading can be
evaluated as a function of time if the degradation function defining the fraction of initial strength
remaining at time, t, and the probabilistic characteristics of the initial strength and loads modeled
as stochastic processes are known |411. In order to evaluate the effect of periodic inspection and
maintenance on the failure probability of a structure, it is necessary to relate the strength
degradation to the damage intensities and to determine the impact of various repair strategies on
strength.

Degradation Function Based On Individual Damage Intensities. The damage intensity is
modeled in the abstract as a state variable taking a value within the interval [0, 1]; the values 0
and 1 indicate no damage and no residual strength, respectively. An example of this state
variable would be the ratio of area of reinforcement lost due to corrosion to the original area.
The following assumptions are made:

(a) Initiation of damages in a component is described by a Poisson process in which the
expected number of damages in time interval (i, i + At\ is l'*A> v(x)dT for r >0. v(r)
is dependent on the surface area or volume of the component.

(b) Damages initiate homogeneously over the surface area or volume of the component.

(c) Once damage initiates at location j , it grows according to,

X:(t) = l i \u ' (2)

' H - T ' ) ••**
in which Xj(r)'s are the intensity of damage at time t, T/fs are the random times at which
damage initiates, C/'s are damage growth rates which are assumed to be identically
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distributed and statistically independent random variables described by a cumulative
distribution function (cdf) Fc(c), and a is a deterministic parameter. Parameters C and
a depend on the degradation mechanism (e.g., [42)).

(d) The degradation function, G(t), for a component, defining the fraction of initial strength
remaining at time t, can be given in terms of damage intensities as,

{ ( 0 } (3)
all j l J

Consider damages which initiate within interval (ri, t]. Given that the number of these
damages equals n, the rank-ordered initiation times, 7/j,. . . , T\n are n order statistics of random
variables W/j, ..., Wjn which are statistically independent and identically distributed with
probability density function (pdf) expressed as [40],

(4)

; Otherwise

From assumption (c), the cdf of Xj{t), Fx(.x; f i,:),

The cdf oiXmax {i\;x) = max{x,(/) initiating within ( t,,t ]} [40],

Fxj*; h- t) = exp[-j'iV(T)dT{l-Fx{x; r,, 0}]• (6)

From assumption (d), the mean of the degradation function is evaluated by,

. (7)

In the course of the analysis, it was found that the variability in G(t) has a secondary effect on the
time-dependent reliability of a component, and thus the reliability can be evaluated considering
only the mean of G(t), defined as g(t) [40|.

Degradation Function After Repair. No nondestructive evaluation (NDE) method can detect
a given defect with certainty. The imperfect nature of NDE methods must be described in
statistical terms. Figure 8 illustrates conceptually the probability, d(x), of detecting a defect of
size x. Such a relation exists, at least conceptually, for each in-service inspection technology.
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Figure 8. Probability of detection of a defect of size x.

Assume that during inspection/maintenance the entire component is inspected, that all detected
damages are repaired immediately and completely, and that the repaired parts of the component
are restored to their initial strength levels. Then the effect of inspection/maintenance on g(t)
depends on the detectability function, d(x), associated with the NDE method. The inspection
with higher dfx) makes repair more likely and, accordingly, leads to higher values of the
degradation function, g(t). In the limit, if an inspection is perfect, i.e., d(x) = 1 for x > 0, then the
component is restored to its original condition by the repair.

First assume that the detectability function, d(x), is defined as,

<*(*) =
0 0 < x < xih

xth<x<l
!*)

where xth is trie minimum detectable value of damage (see Fig. 8). The same detection threshold

values are assumed for all inspections. Following in inspections at iR = k ,...,IR }, some of

the damages are repaired and the cdf describing X(t) and the number of damages existing at time
t > to , N(t), changes. The intensities of damages that initiate after to are independent of

repair, and only the pdf of the intensities of damages initiating before f/j is updated. Let us

consider damages which exist at time i and initiate with (A) (0, t^ \ and (B) (IR , t]. The

number of damages left unrepaired after tR , Nt^h can be described by a filtered Poisson

process with a parameter p • v(w) where.

= />jA damage is not repaired by iR ] = Fx (.*,/,, 0, tR j (9)

while the number of damages initiating within (iRm , t\, N(g), is described by a Poisson process

with a parameter v(w). In otner words, the number of defects existing at time t can be described
by a nonstationary Poisson process within a parameter v"(*v) given by,
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{ p • v(vv) ,0<w<tp

v(W ; ^ < i v S f .
(10)

Therefore, the procedure to estimate the degradation function for a component before an
inspection/repair can be used to estimate the function after multiple inspection/repair, replacing
v(w) by v"(\v), and Fx {x; 0, t) by the updated cdf F"x (x; IR , t).

