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EXECUTIVE SUMMARY

The Structural Aging (SAG) Program, sponsored by the Nuclear Regulatory
Commission (NRC) and conducted by the Oak Ridge National Laboratory, has the overall
objective of providing the NRC with an improved basis for evaluating nuclear power plant
structures for continued service. Basic components of the program include development of
a structural materials property data base, establishment of structural component assessment/
repair methodologies, and formulation of a quantitative methodology for continued service
determinations. This document addresses the second of the Program components and has
the objective of providing a logical basis for identifying the most critical light-water reactor
(LWR) concrete structural elements as well as the degradation factors which can impact
their performance. To accomplish this objective, the scope of work and this report are
divided into three primary sections entitled: "Concrete Component
Description/Classification System," "Determination of Degradation Factor Significance,”
and "Structural Aging Assessment Methodology.”" These sections address the
types/elements of Category I structures, degradation factors influencing the life of concrete
structures, and the methodology for ranking structures, respectively.

The first section identifies typical safety-related concrete structures at LWR facilities,
including subelements thereof, and materials of construction. Safety-related structures are
of obvious importance to the long-term performance and safety of LWR plants. The
relative importance of subelements, safety significance of each Category I structure, and
influences of environmental exposure are then presented in terms of a numerical rating
system. The imrportance of a subelement to a specific structure is related to its impact on
the ability of the structure to meet its functional and performance requirements. The
ranking system established for subelements of a structure is based on a 1-10 scale, with 10
being highest. The safety significance of an LWR structure is related to its functional and
performance requirements with respect to meeting 10CFR regulations. The safety
significance ranking of a structure is based on the quantity and criticality of safety functions
performed. Each structure is ranked on a scale of 1-10, with 10 being highest. The influ-
ence of environmental exposure is evaluated in terms of physical location of the structure
and the predicted or observed aggressiveness of its local environment. The environmental
exposure rating system is based on a 1 to 10 scale, with 10 being most aggressive.

The second section addresses potential degradation or aging factors which could
affect the Category [ concrete structures during their lifetime. The degradation factors
considered in this report are those which have been observed and documented for a variety
of civil works structures, including in some cases LWR plants. The significance of the
degradation factors is then evaluated for particular structures/subelements in terms of: their
effect on overall structural integrity, environmental conditions present, and materials of
construction. The effect of a degradation factor on structural integrity includes its rate of
attack, inspectability/early identification, repairability, and ultimate impact on the structure.
Because of the variability in likelihood of occurrence of degradation to concrete structures
in U.S. LWR plants due to design differences, material utilization, geographical locations,
ete, the grading system for degradation factors is stated in terms of a range of possible
values. A specific value for each plant is selected from the range based on site-specific
characteristics. The resulting value for individual degradation factors (between 1 and 10) is
then combined into a single value for each subelement of the evaluated structure tor input
into the methodology computations.

A usage of the Structural Aging Assessment Methodology to identify critical LWR
concrete structures in three different nuclear power plant types is presented in the third
section. The methodology is based on the simple combination of values for subelement
importance, safety significance, environmental exposure, and degradation influence. For
each subelement of a Category I structure, a numerical rank is computed by application of
weighting factors and summing "subelement importance,” "safety significance,” and the
average of "environmental exposure” and "degradation factor significance” values. This



v

computation results in a single rank for each subelement; using the sum of ranks for
individual subelements, the final rank for the structure may be obtained. A listing of critical
subelements and structures is then generated using a computer-based matrix format. Three
example plants are assessed to demonstrate the procedural aspects of the methodology and
to display the calculation of ranks for critical LWR structures and related subelements.



EXECUTIVE SUMMARY ...
LISTOF FIGURES ...t e et ea e
LIST OF TABLES ... et e ea s
ABSTRACT it e et e aa s

1.

