NUREG/CR-6679
BNL-NUREG-52587

Assessment of Age-Related
Degradation of Structures and
Passive Components for

U.S. Nuclear Power Plants

O

Brookhaven National Laboratory

U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Washington, DC 20555-0001

Bl
¥
%




AVAILABILITY OF REFERENCE MATERIALS
IN NRC PUBLICATIONS

NRC Reference Material

As of November 1999, you may electronically access
NUREG-series publications and other NRC records at
NRC's Public Electronic Reading Room at
www.nrc.gov/NRC/ADAMS/index.htmi.

Publicly released records include, to name a few,
NUREG-series publications; Federal Register notices;
applicant, licensee, and vendor documents and
correspondence; NRC correspondence and internal
memoranda; bulletins and information notices;
inspection and investigative reports; licensee event
reports; and Commission papers and their
attachments.

NRC publications in the NUREG series, NRC
regulations, and Title 10, Energy, in the Code of
Federal Regulations may also be purchased from one
of these two sources.
1. The Superintendent of Documents
U.S. Government Printing Office
P. O. Box 37082
Washington, DC 20402-9328
www.access.gpo.gov/su_docs
202-512-1800
2. The National Technical Information Service
Springfield, VA 22161-0002
www.ntis.gov
1-800-533-6847 or, locally, 703—-805-6000

A single copy of each NRC draft report for comment is
available free, to the extent of supply, upon written
request as follows:
Address: Office of the Chief Information Officer,
Reproduction and Distribution
Services Section
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001
E-mail:  DISTRIBUTION@nrc.gov
Facsimile: 301-415-2289

Some publications in the NUREG series that are
posted at NRC's Web site address
www.nrc.gov/NRC/NUREGS/indexnum.html

are updated periodically and may differ from the last
printed version. Although references to material found
on a Web site bear the date the material was
accessed, the material available on the date cited may
subsequently be removed from the site.

Non-NRC Reference Material

Documents available from public and special technical
libraries include all open literature items, such as
books, journal articles, and transactions, Federal
Register notices, Federal and State legislation, and
congressional reports. Such documents as theses,
dissertations, foreign reports and translations, and
non-NRC conference proceedings may be purchased
from their sponsoring organization.

Copies of industry codes and standards used in a
substantive manner in the NRC regulatory process are
maintained at—

The NRC Technical L.ibrary

Two White Flint North

11545 Rockville Pike

Rockyville, MD 20852-2738

These standards are available in the library for
reference use by the public. Codes and standards are
usuaily copyrighted and may be purchased from the
originating organization or, if they are American
National Standards, from—

American National Standards Institute

11 West 42™ Street

New York, NY 10036-8002

www.ansi.crg

212-642-4900

The NUREG series comprises (1) technical and
administrative reports and books prepared by the
staff (NUREG-XXXX) or agency contractors
(NUREG/CR-XXXX), (2) proceedings of
conferences (NUREG/CP-XXXX), (3) reports
resulting from international agreements
(NUREG/IA-XXXX), (4) brochures
(NUREG/BR-XXXX), and (5) compilations of legal
decisions and orders of the Commission and
Atomic and Safety Licensing Boards and of
Directors’ decisions under Section 2.206 of NRC's
regulations (NUREG—0750).

DISCLAIMER: This report was prepared as an account of work sponsored by an agency of the U.S. Government.
Neither the U.S. Government nor any agency thereof, nor any employee, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for any third party’s use, or the results of such use, of any
information, apparatus, product, or process disclosed in this publication, or represents that its use by such third

party would not infringe privately owned rights.




NUREG/CR-6679
BNL-NUREG-52587

Assessment of Age-Related
Degradation of Structures and
Passive Components for

U.S. Nuclear Power Plants

Manuscript Completed: July 2000
Date Published: August 2000

Prepared by
J. L. Braverman, C. H. Hofmayer, R. J. Morante,
S. Shteyngart, P. Bezler

Brookhaven National Laboratory
Upton, NY 11973-5000

T. Y. Chang, NRC Project Manager

Prepared for

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

NRC Job Code W6684

o""” ltay")

%)

o
*han¥

O

{

STAT,
O e,
nwod '

e






ABSTRACT

This report describes the results of the first phase of a multi-year research program to assess age-
related degradation of structures and passive components for U.S. nuclear power plants. The
purpose of this research program is to develop the technical basis for the validation and
improvement of analytical methods and acceptance criteria which can be used to make risk-
informed decisions and to address technical issues related to degradation of structures and
passive components. The approach adopted for this research program consists of three phases.
The Phase I effort included collection and evaluation of plant degradation occurrences, an
assessment of the available technical information on age-related degradation, and a scoping
study to identify which structures and components should be studied in the subsequent phases of
the research program. Based on the results of the Phase I effort, selected structures and passive
components are evaluated in Phase II to assess the effects of age-related degradation using
existing and enhanced analytical methods. Phase III will utilize the results of the analyses to
develop recommendations to the NRC staff for making risk-informed decisions related to
degradation of structures and passive components. This report presents the results of the Phase I
portion of the research program.

The Phase I assessment of age-related degradation of structures and passive components at
nuclear power plants has been completed. This assessment consisted of three activities. In the
first activity, instances of age-related degradation have been collected and evaluated. The data
were collected from Licensee Event Reports, NRC generic communications, NUREG reports,
and industry reports. A computerized database was developed to summarize important
parameters which describe the applicable cases of degradation. Trending analyses were
performed to identify which structures are most susceptible to age-related degradation, what are
the most common aging mechanisms and aging effects, whether degradation occurrences are
increasing, and other important observations. In the second activity, additional information such
as NRC requirements/guidance, NRC programs, industry programs, degradation information
from other countries, and other reports/papers on aging degradation were evaluated to identify
the significant aging issues for those structures and passive components which would have the
greatest impact on plant risk. In the third activity, the collection of degradation occurrences,
trending analyses, available technical information, and risk significance of aging effects were
utilized in a scoping study to identify those structures and passive components that warrant
further detailed evaluation in Phase II of this program.

The scoping study concluded that the structures and passive components that warrant further
detailed evaluation are masonry walls, flat bottom tanks, anchorages, concrete structures (other
than containments) and buried piping. The focus of further research will be on developing and
improving analytical methods to assess the effects of age-related degradation on the structural
performance of structures and passive components, including fragility evaluations for
probabilistic risk assessment and seismic margins assessment studies. The methodologies that
will be developed could then be used to quantify the impact of age-related degradation of
structures and passive components on overall plant risk. This would lead to greater confidence in
the use of risk assessment as a tool for making risk-informed decisions for age-degraded
structures and passive components.
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EXECUTIVE SUMMARY

As nuclear power plants age, degradation of structures, systems, and components can be
expected to occur. The U.S. Nuclear Regulatory Commission (NRC) has sponsored programs in
the past to address many concerns related to aging. However, most of these programs studied the
effects of age-related degradation of active components. A better understanding of the behavior
of structures and passive components is needed to ensure that the current licensing basis is
maintained under all loading conditions throughout the life expectancy of a plant. The effect of
age-related degradation is also important to ensure the safe operation of plants for the period of
operation beyond 40 years for those plants that may apply for license renewal. This report
surveys and evaluates age-related degradation occurrences of structures and passive components
at nuclear power plants.

The objectives of this research program are (1) to develop the technical basis for the validation
and improvement of analytical methods and acceptance criteria which can be used in making
risk-informed decisions and (2) to address technical issues related to degradation of structures
and passive components. To achieve this, a three-phased approach was adopted. Phase 1
consisted of (1) collection and analysis of degradation occurrences, (2) review of available
technical information such as NRC and industry programs, NUREG reports, and other technical
publications, and (3) a scoping study to identify those structures and passive components which
should be studied in the subsequent phases of this research program. In Phase II, an assessment
of the effects of age-related degradation and enhancement of analysis techniques to evaluate
degradation will be performed. Phase III will provide recommendations to the NRC staff for
making risk-informed decisions related to degradation of structures and passive components.
This NUREG report presents the results of the Phase I research effort and sets the groundwork
for the evaluation in the subsequent phases of the research program.

Section 2 of the report describes the process to collect and review degradation occurrences of
structures and passive components at nuclear power plants. Instances of degradation occurrences
were obtained from Licensee Event Reports, NRC generic correspondences, NUREG reports,
and other documents. This information was tabulated and entered into a computerized database
to permit sorting, searching, reporting, and evaluating the large amount of information. To
determine what can be learned from this information, various trending analyses for degradation
occurrences were performed. Trending analyses were developed for degradation occurrence
distribution by types of structures/components, calendar years, age of plants, aging effects, aging
mechanisms and other parameters.

Section 3 provides a review of the available technical information from existing NRC and
industry programs on degradation of structures and passive components. Information from NRC
programs and industry programs regarding inspection, testing, assessment, and repair techniques
were identified and reviewed. Information related to aging/degradation mechanisms and effects
on material properties was also reviewed. NRC requirements/guidance included in this review
are 10 CFR 50, Appendix J (Primary Reactor Containment Leakage Testing for Water-Cooled
Power Reactors); 10 CFR 50.55a (Codes and Standards); 10 CFR 50.65 (Requirements for
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Monitoring the Effectiveness of Maintenance at Nuclear Power Plants); 10 CFR 54
(Requirements for Renewal of Operating Licenses for Nuclear Power Plants); Regulatory
Guides; Draft Standard Review Plan for the Review of License Renewal Applications for
Nuclear Power Plants; and Generic Correspondences (IE Bulletins and Information Notices).
NRC programs included in this review are the Nuclear Plant Aging Research (NPAR) Program,
Structural Aging (SAG) Program, Nuclear Power Plant Generic Aging Lessons Learned
(GALL), and Assessment of Inservice Conditions of Safety-Related Nuclear Plant Structures
(NUREG-1522). Industry Reports included in this review are Nuclear Management and
Resources Council (NUMARC) Industry Reports, Nuclear Energy Institute (NEI) — Industry
Guideline for Monitoring the Effectiveness of Maintenance at Nuclear Power Plants, American
Concrete Institute (ACI) Codes and Standards, American Society of Civil Engineers Standard
ASCE 11-90, and other sources of technical informaticn.

Section 4 of this report describes the risk significance of aging effects for structures and passive
components. An overview is presented of past probabilistic risk assessments (PRAs) with respect
to the effects of age-related degradation of components and the ranking of components according
to their risk significance. This is done in three steps. First, past internal event PRA studies on the
effects of aging are reviewed regarding the key analysis methodologies and the estimated
component ranking. Second, available seismic PRA studies, which addressed the aging of
structures and passive components, are reviewed to single out the technical issues that may
require further study. Lastly, based on a survey of a large number of past seismic PRAs,
structures and components are identified that are potential dominant risk contributors. This
information is used as input to the priority ranking of structures/components discussed in

Section 5.

Section 5 describes the scoping study performed to identify the technology needs and to identify
the important/critical structures and passive components, which should be reviewed in the Phase
IT scope-of-work. In order to gain an understanding of the technology needs and which structures
and components require further assessments, a review was conducted of what NRC and industry
programs exist for each structure and passive component and how well they are addressing aging
degradation. To identify which structures and components warrant further review, the various
structures and passive components were prioritized/ranked considering four key parameters.
These parameters are seismic risk significance, number of degradation occurrences, importance
to current licensing basis/license renewal, and adequacy of existing NRC and industry programs.

Section 6 summarizes the results of the scoping study and presents the conclusions reached from
the Phase I effort and recommendations for performing the research in Phase II and Phase III.
Based on the results of the scoping study, the structures and passive components which were
ranked highest are masonry walls, flat bottom tanks, anchorages, reinforced concrete structures
(other than containment), and buried piping. Therefore, it was concluded that the Phase II
research effort should evaluate the effects of age-related degradation of structures and passive
components from this selected group. The research effort in Phase II will include developing
methods for performing fragility evaluations for Probabilistic Risk Assessment/Seismic Margins
Assessment studies. This would lead to greater confidence in the use of risk assessment as a tool
in making risk-informed decisions for age-degraded structures and components. The subsequent
research effort would include (1) an evaluation and expansion, if necessary, of existing



degradation condition assessment techniques, (2) performance of analytical structural evaluations
of degraded structures and passive components utilizing methods such as linear or nonlinear
finite element methods, (3) development of fragility curves for degraded structures and passive
components and evaluation of their effect on overall plant risk, and (4) development of
degradation acceptance criteria for structures and passive components based on the above
activities, existing codes, standards, and other NRC or industry reports. The results of the Phase
I1 effort will establish the technical bases for the formulation of recommendations during Phase
111 for regulatory guidance on the assessment of age-degraded structures.
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1 INTRODUCTION

1.1  Objective

The objective of this research program is to
assess the effects of age-related degradation of
structures and passive components for

U. S. Nuclear Power Plants. The technical
basis will be developed for the validation and
improvement of analytical methods and
acceptance criteria which can be used to make
risk-informed decisions and to address
technical issues related to degradation of
structures and passive components.

A three-phased approach was adopted for this
project. Phase I consists of data collection,
review of existing technical information, and a
scoping study. Phase II consists of assessment
of the effects of age-related degradation and
improvement of available analysis techniques
to evaluate degradation. Phase III consists of
providing recommendations to the NRC staff
for making risk-informed decisions and for
resolving specific technical issues related to
degradation of structures and passive
components.

The purpose of this Phase I report is to
describe the various activities, results,
conclusions, and recommendations under the
initial phase of the research program. The
conclusions and recommendations described
in this report identify which structures and
components should be included in the
subsequent phases of the research program
and also present a detailed plan for achieving
the stated objectives.

1.2  Background
At the end of 1996, there were 109 operating

nuclear power plants (NPPs) in the United
States producing approximately 75,000

megawatts of electric power generation. This
represents about 22 percent of the Nation’s
total electric generation. Approximately two-
thirds of the NPPs received their construction
permit more than 25 years ago and the
majority have been operating for 20 years or
more. While the performance of safety-related
structures and passive components at these
plants has been good, the number of
occurrences of age-related degradation has
been increasing as NPPs age.

Numerous examples of age-related
degradation of structures and passive
components in NPPs are presented in
NUREG-1522, “Assessment of Inservice
Conditions of Safety-Related Nuclear Plant
Structures.” Much of the information was
obtained from actual walk-downs of structures
and components at six older NPPs (licensed
before 1977). Instances of degradation were
identified in intake structures/pump houses,
service water piping, tendon galleries,
masonry walls, anchorages, containments, and
other concrete structures.

Structures generally have substantial safety
margins when properly designed and
constructed. However, the available margins
for degraded structures are not well known. In
addition, age-related degradation may affect
the dynamic properties, structural response,
structural resistance/capacity, failure mode,
and location of failure initiation. A better
understanding of the effect of aging
degradation on structures and passive
components is needed to ensure that the
current licensing basis (CLB) is maintained
under all loading conditions.

Results from risk evaluation programs
conducted by the NRC, such as the Individual
Plant Examination of External Events (IPEEE)



program, indicate that external events such as
earthquakes, high winds, and tornadoes can be
significant contributors to core damage
frequency (CDF). In some cases, structures
and passive components have been found to
be significant risk contributors when subjected
to these external events. As structures and
components age, the effect of age-related
degradation will become a more significant
factor in assessing risk.

1.3  Program Scope

The program scope covers structures and
passive components normally found in nuclear
power plants in the United States and not
addressed by existing programs. Structures
include buildings and civil engineering

features such as masonry walls, canals,
embankments, underground structures, and
stacks. Passive components consist of
equipment, which do not move or change their
state to perform their intended function.
Examples of passive components included in
this program are tanks, cable tray systems,
conduit systems, and HVAC ducts/supports.
After initial review, passive components such
as above ground piping, steam generators,
reactor pressure vessels, and containments
were removed from this study because of
existing programs, which are addressing age-
related degradation. A more complete
definition of the specific structures and
passive components included within the scope
of this program is presented in Section 2.1 of
this Report.



2 COLLECTION AND REVIEW OF DEGRADATION OCCURRENCES

The first part of the Phase I effort consisted of
collecting and reviewing age-related
degradation occurrences of structures and
passive components at nuclear power plants.
For the purpose of this research program the
term “degradation occurrence” is defined as
age-related degradation which was reported in
NRC generic correspondences, Licensee
Event Reports (LERs), NUREGs, and other
referenced documents described below.

2.1 Structures and Passive Components
Included

Structures and passive components within the
scope of the NRC License Renewal Rule 10
CFR Part 54 and the Maintenance Rule 10
CFR 50.65 were considered for review in this
research program. This includes structures and
passive components: (1) that are safety-
related, (2) whose failure could affect safety-
related functions, and (3) that meet several
other criteria defined within the scope of the
license renewal rule and the maintenance rule.

