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ABSTRACT

The Structural Aging (SAG) Program is being conducted at the Oak
Ridge National Laboratory (ORNL) for the Nuclear Regulatory
Commission (NRC). 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
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 is a 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 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. Uncertainties
complicate determination of the affect of aging on the residual life of the
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concrete structures in a nuclear plant as a result of the following: (1)
differences in design codes and standards for components of different vintage;
(2) lack of past measurements and records; (3) limitations in the
applicability of time-dependent models for quantifying the contribution of
aging to overall structure or component failure; and (4) inadequacy of
detection, inspection, surveillance, and maintenance methods or programs [l].

2. BACKGROUND

Within the nuclear power industry, factors which affect the performance of the
concrete structures due to aging or environmental stressors have become the
subject of significant research [2-4]. This interest is prompted by the need
to quantify these effects in terms of potential loss of component integrity or
function and to support condition assessments in association with continued
service requests. Since certain concrete structures play a vital role in the
safe operation of nuclear power plants [5-7], guidelines and criteria for use
in evaluating the remaining structural margins (residual life) of each
structure are needed.

3. STRUCTURAL AGING PROGRAM

The SAG Program has the overall objective of preparing documentation which
will provide NRC license reviewers with: (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
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 a management task and three major technical task areas:
(1) materials property data base, (2) structural component assessment/repair
technologies, and (3) quantitative methodology for continued service
determinations. A brief objective statement and summary of accomplishments
for each of these tasks follows.

3.1 Prograjn

3.1.1 Objective

The overall objective of the program management task is to coordinate the
technical tasks that address priority structural safety issues related to
nuclear power plant continued-service determinations. Management duties
include planning, integrating, monitoring, reporting, and technology transfer.



3.1.2 Summary of Accomplishments

Recent activities under this task have included administration of 12
subcontracts, preparation of an annual technical progress report [8], and
participation in NRC-sponsored meetings, e.g. Aging Research Information
Meeting [9-11], and Fifth Workshop on Containment Integrity [12]. In
addition, invited lectures on "Concrete Material Systems" and "Containments
for Nuclear Power Plants" were prepared and presented at a International
Atomic Energy Agency Interregional Training Course [13,14], and a paper was
presented at the ASME Pressure Vessel and Piping Conference [15].

3.2 Materials Property Data Base fMPDB1)

3.2.1 Objective

The objective of this 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.

3.2.2 Surnnarv of Accomplishments

fttru.ctu.rsl Materials Information Center (SMIC)

References 16 and 17 have been utilized to develop a Structural Materials
Information Center (SMIC) which is available in two formats: a hard-copy
version {Structural Materials Handbook) and an electronic version (Structural
Materials Electronic Data Base) [18].

Structural Materials Handbook. The handbook is an expandable, four volume,
reference document that contains complete sets of data and information for
each material in the SMIC. Volume 1 contains performance and analysis
information in the form of tables, graphs, and mathematical equations. Volume
2 contains test results and data used to develop the information in Volume 1.
Volume 3 contains 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 contains appendices describing the
handbook organization and revision.

A unique seven-character material code, consisting of a chapter index, a group
index, a class index, and an identifier, is used to organize materials with
common characteristics. The chapter index is consistent between handbook
volumes and represents the various material systems in the data base. The
group index arranges materials in each chapter into subsets having
distinguishing qualities such as common compositional traits. The class index
organizes groups of materials into subsets having similar compositional makeup
or chemistry. The identifier differentiates structural materials according to
a specific concrete mix, ASTM standard specification, etc.



Each material property contained in the SMIC is represented by a unique four-
digit code. In addition, associated with each entry of data (numerical results
of tests) or values (results of evaluation of data) into the SMIC is an
assessment of the its quality in the form of a letter grade based on 11
criteria.

Structural Materials Electronic Data Base. The data base has been developed
on an IEM-compatible personal computer. The electronic data base management
system used for maintaining and displaying properties of engineering materials
includes two software programs: Mat.DB [19] and EnPlot [20]. Mat.DB is a
menu-driven program that enploys 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 electronic
data base files. EnPlot is a software program that incorporates pop-up menus
for creating and editing 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. These graphs are compatible
with Microsoft Word, the word processing software used to prepare the
handbook.

The data base provides an efficient means for searching the various files to
locate materials with similar characteristics or properties. Each material
record in the electronic data base can include up to nine major categories of
data and information: designations, specifications, composition, notes,
forms, graphs, properties, classes, and rankings [18]. The user may search an
entire data base file to locate materials with similar material properties.
During the search each material may be screened for selected tabular data and
certain property values based on comparison operators (for instance, =, >, <,
>=, <=, and <>). Property searches may be performed using either the
International System of Units (SI) or customary units.

Assemblage of Materials Property Data

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) pursuing technology exchange with foreign and
domestic research establishments and (2) obtaining and testing prototypical
concrete materials. To date, 97 material data bases (82 concrete, 12 metallic
reinforcement, 1 prestressing steel. 1 structural steel, and 1 rubber) have
been developed and are contained in the SMIC.