INTRODUCTION ittt ittt cicocieiatesass et ensesrstas e cnans
1.1 Background ... e
1.2 Objective and SCOPE.....cuiiciiiiiieeiiniiiiieieaaeireeeriiaieieeiasnaanes
1.3 Approach ... e
1 (S (=1 [ - OO SP U PN

CONCRETE COMPONENT DESCRIPTION/CLASSIFICATION
S Y ST EM e e

2.1 Materials of CONSIUCHON ..ot iitittiaa et caaaa e eaaraiaeearaasns

P20 B0 B 04110 (- | N

. Conventional Steel Reinforcement ......occoiiiiiieeiiiiiiiiiininenses
Prestressing Steel ... s
LIner Plate it i iriee et eeea e caeeeaaaaen
Embedment Steel oo s

2.2 Category I Concrete Structures ..... S SRS UUUOPPPPR

2.2.1 Typical Plant Structures ..........ccvvieiiiiiiiiiiiiiiiiiiiiiiiienn,
2.2.1.1 Boiling-Water Reactors ........c.coociiiiiiiiiiiiiinnn.
2.2.1.2 Pressurized-Water Reactors ...........occeeviniinieieinenn.

2.2.2 Auxiliary SIruCtures ..ot cieeaae
2.2.2.1 Common StIUCIITES .....cooveniiinerieniriiiinieanaanasns
2.2.2.2 Plant-Unique Structures .......ccccoiveoveeiririnmncinennnnns

2.2.3 Subelement Division of Structures and Application of
Importance Factors ...
2.2.3.1 Subelement Division of Structures .........c.ccccennns
2.2.3.2 Assessment of Importance Factors ................o

2.3 Classification and Ranking of Structures by Safety Significance ..........

D19 19 0
pd ot ol ok
(WIS L V]

2.3.1 Safety Significance Function Descriptions ..............c.ccooeel

2.3.1.1 Prevention of Uncontrolled Liquid or Airborne

Radiation Releases .......ooooiiiiiiiiiiiin,
2.3.1.2 Radiation Attenuation and Shielding .........cc.c..ece.
2.3.1.3 Structural Support for Nuclear Steam Supply

System and Containment Internal Equipment ............
2.3.1.4 Structural Support for Redundant Safety-Related

Equipment and Components ...........ccccveeeiiirnnnnnn.
2.3.1.5 Structural Support for Ultimate Heat Sink

Equipment and Components ............. e aeeaaees
2.3.1.6 Support for New/Spent Fuel Pools and

Other PoolLoads ..o

W NN e = B

ot
OOWVWVUNI 0 OOV v

I e e
_— - OO

[y — foury sy sk
[\ N 0] — —



232

2.4 Classification of Structures by Environmental Exposure

2.4.1

References

3.1.1

3.1.2

3.1.3

3.14

3.2.1
3.2.2
3.2.3
3.2.4

2.3.1.7 Protection of Safety-Related Equipment/Components

from Natural or Harmful Environments ..................
2.3.1.8 Separation or "Communication” Function ................
2.3.1.9 Failure Could Damage Safety-Related Component ......

Safety Significance Ranking System ........cococcieieniniiinn.

Characteristic Environment Descriptions ..........ooovveviieeneenne.
2.4.1.1 Subterranean  ......c.ccccceiiiiiiiiiiiiiniinnia
2.4.1.2 Natural Environment (Direct Exposure) ..........cccoee.
2.4.1.3 Natural Environment (Indirect Exposure) ...............
2.4.1.4 Continuous Fluid Exposure ..........ccoooiiiiiiiiiiin,
2.4.1.5 Fluid/Pressure Retaining ...........cocooeiiiiiiiiiciicaces
2.4.1.6 Inside Primary Containment ...........c.coooiieiiccccienns
2.4.1.7 Controlled Interior Environment ............ccocoeeeiiin.