All structures and components identified to be
within the scope of review were placed into
one of eighteen categories. A complete listing
of the eighteen categories and the included
structures and components is presented in
Table 2-1. As an example, the category
“anchorages” includes embedded anchors,
expansion anchors, undercut anchors, drop-in
anchors, embedded studs, and the grout
beneath the baseplate.

Several items in Table 2-1 (identified with a
double asterisk) were removed from further
review. This applies to penetrations; electrical
conductors; piping (above ground); tubing;
and pipe-insulation, fittings, and sleeves. In
the early stages of the review effort, other
programs were identified which are addressing
age-related degradation of these items.

Additional structures and components were
subsequently eliminated because after further
research, other industry and/or NRC programs
were identified which are addressing
degradation concerns for these
structures/components. This is discussed
further in Section 5.2.

2.2  Sources of Information

Various sources were investigated to identify
instances of age-related degradation of
structures and passive components. These
sources primarily consist of LERs, NRC
generic correspondence, NUREGs, and
industry reports.

The NRC generic correspondence includes IE
Bulletins, Generic Letters, and Information
Notices. All of the correspondence contained
in the Generic Correspondence Library on the
Fedworld Information Network (Internet) was
investigated. This was done by reviewing all
of the generic correspondence titles. Those
that apply to structures and passive
components or those that may be related in
some manner were identified and retrieved for
review. If instances of age-related degradation
were noted then that occurrence was recorded
for use in this research program.

The LERs were obtained from the Sequence
Coding & Search System (SCSS) maintained
by the Oak Ridge National Laboratory
(ORNL) for the NRC. The SCSS database was
developed by the NRC’s Office for Analysis
and Evaluation of Operating Data through the
Nuclear Operations Analysis Center at ORNL.
The SCSS is an electronic database developed
to allow users to retrieve commercial nuclear
plant operating experience data from LERs.
The database contains over 35,000 LERs from
1980 to the present time.



Instead of providing the actual LER text, the
database reduced the LER descriptive text to
coded, searchable sequences. It captures the
components, system, effects on the plant unit,
as well as personnel errors reported in LERs.
For each LER, data on component failures
include type and number of components
involved, system to which components
belong, cause and mode of failure, effect of
failures on plant systems and unit, and
component vendor and model data (if given in
the LER). This information is coded for use in
searching specific information. For example,
there are over 400 specific component codes
and there are over 100 cause and effect code
designations. In addition to the coded
information, an abstract is available which
provides a summary of the event.

In view of the very large number of LERs, it
was decided to initially review LERs for the
period 1990 to 1997. Then, the search was
expanded to include LERs extending back to
1985. Thus the total period reviewed covered
1985 to 1997.

A sample printout for an LER obtained from
the SCSS database is shown in Figure 2-1.
The event was a broken two-inch conduit
fitting located near a wall in the service water
pump room. As reported in the abstract, the
broken conduit fitting was caused by
corrosion due to exposure to the salt-water
marine environment.

2.3 Degradation Occurrence Database

In order to document and evaluate the
enormous amount of data, a computerized
database, entitled Degradation Occurrence
Database (DOD), was created. The DOD was
prepared using the Microsoft database
management program “Access”. The
advantages of this computerized database are:
1) simple entry and update of degradation
data, 2), sorting and organizing of data in a

meaningful way, 3) quickly finding desired
information, 4) creation of tabulated listings or
reports, and 5) sharing of data with other
authorized users and programs in the system.

A number of tables were created as part of the
DOD to fully describe the age-related
degradation of structures and passive
components. The various tables that were
developed are described below. The complete
set of tables is contained in Appendix A to this
report. Representative copies of some pages
from these tables are included in this section
as noted below in order to explain the
development and content of the tables.

Table No.

1. Structures and Passive

Components 2-1
2. Degradation Occurrence

Table (Sample) 2-2
3. Aging Effects and

Mechanisms 2-3
4. System Definition

Codes 2-4

5. Stress Corrosion Codes 2-5

The Structures and Passive Components Table
identifies the various types of structures and
passive components included in the scope-of-
work. The structures and components that are
within the initial scope-of-work were
described in Section 2.1 and a detailed listing
is also presented in Table 2-1.

The Degradation Occurrence Table (DOT)
contains all of the degradation occurrences
identified as applicable under this research
program. A total of 492 degradation
occurrences were included in the DOT. It
should be noted that there are certainly many
more occurrences of degradation than what
were identified and reported in this DOT.
However, if they were not reported in LERs or
other publicly available documents then they



would not be included in this database. For
example, some degradation occurrences may
not be reported in LERs if the event or
condition does not seriously affect the plant or
result in an unanalyzed condition that
significantly compromised plant safety.

A representative copy of one page from the
DOT is shown in Table 2-2. For each
occurrence the following type of information
is provided in the DOT:

Component
Subcomponent
System

Aging Effect

Aging Mechanism
Plant

Month, Day, Year
How Identified

) Evaluation Method
10.  Repair Method

11.  Docket No.

12. Reference Document
13. Reference Document No.

VWAL AW

The “Component” and “Subcomponent”
entries identify the type of structure or passive
component as listed in Table 2-1. The
“System” refers to the plant system such as
service water system or containment system.
Since many acronyms are used, another table
entitled System Definition Codes was
prepared and is presented in Table 2-4.

The “Aging Effect” and corresponding “Aging
Mechanism” entries are obtained from the
reference document (LER, NRC generic
correspondence, etc.). As with any of the other
entries in the database, if the required
information is not given or is insufficient then
an “NA”, meaning not available, is noted. A
listing of the various types of aging effects
and aging mechanisms used in the DOT is
shown on another table entitled Aging Effects
and Mechanisms (Table 2-3).

Table 2-3 lists the aging effects and aging
mechanisms separately for concrete, steel, and
“other” (e.g. seals, coatings, insulation)
materials. Table 2-3 is not intended to be a
complete listing of all possible aging effects
and mechanisms but rather, those aging effects
and mechanisms for the occurrences presented
in the DOT. The entries for aging effects and
aging mechanisms are listed next to each other
and are not intended to suggest which aging
effect is caused by which aging mechanism.
Such information is available in NUREG-
1557.

For the aging effect of cracking in steel,
specific types of aging mechanisms are
sometimes given in the referenced documents.
Examples of this are stress corrosion cracking
(SCC) and hydrogen stress corrosion cracking
(HSC). A definition for these types of stress
corrosion codes is given in the table entitled
Stress Corrosion Codes (see Table 2-5).

The “Plant” entry identifies the nuclear power
plant where the age-related degradation
occurred. All nuclear power plants were
included; operating, shutdown, and plants that
have been or are going through a
decommissioning process. Where degradation
occurrences of some foreign plants were
identified in the literature, they were also
included in the DOT.

The entry for the “Month,” “Date,” and
“Year” corresponds to the date that the
degradation occurrence was identified. This is
normally given in the referenced document.
When this information is not available, then
the date used in the table corresponds to the
date of the reference, which described the
occurrence. When this occurred an asterisk
was placed next to the year entry in the table
to indicate that an exact date for the
occurrence was not available and so the date
of the publication is presented.



The next three columns in the DOT describe
how the degradation was identified, evaluated,
and repaired. Identification methods include
visual, inspection, leaking, alarm, test, low
flow and other methods. The evaluation
methods consist of how the degradation was
investigated/reviewed. These methods
generally consisted of visual examinations;
tests such as leak rate tests, ultrasonic tests,
eddy current tests; and engineering
judgements. For repair methods, designations
such as repair, replacement, monitoring,
tightening, and cleaning were noted. It should
be noted that for these three headings in the
DOT, apparently many of the referenced
documents did not have sufficient information
so that NA was denoted in the corresponding
box in the table.

The next column in the DOT provides the
docket number, which is the unique NRC
assigned number for each of the plants, even
sites with multiple units. Following the docket
number is the reference document name/type
and the specific document number.

As described in Section 2.2, data were
obtained by identifying and reviewing LERs,
NRC generic correspondence, NUREGs, and
industry reports. After evaluating each
degradation occurrence, the information was
entered into the DOD. The analysis of the data
and observations that can be derived from this
data are described in the next section.

2.4  Analysis of Degradation Trends

A total of 492 degradation occurrences were
identified related to structures and passive
components. Using the DOD, a tabulation of
the total number of degradation occurrences
for each structure/component category was
made. The results of this tabulation are shown
in Table 2-1.

Since all of the data have been entered into a
computerized database program, the
information can also be searched, sorted, and
tabulated in any order or form. For example,
the degradation occurrences can be easily
sorted by types of components, types of
degradation, causes of degradation, plant
names, dates, or systems. To evaluate the
degradation occurrences, the data were sorted
to obtain trending information. Trending data
were developed for the following types of
distribution:

TRENDING DATA - FIGURE
DISTRIBUTION BY NO.

1. Components/Sub-

components 2-2
2. Years (1985-1997) 2-3
3. Age of Plants 2-4
4. Steel Degradation

Aging Effects 2-5
5. Concrete Degradation

Aging Effects 2-6
6. Aging Mechanisms of

Degradation 2-7
7. Types of Cracking Induced

by Corrosion 2-8
8. Subcomponents for

Structural Steel 2-9
9. Subcomponents for

Concrete 2-10
10. Subcomponents for

Containment 2-11

11. Subcomponents for

Filters 2-12
12. Subcomponents for RPV 2-13
13. Systems 2-14
14. Methods of Identification ~ 2-15

The distribution of degradation by types of
components/subcomponents (Figure 2-2) was
obtained by compiling the number of
occurrences for each of the components listed
in Table 2-1. Where a subcomponent had an
extremely large number of occurrences such



as piping and steam generators, it was
included as a separate item on the bar chart in
Figure 2-1. Where a component had no
occurrences identified such as structural
seismic gap and vessels (other than steam
generators) it was not included on the bar
chart.

From this distribution of degradation by types
of components/subcomponents, it is evident
that piping & tubing, steam generators, RPV,
and containments have the largest number of
degradation occurrences. This is not surprising
since it has been known in the industry that
these structures and components have had
numerous instances of degradation. Following
these, the structures and passive components
with the greatest number of occurrences in
descending order are filters, concrete,
structural steel, heat exchangers, piping
supports, tanks, pressurizers, electrical
conductors, and anchorages. All of the
remaining items have six or less occurrences.

Since the NRC and industry have been
studying and addressing the age-related
degradation concerns related to piping, steam
generators, RPV, and containments, it was
decided after consultation with the NRC staff
to eliminate these components from the
subsequent phases of this research program.

The distribution of degradation by years
(Figure 2-3) was developed by adding the
number of occurrences in each of the years
from 1985 through 1997. The bar
corresponding to 1997 is lower than the others
because LERs were only made available up to
February 1997 when this compilation of
occurrences was made. Looking at the rest of
the bar chart it appears that with the exception
of 1988 and 1994, there was a moderate
increase from 1985 until 1991 and then the
number of occurrences has remained constant
at approximately 27 per year.

Figure 2-4 shows the distribution of
degradation occurrences by age of plants. The
graph represents the average number of
occurrences per plant per year for different
plant vintages. This was developed by
categorizing all U.S. nuclear power plants by
their age (1997 minus year of construction
permit). Then the total number of occurrences
for each group of plants in a given age
category was divided by the number of plants
in that age category and the age of the plants
in that category. Although the actual number
of occurrences are not high, this curve
demonstrates that as the age of plants increase,
the number of occurrences per plant per year
also increases. Using the best fit curve, the
actual number of occurrences per plant per
year over a 14 year period (19 year to 33 year
old plants) shows a growth more than three
times (from about .065 to .24).

The distribution of degradation occurrences by
steel aging effects is shown in Figure 2-5. The
most predominant type of aging effect is
cracking with 215 occurrences. Most of these
cracking occurrences have been induced by
some form of stress corrosion. The other aging
effects consisting of loss of material, failure,
wall thinning, plugging, and fouling have
much fewer occurrences (below 60
occurrences each).

For concrete elements, the distribution by
degradation aging effects is presented in
Figure 2-6. The major aging effects for
concrete degradation in descending order are
cracking, spalling, general deterioration, and
loss of material. Cracking was the most
predominant with 30 occurrences, while the
other aging effects had less than 7 occurrences
each. As noted earlier there may have been
other instances of degradation, however, if
they were not interpreted to be severe, then the
occurrences would not have been reported.



Another distribution of interest is what caused
most of the age-related degradation
occurrences. Figure 2-7 shows the distribution
of degradation occurrences by aging
mechanisms. The predominant aging
mechanisms in descending order are SCCs,
corrosion (general or not identified as SCC),
erosion, moisture, organisms, fatigue,
chemical attack, foreign object, mechanical
wear, and vibration. All of the remaining
aging mechanisms had less than 11
occurrences.

Since there were so many occurrences of
SCCs, a distribution of SCC by types was
developed and presented in Figure 2-8. This
figure shows that intergranular SCC is the
most predominant cause, followed in
descending order by primary water SCC,
stress corrosion cracking (no specific type
given), outside diameter SCC, intergranular
attack/intergranular SCC, and hydrogen stress
corrosion cracking.

The distribution of subcomponents for some
of the significant structures and passive
components are shown in Figures 2-9 through
2-13 for structural steel, concrete,
containment, filters, and RPV, respectively.
For structural steel, instances of degradation
occurred most often with steel doors, liners,
and spent fuel racks. For concrete elements,
degradation occurrences were most
predominant for masonry walls, concrete
walls, concrete ceilings, and intake structures.
For containment, the greatest number of
occurrences were with the liners, prestressed

systems, steel shell, and penetrations. For
filters, the most occurrences were identified
with the screens (typically travelling screens
in the intake structures), strainers, and
charcoal filters. For RPVs, the predominant
occurrences were with the core shroud, jet
pump assembly, core spray piping, and CRD.
Additional details for each of these items can
be found by reviewing the DOT provided in
Appendix A.

To evaluate which plant systems have the
most degradation occurrences; a distribution
by systems was developed. Figure 2-14
presents the results, which show that the RCS
by far has the most degradation occurrences
followed by containment, feedwater, ERCSW,
circulating water, RHR, and service water.
The remaining systems all have less than 7
occurrences each. Although the RCS shows up
as having many more occurrences (190 versus
54 for containment which follows it), part of
the explanation may be that the RCS is more
closely scrutinized and inspected than most of
the other systems.

The last distribution that was developed is
shown in Figure 2-15. This figure shows the
distribution by methods of identification. The
methods that identified the greatest number of
degradation occurrences in descending order
were inspection, visual, leaking fluid, NRC
notification, test, preventive maintenance, and
low or change in flow reading or
annunciation. All the other methods of
identification had less than 9 occurrences.



FORM 3 LER SCSS DATA 03-26-97
B A S 2 2 2 2 i e e 2 2 2 2
DOCKET YEAR LER NUMBER REVISION DCS NUMBER NSIC EVENT DATE

293 1991 015 0 9108190070 222638 06/28/91

deddedkdhdhhhhkhhhhhhhkhhhbdkhhdhhhhhbhhkhrhhdkhkehbhbhdhhbbhdbhbbbbhbdhhbdbhddthhd

DOCKET:293 PILGRIM 1 TYPE:BWR
REGION: 1 NSSS:GE
ARCHITECTURAL ENGINEER: BECH
FACILITY OPERATOR: BOSTON EDISON CO.

SYMBOL: BEC
STEP LK SLK CAUSE PSYS ISYS COMP VEND QUAN TR CH DI T P D EFF PCC CORR
1 0 SZ PZ PZ 1 1MT R UAM E
2 1 EF KF SP CON 1 1 1 MTR K DA
3 2 X CA KF SP CON 1 1 1 MTR K DA
4 2 RC KF SP CND 1 1 1 MTR K AI
5 4 RC KF SP PND 1 1 1MT K AI
6 XX H XX YC
7 YY N N YC

WATCH-LIST CODES FOR THIS LER ARE:
20 EQUIPMENT FAILURE -

REPORTABILITY CODES FOR THIS LER ARE:
10 10 CFR 50.73(a)(2)(i): Shutdowns or technical
specification violations.