Technology Exchange. Cognizant foreign research establishments in Europe,
North America, and Asia, as well as domestic research establishments
(government facilities, universities, and consulting/engineering firms) have
been contacted to obtain material property data for incorporation into the
SMIC [8]. These contacts have provided numerous reports containing data and



information. Currently contained in the SMTC are material property data and
information files that have been prepared from the following sources: (l)
University of Wisconsin long-terra study (compressive strength results at ages
to 50 years for specimens stored either inside or outside until time of test),
(2) University of Saskatchewan elevated-temperature study (compressive
strength and modulus of elasticity results for sealed and unsealed specimens
exposed for periods from 1 day to 6 months to temperatures from -11°C to
232°C), (3) CAM*ET long-term elevated temperature study (compressive strength
results for specimens exposed for up to 4 months to temperatures from 75°C to
600° C), (4) Walz long-term study (compressive strength at ages to 30 years
for concrete samples obtained from slab specimens which had been either
submerged in slow moving rivers in Germany or stored outdoors until testing),
(5) Kbndo stray electrical current study (bond stress versus slip results for
reinforced concrete bond test specimens exposed for 14 days to either direct
or alternating current up to 20 volts), (6) Portland Cement Association long-
term study to evaluate the influence of curing conditions on the performance
of concrete pavements (compressive strength, flexural strength and dynamic
modulus of elasticity at ages up to 20 years for specimens subjected either to
air drying, moist curing or outdoor exposure), and (7) Stewartville and Sir
Adam Beck Niagara Generating Stations long-term data (compressive strength
results at ages from 28 days to 25 years for specimens cast in conjunction
with the generating stations). Reference [8] provides a more complete
description of the materials, curing or exposure conditions, and test
parameters for each of these studies.

Prototypical Samples. To date, test results for prototypical materials have
been provided through four activities: (l) obtaining and testing samples from
nuclear structures, (2) testing specimens cast in conjunction with several
United Kingdom nuclear power stations, (3) examination of prestressing systems
for prestressed concrete pressure vessels at three United Kingdom power
stations, and (4) testing of selected samples that remain from the Portland
Cement Association study to investigate the long-term performance of cements
in concrete.

Several U.S. utilities and concrete research organizations, as well as a
national laboratory, have been contacted to pursue the possibilities of
removing and testing concrete core samples from prototypical structures.
These contacts have resulted in procurement of samples from the Shippingport
Power Station (Battelle Pacific Northwest Laboratories); EBR-II site (Argonne
National Laboratory-West); Palisades and Midland Power Stations (Consumers
Power Co.); Dresden, Braidwood, Quad Cities and LaSalle Power Stations
(Commonwealth Edison Co.); and Vallecitos Nuclear Center (General Electric).
Concrete material property data bases have been developed for heavyweight and
normal-weight concrete materials obtained from the EBR-II site. Core samples
obtained from Vallecitos, Palisades, Midland and LaSalle stations have been
tested and results are being assembled into handbook pages and data base
files. Core samples from Dresden, Braidwood and Quad Cities stations are



being prepared for testing. Although samples from Shippingport Power Station
have been tested, handbook pages and data base files were not prepared because
of insufficient background information on mix constituents, mix designs and
reference 28-day strength results. For the limited number of samples which
were obtained from nuclear facilities and tested, concrete compressive
strength results have shown increases of up to approximately 100 per cent
relative to 28-day reference values.

Taywood Engineering Ltd. (London, England) has developed data from archived
specimens that were cast in conjunction with fabrication of several of the
United Kingdom nuclear power stations. Over 100 test specimens, generally
450-mm. long by 150-mm diameter and having ages from 4 to 24 years, were
available from the Wylfa, Heysham, Heysham II, Hartlepool, Torness and
Sizewell "B" stations. The specimens have been stored in a sealed, stable
moisture state at temperatures from 20°C to 90°C with same having been under
sustained loading. Available baseline data for the six concretes include
compressive strength (up to 1 year). thermal expansion, thermal conductivity,
and details on constituent materials and mixture proportions. A limited
number of cylinders for the Heysham and Heysham II concretes have been tested
for elastic and creep recovery, and for compressive strength at ages to 4
years. Also, elastic modulus and creep results are available for the Wylfa
concrete up to an age of 12.5 years. Twenty-nine specimens of the over 100
available were selected and tested to provide information on the long-term
performance of nuclear grade concretes. Variables investigated include age of
specimen, concrete mix design, loaded or unloaded while curing, and storage
temperature. After being subjected to a series of nondestructive tests
(density, ultrasonic pulse velocity, Schmidt hammer, surface hardness, and
dynamic modulus of elasticity), the specimens ware loaded to one-third their
estimated compressive strength to determine the static modulus of elasticity.
This was followed by tests to determine the compressive strength. Although
the test results exhibited large scatter due to the different concrete
constituents and curing conditions, with only one or two exceptions, the
general trend was for the compressive strength and modulus of elasticity
values to exceed their 28-day reference values and to increase with time. A
draft report presenting the results of these tests has been prepared [21].