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

3. DETERMINATION OF DEGRADATION FACTOR SIGNIFICANCE ........
3.1 Degradation Factor Description

Concrete Material Systems ..........coviiiiiiiiiiiiiiiiiiiiiin.
3.1.1.1 Chemical Attack .......ccooviriiiiiiiiiiiiiiiiii s
3.1.1.2 Physical Attack .....c.coooviiiiiiiiiiiii
ild Steel Reinforcing Systems .....cocovviiiiiiiiiiiiiiniiean.
2.1 COITOSION .iuuiiiiiiiicniceiineiniiieireeanraneacneonseaneoncs
2.2 Elevated Temperature ....c.ccceeeviveiemiiieeenieeneneenene
2.3 Dradiation .....oooiviiniiiiiiiiii e
2.4 Fatigue ...
SIESSING SYSIEIMS  .ouuiniiiniiiiiniiieiiiin e rateeieaneinicas
1 COITOSION ...iiiiiiiiiieei i eiaeiiniiierieeeoneaannenns
2 Elevated Temperaturé .....c.cocoeeeecreiemiiuiennnecenenne
3 Iradiation ...ooeeiiiiieiiiei i e ee
4 FaliGUE .oevvineniiiii i et
5
P
1

=3

o ,_a,._a._a._.

w
3.
3.
3.
3.
3.

ICI'

4.

WHWWWWWEWW WL

,_45 .—\y—.‘p—a,—n,—a

Concrete Material SySIEmS .....ovviiiiiiiiiiiiiiineiins
Mild Steel Reinforcing Systems .....oooeiiiiiviiniiiiiiiiiieiiaa.,
Prestressing SyStemSs  o.viiiiiiiiiiiiiiiiiiiie e
Liner Plate and Structural Steel ...

3.3 Degradation Grading System for Nuclear Power Plant

Concrete Structures

33.1

Significance Relative to

Overall Structural Integrity .......ccooiiiiiiiiiiiiiiiiiieees
3.3.1.1 Rate of Deterioration ...cccoveveiieiiinrnceneenrsninsicennes

....................

.................................................

Loss of Prestressing Force and End Effects ..............
late and Structural Steel ...
COTTOSION  cviniiniieinieeeit e eieatiniineeeaeinaanaaaaas

3.1.4.2 FatiUe .o.ceeiiiniiiiiiiiiiiiiiiiiiie s
3.2 Techniques for Detection of Degradation Factor Effects

....................

..............................................................

44
44



Page
3.3.1.2 Inspectability and Early Identification ..................... 45
3.3.1.3 Repairability .......ccoooiiiiiiiiiiiiiiiiiiiiiii, 45
3.3.1.4 Ultimate IMpact ......ccooevieviniiiinieiiiiiniriiieennns 45
3.3.2 Determination of Degradation Factor Grading Values .............. 45
3.3.2.1 Grading System Components ...........cccoceeieirinininnns 45
3.3.2.2 Degradation Factor Grading Values ...................... 47
RETETENCES . entiiniiti i i ettt ce et et e eeseaene e eaeenaienaens 48
4. STRUCTURAL AGING ASSESSMENT METHODOLOGY ......ccooveeenene. 69
4.1 Procedural Development ........ooiiiiiiiiiiiiiiiiiiirrie 69
4.1.1 Identification of Category I Concrete Structures ................... 69
4.1.2 Subelemental Division .........cciiiiiiiiiiiiiiiiiiiea e, 69
4.1.3 Determination of Degradation Facior Grading System ............ 69
4.1.4 Calculation of Degradation Factor Significance .................... 70
4.1.5 Ranking of Subelements and Structures ... 71
4.2 Computer-Based MatriX ........cooviiiiiiiiiiiiiiiiiiiiiiiienieaaaeaan, 71
4.3 Application of Structural Aging Assessment Methodology ................ 72
5. SUMMARY ittt cee et e e ae e et a s et ea e eane e 75
APPENDIX A. SENSITIVITY ANALYSIS OF WEIGHTING
FACTORS e 77
APPENDIX B. APPLICATION OF STRUCTURAL AGING
ASSESSMENT METHODOLOGY TO
REPRESENTATIVE LWR PLANTS . ..., &3
APPENDIX C. GLOSSARY OF KEY WORDS .. 119



Viij



Figure
2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
4.1

LIST OF FIGURES

BWR Mark I type metal containment enclosed in a reactor building ....