REFERENCE LERS:
1 293/84-007 2 293/90-019 3 293/91-009

—————— STEP: 1
CAUSE:SZ ~--UNKNOWN HUMAN FACTOR CAUSE
PRIMARY SYSTEM:PZ --UNKNOWN ACTIVITY
COMPONENT:PZ —-UNKNOWN PERSONNEL
EFFECT:UA --COMMISSION OF UNDESIRED TASK, ANALYSIS, OR STEP

—————— STEP: 2
THIS STEP IS DIRECTLY LINKED TO. STEP 1
CAUSE:EF --CORROSION/ OXIDATION
PRIMARY SYSTEM:KF --FIRE PROTECTION
SECONDARY SYSTEM:SP --PUMPING STATIONS

COMPONENT : CON --CONNECTOR
EFFECT:DA --BREAK/ SHEAR

------ STEP: 3
THIS STEP IS DIRECTLY LINKED TO STEP 2
SUBLINK:X
CAUSE:CA --MECHANICAL OVERLOAD
PRIMARY SYSTEM:KF =~-~FIRE PROTECTION
SECONDARY SYSTEM:SP ~-~PUMPING STATIONS
COMPONENT : CON —-CONNECTOR

EFFECT:DA --BREAK/ SHEAR

Figure 2-1 Sample Printout of an LER from the SCSS Database



------ STEP: 4
THIS STEP IS DIRECTLY LINKED TO STEP 2
CAUSE:RC --RESULTANT COMPONENT FAULT
PRIMARY SYSTEM:KF --FIRE PROTECTION
SECONDARY SYSTEM:SP --PUMPING STATIONS
COMPONENT :CND --CONDUIT
EFFECT:AI --OPEN

------ STEP: 5§
THIS STEP IS DIRECTLY LINKED TO STEP 4
CAUSE:RC --RESULTANT COMPONENT FAULT
PRIMARY SYSTEM:KF --FIRE PROTECTION
SECONDARY SYSTEM:SP --PUMPING STATIONS
COMPONENT : PND ~-PENETRATION, ELECTRICAL
EFFECT:AI --OPEN

INITIAL UNIT CONDITIONS: H REFUELING
UNIT EFFECT: XX NO SIGNIFICANT EFFECT

EFFECT ON ENVIRONMENT: N NO RELEASE
EFFECT ON PERSONNEL: N NO EXPOSURE

ABSTRACT
POWER LEVEL - 000%. ON 6/28/91, AT 150€ HOURS DURING A REFUELING
OUTAGE, THE NORTH WALL OF THE "A" TRAIN SALT SERVICE WATER (SSW) PUMP
ROOM IN THE INTAKE STRUCTURE WAS FOUND BREACHED..THE BREACH CONSISTED
OF A BROKEN TWO INCH CONDUIT FITTING LOCATED WHERE THE CONDUIT
PENETRATES THE NORTH WALL OUTSIDE THE "A"™ TRAIN SSW PUMP ROOM. THE
WALL IS A TS APPENDIX R FIRE BARRIER THAT SEPARATES THE SSW PUMP ROOM
FROM THE SERVICE WATER PUMP FILTER ROOM. THIS CONDITION WAS DETERMINED
TO BE REPORTABLE ON 7/11/91. THE BROKEN CONDUIT FITTING WAS A RESULT
OF CORROSION DUE TO EXPOSURE TO A MARINE ENVIRONMENT. THE CONDUIT WAS
IDENTIFIED AS BEING CORRODED IN 7/89. A FIRE BARRIER. PENETRATION
WALKDOWN CONDUCTED IN 12/89 FOUND THE BARRIER INTACT. SUBSEQUENT TO
THAT INSPECTION IT IS POSTULATED THAT PERSONNEL USED THE CONDUIT AS A
FOOT/HAND HOLD THAT EVENTUALLY BROKE THE CONDUIT FITTING. A CONTINUOUS
FIREWATCH WAS IMMEDIATELY ESTABLISHED WHEN THE BREACH WAS IDENTIFIED.
A FIRE SEAL WAS INSTALLED ON 7/25/91 AND THE FIRE WATCH WAS

DISCONTINUED. OTHER ACTIONS PLANNED INCLUDE: REPAIRING THE CONDUIT
FITTING; PERFORMING A THOROUGH WALKDOWN OF THE INTAKE STRUCTURE; AND
REVIEWING WALKDOWN PROCEDURES AND TRAINING TO IDENTIFY IMPROVEMENTS.
THIS CONDITION WAS IDENTIFIED WITH THE REACTOR MODE SELECTOR SWITCH IN
THE REFUEL POSITION. THE REACTOR VESSEL (RV) WATER TEMPERATURE WAS

83F AND THE RV PRESSURE WAS O PSIG.

Figure 2-1 Sample Printout of an LER from the SCSS Database (continued)
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Table 2-4 System Definition Codes

AUXILIARY BUILDING VENTILATION SYS’I‘EM

AWCT AERATED WASTE CONCENTRATE TANK

BWMS BORATED WATER MAKE-UP SYSTEM

CBEAF CONTROL BUILDING EMERGENCY AIR FILTRATION
ICCGC CONTAINMENT COMBUSTIBLE GAS CONTROL
CCSW CONTAINMENT COOLING SERVICE WATER
CCW COMPONENT COOLING WATER

ICIC CONTAINMENT ICE CONDENSER

ICRDM CONTROL ROD DRIVE MECHANISM

CSI CORE SPRAY INJECTION

ICVCS CHEMICAL & VOLUME CONTROL SYSTEM
ECCS EMERGENCY CORE COOLING SYSTEM

EDG EMERGENCY DIESEL GENERATOR

EGF EMERGENCY GENERATOR FUEL

ERCSW ESSENTIAL RAW COOLING SERVICE WATER
[ERCSW/CS ESSENTIAL RAW COOLING SERVICE WATER/CONTAINMENT SPRAY
FHB FUEL HANDLING BUILDING

HPCI HIGH PRESSURE COOLANT INJECTICN

IASL INSTRUMENT AIR SUPPLY LINE

JPIL JET PUMP INSTRUMENT LINE
IMCL MAKE-UP COOLANT LINE
pMsrR MOISTURE SEPARATOR REHEATER SYSTEM
PRPS PRIMARY RECIRCULATION PIPING SYSTEM
IRBCCW REACTOR BUILDING CLOSED COOLING WATER
RBCLC REACTOR BUILDING CLOSED LOOP COOLING
[RBS REACTOR BUILDING SPRAY

RCIC REACTOR CORE ISOLATION COOLING

RCS REACTOR COOLANT SYSTEM

RHR RESIDUAL HEAT REMOVAL

RS RECIRCULATION SYSTEM
[RSHX RECIRCULATION SPRAY HEAT EXCHANGER
RSS RECIRCULATION SPRAY SYSTEM

RWCS REACTOR WATER CLEAN-UP SYSTEM
ISAT STATION AUXILARY TRANSFORMER
IsBGT [STANDBY GAS TREATMENT

SFCS SPENT FUEL POOL COOLING SYSTEM

GB STEAM GENERATOR BLOWNDOWN
[sxpsx, ISAFETY INJECTION PUMP SUCTION LINE

Ismmcx-: WATER SYSTEM
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Table 2-5 Stress Corrosion Codes

ficasscc INTERGRANULAR ATTACK/ STRESS CORROSION CRACKING
JIGSCC INTERGRANULAR STRESS CORROSION CRACKING

JODSCC OUTER DIAMETER STRESS CORROSION CRACKING

[PWSCC PRIMARY WATER STRESS CORROSION CRACKING

TCC STRESS CORROSION CRACKING

[TGSCC TRANSGRANULAR STRESS CORROSION CRACKING
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3 AGE-RELATED DEGRADATION TECHNOLOGY INFORMATION

In Phase I of this program, existing technical
information was collected and reviewed to
provide input into the research effort.
Information from NRC programs and
industry programs regarding inspection,
testing, assessment, and repair techniques
were identified and reviewed. In addition,
information related to aging/degradation
mechanisms and effects on material
properties/strengths was also reviewed.

3.1 NRC Requirements/Guidance

In the past, there had been very limited
requirements for the inspection,
maintenance, monitoring, and evaluation of
structures and passive components for the
effects of degradation. The requirements and
guidance were available primarily for
containment structures, water-control
structures, masonry walls, above ground
piping and supports, steam generators, and
RPV. This section of the report describes
current NRC requirements and available
guidance related to degradation of structures
and passive components.

Containments

Containments are subject to periodic leak
rate testing in accordance with 10 CFR Part
50, Appendix J. The leak rate testing
includes Type A, B, and C tests. Type A
tests measure the primary reactor
containment overall integrated leakage rate.
Type B tests are intended to detect local
leaks for penetrations. Type C tests are
intended to measure containment isolation
valve leakage rates. In addition to these
three types of tests, a general visual
inspection of the accessible interior and
exterior surfaces of the containment
structures and components must be

performed prior to any Type A test to identify
any evidence of structural deterioration which
may affect either the containment structural
integrity or leak-tightness.

Additional requirements for prestressed concrete
containments are provided in Regulatory Guides
1.35 and 1.35.1 for ungrouted tendons.
Regulatory Guide 1.35 describes a basis
acceptable to the NRC staff for developing an
appropriate inservice inspection and
surveillance program for ungrouted tendons in
prestressed concrete containments. Regulatory
Guide 1.35 provides guidance for performing
visual inspections, prestress monitoring tests
(lift-off tests), tendon material tests and
inspections, inspection of filler grease,
evaluation of inspection results, and reporting
requirements. Regulatory Guide 1.35.1 provides
a basts acceptable to the staff for developing
appropriate presstressing tolerance bands for
tendons so that these limits can be compared
against the lift-off forces measured in the
sample inspection program of Regulatory Guide
1.35.

In part, because the visual inspection
requirements of 10 CFR Part 50, Appendix J do
not provide specific guidance, have not been
applied in a consistent manner, and the rate of
age-related degradation occurrences have been
increasing, 10 CFR 50.55a has been revised to
provide more precise requirements. The
objective of the revised 10 CFR 50.55a is to
assure that the critical areas of containments are
routinely inspected to detect and to take
corrective action for defects that could
compromise a containment’s structural integrity.
The final rulemaking, which was effective on
September 9, 1996, endorses the 1992 Edition
with 1992 Addenda of Section XI, Subsection
IWE (Class MC Containments) and Subsection
IWL (Class CC Containments) of the ASME
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Code. A recent revision to 10 CFR 50.55a
has also endorsed as acceptable the 1995
Edition with the 1996 Addenda of the
ASME Code. Licensees must incorporate
Subsection IWE and Subsection IWL into
inservice inspection programs for
containments. The rulemaking includes
exemptions from and additional
requirements to those in Subsections IWE
and IWL.

Water-Control Structures

For water-control structures such as intake
structures, canals, dams, earthen
embankments and slopes associated with
emergency cooling water systems or flood
protection, Regulatory Guide 1.127
describes a basis acceptable to the staff for
developing an appropriate inservice
inspection and surveillance program.
Guidance is provided for the compilation of
engineering data, onsite inspection program,
technical evaluation, frequency of
inspections, and preparation of reports.

Masonry Walls

NRC IE Bulletin 80-11 “Masonry Wall
Design” initiated a major re-evaluation
effort in the nuclear industry to demonstrate
the structural adequacy of reinforced and
unreinforced masonry walls. Of the seventy
plants originally in the scope of 80-11, two
were shut down; three were reviewed under
the Systematic Evaluation Program (SEP);
one plant had no safety-related masonry
walls; four were qualified by analytical
methods verified by full-scale testing; and
the remaining sixty plants were qualified in
accordance with the Structural Engineering
Branch (SEB) Interim Criteria.

In December 1987, NRC issued Information
Notice No. 87-67, “Lessons Learned from
Regional Inspections of Licensee Actions in

Response to IE Bulletin 80-11”. In this notice, a
number of deficiencies uncovered during site
audits were described. They were grouped into
the following categories:

e Unanalyzed Conditions — existing cracks in
unreinforced masonry

e Improper Assumptions — mortar properties,
boundary conditions, presence of
reinforcement

e Improper Classification — specification of
safety-related versus non-safety walls

e Lack of Procedural Controls — walk-down
surveys, record keeping, modification
activities

It was also noted that “NRC inspectors observed
that mechanisms did not exist at certain
facilities to ensure that the physical conditions
of masonry walls remained as previously
analyzed.”

In August 1988, an internal NRC report was
issued: “Status of Multi-Plant Action (MPA) B-
59, Masonry Wall Design.” This report
recommended that the MPA be considered
closed and also summarized the current status of
each plant included in the action. The report
also stated that the Office of Inspection and
Enforcement had responsibility of inspection
related activities.

10 CFR 50.65 — Maintenance Rule

On July 10, 1991, the NRC published 10 CFR
50.65 entitled, “Requirements for Monitoring
the Effectiveness of Maintenance at Nuclear
Power Plants,” referred to as the Maintenance
Rule. The regulation was effective July 10,
1996. The purpose of the Maintenance Rule is
to monitor the effectiveness of maintenance
activities for safety significant plant equipment
in order to minimize the likelihood of failures
and abnormal events caused by the lack of
effective maintenance. The final rule requires
that licensees monitor the performance or
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condition of structures, systems, and
components (SSCs) against licensee-
established goals in a manner sufficient to
provide reasonable assurance that the SSCs
will be capable of performing their intended
functions. Such monitoring needs to be
established commensurate with safety and,
where practical, take into account industry
operating experience.

Several other documents related to the
Maintenance Rule contain additional
technical information and guidance:
Regulatory Guide 1.160, Rev. 2,
“Monitoring the Effectiveness of
Maintenance at Nuclear Power Plants;”
NUMARC 93-01, Rev. 2, “Nuclear Energy
Institute - Industry Guideline for Monitoring
the Effectiveness of Maintenance at Nuclear
Power Plants;” NRC Inspection Manual -
Inspection Procedure 62706, “Maintenance
Rule;” NRC Inspection Manual - Inspection
Procedure 62002, “Inspection of Structures,
Passive Components, and Civil Engineering
Features at Nuclear Power Plants;” and NRC
Inspection Manual - Inspection Procedure
62003, “Inspection of Steel and Concrete
Containment Structures at Nuclear Power
Plants.”

10 CFR Part 54 - License Renewal Rule

Nuclear power plants were initially licensed
to operate for 40 years. The requirements
for obtaining the renewal of a nuclear power
plant operating license for up to an
additional 20 years are presented in 10 CFR
Part 54 - License Renewal Rule. Under Part
54, applicants are required to identify all
structures, systems, and components (SSCs)
that are within the scope of the rule. A
screening review is then required to identify
those SSCs that are “passive and long-lived”
structures and components. For the passive,
long-lived structures and components, the
applicant must demonstrate that the effects

of aging will be managed so that the intended
function(s) will be maintained consistent with
the current licensing basis through the period of
extended operation.

The license renewal rule also requires the
applicant to identify and update all time-limited
aging analyses which are part of the current
licensing basis. An example would be a design
basis fatigue analysis of a piping system which
assumed a specified number of loading events
based on a 40-year period of operation.

In August 1996, the NRC issued a draft
regulatory guide, DG-1047, “Standard Format
and Content for Applications to Renew Nuclear
Power Plant Operating Licenses” for public
comment. In addition to presenting a uniform
format and content acceptable to the staff for its
review, the draft regulatory guide proposes to
endorse the Nuclear Energy Institute (NEI)
guidance document NEI 95-10 as an acceptable
method for complying with the documentation
requirements for a license renewal application.

On September 21, 1997, the NRC made
available to the public a working draft
“Standard Review Plan for the Review of
License Renewal Applications for Nuclear
Power Plants” (SRP-LR). The draft SRP-LR
was prepared to provide guidance for staff
reviewers in performing safety reviews of
applications to renew licenses of nuclear power
plants in accordance with 10 CFR Part 54. The
staff is currently revising the SRP-LR to reflect
the experience gained from review of the initial
applications and communication with the
industry. A major effort is currently in progress
to develop specific guidance for use by both
applicants and staff reviewers to ensure
effective, efficient and consistent satisfaction of
the LR Rule requirements. This work is a
continuation of Generic Issues Lessons Learned
(GALL). The revised SRP-LR will reference the
GALL Report for descriptions of generic aging
management programs which the staff has
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evaluated and found applicable to license
renewal.

3.2 NRC Programs

The research program described in this
report surveys and evaluates degradation
occurrences of structures and passive
components at nuclear power plants not
addressed by previous or existing programs.
The survey and trending analyses performed
in this research effort build on the results of
other programs and establish the aging
performance of structures and passive
components from actual plant experience.
The evaluations in this program also permit
a determination of the susceptibility of the
various structures and components to aging
degradation and prioritize the structures and
components for further study.

The other major NRC programs related to
aging degradation of structures and passive
components in nuclear power plants are
summarized below. A more complete listing
of the NRC programs in this area has been
compiled in the Degradation Reference
Database described in Section 3.5 of this
report.

Nuclear Plant Aging Research (NPAR)
Program

The NPAR program was implemented in
1985 to identify and resolve technical safety
issues related to aging of SSCs in operating
nuclear power plants. The principal goals of
the program were to understand the effects
of age-related degradation in NPPs and how
to manage and mitigate them effectively.
NUREG-1144, Rev. 2 describes the
objectives of the program, the current status
of research, and summarizes the utilization
of the research results in the regulatory
process. As a result of the NPAR program
approximately 100 NUREG/CR reports have

been developed as of June 1991, plus numerous
published papers and proceedings.