Taywood Engineering Ltd. (London, England) has assembled surveillance data for
the prestressed concrete pressure vessels at Wylfa, Hartlepool and Heysham I
power stations. A draft report [22] has been developed which provides a
detailed description of the prestressed concrete pressure vessels and their
prestressing systems, as well as results of prestressing tendon anchorage
lift-off load measurements, tendon corrosion examinations, and visual
inspections. As expected, the tendon anchorage lift-off load measurements
showed a general trend for the loads to decrease with time due to a
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 wax



and greases used to inhibit corrosion of the ungrouted prestressing systems
has been effective. Tensile test results for these prestressing strands
exceeded design requirements. Visual examinations of the concrete 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, construction joints or steel embedments.

Construction Technology Laboratories, Inc. (Skokie, Illinois), has tested
selected specimens which remain from one of the four Portland Cement
Association test series cast in the 1950's to investigate the long-term
performance of cement in concrete. A total of 21 specimens were tested to
develop compressive and flexural strength data. In addition, petrographic
examinations were conducted on one specimen for each of the 7 cement types
(Types I through V, Type IA, and Type IIA) that were used to fabricate one or
more of these specimens. Results of these tests are contained in a report
[23] and provide data at a concrete age of about 42 years. These results
increase the age for which data obtained from this test series are available
by about 8 years relative to that presented previously [24].

Behavior Modeling

The main activity under this subtask has been related to the work done at the
National Institute of Standards and Technology (Gaithersburg, Maryland) to
identify and evaluate models, accelerated aging techniques, and methodologies
which can be used in making predictions of the remaining service life of
concrete in nuclear power plants [25]. The program consisted of two major
tasks. The first task involved an evaluation of models used to predict the
remaining service life of concrete exposed to major environmental stressors
and aging factors potentially encountered in nuclear power plant facilities.
Degradation processes considered included corrosion of steel reinforcement,
sulfate attack, alkali-aggregate reactions, frost attack, leaching,
irradiation, salt crystallization and microbiological attack. Each of these
processes was reviewed based on its mechanism, likelihood of occurrence,
manifestations, and detectability. Models identified for each process were
evaluated considering: (1) their basis (for example, theoretical, empirical,
or some combination), (2) correctness of assumptions used in their derivation,
(3) availability of data to perform an evaluation, (4) their applicability to
the problem, and (5) degree of quant i tat iveness of their predictions.

The second task involved a review snd evaluation of accelerated aging
techniques and tests which can either provide data for service life models or
which by themselves can be used to predict the service life or performance of
reinforced concrete materials. In comparison to predicting the life of new
concretes, few studies were identified on predicting the remaining service
life of in-service concretes. Most of the reported studies dealt with
corrosion of steel reinforcement, reflecting the magnitude and seriousness of
this problem. Methods which are often used for predicting the service lives



of construction materials include: (l) estimates based on experience, (2)
deductions from performance of similar materials, (3) accelerated testing, (4)
applications of reliability and stochastic concepts, and (5) mathematical
modeling based on the chemistry and physics of degradation processes. The
most promising approach for predicting the remaining service life of concrete
involves the application of mathematical models of the degradation processes.
Theoretical models need to be developed, however, rather than relying solely
on empirical models. Advantages of this approach are that predictions are
more reliable, far less data are needed, and the theoretical models would have
wider applications, e.g., applicable to a broad range of environmental
conditions. Deterministic and stochastic models should be combined to give
realistic predictions of the service life of an engineering material. Purely
stochastic models have limited application because of the lack of adequate
data to determine the statistical parameters. Accelerated tests do not
provide a direct method for making the life predictions, but can be useful in

obtaining data required to support the use of analytical models.

3.3 Task S.3 - Structural Component Assessment/Repair Technology

3.3.1 Objective
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 environmental 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 condition of concrete structures as well as
trending the performance of these components for use in continued service
assessments. Associated activities in meeting the objectives of this task
include the identification and evaluation of techniques for mitigation of any
environmental stressors or aging factors which may act on critical concrete
components, and an assessment of techniques for repair of concrete components
which have experienced an unacceptable degree of deterioration.

3.3.2 Summary of Accomplishments

NDE/Sampling Inspection Technology

Typically when evaluating the strength of concrete in an existing structure a
small number of destructive and nondestructive tests are performed in tandem
at critical locations to develop a regression relationship between the two
tests. However, in certain structures there may exist very few, if any, non-'
critical locations where destructive tests can be performed to develop the
required correlation curves for subsequent nondestructive testing. If
destructive tests are not permitted in the structure, the in-place strength
must be estimated from either laboratory tests using the same mix design or



frcm nondestructive results obtained from structures fabricated from concrete
having a similar mix design.