BWR Mark 1I type metal containment enclosed in a reactor building .....

BWR Mark 11l type reinforced concrete containment .......................

PWR subatmospheric type reinforced concrete containment ...............

PWR ice condenser type reinforced concrete containment  ................

PWR large dry type prestressed concrete containment  ..........c..c.e...

Types of chemical reactions responsible for concrete deterioration ......

General rate of degradation curve for concrete structures ..................

Structural aging assessment methodology

..................................






Table
1.1
2.1
2.2

2.3

2.4
2.5
2.6
3.1

3.2

3.3

3.4a

3.4b

3.4c

3.5

3.6
3.7a

3.7b

3.8
4.1

LIST OF TABLES

Approach to the Assessment of Aging in LWR Concrete Structures ........

Typical Safety-Related Concrete Structures in LWR Plants ...

Subelement Division of Category I Concrete Structures:

Boiling Water Reactor ........c.covoiiiiiiiiiiiiiimieiiiiienennnenes

Subelement Division of Category I Concrete Structures:

Pressurized Water Reactor .......oooviiiniiiiiiiiiiiiiieiiieeinaenns
Safety Significance FUnCHONS .c..c.vvieiireiiienniiierineenerenennens
Safety Significance Ranking Criteria ..o

Environmental Exposure Categories and Ratings ..................

Degradation Factors That Can Impact the Performance of

Category I Concrete Structures .........cooeevivverieeeeiiennrenennns

Critical Areas in Nuclear Power Plants where Concrete Materials

May Exhibit Degradation .............c.ccoiiiiiiiiii,

Reactivity of Various Chemicals with Portland Cement Concrete

and Reinforcing Steel/Liner Plates ............cooviiviiiiiiniinnn.

Summary of Degradation Factors, Primary Manifestations, and

Methods Available for their Detection: Concrete ...................

Summary of Degradation Factors, Primary Manifestations, and
Methods Available for their Detection: Mild Steel Reinforcement

Summary of Degradation Factors, Primary Manifestations, and

Methods Available for their Detection: Prestressing ...............

Relative Weights Assigned to Criteria Affecting Degradation

Factor Gradings .....cccouiniiiiiiiiiiiiiiie e

..............

...........

...........

...........

...........

...........

...........

...........

...........

..........

...........

...........

Prioritization of Consequent Net Effects by Generic Subelements ..........

Range of Values for Degradation Factor Grading in Terms of

Subelement Type: Concrete Materials ...........ccoiiiiiiiiinn...

Range of Values for Degradation Factor Grading in Terms of

Subelement Type: Metallic Materials ......cccoeooinieiinnnni.

Visible Degradation Indicators: Reinforced Concrete ............

Matrix Format Used to Present Structural Aging Assessment

Methodology Results .....ooooiiiiiiiiiiiiiiiiiiie i

...........

.............

...........

...........

20

21

23
24
25
26

53

54

55

57

58

59

60
61

62

63

64

73



i



STRUCTURAL AGING ASSESSMENT METHODOLOGY FOR
CONCRETE STRUCTURES IN NUCLEAR
POWER PLANTS

C. J. Hookham

ABSTRACT

One of the essential activities in meeting the objectives of Task S.3 (Structural
Component Assessment/Repair Technology) in the Nuclear Regulatory Commission's
Structural Aging Program is to develop a methodology for classifying concrete structures in
nuclear power plants in terms of their safety significance. Associated with this activity is
an assessment of the vulnerability of these structures to aging effects. The intent of such a
methodology is to assist NRC staff in the definition, classification, and evaluation of con-
crete structures in existing nuclear power plants and to assess impacts of aging on the
serviceability and integrity of such structures.