A listing of past research activities through
September 1993 is presented in NUREG-1377,
Rev. 4. This NUREG contains summaries of
NRC sponsored reports that were generated in
the NPAR Program. Each summary describes
the objectives of the research, the contractor and
authors, and outlines significant research results.
Although most of the items included in this
NUREG cover hardware oriented plant
components and systems, there are some
summiaries given for structural and passive
components.

Structural Aging (SAG) Program

Another major research program, which was
sponsored by the NRC, is the SAG Program.
The SAG Program was initiated in 1988 with
the objective of developing technical bases for
addressing aging of safety-related concrete
structures and providing guidance for use in
evaluating continued service of these concrete
structures. Over 90 technical reports and papers
have been published describing the results of the
program.

The SAG Program consisted of a management
task and three technical task areas. The purpose
of the management task was to effectively
manage the technical tasks related to the safety
issues of aging NPP concrete structures. The
first technical task was to develop a materials
property database. This consisted of a reference
source containing data and information on the
time variation of material properties under
exposure to applicable environmental stressors
(mechanisms) and aging factors. The materials
database covered various concrete types, steel
reinforcements, prestressing tendons, structural
steels, and rubber materials. The information
contained in the database can be used to predict
deterioration of structural components in NPPs
and in developing limits on detrimental
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environmental exposures. All of the material
property data have been compiled into a
Structural Materials Information Center
(SMIC). The SMIC has been developed in
two formats — a Structural Materials
Handbook and a Structural Materials
Electronic Database.

The second technical task described a
methodology that can be used to (1) make
quantitative assessments of environmental
stressors or aging factors that could affect
safety-related concrete structures at NPPs
and (2) provide recommended in-service
inspection (ISI) or sampling procedures for

use in evaluating the structural condition and

for trending the performance of these
components. Also included in this task are
the identification and evaluation of
techniques for mitigation of stressors or
aging factors that may affect critical
concrete components, and an assessment of
techniques for repair, replacement, or
retrofitting of deteriorated concrete
components.

The third technical task developed a
quantitative methodology for continued
service determinations. This included
development of predictive models to assess
the current and future reliability and
performance of concrete structures.

A summary of the entire SAG Program is
provided in NUREG/CR-6424. It describes
the SAG Program including a description of
safety-related concrete structures and
longevity considerations; inservice
inspection, condition assessment, and
remedial measure considerations; evaluation
of NPP reinforced concrete structures;
reliability-based methodology for condition

assessments; and summary, conclusions, and

recommendations. The NUREG includes an
excellent description of the aging
mechanisms and aging effects for concrete

and associated steel components of reinforced
concrete structures. Appendix B to the NUREG
provides a listing of the numerous reports and
papers that were developed under the SAG
Program.

Some of the conclusions as reported in
NUREG/CR-6424 are:

The performance of the reinforced concrete
structures in NPPs has been good. However,
as these structures age, incidences of
degradation due to environmental stressor
effects are likely to increase to potentially
threaten their durability. Items of note would
be corrosion of steel reinforcement due to
carbonation of the concrete or presence of
chloride ions, excessive loss of prestressing
force, leaching of concrete, and leakage of
post-tensioning system corrosion inhibitor
through cracks in the concrete.

e Techniques for detecting the effects of
environmental stressors are sufficiently
developed to provide qualitative data.

e Methods for conducting condition
assessments of reinforced concrete
structures are fairly well established. Few
standards or criteria are available for
interpreting the results obtained from
condition assessments. Current inspection
requirements for NPP reinforced concrete
structures are fairly limited with the
exception of concrete containments.

e Techniques for repair of concrete structures
are well established and when properly
selected and applied are effective. At the
time, no codes or standards are available for
repair of reinforced concrete structures,
although some are being developed. Criteria
that may be used to determine when a repair
action should be implemented are not
available.
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e A reliability-based methodology has
been developed that can be used to
facilitate quantitative assessments of
current and future structural reliability
and performance of reinforced concrete
structures in NPPs.

Nuclear Power Plant Generic Aging essons
Learned (GALL)

NUREG/CR-6490 entitled Nuclear Power
Plant Generic Aging Lessons Learned
(GALL) describes the effort sponsored by
the NRC to perform a systematic review of
plant aging information in order to assess
materials and component aging issues
related to continued operation and license
renewal of operating plants. A literature
review was performed for mechanical,
structural, thermal-hydraulic components
and systems, and electrical components and
systems.

The results of these reviews were tabulated
and included in a two-volume report. The
NUREG concluded, “all ongoing significant
component aging issues are currently being
addressed by the regulatory process.
However, the aging of what are termed
passive components have been highlighted
for continued scrutiny.” The NUREG lists
the aging issues significant to passive
components. Most of the structural
components evaluated pertain to the RPV
(instrumentation and CRD housing nozzles,
closure studs, jet pump and holddown
beams, reactor internals, core shroud, etc.);
piping and feedwater nozzles and interfacing
tanks and components; concrete shield
walls; and other concrete elements.

The NUREG also concluded, “passive
components are not as extensively or
thoroughly covered by current plant
maintenance procedures. Furthermore,
surveillance and monitoring methods and

instrumentation and procedures have not been as
extensively developed or employed for passive
components subjected to the highlighted aging
mechanisms, nor are some of the passive
component aging mechanisms as well
understood.” In addition, the NUREG points out
that passive components are often the most
costly and most difficult to replace. Therefore,
the knowledge base for predicting applicable
aging effects behavior and significance is very
important for passive components.

Assessment of Inservice Conditions of Safety-
Related Nuclear Plant Structures (NUREG-

1522)

In June 1995, the NRC published NUREG-
1522, entitled “Assessment of Inservice
Conditions of Safety-Related Nuclear Plant
Structures.” This report describes the condition
of structures and civil engineering features at
operating nuclear power plants and provided
information that would help identify, monitor,
and correct degraded conditions of these
structures. The NUREG contains descriptions of
age-related degradation, which were obtained
from many different sources. The most
significant information came from site visits,
conducted by the NRC staff and its contractor
BNL, at six older nuclear power plants (licensed
before 1977).

Some of the observations noted in the report
identify certain types of structures (e.g. water
intake structures, masonry walls, anchorages,
tanks, buried piping, and inaccessible areas) as
requiring special considerations. The report also
concludes that based on the observations and
inforrnation collected, structures and civil
engineering features should be periodically
inspected and a systematic maintenance
program be implemented to ensure the expected
useful life of the structures.
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3.3 Industry Programs

There are many industry programs
developed over the years that address age-
related degradation of structures and passive
components. Some of these programs are
described below and a more complete listing
is provided in the Degradation Reference
Database that is described in Section 3.5 of
this report.

NUMARC Industry Reports (IRs)

DOE and EPRI sponsored the preparation of
ten industry reports under the direction of
the Nuclear Management and Resources
Council NUMARC). The IRs covered items
such as PWR and BWR vessels, internals,
primary coolant boundary, containments,
and Class I structures. The purpose of the
IRs is to address age-related degradation of
these components on a generic basis. The
IRs would provide the technical basis, which
could be referenced by licensees in support
of their license renewal application.

Each IR identifies the components that
comprise the subject item (e.g. BWR
containment) and evaluates each component
in terms of possible age-related degradation
mechanisms. Thus, certain aging
mechanisms were eliminated and only those
age-related degradation mechanisms that
could affect the component were identified
and described. In addition, the IRs evaluated
the capability of programs to manage aging
mechanisms that are applicable, and where
generic effective programs cannot be shown
to be capable of managing the effects of age-
related degradation, aging management
options for plant-specific programs are
described.

NEI - Industry Guideline for Monitoring the
Effectiveness of Maintenance at Nuclear Power

Plants

The Nuclear Energy Institute (NEI) has
developed an industry guidance document
(NUMARC 93-01, Rev. 2) entitled, “Industry
Guideline for Monitoring the Effectiveness of
Maintenance at Nuclear Power Plants.” This
guideline was developed to assist the industry in
implementing the final Maintenance Rule (10
CFR 50.65). The guideline describes the process
for the identification of the SSCs within the
scope of the Maintenance Rule and the process
of establishing plant-specific risk significant
criteria and performance criteria.

Areas covered in the guideline include
methodology to select plant structures, systems,
and components; establishing risk and
performance criteria/goal setting and
monitoring; SSCs subject to effective preventive
maintenance programs; evaluation of systems to
be removed from service; and periodic
maintenance effectiveness assessments.

NUMARC 93-01, Rev. 2 specifically addresses
monitoring of structures under the Maintenance
Rule (MR). The applicability of the MR to
structures was a subject of considerable
confusion within the industry during initial
implementation of the MR. It is clearly stated in
Section 10.2.3 of NUMARC 93-01, that
structures which perform intended functions, in
accordance with the criteria provided in
NUMARC 93-01, are within the scope of the
MR and require a monitoring program which
ensures that degradation is detected before there
is loss of any intended function.

Regulatory Guide 1.160, Rev. 2 endorses
NUMARC 93-01, Rev. 2 as an acceptable
method to satisfy the general requirements of
the MR. Regulatory Guide 1.160, Rev. 2 also
addresses monitoring of structures under the
MR and provides specific guidance for
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satisfying the requirements of the MR as it
pertains to structures.

American Concrete Institute (ACI) Codes
and Standards

Over the years, the ACI has developed a
number of codes and standards that relate to
degradation of reinforced concrete
structures. ACI 201.1R-68, “Guide for
Making a Condition Survey of Concrete in
Service” provides a system for reporting on
the condition of concrete in service. This
guide includes a checklist for making a
survey of the condition of concrete, provides
a definition of the terms associated with the
durability of concrete, and presents actual
photographs to demonstrate the different
types of aging effects.

ACI 201.2R-77, “Guide to Durable
Concrete” discusses the more important
causes of concrete degradation and gives
recommendations on how to prevent such
damage. Topics covered include freezing
and thawing, aggressive chemical exposure,
abrasion, corrosion of steel and other
materials embedded in concrete, chemical
reactions of aggregates, repair of concrete,
and the use of coatings to enhance concrete
durability.

ACI 207.3R-79, “Practices for Evaluation of
Concrete in Existing Massive Structures for
Service Conditions” describes methods for
evaluating the physical properties of
concrete in existing concrete structures. The
report covers the review of preconstruction
data, construction, operation and
maintenance records; review of in-service
inspections; condition surveys;
nondestructive testing; and destructive
testing.

ACI 224.1R-93, “Causes, Evaluation, and
Repair of Cracks in Concrete Structures”

summarizes the causes of cracks in concrete and
the means for their control. The report also
describes evaluation procedures and methods
for crack repair such as epoxy injection, routing
(enlarging the crack) and sealing, stitching (U-
shaped metal units), use of additional
reinforcement, and grouting.

ACI 349.3R-96, “Evaluation of Existing
Nuclear Safety-Related Concrete Structures”
presents recommendations for developing an
effective evaluation procedure for nuclear
safety-related concrete structures. The report
describes the selection process of critical
structures, the various degradation mechanisms,
inspection techniques, evaluation criteria,
evaluation frequency, qualifications of
evaluation team, and repairs. Under the
evaluation criteria recommendations, ACI
349.3R-96 presents a three tiered evaluation
criteria: acceptance without further evaluation,
acceptance after review, and conditions
requiring further evaluation. It is in this area that
the technical basis for some of the acceptance
criteria need to be developed, expanded, and
documented.

Other ACI standards such as ACI 224R-90,
“Control of Cracking in Concrete Structures”
and 222R-89, “Corrosion of Metals in
Concrete” are listed in the Reference section of

-ACI 349.3R-96. ACI 349.3R-96 also lists

related standards from ASCE, ASME, and
ASTM.

American Society of Civil Engineers Standard

American Society of Civil Engineers (ASCE)
Standard ASCE 11-90, “Guideline for Structural
Condition Assessment of Existing Buildings”
describes guidelines and a methodology for the
structural assessment of existing buildings.
Assessment techniques are provided for
conventional buildings (non-nuclear)
constructed from materials consisting of
concrete, metals, masonry, and wood. The
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standard describes assessment procedures,
condition assessment of materials, and
evaluation procedures. Tables are presented
in the guideline, which provide for each test
method, a description of the application,
principle of operation, user expertise,
advantages, limitations, and references. Also
included in the guideline are tables, which
identify the various test methods which are
most appropriate to evaluate chemical and
physical properties of the material.

3.4  Other Sources of Technical
Information

Information from Japan

Other sources of technical information
regarding age-related degradation of
structures and passive components have
been identified from international sources. A
review of Japanese literature for degraded
concrete structures was conducted by BNL
under a separate research program for the
NRC. A report by Park (September 1998)
entitled “Effects of Aging Degradation on
Seismic Performance of Reinforced
Concrete Structures: Summary of Japanese
Literature in Related Areas” summarizes the
results of the review.

The report provides a summary of a
literature survey of available Japanese
publications. Key observations are described
in detail regarding age-related degradation
mechanisms and seismic performance of
degraded reinforced concrete structures. The
report covers experimental studies on
reinforced concrete members such as shear
walls and beams in degraded conditions.
Some of the observations and preliminary
conclusions noted are:

e Vertical cracks in beams (normal to
member axis) reduce the bending
stiffness. However, vertical cracks do

not significantly reduce the bending
strength. Vertical cracks, in general, do not
affect shear strength, unless they are located
at the compression failure zone. Horizontal
cracks (along component axis) affect the
shear strength more than the bending
strength.

e The orientation of cracks in concrete shear
walls determines whether cracks affect the
seismic capacity of components. Cracks
would affect the shear capacity if they
coincide with cracks caused by applied
seismic loads or when they alter the failure
mode.

e The size and number of cracks indirectly
affect the seismic performance of all
concrete structural members since the extent
of corrosion is largely affected by crack size.

e There are indications that some initial levels
of corrosion of steel reinforcement would
increase the flexural strength of beams.

Organization for Economic Co-operation and
Development (OECD) — Nuclear Energy

Agency (NEA)

The NEA is an intergovernmental body within
the OECD located in Paris, France. The
objective of the Agency is to contribute to the
development of nuclear energy as a safe,
environmentally acceptable, and economical
energy source through co-operation among its
participating countries. Currently there are 27
countries including the United States that are
members of the NEA. One of the committees
within NEA, the Committee on the Safety of
Nuclear Installations (CSNI) has a Principal
Working Group PWG-3 which is entitled
“Integrity of Structures and Components.”

PWG-3 has the mandate of studying the
integrity of components, systems and structures
and to propose general principles on the optimal
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ways of dealing with challenges to integrity
in particular from aging. Specifically the
mandate is:

e to exchange views on generic
technical aspects of integrity and
aging of components and structures,
and follow and take account of, as
necessary, national and international
programs concentrating on research,
operational aspects and regulation,

¢ in the relevant technical areas,
stimulate the establishment of new
required research and recommend
possible international co-operative
projects;

e to develop common technical
positions on specific integrity issues
and to identify areas where further
work is needed;

e to discuss the potential impact of
aging and other challenges to
integrity on the safety, regulation and
operability of nuclear power plants.

An OECD - NEA Workshop on FE Analysis
of Degraded Concrete Structures was
sponsored by the U.S. NRC and the OECD-
NEA. This workshop was held at BNL on
October 29-30, 1998. During the workshop
over seventeen papers were presented
related to the topic of the workshop. Many
of the papers described technical approaches
to utilize FE analysis methods for degraded
concrete structures. A list of CSNI reports
produced by or relevant to PWG-3
subgroups on the aging of concrete
structures and the seismic behavior of
structures is shown in Table 3-1.

3.5 Degradation Reference Database

To aid the process of collecting and reviewing
the various documents related to aging
degradation of structures and passive
components, a Degradation Reference Database
(DRD) was created. The DRD includes the
codes, industry standards and guidelines,
NUREG reports, technical papers, presentations
(at conferences), regulatory documents, and
other reports that were collected and reviewed
in Phase I of this research program. The
regulatory documents include 10 CFRs; NRC
generic correspondences such as IEs, INs, GLs,
etc.; NRC inspection reports, NRC regulatory
guides; and NRC SECY papers.

All of the documents and summary information
for each was entered into a computerized
database. Currently there are over 160
documents in the database, which can be sorted
in any manner, or specific documents can be
located by identifying a subject of interest. A
copy of this database is presented in Appendix
B sorted by type of document.

The information contained in the database
consists of the type of document, the
identification or ID (document no.), title of the
document, date of publication,
author/organization, a summary description,
types of components covered, and potential
aging issues identified in the document.