The National Institute of Standards and Technology (Gaithersburg, Maryland)
has written a report [26] to facilitate evaluation of the in-place compressive
strength of concrete where either very limited destructive testing is
permitted, or destructive tests can not be performed to develop the
correlation curves. Univariant linear regression analyses (Mandel's method
[27]) were performed on data obtained from publications on selected
nondestructive testing techniques, i.e. break-off, pullout, rebound hammer,
ultrasonic pulse velocity, and probe penetration. These methods were selected
since they comprise an overwhelming majority of the nondestructive tests
performed. The data for ultrasonic pulse velocity, rebound hammer, and probe
penetration methods were subdivided by coarse aggregate content, and the data
for the pullout and break-off methods according to total aggregate content (by
mass). These subdivisions were based on results provided in the literature
indicating that the techniques are influenced by aggregate characteristics,
e.g. the pullout and break-off tests are dependent on the aggregate type and
maximum aggregate size and the probe penetration and rebound hammer results
are influenced by the aggregate hardness. Unfortunately insufficient data
were available to further subdivide the data by maximum coarse aggregate size.
In the absence of destructive test results, correlations developed for the
nondestructive test methods can be used as guidelines to estimate the in-situ
compressive strength of concrete based solely on nondestructive evaluation
results.

Remerji^]/Preventative Measures Considerations

Recent activities 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 also being addressed. Current
work is directed at reviews of domestic and European practices for repair of
reinforced concrete structures, development of a repair prioritization
methodology, and an assessment of corrosion (general and stray electrical
current) of reinforced concrete structures, as well as potential techniques
for its mitigation (cathodic protection).

Repair Practices for Reinforced Concrete Structures. Wiss, Janney, Elstner
and Associates (Northbrook, Illinois) is preparing a state-of-the-art manual
on repair of concrete structures. When completed, the manual will identify
methodologies and materials for repair, and rank the repair procedures based
on historical performance. Basic components of the manual will 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 is being assembled through responses to a questionnaire
which has been sent to the utilities. In addition to a general description of
the particular plant, the questionnaire requests each utility to provide
information on inspection procedures, types of deterioration that have
occurred, the deterioration mechanism(s), repair actions that have been
undertaken, research investigations on repair materials, and performance
history for repair procedures that have been utilized. To date, responses to
the questionnaire have been provided by about 27 utilities. Quantitative
analysis and trending of questionnaire responses is scheduled for completion
during the last quarter of the calendar year.

A research effort with the same general overall objective as the Wiss, Janney,
Elstner and Associates activity has been conducted by Taywood Engineering
Limited (London, England). The distinction between the two efforts is that
Taywood Engineering Limited has conducted the review of repair practices from
the European perspective, primarily (but not exclusively) addressing those for
corrosion damaged reinforced concrete. Another distinction is that in the
United States repair activities have concentrated on roads and bridge
structures, whereas in Europe, although repair of the infrastructure is
receiving widespread attention, the emphasis has been on buildings and other
engineered structures. Results obtained through Taywood Engineering Limited's
participation in collaborative European projects addressing repair of
reinforced concrete structures and methods that can be used to extend the
lifetime of structures, either during the construction stage (incorporation of
chemical admixtures or alternative cementing materials) or post-construction
(use of surface coating:; and treatments), have been used to provide the
assessment of European repair practices. A draft report [28] has been
prepared providing an overview of the European perspective on concrete repair,
e.g., methods of damage assessment and repair strategies are provided.
Specific topics covered by the report in detail 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, it is noted that there are
several documents that provide guidelines with the most widely developed
regulations having been prepared by the German Committee on Reinforced
Concrete [29]. Damage occurring from carbonation and chloride presence are
the most important sources of 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.



Repair Prioritization Methodology. Howard University (Washington, D. C.) is
developing a systematic methodology (rating system) for application in the
repair of degraded concrete structures in nuclear power plants. Similar
computerized rating systems have been developed for evaluating general civil
works concrete structures, i.e.. BRAIN (£uilding gating Analysis and
Investigation System). The first of two planned phases for this program has
been completed [30]. In this phase existing repair prioritization systems for
bridge and building structures were reviewed to determine their applicability
to nuclear power plant concrete structures. Also an approach was identified
for development of the repair methodology for nuclear power plant concrete
structures. Input developed under the first phase of the study is presently
being used in the second phase which has the objective of developing a manual
and user-friendly computer program for use in damage assessment and repair
prioritization activities related to degraded nuclear power plant concrete
structures. When completed, results of this work will provide a link between
the aging assessment methodology [31] and the repair activities noted above.