An Aging Assessment Methodology was developed which utilizes numerical ranking
and relative weighting procedures to evaluate and categorize concrete structures in nuclear
power plants by the importance of their subelemental parts, safety significance,
environmental exposure, and influence of degradation factors. The impact of structural
integrity evaluations and repair methods has been included in the makeup of the
methodology. Utilization of the aging assessment methodology is illustrated through its
application to three LWR facilities: (1) pressurized-water reactor plant with a "large-dry”
metal containment, situated in the midwestern U.S.; (2) boiling-water reactor plant, with a
conventionally reinforced concrete Mark II containment, located in the eastern U.S.; and
(3) pressurized-water reactor plant, with a "large-dry" prestressed concrete containment,
located in the midwestern U.S.

1. INTRODUCTION

1.1 Background

Within the nuclear power industry, the aging of plant structures and components has
become the subject of significant research in the last few years. This interest is prompted
by the need to quantify the effects of aging in terms of potential loss of component integrity
or function and to support current or future condition assessments of critical components.
Since certain concrete structures play a vital role in the safe operation of nuclear power
plants, guidelines and criteria for use in evaluating the remaining integrity (residual life) of
each structure are needed. Standardized review guidelines for near-term evaluation of
operating license renewal applications (LRAs) may be required as early as the first half of
the 1990's when utilities are planning to submit initial requests.

In its role of regulating the safe use of commercial energy, the U.S. Nuclear
Regulatory Commission (USNRC) has instituted several programs aimed at providing
criteria to demonstrate the continued safe and reliable performance of nuclear power plants
during any protracted license renewal period, i.e., ensuring that no age-related degradation
alters the performance of components, systems, and structures significant to safety and

reliability. One such program is the Structural Aging Program!! initiated at the Oak Ridge



National Laboratory to provide the USNRC with potential structural safety issues and
acceptance criteria for use in nuclear power plant evaluations for continued service.

1.2 Qbjective and Scope

Task S.3 of the Structural Aging Program, entitled "Structural Compecnent
Assessment/Repair Technology,” has the following objectives: (1) development of a sys-
tematic methodology for quantitatively assessing the presence, magnitude, and significance
of any environmental stressors or aging factors which could impact the durability of safeiy-
related concrete components in nuclear power plants; and (2) providing recommended
inservice inspection or sampling procedures which can be utilized to develop the required
data both for evaluating the current structural condition as well as trending the performance
of these components for use in continued service assessments. The initial activity under
this task, "Light-Water Reactor Concrete Component Classification,” has the objective of
identifying critical safety-related concrete structural elements in light-water reactor planis as
well as the degradation factors which can impact the performance of these components.

In meeting the objective of this study, an aging assessment methodology for concrete
structures was developed which consists of a procedure for categorizing and ranking the
safety-related concrete structures in terms of their safety significance, environmental expo-
sure, and subelement function. An evaluation was made of the significance of different
degradation mechanisms which can impact the ability of these subelements to meet their
functional and performance requiremenis. Finally, the structural aging assessment
methodology (i.e., component classification system) was applied to three representative
nuclear power plants.

1.3 Approach

A number of goals were identified prior to development of the Aging Assessment
Methodology for Category I concrete structures. They included the need to be comprehen-
sive in terms of what is important to structural aging, to be user-friendly and efficient, to
cover known degradation factors and their implications to LWR structures, and to allow
repeatable (consistent) results to be obtained by several different users. The methodology
that evolved from these goals was founded on several criteria: (1) importance of subele-
ments to overall importance of the Category I stmcture, (2) safety significance of the
structure as a whole, (3) influence of applied environment, and (4) probability of occur-
rence and end result of degradation.

The Structural Aging Assessment Methodology developed was based on a numerical
ranking system that included each of the four criteria noted above. Basic components of
the methodology include: (1) identification of all Category I structures and subelements
(e.g., foundation, wall, etc.), (2) assignment of values ranging from 1 to 10 to each of the
above four criteria for each subelement, and (3) entering the values assigned into a formula
which combines the values using weighting factors to prioritize aging importance. The end
result is a listing of Category I concrete structures and subelements, ranked in terms of
importance to aging and longevity of the LWR facility. Table 1.1 presents an overview of
the approach used by the Structural Aging Assessment Methodology to evaluate (i.e.,
numerically rank) Category I concrete structures in LWR facilities. Section 4.0 provides
procedural guidelines on use of the methodology.
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Table 1.1. Approach to the Assessment of Aging in
LWR Concrete Structures?