Since the DRD, like the DOD described earlier
in Section 2.3 of this report, was created using
the Microsoft program ACCESS, a copy of all
the data is available on floppy disks, which
would allow any user to get access and sort or
locate specific information on aging degradation
of structures and passive components.
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Table 3-1 List of CSNI Reports Produced by or Relevant to PWG-3 Subgroup on Aging
Of Concrete Structures and the Seismic Behavior of Structures

Concrete

NEA/CSNI/R(99)1 Finite Element analysis of degraded concrete structures -
proceedings of workshop at BNL, October 1998

NEA/CSNI/R(98)6  Development priorities for NDE of concrete structures in
nuclear plant

NEA/CSNI/R(97)9  Proceedings of workshop on loss of tendon prestress in NPP
containments, Civaux, August 1997

NEA/CSNI/R(99)11 NPP containment prestress loss - summary statement

NEA/CSNI/R(95)19 Report of the task group reviewing national and international
activities in the area of ageing of NPP concrete structures

NEA/CSNI/R(95)25 Containment by-pass and leaktightness (PWG-4/CAM)

NEA/CSNI/R(97)28 Proceedings of workshop on development priorities for NDE of
concrete structures in nuclear plants, Risley, November 1997

Seismic
NEA/CSNI/R(98)5  Status report on seismic re-evaluation

NEA/CSNI/R(96)10 Seismic shear wall ISP - NUPEC's seismic ultimate
dynamic response test - comparison report

NEA/CSNI/R(95)19 Report of the task group reviewing national and international
activities in the area of ageing of NPP concrete structures

NEA/CSNI/R(97)22 State of the art report on the current status of methodologies
for seismic PSA

41






4 RISK SIGNIFICANCE OF AGING EFFECTS

This section of the report presents an overview
of past probabilistic risk assessments (PRAs)
with respect to the effects of age-related
degradation of components and describes the
ranking of components according to their risk
significance. First, past internal event PRA
studies on the effects of aging are reviewed
regarding the key analysis methodologies and
the estimated component ranking. Second,
available seismic PRA studies, which
addressed the aging of structures and passive
components, are reviewed to single out the
technical issues that may require further study.
Lastly, based on a survey of a large number of
past seismic PRAs (without aging
consideration), structures and components are
identified that are potential dominant risk
contributors. This information is used as input
to the priority ranking of structures/
components discussed in Section 5.2.2.

4.1 Aging Effects on Random Failures
In past internal-event PRA studies of the
effects of age-related degradation on the
calculated plant risk, the main focus was on
the degradation of active components, such as
generators and pumps, and the optimization of
maintenance/surveillance programs for such
components (e.g., Vesely June 1990,
NUREG/CR-6415, and NUREG/CR-6157).
Although these research findings are not
directly applicable to the evaluation of the
age-related degradation of structures and
passive components, some analysis
methodologies for risk quantification can be
utilized in future efforts on the application of
seismic PRA approaches.

In past seismic PRA studies, random failures
(non-seismic failures) of active components,
such as diesel generators and service water
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(SW) pumps, were often identified as
dominant risk contributors. Therefore, the
available information on the risk significance
of the age-degradation of active components,
such as those discussed below, may need to be
incorporated in a seismic PRA study on the
aging effects. By accounting for both random
and seismic failures, it may be possible to
quantify the relative significance of the effects
of aging of structures and passive components
with respect to those of random failures of
active components.

To quantify the effects of age-related
degradation on active components, the so-
called linear aging model has been used
extensively in the past PRA studies (e.g.,
NUREG/CR-6415). In this model, the failure
rate, or hazard function, of a component, A(t),
is expressed as a sum of two independent
failure rates, one associated with random
failure, A,, and the other associated with
failures due to aging, at, as,

At) = Ao+ at @)
Typical values for the above constant, o, are
1.0 E-5 to 1.0 E-7 per hour per year for pumps
(NUREG/CR-6415). The underlying
assumptions for the above linear aging model
are:

The component failure rate is
proportional to the amount of
deterioration, D,

(M

At)= xD )

Both the occurrence time and the
severity of deterioration are considered
to be random.
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(3) The occurrence of deterioration is
described by a stationary Poisson
process.

A direct application of the above linear aging
model to structures and passive components
under seismic loads may not be possible
because the linear damage accumulation, in
Eq. (2), does not lead to a linear increase of
failure rates (NUREG/CR-6157).
Modifications to the above model may need to
be considered, such as by accounting for a
possible nonlinear relationship between the
degree of deterioration and the failure rate (or
component fragility), when an application to
structures and passive components is
considered.

The methodologies of sensitivity analyses,
used to quantify the impact of aging of each
component, are briefly outlined below.
Although the described methodologies have
been used primarily for internal event PRAs,
the basic formulations may also be applicable
to a seismic PRA. First, the CDF value, C, is
expressed as a function of component failure
rates, as,

C=/i(q) €)

Similarly, the change in the CDF, AC, is also
expressed as a function of the changes in the
failure rates due to aging, Aq;,

AC=/i(Aq) 4)
The standard Taylor expansion of AC
produces the following:

AC= 2 SAq+

i>f i>j>k

+."+S123...nAqlAq2Aqn (5)

2.S,0g,Aq,+ DS, Aq,Aq,Aq,
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in which, the sensitivity coefficients, S;, Sy,
are defined as,

Si = the change in risk per unit
change in g; due to individual aging
effects in component i

Sy = the change in risk per unit
change in q;q; due to multiple aging
effects in components 7, j

Sijx = the change in risk per unit
change in q,q,qx due to multiple aging
effects in components 7, j, k

S12.n= the change in risk per unit
change in q; q2'**qn due to multiple
aging effects in 1,2...n

The above first order coefficients, S;, are also
called the Birnbaum importance measure.
When only the first-order terms are considered
in Eq. 5, and also by assuming the foregoing
linear aging model, the change in CDF due to
aging of the i-th component is expressed as,

AC=S+ a % (6)

in which, L is the overhaul interval. Based on
four internal event PRAs, the risk
contributions of component aging were
estimated as listed in Table 4-1 (NUREG/CR-
5248). In this table, the components with a
rank of 5 (in the last column) represent the
highest contribution to the increase in CDF-
value due to their aging; and those with a rank
of 1 represent the lowest contribution. This
type of information could be useful to evaluate
the risk significance of the effects of aging on
seismic failures relative to random failures.
For example, the contribution of the seismic
failure of a structural component to the
increase in CDF value due to aging may be
calculated by formulations similar to those
described above, and compared with the
contributions by random failures such as those



listed in Table 4-1. Such a comparison may be
used to prioritize maintenance/repair programs
on risk-informed bases.

4.2  Aging Effects on Seismic Failures
It appears that the work by Ellingwood, et al
(NUREG/CR-6425) is the only PRA study
that could be identified, which directly
addressed the impact of aging of structures
and passive components. The analysis, which
was based on the past seismic PRA study on
the Zion NPP, utilized some
assumptions/judgements to assess the effects
of aging on the structural seismic fragilities.
However, key elements necessary to address
the aging effects on plant risk were described
in detail.

In the described seismic PRA, a simplified
Boolean equation, which consists of eleven
seismic failures as the basic events, was
directly used for the risk quantification for the
Zion NPP (NUREG/CR-6425). Non-seismic
failures were not included in the analysis. To
account for the age-related structural
deterioration, reductions in the median
fragility of 10% to 47% were estimated for
shear walls and roofs based on a worst case
scenario, such as rebars becoming completely
ineffective due to corrosion. The calculated
CDF increased by a factor of about 2.0 due to
aging. The Vesely-Fussell and Birnbaum
importance measures were used in a
sensitivity analysis. Also, the time-dependent
changes in plant risk were evaluated by
assuming a single component failure
(auxiliary building shear wall failure).

Since no other studies are currently available
in this area, a number of technical issues
appear to remain unresolved regarding the risk
significance of aging of structures and passive
components, including:
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(1)  The effects of age-related degradation
on seismic response are not well
understood at this point for various
structures/components. The potential
changes in fragility values need to be
quantified in a format that can be used

in risk quantification.

A more complete plant logic model
needs to be used in a seismic PRA to
account for both random failures and
seismic failures. From a viewpoint of
prioritizing the maintenance/overhaul
program, the relative risk significance
of the aging effects between passive
and active components may need to be
quantified.

@)

The seismic demands for equipment
may be altered because the age-related
cracking in buildings could affect the
building stiffness, and therefore the
floor responses. Past studies (e.g.,
NUREG/CR-5407) indicate that such
effects may not be negligible.

€)

(4)  Due to aging, some components that
had been neglected in the original
plant risk model may become a non-
negligible risk contributor, such as

major passive components

(NUREG/CR-6157).

Relative Risk Significance of
Structures and Components

4.3

In a seismic PRA, the relative risk
significance of structures and components are
quantified by various importance measures.
Some of the frequently used measures are
outlined below.

Birnbaum Importance.....As described earlier,
the Birnbaum importance measure is the first
order sensitivity coefficient of Eq. 5, S..
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Although some software programs may
automatically calculate this measure, it is
considered to be a poor indicator of relative
risk contribution because highly important,
but highly robust, passive components will
have a high Birnbaum importance.

Vesely-Fussell Importance..... The ratio of the
CDF-value of the sum of all the cutsets
containing a component to the total CDF.
This importance measure has been used most
frequently in the past seismic PRA’s.

Risk Achievement Worth Measure..... The
ratio of the increase in CDF by setting the
component capacity to zero (failure ratio of
one) to the original CDF value.

Risk Reduction Worth Measure..... The ratio
of the decrease in CDF by setting the
component capacity to infinity (failure ratio of
zero) to the original CDF value. This measure
is a poor indicator for most components and
equipment, except for components that
represent a single cutset such as major
building collapse.

In the past two decades, seismic PRA studies
have been carried out on a large number of
NPP’s, including the most recent studies as
part of the independent plant examination of
external events (IPEEE) (NUREG-1407).
Surveys on the seismic fragility values used in
the past seismic PRA’s are also available in
numerous publications (e.g., NUREG/CR-
4334, Kipp 1988, Cambell 1988,
NUREG/CR-3558 1985, and Park December
1998). As an example of such surveys,
fragility values and dominant failure modes
are tabulated in Table 4-2 for various
components. This type of information is useful
to identify the components with a relatively
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low seismic capacity (and therefore, a
potential risk contributor).

Typically, 5~6 components are singled out as
the dominant risk contributors as a result of a
seismic PRA study. Based on a survey of a
large number of past seismic PRA’s
(including those of IPEEE), structures and
components identified as dominant risk
contributors are listed in Table 4-3 (Park,
1997). Based on this listing and the data in
Table 4-2, the following types of structures
and passive components may be considered to
be the most frequently observed weak links:

Anchorage and supports of equipment
Flat-bottom storage tanks

Critical reinforced concrete members
Concrete block walls

Interconnecting pipes (e.g. buried piping)
Cable trays

Dams

The information described in Tables 4-2 and
4-3 contributed to the determination of the
priority ranking of structures/components,
which is described in Section 5.2 of this
report.



Table 4-1 Factor Values and Final Ranking of Structures/Components

(NUREG/CR-5248)
Component S; a L Risk IncreaseA C  Final Rank
(CDAr) (hr? yr) Mo.) (CDAHr)
Small other safety pipe 1.0E-3 3.0E-7 60.0 2.1E-3 5
Cables 1.1E-1 2.7E-9 60.0 2.1E-3 5
Containment (BWR) 1.0E-0 1.0E-7 18.0 1.9E-3 5
Connectors 2.0E-2 2.7E-8 60.0 1.8E-3 5
S/G tube 3.0E4 5.0E-6 36.0 9.5E-4 5
Turbine pump 9.3E-3 2.7E-6 12.0 5.4E4 4
Relay 4 8E-2 2.5E-7 6.0 4.0E4 4
Diesel 2.0E-2 3.6E-6 3.0 2.7E4 4
RX Internals 1.0E-1 2.0E-9 18.0 2.4E-4 4
Breaker 7.2E-2 1.6E-8 18.0 5.6E-5 3
Motor operated valve 2.2E-2 3.6E-6 3.0 5.6E-5 3
BWR pipe (small LOCA) 1.0E-3 3.0E-8 36.0 3.7E-5 3
Motor pump 6.7E-3 2.2E-7 12.0 3.2E-5 3
Large other safety pipe 6.4E-3 3.0E-9 18.0 2.3E-5 3
Thermostat 6.0E-3 1.5E-7 18.0 2.2E-5 3
Chillers 6.0E4 1.5E-6 18.0 2.2E-5 3
RPV 1.0E-0 2.0E-12 120.0 1.4E-5 3
Battery 2.0E-2 3.4E-7 6.0 1.1E-5 3
Compressor (instr. air) 5.0E-4 5.0E-7 6.0 8.4E-6 3
Air operated valve 3.2E4 4.0E-7 13.0 6.2E-6 2
DC bus 1.1E-1 1.1E-9 13.0 5.9E-6 2
CRDM (BWR) 1.0E-1 3.0E-9 18.0 4.5E-6 2
Check valve 8.0E4 3.8E-9 13.0 3.7E-6 2
Fan 6.0E-4 2.1E-7 13.0 3.1E-6 2
Heat exchanger 6.4E-3 1.4E-8 3.0 3.9E-6 2
Bolts 1.0E-4 5.1E-7 18.0 2.5E-6 2
AC bus 4 4E-2 1.1E-9 18.0 2.3E-6 2
Safety/relief valve 1.0E4 6.7E-7 18.0 1.0E-6 2
Containment (other) 1.0E-0 1.0E-13 60.0 7.0E-7 2
Other concrete structures 1.0E-0 1.0E-13 60.0 7.0E-7 2
Transformer 1.2E-2 1.7E-9 18.0 5.1E-7 1
Inverter 4.7E-6 4 9E-6 12.0 5.0E-7 1
Transfer switch 47E-6 2.3E-7 18.0 3.3E-7 1
Snubbers 1.1E-6 5.1E-6 18.0 8.4E-8 1
Hydraulic valve 1.0E-5 1.3E-7 18.0 6.3E-8 1
Turbine 1.0E-6 1.0E-7 60.0 , 5.4E-8 1
Bistable 1.2E-5 1.4E-7 18.0 42E-8 1
Manual valve 1.0E-5 2.2E-9 60.0 2.7E-8 1
Battery charger 1.1E-4 3.5E-8 12,0 2.6E-8 1
Tank (atmos. pres.) 2.5E-2 2.0E-12 12.0 2.2E-8 1
Rectifier 4 7E-6 8.7E-8 12.0 8.9E-9 1
Tank (medium pres.) 6.0E-3 1.0E-12 12,0 5.4E-9 1
CRDM (PWR) 1.0E-3 3.0E-11 18.0 1.5E-9 1
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Table 4-2  Summary of Fragility Database (Park 1998)
Category Name Dominant Failure Median Fragility Range (g)
Mode
Past PRA® Other’
N° Range N®  Range

1  Concrete containment Shear failure 8 2.50-9.20 - -
2 Steel containment Shell wall buckling 1 9.00-9.00 - -
3 Reactor pressure vessel Anchor bolt 13 1.04-5.70 3 3.83-3.83
4  Steam generator Support 9 1.70-6.80 4 2.45-2.45
5  Reactor coolant pump Support 8 0.90-4.60 3 2.64-2.64
6  Recirculation pump Bracket 6 0.90-2.20 - -
7  Core assembly CRD housing 21 0.60-6.71 5 2.06-2.06
8  Pressurizer Lateral support 1 5.73-5.73 1 2.00-2.00
9  Piping Support 14 2.50-13.6 - -
10 Valves Yoke support 35 0.80-13.7 22 4.83-20.5
11 Heat exchanger Anchor bolt 23 0.30-13.0 4 1.00-1.18
12 Flat bottom tank Shell wall buckling 17 0.20-1.00 8 0.45-2.01
13 Other tanks and vessels Anchor bolt 28 1.00-46.0 13 1.07-3.91
14 Batteries and racks Battery cases and plates 16 0.90-5.95 54 0.80-7.30
15 Motor control center Chattering 17 0.06-4.20 70  0.30-7.63
16 Switchgears Chattering 26 0.40-6.90 60  2.33-8.50
17 Diesel generator Anchor bolt 14 0.70-3.89 9 0.65-1.00
18 Large vertical pumps - 9 0.80-7.50 2 2.21-2.21
19 HVAC Deflection of fan 14 1.10-5.58 5 2.24-6.90
20 Cable tray Support 9 1.10-5.80 3 2.23-2.23
21 Other pumps Anchor bolt 8 2.10-5.47 3 2.80-3.19
22 Motors - - - 2 12.1-12.1
23  Transformers Support 4 0.30-5.80 5 2.78-8.80
24 Instruments Accuracy 1 4.46-4.46 52 1.15-16.3
25 Electric panels Chattering 11 2.77-7.60 116  1.66-11.5
26 Light fixtures - - - 1 9.20-9.20
27 Communication equipment - - - 1 5.00-5.00
28 Inverters Function failure 1 3.41-3.41 5 2.00-15.6
29  Circuit breakers Trip 6 0.37-4.20 2 7.63-7.63
30 Ceramic insulators - 1 0.20-0.20 9 0.20-
31 Pipe supports - - - 1 1.46-1.46
32 Offsite power Ceramic insulator 29 0.20-0.62 - -
33  Electric cabinets Chattering 2 1.10-3.88 7 7.50-7.63
34 Ducts Support 1 4.89-4.89 5 3.97-3.97
35 Electrical penetration Pressure loss 1 3.69-3.69 4 12.0-12.0

® Ground motion PGA.