Corrosion of Steel in Concrete Structures. CORRPRO Companies (Medina, Ohio)
is developing a state-of-the-art report addressing corrosion of reinforced
concrete structures, where reinforcement includes both mild steel
reinforcement and post-tensioning tendons. When completed, the report will
contain a brief overview of the three primary mechanisms leading to corrosion
of steel embedded in or in contact with concrete: (1) chloride ions, (2)
carbonation, and (3) stray electrical currents. The major emphasis of this
activity, however, is being placed on: (a) an assessment of the potential for
stray electrical current corrosion to occur in reinforced concrete structures
contained as a part of a nuclear power plant, i.e., equipment foundations,
basemat, containment building, balance-of-plant structures, etc.; and (b) an
evaluation of cathodic protection systems for use with reinforced concrete
structures in nuclear power plants. Specific areas being covered relative to
stray electrical current corrosion include: potential sources, methods for
detection, factors that affect the rate of corrosion, and threshold limits
below which stray electrical currents may not be a problem, impact on
structural performance, mitigation techniques and their effectiveness, and any
synergistic effects (e.g., it has been indicated in at least one reference
that stray currents accelerate alkali-aggregate reactions in reinforced
concrete structures). With respect to cathodic protection systems, pros and
cons for their use to mitigate corrosion of reinforced concrete structures are
being addressed, as well as criteria for their application, their overall
effectiveness, and any limitations on their use such as the potential to
accelerate or induce corrosion. A draft report presenting results of this
activity is to be available during the last quarter of this calendar year.



3.4 Task S.4 - Quantitative Msthodology for Continued-Service Determinations

3.4.1 Objective

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 provide a quantitative measure of structural reliability and
performance under projected future service conditions based on an assessment
of a new or existing structure. 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
stressors that may lead to degradation in strength, and uncertainty in non-
destructive evaluation techniques.

3.4.2 Summary of Accomplishments

The methodology for use in condition assessments and reliability-based life
prediction of concrete structures in nuclear power plants is summarized below.
A more detailed discussion of the methodology relative to that presented below
is provided in References 32 and 33.

i-ty-Based Condition Assessment

The evaluation of safety-related concrete structures for continued service
should provide quantitative evidence that their strength is sufficient to
withstand future extreme events within the proposed service period with a
level of reliability sufficient for public safety. Structural loads,
engineering material properties, and strength degradation mechanisms are
random in nature. Thus, time-dependent reliability analysis provides a
framework for performing condition assessments of existing structures and for
determining whether inservice inspect ion/'maintenance is required to maintain
reliability and performance at the desired level.

The strength of structural members can be described statistically by data
gathered over the past decade to develop improved bases for structural design
of new reinforced concrete structures [34]. Time-dependent changes in
concrete strength due to aging phenomena were not considered in developing
these statistics, and they are :.ot directly applicable to the evaluation of
existing, possibly degraded, structures with a given service history [35].
Some of the environmental stressors that may affect the strength or
deformations of reinforced concrete structures in nuclear power plants include
sulfate or acid attack on the concrete, alkali-aggregate reactions within the
concrete, temperature and irradiation affects, corrosion of reinforcement, and



detensioning of prestressing tendons due to relaxation, anchorage failure, or
creep in the concrete.

The statistical descriptions of concrete structure strength must account for
such aging effects. This can be done by modeling the structural resistance as
a time-dependent function, 4

R(t) g(t) (1)

in which Ro is the initial 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 [25], and most significant degradation mechanisms have been
identified, at least qualitatively.

Structural loads occur randomly in time and are random in their intensity. If
the load intensity varies slowly during the load event, its effect on the
structure is essentially static. Moreover, the duration of significant load
events usually is short, and such events occupy only a small fraction of the
total life of a structure. With these assumptions, structural loads that vary
with time can be modeled as a sequence of pulses with random intensity Sj, the
occurrence of which is described by a Poisson process with mean rate of
occurrence X and duration x. A typical sample function of such a load process
is illustrated in Figure 1. Many of the loads for which nuclear power plant
structures are designed can be modeled by such processes [36]. A summary of
the parameters describing several load processes is given in Table 1. Some of
these parameters were determined through a consensus estimation survey [36].

Table 1. Load process parameters.

Dead Load
Live Load
Ace. Pres. Load
Earthquake Load

Mean*

l.OODn
0.40 Ln

0.80Pa

0.08Ess

C.O.V.

0.07
0.50
0.20
0.85

pdf

Normal
Type I
Type I
Type II

^ ( y r 1 )

...
0.5
10-4

0.11

X

40 years
3 months
30min.
30 sec.

Dn, Ln, Pn* ̂ nd Pa are nominal loads and E s s is structural action due to
safe shutdown earthquake.

Hjne-Derjendent Reliabilitv Analvsis

The reliability analysis of a structure can be visualized by the sample
functions of time-dependent strength and loads illustrated in Figure 1. We
assume that g(t) is independent of the load history, and arises from
deterioration mechanisms such as corrosion and sulfate attack.
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Figure 1. Schematic Representation of Load Process and Degradation of

Resistance.