By the theorem of total probability, F"x (x; IR , t) can be expressed as,

x; tRm
, t)-P(B) (11)

in which Fx. (x; tRm, \\ and Fy (x; tRm, i) are the cdf of intensity of damages in group (A),

X(A)(t), and intensity of damages in group (B), XfB,(t), respectively, and P(A) and P(B) are the
probabilities that a defect belongs to group (A) or (B),

(12)

(13)

P(A) =

P(B) = \-P(A)

in which fa. (vv) is evaluated by Eqn. (4) replacing v(w) with v"(w). Fx(A\[x;tR > 0 IS

expressed as,

mini

The cdf FXmax(B)(x; t) is given by,
Xmax(B)

Fx

(14)

(15)

In general, the detectability function, d(x>, is not a step function but rather a non-decreasing
function of damage intensity (see Fig. 8). Procedures for dealing with this more general
detectability function and for partial inspections have been developed and described elsewhere
[17,40].

Effect of Inspection/Repair Operaiions on Reliability. In order to study a simple case,
assume that:
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(a) The initiation of damages is described by a stationary Poisson process with v = 5/yr.

(b) Damage grows linearly as a function of time as described by Eqn. (2) with a = 1;
moderate reinforcement corrosion is typified by such growth [40].

(c) The degradation rate, C, is lognormally distributed with mean value, \i£ = 0.00125,
which corresponds to E[X(40)17/ = 0| = 0.05, and with coefficient of variation, Vc = 0.5.

The effect on the mean degradation function of inspection/repair described by several
detectability functions is illustrated in Figure 9. The first detectability function considered is a
step detectability function in which *,/, = 0.03; in the second, X,/, is uniformly distributed (i.e.,
d(x) is linear between xmin and xmax, where d(xmin) = 0 ana d(x,nax) = 1); in the third and fourth,
Xth is lognormally distributed with mean, \Xx,/,, equal to 0.03, and coefficient of variation, Vxlh,
equal to 0.3 or 0.5. It is assumed that inspection/repair is carried out at tR = 20 years. The
mean degradation function decreases as V\u increases (which would result in lower reliability);

however, the effect of the general shape of dfx) (Fig. 8) is not significant and decreases with time
elapsed since inspection. This insensitivity of the mean degradation to the choice of detectability
function suggests that a general detectability function might be approximated for practical
purposes by a step function with .v,/, =/i.v,/l • This would be advantageous for NDE technologies
currently used for reinforced concrete structures because information on Hx may be more
readily available than information on dfx).
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The effect of multiple inspections/repairs on the mean degradation function is illustrated in
Figure 10, considering the step detectability function. Inspections/repairs are carried out at 20,
30,40 and 50 years with A,/,. = JC,/ ,=0.05, or at 30 years with x^ = 0.01. With multiple
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Figure 10. Effect of multiple inspection/repairs on mean degradation function.

inspection/repair, the mean degradation function can be kept within a narrow range during the
service life of a structure; the width and the location of the range can be controlled by the
frequency and the threshold value of the inspections.

Failure probabilities for a service life of 60 years evaluated with the degradation functions
illustrated in Figure 10 are presented in Figure 11 for a reinforced concrete component designed
for flexure using the design load combination for dead plus live load in ACI Standard 318 [43],

0.9Rn =\ADn +\.7Ln (19)

in which Rn is the nominal strength, and Dn and Ln are the nominal dead and live loads,
respectively The probabilistic models of load intensity used in this illustration are summarized
in Table 1 [40, 41]. It is assumed that the initial strength has a lognormal distribution with fl^ =
\.\5Rn and coefficient of variation (c.o.v.) Yr{ = 0.15, and that Dn = Ln. The slope of F(t)
changes at the time of repair. The combined effect of multiple repairs with xth - 0.05 leads to a
failure probability during 60 years that is comparable to that of the single more intensive repair.

Conclusions. Results such as shown in Figure 11 suggest the existence of an optimum
inspection/maintenance strategy in which the failure probability of a component is kept below an
established target probability during its service life and the total expected cost, defined as the



Table 1. Load process parameters.
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sum of the cost of inspections/repairs and the expected loss due to failure, is minimized [40]. In
situations where the cost of failure dominates the expected total cost, the optimum policy
involves inspection/repair at nearly uniform intervals during the service life of the structure.

4. APPLICATION OF PROGRAM RESULTS

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.
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