® Local floor ZPA/Average Spectral Acceleration

values.
° Number of fragility values.

a

Number of Original data (e.g. test data).
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Table 4-3 Dominant Risk Contributors Identified in Past Seismic PRA’s
(Park 1997)
Civil Structures Power Supply
e Shear wall failure e Offsite power loss
e Roof/slab failure e 125 v DC batteries/racks
¢ Soil liquefaction e 125 v DC distribution panels
e Unreinforced masonry walls e 125 v DC fuse box
e Ceiling failure in control room e 250 v DC motor control center (MCC)
e Turbine building collapse e 4 kv switchgear
¢ Impact between buildings e 4kv busses
e Stack failure e Transformers
e C(Cable trays

Diesel Generator

e Fuel oil (day tank)
e Random failure of diesel generator
e Oil Cooler

Emergency Feedwater

e EF. pump
e Random failure of EF.
e Condensate storage tank

Piping

e Interconnecting pipes

Reactor Coolant System

Pressurizer supports

Control system drive system/housing
Excessive deflection of core/core shroud
Reactor coolant pump support

Random failure of Pressurizer SRV

Seal failure of RCP

Service Water

SW pump
Dam failure (ultimate heat sink)
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S SCOPING STUDY - ASSESSMENT OF TECHNOLOGY NEEDS; DEVELOPMENT
OF PHASE I PROGRAM SCOPE

One of the objectives of the Phase I effort is to
perform a scoping study to identify the
important structures and passive components
most susceptible to age-related degradation
and to define the scope of any additional
research that may be needed. Sections 5.1
through 5.3 below describe the scoping study
performed to identify the technology needs
and the selection process for identifying which
structures and passive components need to be
reviewed in greater detail. A description of the
recommendations for performing further
research is presented in Section 6.

5.1 Site Visits — Review of License
Renewal Inspection Reports

The NRC staff has performed inspections at
the Oconee and Calvert Cliffs nuclear power
plants to verify compliance with the
requirements of 10 CFR Part 54 for license
renewal. The inspection results or findings
provide valuable first hand observations of the
effects of age-related degradation and
assessments of the adequacy of licensee
programs to monitor and manage these effects.
Although the inspections were intended to
verify compliance with the rule and to ensure
that the applicant’s license renewal program is
consistent with the license renewal
application, the inspections did include
assessments of some structures and passive
components, pertinent to this study.

5.1.1  Calvert Cliffs

Inspections were performed at the Calvert
Cliffs Nuclear Power Station during the period
April 5 — 16, 1999 and are documented in
NRC Inspection Report Nos. 50-317/99-04
and 50-318/99-04. The inspections
concentrated on potential and plausible aging

effects and the management of those effects.
The inspection team reviewed maintenance
records, performed system walkdowns and
reviewed design, function, documentation, and
aging management programs for selected
systems, structures and related commodity
groups and for selected aging effects. The
structures and passive components reviewed
pertinent to this study included the control
room and diesel generator building HVAC
systems, component supports, water intake
structure, primary containment building,
auxiliary building, and safety-related diesel
generator building structure. The aging
effects/mechanisms reviewed include
corrosion (crevice, pitting, microbiologically
induced corrosion (MIC) and general);
aggressive chemical attack of concrete; wear
of components; weathering of structures;
stress corrosion cracking of bolting; dynamic
loading; and the degradation of Boraflex and
Carborundum.

The inspection report does not provide a
comprehensive description of all instances of
aging degradation observed. Instead only
those aging effects which were observed but

. not properly addressed in the licensee’s aging
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management programs were reported.

With that qualification the following
observations were made:

Containment

Concrete cracks were observed at two
containment buttresses of Unit 1. If
not addressed, such cracks may lead to
corrosion of embedded steel
reinforcement. Minor leaching of
calcium hydroxide was noted on the



Unit 2 concrete containment dome in
about five locations.

Minor chips and flaking of the
containment liner paint were observed.
The expansion joint material between
the floor slab and the cylinder liner
plate was previously replaced because
the old joint had degraded.

Auxiliary Building

Diagonals through wall cracks were
observed on the concrete wall in the
fan room in the auxiliary building.
Also, in a licensee report addressing
the operability of a support, a crack
running diagonally under the support
was evaluated and determined to be
caused by initial settlement of the
auxiliary building.

Component Supports

Based on a review of various licensee
documents it was determined that
repeated water hammer and thermal
expansion transient events had
occurred at the plant and that the
licensee’s attempts to control these
events have not been successful. This
was evident by the repeated damage to
the Unit 1 low pressure safety injection
support R-16. It was therefore
determined that the License Renewal
Application should be revised to
consider the effects of repeated water
hammer and thermal expansion
transients on piping supports as
plausible aging effects for these
components. The concern is that
systems repeatedly subjected to these
events can accumulate aging effects
such as bending of hangers and
damage to the piping system
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Water Intake Structure

The visual inspection of the fluid
retaining walls and slabs of the Unit 2
water intake cavities showed normal
concrete aging.

Buried Piping

In response to NRC Generic Letter GL
89-13, the licensee committed to
inspect and repair its underground
piping to address the aging effects
caused by saltwater in the Service
Water System piping. The
underground piping is cast iron with an
internal mortar lining. The outside of
the underground piping is insulated
and protected from the soil by layers of
wrap, enamel coating, and cathodic
protection. More than 600 areas of
defective mortar were found ranging in
size from a quarter to a couple of
square feet. Although graphitic
corrosion and other aging effects were
occurring, ultrasonic testing confirmed
that the pipe wall thickness was still
above minimum design wall thickness
requirements.

5.1.2 Oconee

Inspections were performed at the Oconee
Nuclear Station, Units 1, 2, & 3, during the
period June 2 through July 30, 1999 and are
documented in NRC Inspection Report Nos.
50-269/99-12, 50-270/99-12 and 50-287/99-
12. In the inspections, the aging/degradation
of five categories of structures and passive
components pertinent to this study were
assessed. These included; safety-related
reinforced concrete buildings and water-
control structures, foundations, anchorage’s,
masonry walls and buried piping. The areas
walked down were the exterior walls of the
containment, auxiliary and turbine buildings,



intake structure, tendon gallery, switchyards
and cable trenches. All structures were
determined to be in acceptable condition. The
documents reviewed included: the License
Renewal Application, technical basis and
inspection program documents, Problem
Investigation Process (PIPs) and Repair Work
Orders as well as previous NRC and licensee
inspection reports.

Although all structures were determined to be
in acceptable condition, the following
evidence of aging degradation pertinent to this
study were noted by the NRC Structural
Inspector:

Concrete

Hairline cracks in the range of 0.254
mm (0.01 in.) to 1.016 mm (0.04 in.)
were observed on concrete surfaces.
Very few cracks more than 1.016 mm
(0.04 in.) in size, not already noted in
licensee inspection reports, were
noted. These were already identified
in their S-year civil/structural
inspection program (1997/1999). The
licensee evaluated the cracks and a PIP
was initiated or a Repair Work Order
was issued.

Leaching was noted in a few places.
Small levels of leaching are monitored
by various periodic programs and
significant leaching is repaired.

Structural Steel

Corrosion was noted in a few places
for anchorage/embedments (exposed
surfaces) for which Repair Work
Orders were issued.
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Masonry Walls

All masonry walls observed appeared
to be in good condition. The masonry
walls at Oconee are reinforced.

5.2 Technology Needs and Priority
Ranking of Structures and Passive
Components

5.2.1 Technology Needs

In order to gain an understanding as to the
technology needs and which structures and
components require further assessments, a
review was conducted of what NRC and
industry programs exist and how well they are
addressing aging degradation. The programs
reviewed covered NRC and industry
requirements, as well as NRC and industry
research related to aging degradation of
structures and components at NPPs.

To facilitate this review and presentation of
the results, a table was developed in matrix
form for each category such as anchorages,
tanks, and reinforced concrete structures.
From the original eighteen categories shown
in Table 2-1, eight structures and passive
components were selected for this assessment
of technology needs. The other ten categories
were eliminated because there were either
relatively few degradation occurrences
identified in the Degradation Occurrence
Database (DOD) or it is well known that there
are existing programs that adequately address
aging concerns for these items.

The eight types of structures and passive
components that were assessed are presented
in Table 5-1. For each of the structures and
components, the NRC and/or Industry
program that relates or addresses aging
concerns are tabulated along with a summary
of whether the programs adequately address
aging. While this table may not list every



single program, it does capture the major
requirements, research programs, and industry
programs that address aging.

To identify whether the NRC and industry
programs adequately address aging, the
programs are classified in Table 5-1 by the
designation yes, no, partially, or uncertain
along with a summary explanation. The term
uncertain is used if based on the available
information at this time, it is not clear whether
the program does or does not adequately
address all of the aspects of age-related
degradation of the particular
structure/component.

5.2.2 Priority Ranking of
Structures/Components

To identify which structures and components
warrant further review in subsequent phases of
the research program, it was decided to rank
or prioritize them. The process of ranking the
eight structures and passive components
considered four key parameters: seismic risk
significance, degradation occurrences,
importance to current licensing basis/license
renewal, and adequacy of existing NRC and
industry programs. Then a final ranking was
developed based on a compilation of all the
information from these four key parameters.

Table 5-2 presents the prioritization of the
eight structures and passive components based
on the four key parameters identified above.
The approach used to rank the different
categories using these four parameters is
discussed below.

1. Seismic Risk Significance

The contribution of risk significance and in
particular seismic risk significance was
discussed previously in Section 4 of this
report. Based on the information presented in
Tables 4-2 and 4-3 of Section 4.3, it was
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concluded that the following types of
structures and passive components may be
considered to be the most frequently observed
weak links in terms of seismic risk
assessments:

Anchorage and supports of equipment
Flat-bottom storage tanks

Critical reinforced concrete members
Concrete block walls

Interconnecting pipes (e.g. buried piping)
Cable trays

Dams

The above list of structures and components is
consistent with the eight structures and
components identified in Table 5-2 with the
exception of dams. Based on the limited
number of degradation occurrences identified
for dams in the DOD and the existence of
Regulatory Guide 1.127, Rev. 1 for the
inspection of water-control structures, dams
were excluded from the evaluation reported in
Table 5-2. Regarding cable trays, the supports
for cable trays are included in Table 5-2 under
the heading “supports for equipment and
systems.”

To rank the eight structures and components
listed in Table 5-2 in terms of seismic risk
significance, three sources of information
were examined. The three sources consisted of
seismic HCLPF (high confidence - low
probability of failure) values, IPEEE results
pertaining to seismic PRAs, and IPEEE results
pertaining to SMAs (seismic margins
assessments). The results of this assessment
are shown in Table 5-3. This table presents the
seismic HCLPF values (median, minimum,
and maximum) for the eight structures and
components based on past industry reports
(Park 1998, NUREG/CR-4334, and EPRI NP-
4101-SR). To rank the structures in terms of
contributors to CDF or weaknesses in seismic
PRAGs, the IPEEE results presented in the
NRC memo “Preliminary IPEEE Insights



Report,” 1998 were reviewed. The NRC
memo on IPEEE results was also utilized to
rank the structures in terms of controlling
components in SMAs.

Seismic risk significance is used as a factor in
ranking structures and passive components
because seismic events have been found to be
an important contributor to core damage
frequency. This is exemplified by the
information presented in Table 5-4.

The last column in Table 5-3 presents the
overall seismic risk significance based on a
compilation of the other three columns. The
overall seismic risk significance for each of
the structures and components was rated using
qualitative measures in view of the limited
quantitative data that were available. The level
of seismic risk significance was identified as
very high, high, moderate, low, or insufficient
data. Masonry walls and flat bottom tanks
were rated as very high and anchorages,
buried piping, and supports for equipment and
systems, were rated as high.

2. Degradation Occurrences

The second key parameter used to rank the
eight structures and components is the number
of degradation occurrences. This information
was obtained from the DOD. Actual number
of degradation occurrences for the original
eighteen categories are shown in Table 2-1.
However for purposes of ranking the eight
structures and components in Table 5-2, the
use of quantitative data may be misleading
and so qualitative measures such as very high,
high, moderate, low, or unknown are used.
Using the actual number of occurrences might
be misleading because for some categories of
structures and passive components such as
concrete there are many concrete
members/structures in a plant while for other
categories such as tanks there are much fewer.

While no category received a very high rating
for degradation occurrences, masonry walls,
flat bottom tanks, anchorages, concrete
containments, and steel containments were
rated as high. These ratings were assigned
based on the number of occurrences for a
given category considering the number of
such structures or components that typically
exist at NPPs.

3. Importance to Current Licensing
Basis/License Renewal

The third key parameter used to rank the eight
structures and components listed in Table 5-2
is the importance to current licensing basis
and license renewal. This was based on
discussions with NRC staff in NRR and RES
as well as BNL’s past and current experience
and participation in related NRC activities.
Once again qualitative measures were
assigned using very high, high, moderate, or
low. Very high rating was given to concrete
because of the need to validate existing
criteria and where necessary develop
additional acceptance criteria for concrete,
particularly cracks in concrete.

4. Adequacy of Existing NRC and
Industry Programs

The fourth key parameter used to rank the
structures and passive components in Table
5-2 is the adequacy of existing NRC and
industry programs in addressing the concerns
related to degradation. The process to evaluate
the adequacy of these programs was described
earlier in Section 5.2.1 under the heading
“Technology Needs.” The results of this
evaluation for each program was combined to
develop a single measure for each of the eight
structures/components. The final rating, Yes,
No, or Uncertain, was then included in Table
5-2.



5.2.3 Final Ranking of Structures and
Passive Components

Table 5-2 presents the ranking for the eight
structures and passive components using the
four key parameters described above. The last
column entitled, “Priority Ranking for Further
Study” represents the compilation from all of
the other parameters. Masonry walls
(particularly unreinforced walls) and flat
bottom steel tanks were rated as very high
followed by anchorages, concrete, and buried
piping which were rated as high. Supports for
equipment and systems were rated as
moderate and concrete and steel containments
were rated as low. It should be noted that a
rating of low for example does not mean the
structure or component is not important or
does not experience age-related degradation
but rather, relative to the other structures and
components, it is not ranked as high. This
occurs because several of the key parameters
such as seismic risk significance or adequacy
of existing NRC/industry programs result in
its lower ranking.

5.3  Preliminary Study of Concrete
Degradation

The effects of aging-related degradation on
seismic performance of reinforced concrete
members are not well understood at this point
because the past experimental work in this
area is rather limited. To understand the
mechanism of the interaction between aging
degradation and seismic responses, as well as
to possibly quantify the effects of aging
degradation, the application of nonlinear finite
element (FE) analysis to degraded concrete
members was attempted. The results of the
analyses are described in detail in Appendix C
to this report.

To model the existing pre-cracks, such as
those caused by corrosion of rebars and alkali-
silica reaction, the use of smeared crack
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models is considered to be inappropriate
because arbitrary external forces need to be
applied on the analysis model to cause
cracking. A discrete crack model is used to
simulate existing cracks. The new cracks
induced by the seismic loading are then
superimposed onto the existing cracks using
the smeared crack model.

One of the artificially degraded shear walls
tested by the Ryukyu University was analyzed
to study the feasibility of reproducing the
seismic responses of degraded reinforced
concrete (RC) structures by nonlinear FE
analysis.

The comparison of analyses and test results
indicated that the analysis assumptions did not
fully reflect the actual degradation conditions.
Further efforts seem to be necessary, such as a
more accurate characterization of the changes
in material properties for a better correlation.

Based on the observations of the preliminary
application of nonlinear FE analysis, the
following areas are singled out for further
efforts:
(1)  The discrete crack model needs to be
better defined and calibrated to
account for the nonlinear behavior of
aggregate interlocking, dowel action,
and bond-slippage under cyclic
loading reversals.

Properly accounting for the bond
mechanism seems to be a key to
successfully reproduce the observed
complex phenomena of degraded RC
components under seismic loads (e.g.,
the increase in stiffness in shear wall
tests and the seismic performance of
columns with significantly corroded
reinforcement). The modeling of bond
mechanism needs to be improved.