The reliability function. L(t), is defined as the probability that the
structure survives during interval of time (O.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,)>sInR(t2))s2n-nR(tn)>sn]. (2)

Taking into account the randomness in the number of loads and the times at
which they occur as well as in the initial strength, the reliability function
becomes [11,32],

,(t) = jexpj
0

-It l-ijFy(r.g(t))dt
0

(3)

in which fRo(r) is probability density function (pdf) of the initial strength
Ro and Fs(«) is cumulative distribution function of load S, assumed to be
modeled by the sequence of identically distributed and statistically
independent pulses Sj. The limit state probability or probability of failure



during (0,t) is,

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

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

h(t) = -—lnL(t). (5)
dt

The reliability function can be determined from h(t) as,

. (6)

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

The methods summarized above have been extended to structures subjected to
combinations of structural load processes and to structural systems [11,33].
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 components in the system. The system reliability is evaluated by
Monte Carlo simulation, using an adaptive importance sampling technique
[33,39] to enhance the efficiency of the simulation.

Illustration of Time-Dependent

The effect of degradation in component strength on component reliability
function is illustrated using several simple parametric representations of
time-dependent strength summarized in Table 2. The sensitivity study herein

Table 2. Degradation model.

Shape of the Degradation Function

Linear: g(t) = 1 - at
Parabolic: g(t) = 1 - at2

Square Root: g(t) = 1 - aVt

Corresponding Degradation Mechanism

Corrosion
Sulfate Attack
Diffusion Controlled Degradation

identifies some of the more important parameters for condition assessment
purposes. Each reliability analysis is carried out for a period of 60 years,
the sum of the initial service period of 40 years and a tentative 20-year
period of continued service. The degradation is defined with reference to the
residual strength at 40 years; e.g., g(40) = 0.8 means that 80 percent of the
initial strength remains at 40 years.
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(7)
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(9)

The initial strength is assumed to have lognormal distribution with a mean
value of 1.15 Rn (in which Rn is nominal strength) and a coefficient of
variation, VR, of 0.15. These statistics are typical for reinforced concrete
elements in flexure and/or compression [34]. Each of the loads has different
temporal characteristics, as summarized in Table 1.

The effect of the general characteristics of the degradation function on F(t)
is presented in Figs. 2(a) and 2(b) for the load combination involving dead
and live load. Up to 40 years, the failure probability associated with the
square root model is the highest. However, after 40 years, the failure
probability associated with the parabolic model increases rapidly when the
degradation rate increases. Figure 2(b) shows that it may be grossly
unconservative to neglect strength degradation entirely in a time-dependent
reliability assessment.

Hazard functions, h(t), associated with the reliability analyses presented in
Fig. 2 are illustrated in Fig. 3. It may be observed that h(t) clearly is
nonlinear for linear and parabolic degradation models, and its slope increases
as g(40) decreases. Thus, the common assumption of a linear failure rate may
be unconservative for components whose strength is governed by such
mechanisms.

Time-dependent reliabilities are presented in Fig. 4 for the load combinations
involving dead load and accidental pressure and in Fig. 5 for the dead plus
live plus earthquake effect combination, respectively; in the latter, A, of
0.014 represents the mean rate of occurrence of L + E. The degradation models
affect the failure probability under either D + P o r D + L + E i n a manner
similar to that under D + L. However, the failure probability under D + P is
smaller by four orders of magnitude than that under D + L because of the small
mean occurrence rate of P. In an absolute sense, then, the failure
probabilities for these load combinations are less sensitive to degradation
than under D + L, because of the small mean load occurrence rate and, in the
case of E, its large variability. In other words, given that a (rare) load
event occurs, the intensity of the load may be large enough to cause failure
of the component, whether or not the component has degraded.
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Inservice Inspection/Maintenance Strategies

Periodic in-service inspection followed by suitable maintenance may restore a
degraded reinforced concrete structure to near-original condition. Such
inspection/maintenance strategies should be designed so that the failure
probability of the component is kept lower than an established target
probability. Pf, during its service life. Since inspection and maintenance
are costly, there are tradeoffs between the extent and accuracy of inspection,
required reliability, and cost. An optimum inspection/maintenance program
might be obtained from the following constrained optimization problem:

Minimize Or (10)

Subject to F(t) < Pf (11)

in which Op is the total cost of inspection/maintenance plus expected losses
if the component fails in service.

Time-dependent reliability analysis can be used in performing this minimum
cost analysis. For example, consider two alternative strategies: (l)
infrequent but thorough inspection/maintenance performed at 20, 40, and
60 years, with restoration of full strength: and (2) frequent but limited
inspect ion/maintenance performed at 10, 20, 30, 40, and 50 years, with
restoration of 97% of full strength. Degradation is assumed to occur
linearly, with g(40) = 0.8. The failure probabilities associated with these
strategies (as well as with doing nothing) are compared in Fig. 6 for the D +
L combination. At the time of inspection/maintenance, F(t) changes slope.
If, e.g., Pf = 0.00025 in 40 years, strategy (1) would be unacceptable, while
strategy (2) would be acceptable. Note that in this case, at least, frequent
cursory inspection seems preferable to infrequent thorough inspection.