Step Activity

1. Identification of Category I structures and their subelements
2. Rating of importance of each subelement to its parent structure

3. Evaluation and ranking of the safety significance of the Category I
structure (common io all subelements)

4.  Evaluation and rating of the severity of the environmental exposure of
each subelement

5. Identification of potential and existing degradation factors and
evaluating their influence on Category I structure performance

6. Computaiion of the rank of each subelement in terms of importance 1©
aging (based on Steps 2 through 5)

7.  Computation of the rank of each Category I structure (on the basis of
Steps 2 through 6)

aA more comprehensive tlow chart of the methodology is contained in
Fig. 4.1.



2. CONCRETE COMPONENT DESCRIPTION/CLASSIFICATION SYSTEM

All commercial nuclear power plants in the United States contain concrete structures
whose performance and function are necessary for protection of the safety of plant operat-
ing personnel and the general public. The basic laws that regulate the design (and con-
struction) of nuclear power plants are contained in Titde 10 of the Code of Federal
Regulations, 2! which is clarified by Regulatory Guides (e.g., R.G. 1.292-2), NUREG
reports, Standard Review Plans (e.g., Concrete and Steel Internal Structures of Steel or
Concrete Containments2-3), etc. In addition, R.G. 1.29 and Part 100 to Title 10 of the
Code of Federal Regulations (10CER) state that nuclear power plant structures important to
safety must be designed to withstand the effects of earthquakes without loss of function or
threat to public safety. These "safety-related” structures are designated as seismic
Category I. Seismic Category I structures typically include those classified by the
American Society of Mechanical Engineers and the American Nuclear Society in Safety
Classes 1, 2, and 3, i.e., safety related.

2.1 Materials of Construction

Nuclear safety-related concrete structures are composed of several constituents
which, in concert, perform multiple functions, i.e., load-carrying capacity, radiation shield-
ing, and leak tightness. Primarily, these constituents include the following material sys-
tems: concrete, conventional steel reinforcement, prestressing steel, steel liner plate, and
embedment steel. ‘

2.1.1 Concrete

The concrete typically used in nuclear safety-related structures consists of Type I
portland cement, fine aggregates (e.g, sand), water, various admixtures for improving
properties or performance of the concrete, and either normal weight or heavyweight coarse
aggregate. Type II portland cement was used because of its improved sulfate resistance
and reduced heat of hydration relative to the general purpose Type I portland cement. Both
the water and fine and coarse aggregates are normally acquired from local sources and are
subjected to material characterization testing prior to use. Various admixtures have been
used to improve air entrainment (enhanced durability), improve workability (enhanced
placement and compaction), modify hardening or setting characteristics, aid in curing,
reduce evolution of heat, or provide other property improvements.24 Coarse aggregate
consists of gravel, crushed gravel, or crushed stone conforming to ANSI/ASTM C 33.25
For those concrete structures in nuclear power plants which provide primary (biwological)
radiation shielding, heavyweight or dense aggregate materials, such as barites, limonites,
magnetites, ilmenites, etc, have been used to reduce the section thickness requirements
needed for attenuation. :

The defined elements are then proportioned via mixing to develop portland cement
concrete that has specific properties. Depending on the characteristics of the structure, the
concrete mix may be adjusted to provide increased strength, higher durability, or better
workability for placement. The hardened concrete typically provides the compressive load-
carrying capacity for the structure. Reinforced concrete, in one form or another, has been
used in the construction of all LWR plants. Specified concrete unconfined compressive
strengths have ranged from 13 to 55 MPa, with 28 MPa being most common.