@



€)

The changes in material properties of
degraded RC components need to be
quantified, including the
compressive/tensile strength and
modulus of elasticity of concrete.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Based on the results of the Phase I activities
discussed in the previous sections of this
report and summarized in Table 5-2, it has
been concluded that Phase II of this program
should be continued for the following
structures and passive components (SCs):
masonry walls, flat bottom tanks, anchorages,
reinforced concrete structures (other than
containments since they are being addressed
in other NRC research programs), and buried

piping.

The focus of the research should be on
improving and developing methods to assess
the effects of age-related degradation on the
seismic performance of SCs, including the
fragility evaluations for PRA/SMA studies.
The methodologies that will be developed to
determine seismic performance could then be
used to quantify the impact of age-related
degradation of SCs on overall plant risk. This
would lead to greater confidence in the use of
risk assessment as a tool in making risk
informed decisions for age-degraded
structures. The research will also establish the
technical bases for resolving specific issues
related to degradation of the selected SCs.

The Phase II efforts should include the
following activities:

e Evaluation and expansion, if necessary, of
existing degradation condition assessment
techniques and the collection and review
of available U.S. and foreign test results
on naturally degraded or artificially
degraded SCs.

e Performance of analytical structural
evaluations of degraded SCs utilizing
methods such as linear or nonlinear finite
element methods.

e Development of fragility curves for
degraded SCs based on results of
analytical structural evaluations or tests of
degraded SCs. The reduction in fragility
curves should be evaluated for their effect
on overall plant risk.

e Development of degradation acceptance
criteria for SCs based on the above
activities, existing codes, standards, and
other NRC or industry reports.

The results of the Phase II efforts should
establish the technical bases for the
formulation of recommendations during Phase
III for regulatory guidance on the assessment
of age-degraded structures. During Phase III,
the recommendations that have been
developed could be applied to an actual plant
to test the methodologies and make any
necessary refinements.

6.2 Recommendations for Phase II and
Phase III Program Scope

The following sections describe the specific
research activities recommended for
reinforced concrete structures. This
component was selected to initiate Phase II
activities since it has broad application
throughout all nuclear power plants and
elements of the work will have immediate use
in current license renewal activities. Although
the specific activities have not been developed
for the other SCs identified above, it is
envisioned that the same approach could be
used once the effort on reinforced concrete
structures is completed. As the research



program progresses the focus and/or scope of
these activities may need to be adjusted.

The sections that follow describe the approach
recommended for developing probability
based degradation acceptance limits for
reinforced concrete components. The results
of this effort could be used to evaluate
whether degraded conditions, that may be
identified during walkdowns or a condition
assessment performed by plant personnel,
have a significant effect on overall plant risk.

6.2.1 Condition Assessment and
Quantification of Concrete
Degradation

In order to assess the effects of age-related
degradation of reinforced concrete structures,
the condition of the degraded structures must
be known. Therefore, a structural condition
assessment of concrete structures is
performed. A structural condition assessment
would include activities such as visual
inspections, physical measurements of
degradations, nondestructive testing (NDT),
and destructive testing.

Industry standards such as ACI 207.3 - 79
(revised 1985) describe methods available for
evaluating physical properties of concrete in
existing structures. The methods described
include cracking surveys, surface mapping,
core drilling and testing, and nondestructive
testing methods. The cracking survey is an
examination of the concrete for the purpose of
locating, marking, and identifying cracks.
Surface mapping consists of detailed drawings
identifying cracks, spalling, scaling, popouts,
honeycombing, distortions, condition of joints,
corrosion of reinforcement if exposed, and
soundness of surface concrete. NDT is used to
determine the various properties of the
concrete such as strength, modulus of
elasticity, homogeneity, and integrity.
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The scope of the research under this task
should consist of identifying current and
newly developed methods that can be used in
identifying the extent of concrete degradation
at nuclear power plants. Acceptable condition
assessment techniques are needed in order to
quantify the extent of degradation for
comparison against the degradation
acceptance limits which will be developed as
part of the Phase II research effort.

The important structural properties of interest
for quantifying degradation of the concrete
components are reductions in:

e Concrete compressive strength

e Bond strength

e Concrete “area” (due to cracking and/or
spalling)

o Reinforcing steel area

It is desirable to identify and describe
condition assessment techniques for each of
these properties in a manner that can be
performed by an experienced structural
engineer without destructive examination
methods. Visual inspection, which may be
supplemented by nondestructive examination
methods, if required, is preferred even if some
judgement is necessary.

The degradation acceptance limits for the four
structural properties listed above should be
developed separately as described in Sections
6.2.2, 6.2.3, and 6.2.4 below. These
degradation limits should be determined based
on the calculated reduction in fragility’s and
an assessment of the effect on overall plant
risk.

In addition to the above, a review of available
information is needed to relate observable
levels of degradations to quantifiable
reductions in reinforced concrete basic
properties -concrete compressive strength,
concrete area, steel reinforcement area, and



bond strength. This could be obtained from
available U.S. and foreign test data on
naturally and artificially degraded concrete
components.

6.2.2 Structural Performance Evaluation
of Degraded Concrete Components

The effects of degradation on the performance
of structural concrete components should be
evaluated. The characteristics of the structural
elements that affect its performance are their:
strength, stiffness, and ductility. The strength
of the element is the more important
characteristic and most influences the
element’s seismic capacity. The element
stiffness influences the distribution of forces
between parallel elements and the
fundamental frequency of the building. The
element ductility allows for redistribution of
loads between elements and results in lower
effective loads from seismic input motions.
Once these characteristics are identified for
individual elements, the effects of degradation
on the entire structure can be evaluated using
standard structural analysis methods. The
focus should be placed on reinforced concrete
shear walls and beams. These have been
selected because they are frequently found in
nuclear power stations and data exist
describing their response to degradation.

The structural characteristics of interest
depend on: concrete compressive strength (it
is being assumed that shear strength, and
modulus of elasticity can be related to the
compressive strength), bond strength, concrete
“area”, and reinforcing steel area. Concrete
strength can be reduced by the following
degradation mechanisms: leaching and
efflorescence, sulfate attack, alkali-aggregate
interaction, and acidic attack. Bond strength is
reduced as the concrete strength is reduced,
and can also be affected as a result of rebar
corrosion resulting in cracking or spalling of
the concrete. Both cracking and spalling can

81

reduce the concrete area. The reinforcing
steel area can be reduced by corrosion.

Relationships between the element’s structural
characteristics (strength, stiffness, and
ductility) and the basic properties (concrete
compressive strength, bond strength, concrete
area, and reinforcing steel area) should be
developed. This can be achieved utilizing
closed form solutions where appropriate or
finite element methods. In either case, the
analytical methodology should be
benchmarked against known results to confirm
that the approach being utilized can predict the
response of the concrete elements being
investigated.

6.2.3 Fragility and Risk Evaluation of
Degraded Concrete Components

Once the analytical methodology has been
benchmarked, fragility curves should be
developed for both undegraded and degraded
concrete components. The fragility analysis
should assess, in probabilistic terms, the
capability of the concrete components to
withstand a specified loading. The fragility
modeling process will provide a median-
centered (or most likely) estimate of system
performance and an estimate of the variability
or uncertainty in performance.

All-important sources of uncertainty should be
included in the fragility analysis to predict the
likely variability in performance of the
structure in service. Available statistical data,
which provide the strength of reinforced
concrete flexural members (beams and slabs)
and short concrete shear walls, need to be
collected. This would include parameters such
as concrete compressive strength and tensile
strength, steel yield strength and modulus of
elasticity, and placement of reinforcement.

An appropriate sample (set of varying
parameters) should be developed for each case



to be analyzed. The analytical methods
described above should be used to obtain the
response of the concrete components for each
sample set. Fragility curves can then be
developed from the results. In addition to
performing the fragility analysis for the
undegraded case, fragility analyses should
preferably be performed for degradation of
each structural property (concrete compressive
stress, concrete area, steel area, and bond)
separately and in combination with one
another.

The degraded concrete component fragility
curves should be used to assess the impact of
degradation on the overall seismic risk to the
plant. This will form the basis for identifying
acceptance limits to be used for comparison
with degradation identified in a condition
assessment. The results from previous seismic
risk assessments performed on plants can be
used to generate the required data.

6.2.4 Application of Methodologies to an
Actual Plant

To test the methodologies developed in this
research program, it is recommended that
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these methods be applied to an actual plant.
This trial case would also be useful to refine
the methods if deemed necessary. The trial
case could consist of selecting a representative
nuclear plant, which currently has known
cases of concrete degradation. This could be
either an operating plant or decommissioned
plant where accessibility is easier and limited
destructive testing could be performed if
needed. Alternatively, it may be possible to
get information from actual known cases of
degradation, which have occurred in the past.
To test the methodologies and results, some or
preferably all of the approaches developed in
Sections 6.2.1 through 6.2.3 above should be
implemented.

The application of the methodologies could be
done in a cost-effective way. For example,
the proposed fragility evaluation methodology
could be applied to a representative plant for
which a PRA study has already been
performed in the past. Therefore, most of the
existing analysis results may be utilized to
calculate the effect of degradation on the
reduction in fragility’s and the effect on the
overall plant risk.
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Young J. Park

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

This paper discusses the prospects for the practical application of nonlinear FE methods to age-
degraded reinforced concrete (RC) structures in the area of seismic response analysis. First, findings
obtained from past field surveys and laboratory tests on age-degradation of RC structures and its
impact on the seismic performance are summarized. Second, the state-of-the-art of the application
of nonlinear FE analysis to RC structures under severe earthquake loadings are described with a few
demonstration examples. And lastly, based on preliminary analysis examples, technical difficulties
and future research needs are discussed on the application of FE analyses to degraded concrete
structures.

INTRODUCTION

In the US, a large number of old nuclear power plants (NPP) exist which were designed mainly in the
1960's and 1970's. Problems associated with age-related structural degradation were reported on
various structures and components (e.g., Ref. 1). The phenomena of age-related degradation of
concrete structures were studied extensively in the past, including degraded structures in operating
NPP’s (e.g., Ref. 2). Concerns were raised in the technical community regarding the potential effects
of age-related degradation on the seismic performance of concrete structures in such old NPP’s.
Although the results of phenomenological studies on the aging process of RC structures, such as the
effects of carbonation and chemical attacks on the progress of corrosion of reinforcement, are
extensively available in open publication, the effects of observed degradation on the seismic
performance of RC structures are much less understood.

This paper presents an overview of the past experimental studies on the seismic response of degraded
RC components based on the recent literature survey of Japanese documents in the related area.

Next, the recent rapid progress in application of nonlinear FE analysis to RC structures to simulate
the complex hysteretic responses under earthquake loading is described for a possible application tc
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degraded RC structures. The attempts to apply nonlinear FE analysis to RC structures started in the
early 1970's. Significant progress was made during the first two decades, but the application to
dynamic/cyclic problems was seriously limited due mainly to the lack of robust analysis tools. The
recent rapid progress in this area may be attributed largely to the improvement in computer hardware.
This paper discusses key elements of the recent development in the area of material constitutive
models with application examples of shear walls.

Lastly, the technical problems associated with the application of nonlinear FE analysis to degraded
RC structures are discussed using an analysis example of degraded shear walls. Attempts were made
to model the cracks caused by the corrosion of rebars by using a discrete crack model. The cracks
induced by the lateral seismic loads are modeled by the rotating sheared crack model, and then
superimposed on the existing cracks. The presented results are considered to be partially successful.
The areas for further improvement are singled out based on the application example.

MECHANISM OF AGING DEGRADATION PROCESS

The mechanism of a typical aging degradation process of RC structures is conceptually illustrated
in Fig.1. The degradation process is divided into four stages, i.e., the incubation period (Stage I), the
corrosion progress period (Stage II), the crack propagation period (Stage III), and the structural
deterioration period (Stage IV). During the incubation period, chloride penetration and/or
carbonation of concrete progress; the length of this period is largely a function of the thickness of the
cover concrete, the types of finishing material and the chloride diffusion rate.

1 Stage IV
Allowable Corrosion Limit (Structural Deterioration Period)

Stage I

Initiation of Cracking (Crack Propagation Period)

Corrosion
~
Carbonation reaches Rebars

I
I
L
|

Corrosion of Rebars
Depth of Carbonation

I .
{
L
Ll
! [ Stage I
J | (Corrosion Progress Period)
t —t
. g oy & Stage I
g ] I (Incubation Period)
e
53 vt
‘55. ';7 Carbonation | !
o O I I
Qo I
! ! '
Service Life/Carboanation | [ |
F
Service Life/Cracking {

Service Life/Strength Reduction

Fig. 1: Mechanism of Typical Aging Degradation Process of RC Structures (Ref. 3)
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As the front of the chloride penetration/carbonation reaches the embedded rebars, the corrosion of
rebars starts to progress (Stage II), given sufficient supply of water and oxygen. Fig. 2 shows the
relationship between the observed corrosion grades in existing buildings and the distance of the
carbonation front from the rebar surface (Ref. 4). It can be observed that the corrosion of embedded
reinforcement would start before the carbonation front reaches the rebar surface. Also, there is a
clear difference in the growth of corrosion between exterior and interior surfaces. At an interior
surface, corrosion tends to grow slowly even after the carbonation front has reached the rebar
surface; whereas at an exterior surface the corrosion growth is accelerated oncé the front has reached

the rebar.

6+ +~ Carbonated
o b . Exterior Zone
3 5 .. N,
.o -
e
S 4f .
~ o_ Interior .
£ 3f — — .
@ T
° A Y
) l\ Ly
» -
s 2+ | —a_ ! . A
U | \‘\.‘ ~"’ \\\
l- 1 { e g @ g ¥
]
0 1 1 11 1 L

I L 1
-30 -20 -10 0 10 20 30 40 S0
\ | § )} 3 Y \ S } §
-30 -20 -10 0 10 0 30 40 30

r (mm)

Fig. 2: Distance Between Carbonation Front from Rebar vs. Corrosion Grade (Ref.4)

While the corrosion of embedded reinforcement would cause cracking of surrounding concrete (Stage
IIl), existing cracks (e.g., due to shrinkage) tend to accelerate the growth of corrosion of
reinforcement. According to past surveys of old RC buildings and laboratory tests, there exists a
clear correlation between the three degradation quantities, i.e., the surface crack width, carbonation
depth and corrosion of reinforcement. Such examples are shown in Figs. 3 and 4.

As the aging degradation progresses further, serious structural deterioration may start to develop,
such as spalling of cover concrete and delamination of components if proper repair work is not
applied (Stage IV). In most laboratory loading tests on degraded RC components conducted in the
past, specimens were typically degraded (either naturally or artificially) up to the foregoing Stage ITI,
although the boundaries between the four degradation stages are rather fuzzy.
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Fig. 3: Observed relationship Between Crack Width, Carbonation Depth
and Corrosion of Rebars in 60 Year Old Building (Ref.5)
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Fig. 4: Effects of Crack Width (Level 0 = no crack; 1 = micro crack; 2 = 0.03 mm
crack; 3 = 0.06 mm crack) on Corrosion Progress Observed in
Laboratory Tests (Ref.6)
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SEISMIC PERFORMANCE OF DEGRADED RC COMPONENTS

In this paper, the degradation associated with excessive cracks caused primarily by corrosion of
rebars and alkali-silica reaction is considered with regard to its effects on seismic performance. Other
forms of degradation, such as leaching and abrasion, are not within the scope of the study described
in this paper. In typical laboratory loading tests of degraded RC components, test specimens are
either naturally or artificially degraded prior to the application of cyclic loading. The methods for
accelerated artificial degradation include the accelerated corrosion of rebars by spraying salt-water
and/or by means of electrolytic corrosion; and the pre-cracking of the concrete by applying low-level
loading, inserting a cracking agent into drilled holes, and by the use of alkali-silica reaction. It
appears that most of the past seismic loading tests available in open publication were conducted in
Japan (Ref. 3). The following is the summary of key findings on the effects of degradation on seismic
performance.

Effects of Corrosion.......... The corrosion of reinforcing steel is considered to affect the seismic
performance in the following three different ways:

(1)  Reduction ofload-carrying capacity due to the loss of cross-section of reinforcement;
(2)  Degradation of bond capacity; and
(3) By causing cracks in the surrounding concrete.

Regarding the above first item (1), attempts were made in the past to predict the strength reduction
as a function of the amount of the loss of cross section of rebars based on empirical strength
equations or simplified structural models. Such an exarmple is shown in Fig. 5. It should be noted
that such calculations have not been experimentally verified, and may represent an overly conservative
prediction of the effects of degradation.