4. APPLICATION OF STRUCTURAL AGING 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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SAG PROGRAM IS PROVIDING EVIDENCE THAT THE CONCRETE
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STRUCTURAL AGING PROGRAM CONSISTS OF THREE
TECHNICAL TASKS AND A MANAGEMENT TASK
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STRUCTURAL AGING PROGRAM UTILIZES
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OBJECTIVE OF TASK S.2 IS TO DEVELOP A COMPUTER-BASED STRUCTURAL
MPDB WHICH WILL CONTAIN INFORMATION ON THE TIME VARIATION OF

MATERIAL PROPERTIES UNDER THE INFLUENCE OF PERTINENT
ENVIRONMENTAL STRESSORS AND AGING FACTORS
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THE STRUCTURAL MATERIALS INFORMATION CENTER (SMIC)
PRESENTS VARIATION OF MATERIAL PROPERTIES

DUE TO AGING OR ENVIRONMENTAL EFFECTS
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THE SMHB IS AN EXPANDABLE, HARD-COPY REFERENCE DOCUMENT
THAT CONTAINS COMPLETE SETS OF DATA AND INFORMATION

FOR EACH MATERIAL
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THE EDB PROVIDES AN EFFICIENT MEANS
FOR SEARCHING DATA BASE FILES
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MATERIAL PROPERTIES DATABASE IS BEING FORMULATED SO THAT
INFORMATION CAN BE SELECTED BASED ON SEVERAL PARAMETERS
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EACH MATERIAL PROPERTY IS
REPRESENTED BY A FOUR-DIGIT CODE

PROPERTIES ARE REPORTED IN THE INTERNATIONAL SYSTEM
OF UNITS (SI) AND IN CUSTOMARY UNITS WHENEVER POSSIBLE



THE RELATIVE QUALITY OF REPORTED DATA OR
VALUES IS REPORTED THROUGH A LETTER

DESIGNATION

ELEVEN CRITERIA HAVE BEEN ESTABLISHED
FOR EACH QUALITY LEVEL



Reference Sources Have Been Used to Develop Data Bases on
Effects of Environmental Stressors and Aging Factors
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AN IMPORTANT COMPOMENT OF SMIC IS THE DATA
OBTAINED FROM PROTOTYPICAL STRUCTURES

STRUCTURAL MATERIALS HANDBOOK

PROTOTYPICAL SAMPLE
PROCUREMENT

MATERIAL TESTING STRUCTURAL MATERIALS
ELECTRONIC DATA BASE

Structural materials information center provides a reference source
containing data and information on time variation of material properties
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TIME-DEPENDENT DEGRADATION FUNCTIONS ARE REQUIRED
TO EVALUATE THE RELIABILITY AND SERVICE LIFE OF

REINFORCED CONCRETE STRUCTURES
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A REVIEW AND ASSESSMENT OF IN-SERVICE INSPECTION AND
STRUCTURAL INTEGRITY ASSESSMENT METHODS FOR NUCLEAR
POWER PLANT CONCRETE STRUCTURES HAS BEEN COMPLETED

Applications

Testing Method

Electrical
Impulse Radar
Radiography
Rebound Hammer
Break-Off

Probe Penetration



UNIVARIATE LINEAR REGRESSION ANALYSES
(MANDEL"S METHOD) WERE USED TO DEVELOP

RELATIONS BETWEEN NDE METHODS AND
CONCRETE COMPRESSIVE STRENGTH

* ' • * !

5 1.0 i.i 34
Br.AOff



THE PRIMARY OBJECTIVE OF THE REPAIR ACTIVITY IS TO IDENTIFY, DESCRIBE,
AND QUANTIFY THE EFFECTIVENESS OF TECHNIQUES AND MATERIALS

AVAILABLE FOR USE IN REPAIR OF CONCRETE STRUCTURES

Do you conduct regular inspections
of concrete structures?

Kyes: How often do you conduct the surveys? ...
What techniques are used?

visual
half-celt potential

Have you experienced damaged concrete in this plant?
Have the following types of degradation been located?

voids/honeycomb
cracking

Have you experienced concrete damage due to:
freeze/thaw
aggressive chemical attack

•
Have you repaired damaged areas at the plant?

If yes, what type of technique?
Crack repairs.

Epoxy injection?
If ves. what material?

Yes

Yes
Yes

Yes

Yes
Yes

Yes
Yes

Yes

Yes

•
What areas of plant have exhibited damage?

Concrete Containment Pgrnaped
Basemat Yes •

e
No

D
D

D
D

•
D

•

No

No
No

No

No
No

No
No

No

No

Yes

a

•
o

a
•

•

D

a

Repaired

• No •



EUROPEAN REPAIR PRACTICES HAVE PRIMARILY
ADDRESSED BUILDINGS AND OTHER CIVIL ENGINEERING

STRUCTURES

PROPERTY

STRENGTH, f£,MPa
ELASTIC MODULUS, GPa .
THERM. EXP. COEFF, 10 / X
MAX. SERVICE TEMP.IC

REPAIR MATERIAL

CONCRETE MORTAR

20-50
20-40
7-13
>300

20-50
15-35
8-20
>3O0

POLYMER
MOCMFED
MORTAR

10-55
10-20
8-20

100-300

EPOXY
MORTAR

55-100
0.5-20
25-30
4040

COATING
MATERIAL

FILM FORMING
Epoxy Rtsin
Coal Tar Epoxy
Polyurtthan*
Chlorinated RubbM
Bituminous
Acrylic Resin

DENSIFYING
SWcats/Flurosilicat
CcfMntltious

fcl/\a\f CM U EABfcMfcl^
n u i i * r a ••• r\jnB"" l iw**

•

APPLICATION

DAMP
CONDITIONS

4
4
4
2
2
2

e
1
1

ALKALI
RESISTANCE

1
1
1
1
3
3

1
1

PROTECTION

RESIST

cr

1
1
1
1
3
3 .