2.1.2 Conventional Steel Reinforcement

Most of the mild, or conventional, reinforcing steels2-6 used in nuclear power plants
to provide primary tensile and shear load resistance/transfer consists of plain carbon steel



bar stock with deformations (lugs or protrusions) on the surface. These bars typically con-
form with ASTM A 61527 or A 7062-8 specifications (older vintage plants may contain
bars conforming to ASTM A 43229 or A 3052-10 specifications which have been super-
seded by the above). The minimum yield strength of this material ranges from 270 MPa to
415 MPa, with the 415 MPa material being most common. Conventional reinforcing steel

also encompasses welded wire fabric (ASTM A 1852-11 and A 497%-12), deformed wire

(ASTM A 4962-13) bar and rod mats (ASTM A 1842.14) and all accessory steel
components used in positioning/placing the reinforcement, e.g., seats, tes, etc.

2.1.3 Prestressing Steel

A post-tensioned prestressing system consists of prestressing tendons which are
installed, tensioned, and then anchored to the hardened concrete forming the structure. A
number of concrete containment structures utilize prestressing steel tendons to provide pri-
mary resistance to tensile loadings. Three major categories of prestressing systems exist
depending on the type of tendon utilized: wire, strand, or bar. These systems typically
conform to ASTM specifications A 421,2-15 A 4162.16 and A 722,217 and have minimum
ultimate strengths ranging from 1035 MPa to 1860 MPa. The tendons are installed within
preplaced ducts in the containment structure and are posi-tensioned from one or both ends
after the concrete has achieved sufficient strength. After tensioning, the tendons are
anchored by buttonheads, wedges, or nuts. Corrosion protection is provided by filling the
ducts with wax or corrosion-inhibiting grease (unbonded), or portland cement grout
(bonded) following tendon tensioning.  Supplemental conventional reinforcing is also
used to minimize shrinkage or temperature effects and to provide local load-carrying
capacity or transfer. With the exception of Robinson 2 (bar tendons) and Three Mile Island
2 (strand tendons), plants that have post-tensioned containments utilize unbonded tendons.
Bellefonte and Ginna each have grouted tendons (rock anchors) to which tendons are
attached. Although post-tensioning has been primarily used in containment structures to
reduce size/thickness of members, certain LWR facilities have used post-tensioning in other
safety-related structures, e.g., shield walls and fuel pools.

2.1.4 Liner Plate

Leak tightness of reinforced and post-tensioned concrete containment vessels is
provided by steel liner plate. A typical liner is composed of steel plate stock less than 13
mm thick, joined by welding, and anchored to the concrete by studs (Nelson studs or
similar conforming to ASTM A 1082-18), structural steel shapes, or other steel products.
The "dry well" portions of BWR containments and PWR containments are typically lined
with carbon steel (ANSI/ASTM A 3626 or A 5162-19). The linings of the "wet well" of
BWR concrete containments and the liner of LWR fuel pool structures typically consists of
stainless steel (ANSI/ASTM A 276 Type 3042-20 is common). Certain LWR facilities also
have used carbon steel clad with stainless steel weld metal for liner members. Although the
liner's primary function is to provide a leaktight barrier for containment of radiation, it acts
as part of the formwork during concrete placement and is used for supporting internal
piping/equipment.

2.1.5 Embedment Steel

Anchorage to concrete is required for heavy machinery, structural members, piping,
ductwork, cable trays, towers, and many other types of structures. Anchorage design had
to meet certain requirements such as ease of installation, load capacity, susceptibility to
vibration, preload retention, temperature range, corrosion resistance, postinstallation or
preinstallation, and ease of inspection or stiffness.2-21 In meeting its function, loads that
the anchor must transfer to the concrete vary over a wide combination of tension, bending,
shear, and compression. Examples of types of anchors available include embedded bolts



(ANST/ASTM A 307,222 A 325,223 or A 4902-24), grouted bolts, embedded studs, self-
drilled expansion anchors, or wedge anchors. Embedded steel, typically ANSI/ASTM A
36,26 may also be constructed of structural plates or shapes installed during concrete
placement.