20 T T
Splitting failure
= (Tco+Tst)
£ A {
= L e
s Splitting failure
5 e (Tst)
g T
c. . .
5 Shear failure ~~
e.n 1 o A 1 1
E K\Hl
. . .
-g s Bending failure \\‘“\
>\0

[}
[} ] 10 1S 20 25 30 235 40

Rate of corrosion weight loss of rebar (%)

Fig. 5: Example of Calculation Result for the Losses in the
Load-Carrying Capacity of RC Beam (Ref.7)
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According to past pullout tests of corroded rebars (e.g., Ref. 8, 9), the bond-slippage relationship
tends to be improved when the degree of corrosion is moderate. Fig. 6 summarizes the bending test
results of slender beams reinforced with rebars corroded at various degrees (Ref. 7). The bending
strength is normalized by the calculated value, and plotted against the corroded area ratio (the ratio
of corroded surface area divided by the total surface area). As the amount of corrosion increases,
the bending capacity tends to increase; this tendency is peaked at about 20% of the corroded area
ratio. When the degree of corrosion exceeds this value, the bond is deteriorated and cover concrete
is eventually spalled off. The bending capacity of a RC component, however, is not significantly
affected by this type of degradation. The loss of bond would reduce the shear strength capacity, but
tend to increase the ductility (e.g., Ref. 11). The degradation of bond would also cause a “pinching”
in hysteresis loops (Ref. 12).

1.5 —r— v
= o) A i
5 o8 Y
= L - L
§1.z Co : ot
3 Q0 Cyele
=11 Qi Cyele ... ]

A 11 Cycle
Lo a 3] Cycle

(=3

20 0 60 80
Red rust covering ratio (%)

Fig. 6: Normalized Bending Strength (Normalized by Calculated Strength)
as a Function of Amount of Corrosion (Ref.10)

Effects of Alkali-Silica Reaction.......... The alkali-silica reaction is known to cause a significant
degradation of concrete. The excessive cracking caused by the alkali-silica reaction is the major
concern with respect to the seismic capacity of RC structures. A large number of seismic loading
tests were performed mainly on beams to study the effects of such cracking (e.g., Refs. 11, 13, 14
and 15). The observed effects on the seismic performance indicate the significance of the
location/orientation of cracks with respect to the applied seismic stresses. The following are some
key findings from the past loading tests of pre-cracked beams:

(1)  Vertical cracks (normal to member axis) significantly reduce the bending stiffness.
But the reduction in bending strength due to existing vertical cracks is either
negligible or up to 10-20%.

) Vertical cracks, in general, do not affect shear strength, except when they are located

at the compression failure zone. A vertical crack at the compression failure zone
would cause a sliding shear failure, which tends to reduce both strength and ductility.
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(3)  Horizontal cracks (along component axis) affect the shear strength more than the
bending strength. They may cause a horizontal sliding shear failure, which may
significantly reduce the loading capacity.

(4)  Cracks would affect the shear capacity if the crack pattern coincides with that of the
cracks caused by applied seismic loads or when they alter the failure mode (e.g., by
connecting diagonal cracks caused by seismic loads).

Degraded Shear Walls and Columns........... A large number of degraded RC shear walls and columns

are being tested at the Ryukyu University in Japan (e.g., Refs. 16, 17, 18 and 19). Recent test results
were also provided by Prof. Yamakawa of the Ryukyu University to the writer. Specimens were
degraded by mixing salt in the concrete, and then the corrosion of the reinforcement was further
accelerated by using the electrolytic corrosion method or by exposing specimens to oceanic
environment for several years. Fig. 7 shows examples of the comparisons of seismic responses
between non-degraded and degraded RC components. $ome key findings observed so far from the
series of tests are briefly described below:

D

(2)

©))

)

%)

In all the test cases of shear walls and columns, the ultimate strength of the degraded
specimens were not significantly reduced in comparison with the non-degraded
specimens, as well as the calculated (by fiber model) results.

In the shear wall tests (e.g., Fig. 7-a), the stiffness of the degraded specimens were
higher than those of non-degraded specimens due to the improvement of bond
capacity caused by corrosion. The ductility of the degraded specimens at a large
plastic deformation, however, tends to be reduced due to spalling of cover concrete.

A large number of cracks (surface crack width was 0.15~0.8 mm) were formed in the
degraded shear walls due to the corrosion of rebars. The crack pattern of the
degraded specimens due to the applied seismic forces was significantly different from
that of the non-degraded specimens (see Fig. 7-a) because the critical loading paths
were altered by the existing cracks.

In the degraded column tests by using the electrolytic corrosion method, the
equivalent yield stress of the main rebars was reduced by 7~24%, and the total weight
by 6~11% due to corrosion. However, the observed seismic performance was either
not affected or rather improved by the degradation. The enhanced bond capacity and
the increase in the confinement pressure both caused by the corrosion of rebars, are
attributed to the observed phenomena (Ref.19).

In the degraded column tests by exposing the specimens to oceanic environment for
several years, the equivalent yield stress of the main rebars was reduced by 9~11%,
and the total weight by about 3% due to corrosion. The crack widths were larger
than those of the foregoing electrolytic cases, although the degree of corrosion was
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lower. Regarding the seismic performance, similar trends as described above were
observed. However, the specimens tend to fail in fracture of main reinforcements at
the reduced cross-section locations at large deformation, whereas the buckling of
main reinforcements was the observed failure mode of the non-degraded cases.
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Fig. 7. Comparison of Seismic Responses between Non-Degraded and Degraded
RC Components (Ref.18, Courtesy of Prof. Yamakawa of Ryukyu Univ.)
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NONLINEAR FEM ANALYSIS OF RC STRUCTURES

Significant progress has been made in the last several years on the application of nonlinear FE analysis
to RC structures to simulate complex hysteretic behavior under severe earthquake loading. The
recent progress in this area was described in some detail by the writer (Ref.20 and 21). In this paper,
key elements of constitutive models are discussed based on an application example to a typical shear
wall test (non-degraded). The described analysis methods are utilized in the application to degraded
RC components described later in this paper. The overall analysis approach is briefly outlined below:

. The nonlinearity of concrete is modeled based on the orthotropic plasticity theory
with the equivalent uniaxial assumption. The hysteretic model for the uniaxial
behavior of concrete is illustrated in Figs. 8 and 9. ‘

. The double-rotating smeared crack model is used for the 2-D problems. The two
principal stress-strain directions are rotated independently until cracks are formed.

. To solve the nonlinear problems, the modified Newton-Raphson and initial stiffness
methods were combined in an iteration scheme to minimize the unbalanced forces
(Ref. 21). The nonlinear FEM code, ISSAC (Ref22), developed by the writer, was
used for all the analysis examples described in this paper.

In this paper, the results of a parametric study are presented for (1) negative slope of the concrete
stress-strain curve, (2) compressive strength reduction factor for cracked concrete, and (3) modeling
of shear transfer across the cracks. Fig. 10 shows the empirical factor for cracked concrete proposed
by researchers (Ref. 21). In this figure, the equation “envelope” was determined to envelope all the
empirical curves, and used in the “baseline case” analysis described below.

(Compression)

. 2
o=t () +2(-F)}
g1 =21 /E¢

At

3 b e

P

a-f y -
t -€y € -Beg  (Compression)

Fig. 8: Envelope Curve for Concrete
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Fig. 11 illustrates the hysteretic model for the shear transfer across the cracks. The shear strength
is continuously reduced as the tension strain normal to the crack surface, €, , increases as indicated
in Fig. 11. Two other simpler methods, that are used frequently in the past studies, are also
examined in this paper.
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Fig. 9: Uniaxial Hysteretic Model for Concrete
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Fig. 10: Compressive Strength Reduction Factors for Cracked Concrete
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Fig. 11: Hysteretic Model for Shear Transfer Across the Cracks
Among simpler models, the following Yamada-Aoyagi model is one of the most popular approaches

due to the ease in programming implementation. The shear modulus, G, is expressed as a function
of the elastic shear modulus G, , and the maximum tensile strain €_,_, as

1

G(kg/cm?) = ] ’ ¢y
—_ 4 Tmax
G, 36

Another popular simplified approach is to express the inelastic shear modulus as a function of the
equivalent uniaxial moduli of concrete , E,, and Poisson's ratio v, based on the orthotropic plasticity
theory. For a biaxial stress condition the shear modulus may be expressed as,

1
= m(Ex"“Ez) )

Fig. 12 shows the shear wall (Ref.23) used for the parametric study. The test specimen (non-
degraded) is an in-fill wall surrounded by edge columns and a beam. As indicated in Fig.12-b, the
specimen failed in a very brittle diagonal shear failure soon after reaching the maximum strength
point.

An FE model was made using 2-D 8-node isoparametric elements (4-Gauss points) as illustrated in
Fig.13-a. The calculated load-deformation relationship for the “baseline case” is shown in Fig. 13-b,
where, a negative slope factor of B = 4.0 was assumed (see Fig.8) to define the stress-strain
relationship of concrete.
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The assumed negative slope factor, §, appears to affect the post-peak behavior as illustrated in
Fig.14. By assuming [} to be 2.0 (i.c., the crushing strain is only two times larger than the maximum
point strain €,), the calculated solution became somehow unstable due to the significantly steep

negative stiffness.

The effects of using different equations for the compressive strength reduction for cracked concrete
are illustrated in Fig.15. Based on the calculated results, it seems most existing empirical equations

tend to overestimate the strength reduction for this particular case.

The calculated load-deformation relationships, by using the foregoing simpler models for the shear
transfer across the cracks, are given in Fig.16. The calculated example may indicate that the
reduction in shear transfer across the crack surface (see Fig.11) is a significant factor in order to
accurately predict the brittle shear failure under large plastic deformation reversals.
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0 8 80 1o
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(b) Steep Negative Slope (f = 2)

Fig. 14: Effects of Negative Slope of Stress-Strain Curve
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Fig. 16: Effects of Different Models for Shear Transfer Across Cracks
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PRELIMINARY ANALYSIS OF DEGRADED SHEAR WALL

The effects of the aging-related degradation on the seismic performance are not well understood at
_this point because the past experimental work in this area is rather limited. To understand the
mechanism of the interaction between the aging degradation and seismic responses, as well as to
possibly quantify the effects of aging degradation, the application of the foregoing nonlinear FEM
approach is attempted. Based on the observation of the available test results described earlier, the
following two features are considered to be important elements of degradation, and addressed in this

paper:

. age-related cracks; and
. changes in bond-slippage relationship.

To model the existing pre-cracks, such as those caused by corrosion of rebars and alkali-silica
reaction, the use of the smeared crack models is considered to be inappropriate because arbitrary
external forces need to be applied on the analysis model to cause cracking. A discrete crack model
is used to simulate existing cracks. The new cracks induced by the seismic loading are then
superimposed onto the existing cracks using the smeared crack model.

Fig.17 shows a typical test result to simulate the aggregate interlocking behavior (Ref.24). In this
test, a concrete block was split in half to produce a natural crack surface, and lateral (t) as well as
normal (o) stresses were applied on the crack surface to cause cyclic shear deformation (3) under a
constant crack width (w). According to Li and Maekawa (Ref.24), the skeleton curve for the shear
stress, T, is determined as,

2
r (MPa) =383 f;% T-%/%)—’ 3)

To reproduce the above nonlinear behavior in an FEM format, the aggregate interlocking is
represented by a pair of truss elements with a 35° angle to the crack surface. In this modeling, the
ratio of the compressive normal stress to the shear stress is kept constant at tan35° (= 0.70). The
calculated responses using this model are given in Fig.18.
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Fig. 17: Shear Stress due to Aggregate Interlocking under Constant Crack Width,
w = 0.3mm (Ref.24)
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Fig. 18: Calculated Response for Test Results of Fig. 17.
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Next, to model the additional resistance/deformation of the crack surface due to the bond/slippage
of reinforcement, the writer’s earlier study (Ref.25) is utilized. Fig. 19 shows a re-plotting of
existing pullout test results in terms of the stress of rebars, o, and the normalized slippage at the point
of pullout, S,. In which, the normalized slippage is the ratio of slippage, S, divided by the diameter
of rebar, D (i.e., S, = S/D). Based on similar plots of many other pullout test data, the following
empirical relationship was obtained (Ref.25):

o(ksi)=T77 l-r,,},“é -S:/3 4)

The bond strength, T, , was assumed to be 1.5 ksi for the bottom rebars (strong bond) and 0.9 ksi
for the top rebars (weak bond). This relationship is used to determine the additional nonlinear spring
for the bond-slippage relationship across the cracks.
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0 00! 002 003 Q04
Sn .. Normalized Slippage

Fig. 19: Normalized Bond-Slippage Relationship

To complete the modeling of the discrete crack behavior, the additional shear resistance due to the
dowel action needs to be considered. Based on the analyses of the available test data (Ref.26), the
stiffness and the shear strength of the dowel action were determined as,

2(1+v)D
Tow =55 Pf, (6)
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in which, p is the steel ratio; v is the Poisson’s ratio; D is the diameter of rebars; and f,* is the
concrete strength. It should be pointed out that for typical shear walls, the above additional shear
resistance due to the dowel action is negligible in comparison with the shear stress due to the

aggregate interlocking.

One of the degraded shear walls, SCe-2, tested by the Ryukyu University (Ref.16), is analyzed here.
This shear wall is very similar to the one shown in Fig.7-a, except the degree of the degradation due
to corrosion is slightly higher than the case shown in Fig. 7-a. Fig.20 shows the observed surface
cracks due to corrosion, and the assumed locations of discrete crack elements. Although the
measured crack widths ranged between 0.15mm to 0.8mm at the surface, a constant crack width of
0.1mm was assumed for the analysis model because the described discrete crack model can account
for only through-wall cracks. Later, a parametric study is conducted to see the effects of varying
assumed crack widths. For the bond-slippage relationship, a bond strength of t, = 0.9 ksi was
assumed for the non-degradation case, and a 50% higher value for degraded cases to account for the

improvement of bond capacity due to corrosion.
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Fig. 20: Modeling of Cracks due to Corrosion by using Discrete Crack Model
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Fig. 23: Calculated Cracks by Smeared Crack Models due to Lateral Loads

Figs. 21 through 23 show the analysis results both for non-degraded and degraded cases. It appears
that the uplifting due to the bond-slippage at the base significantly contributes to the deformation
characteristics of this shear wall as illustrated in Fig.22-a. For the non-degraded case, both the load-
deformation relationship and the crack pattern correlate well with the test results (see also Fig.7-a).
For the degraded case, the observed test results indicate a higher stiffness than the non-degraded
specimen up to the maximum point despite a large number of cracks due to corrosion (see broken
lines in Fig.21). The calculated load-deformation relationship for the degraded case, however, is
almost identical with that of the non-degraded case. The significant difference in the crack pattern
between the degraded and non-degraded cases, as shown in Fig.7-a, seems to be reproduced by the
analyses as shown in Fig.23.

Figs. 24 and 25 show the results of additional analyses by varying the assumed crack width. It

appears the calculated load-deformation relationships are not sensitive to the assumed crack width
as indicated in Fig.24.
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The possible reasons for the observed differences between the test and analysis for the degraded case
are:

(1)  During the accelerated degradation process, the properties of the concrete may have
been changed, which is not properly accounted for in the analysis;

(2) The increase in the bond capacity due to corrosion may be more than assumed in the
analysis;

3) In the analysis, all the discrete cracks are assumed to be through-wall. The actual
cracks in the test specimen, however, may have been only surface cracks, although the
observed crack pattern (Fig.20-a) seems to be extensive.

CONCLUSIONS

By utilizing the currently available analysis techniques, an attempt was made to reproduce the seismic
behavior of degraded RC components. A set of assumptions were made to simulate the observed
degradation condition. Although some aspects of the observed effects of degradation, such as the
significant changes in the crack pattern due to the shift of critical loading paths, were successfully
reproduced in the analysis, it appears that the analysis assumptions did not fully reflect the actual
degradation conditions. Further efforts seem to be necessary, such as a more accurate
characterization of the changes in material properties for a better correlation.

Based on the observations of the past seismic loading tests of degraded RC components, as well as
the above preliminary application of nonlinear FE analysis, the following areas are singled out for
further efforts:

(1)  The discrete crack model needs to be refined and calibrated to account for the
nonlinear behavior of aggregate interlocking, dowel action, and bond-slippage under
cyclic loading reversals.

(2)  Properly accounting for the bond mechanism seems to be a key to successfully
reproduce the observed complex phenomena of degraded RC components under
seismic loads (e.g., the increase in stiffness in shear wall tests and the seismic
performance of columns with significantly corroded reinforcement). The modeling
of bond mechanism needs to be improved.

(3)  Thechanges in material properties of degraded RC components need to be quantified,
including the compressive/tensile strength and modulus of elasticity of concrete.
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As our understanding of the fundamental mechanism of the effects of age-related degradation on
seismic performance progresses and the FE analysis techniques are further improved, nonlinear FE
analysis will become a powerful analysis tool for the structural evaluation of degraded concrete
structures.
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