5
3

RESIST
co2

1
1
1
1
3
1

5
3

(1 = very good, 5 = very poor)





OBJECTIVE OF TASK S.4 IS TO DEVELOP A METHODOLOGY WHICH CAN BE USED
FOR PERFORMING CONDITION ASSESSMENTS AND MAKING RELIABILITY-BASED

LIFE PREDICTIONS OF CRITICAL CONCRETE STRUCTURES

QUANTITATIVE METHODOLOGY
FOR CONTINUED SERVICE

DETERMINATIONS c

PREDICTIVE
MODEL

DEVELOPMENT
S.4.1

CONDITION
ASSESSMENT

MODELS

RELIABILITY-
BASED LIFE
PREDICTION

TOOLS

I
DATA

ASSEMBLAGE/
IMPLEMENTATION

S.4.2

DESIGN/MATERIAL/
CONSTRUCTION

CONSIDERATIONS

SERVICE
HISTORY
EFFECTS

1

METHODOLOGY
DEVELOPMENT

S.4.3

CURRENT
CONDITION

ASSESSMENT

RELIABILITY-
BASED FUTURE

CONDITION
ASSESSMENT

VALIDATION
STUDIES

S.4.4

SMALL-SCALE
MODEL TESTS

PROTOTYPICAL
COMPONENT/
STUCTURES

TEStS

EVIDENCE WILL BE PROVIDED WHETHER STRUCTURES IN THEIR CURRENT CONDITION WILL BE ABLE
TO WITHSTAND POTENTIAL FUTURE DESIGN EVENTS WITH A LEVEL OF RELIABILITY ADEQUATE

TO MEET REQUIREMENTS FOR PROTECTING PUBLIC HEALTH AND SAFETY



RELIABILITY-BASED TECHNIQUES FOR CONDITION ASSESSMENT
OF CONCRETE STRUCTURES (CATEGORY I OR GENERAL)

NEED TO TAKE THE FOLLOWING INTO ACCOUNT:

• STOCHASTIC NATURE OF PAST AND FUTURE LOADS DUE TO
OPERATING CONDITIONS AND ENVIRONMENT

• RANDOMNESS IN STRENGTH

• UNCERTAINTY IN INSPECTION AND NDE EVALUATION TECHNIQUES

• UNCERTAINTY IN MATERIAL CHANGES DUE TO AGING AND POSSIBLE
DEGRADATION

• UNCERTAINTY IN MECHANISTIC MODELS USED TO PREDICT TIME-
DEPENDENT STRUCTURAL BEHAVIOR



A SEQUENCE OF LOAD PULSES IS USED TO DESCRIBE
THE STOCHASTIC STRUCTURAL LOAD
R,S

Vr)

EXTREME LOADS CAN BE MODELED STOCHASTICALLY AS STATIONARY
POISSON PULSE PROCESSES WITH THE LOAD PROCESS DESCRIBED BY:

• MEAN RATE OF OCCURRENCE, X
• PULSE DURATION, x
• PULSE INTENSITY, Sj

TIME



SIMPLE PARAMETRIC REPRESENTATIONS OF TIME-
DEPENDENT LOAD AND STRENGTH HAVE BEEN UTILIZED TO

REPRESENT EFFECT OF DEGRADATION IN COMPONENT
STRENGTH ON THE COMPONENT RELIABILITY FUNCTION

TIME, t

o
w

Q
UJ
N

flC
O TIME, t

1

SQUARE ROOT

[ g(t) = 1 -

TIME,t



Single Component Failure Probability Depends
on Selection of Degradation Model
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INSPECTION/MAINTENANCE STRATEGIES CAN BE
DESIGNED SO THAT FAILURE PROBABILITY IS KEPT

LOWER THAN TARGET PROBABILITY

THOROUGH INSPECTION
FULL RESTORATION

A LIMITED INSPECTION
* 97 % RESTORATION

10 20 30 40 50
TIME, years

60



Sag Program Is Providing Improved
Technical Bases for Continued Service
of Safety-Related Concrete Structures

Developed structural materials information csntsr

Completed evaluation of models for predicting the
remaining life of in-service concrete

Developed structural aging assessment methodology

Completed review of in-service inspection and structural
integrity assesssment methods

Completed regression analyses of NDE methods for
determination of In-place concrete strength

Developed methodology for reliability-based condition
assessment and IHe prediction of concrete structures