2.2 Category I Concrete Structures

Category I (safety-related) structures are those essential to the function of the safety
class systems and components, or that house, support, or protect safety class systems or
components, and whose failure could lead to loss of function of the safety class system and
components housed, supported, or protected. Design and construction requirements for
Category I structures of early LWR designs were specified in American Concrete Institute
(ACI) Standard 318 "Building Code Requirements for Reinforced Concrete,"?-25 as

supplemented by regulatory guides and by the NRC Standard Review Plan.2-26 Current
design and construction requirements for concrete structures which perform safety-related

functions at nuclear power plants are contained in ACI 349.2.27 The procedures and

requirements in this document are endorsed by U.S. Nuclear Regulatory Guide 1.1422-28
as providing an adequate basis for complying with General Design Criteria for Nuclear
Plants (Appendix A to mg;Fggm for structures other than reactor vessels and
containments. Current requirements for concrete reactor vessels and containments are

presented in ACI 359.2.29 Supplemental load combination criteria are presented in Sect.

3.8.1 of the NRC Standard Review Plan.2.26

In the following sections, concrete structures that are uniformly safety- related at all
nuclear power plants of that type as well as auxiliary concrete structures which may or may
not be safety-related depending on plant unique design, licensing, or operating criteria are
addressed. Table 2.1 lists typical safety-related concrete structures in LWR plants. The
description of safety-related concrete structures that follows is based on a review of numer-
ous plant docket files, safety analysis reports, and other industry information sources. In
order to make the study results as gcnerally applicable as possible, concrete structures that
were considered to be "plant spccxﬁc or unique, may not have been directly addressed.
However, these "plant specific” structures may be considered, or bounded, by comparison
to similar structures and environments that have been included in the concrete component
classification system. Additionally, the names of certain structures may vary from plant to
plant depending on the nuclear steam supply system vendor, architect-engineering firm,
and owner preference. Identification of structures that may be referred to by more than one
name can be approached in the same manner as for "plant spemﬁc structures. -

2.2.1 Typical Plant Structures

2.2.1.1 Boiling-Water Reactors. Typical safety-related concrete structures contained
in boiling-water reactor plants can be grouped into four general categories: primary con-
tainments, containment internal structures, secondary containments/reactor buildings, and
fuel/equipment storage pools. ,

Primary Containment. Currently, there are twelve boiling-water reactor (BWR)
plants that utilize either reinforced {2 Mark I, 6 Mark II, 2 Mark III) or prestressed
(2 Mark II) concrete primary containments. Leak tightness of each of these containments
is provided by a steel liner attached to the inside surface of the concrete containment struc-
ture. Boiling-water reactor containments, because of provisions for pressure suppression,
typically have "normally dry" sections (dry well) and “flooded” sections (wet well) which
are interconnected via piping or vents (see Figs. 2.1-2.3). Requirements for BWR con-




tainments include the following:

1. Provide an "essentially" leak tight barrier against the uncontrolled release of radioac-
tivity to the environment for all postulated design basis accident conditions;

2. Accommodate the calculated pressure and temperature conditions resulting from a loss-
of-coolani accident;

3. Withstand periodic integrated leak-rate testing at the peak calculated accident pressure
which may be at levels up to and including the containment design pressure; and

4. Permit appropriate periodic inspection of all important components and surfaces and
the periodic testing of the leak tighiness of containment penetrations.

In addition, the containment vessel can provide structural support for the nuclear steam

supply system and other internal equipment. The containment foundation, typically a

basemat, provides the primary support and transfer of load to the earth below.

Containment Internal Structures. Each of three BWR plant types (Mark I, Mark I,
and Mark III) incorporate a number of reinforced concrete containment internal structures.
These struciures may perform singular or several functions including the following:
Radiation shielding;

Human accessibility provisions;

Nuclear steam supply system and other equipment anchorage/support/protection;
Resistance to jet, pipe whip, and other loadings produced by emergency conditions;
Boundary of wet wells and pool structures, allow communication between dry well
and wet well (Mark I1 and III);

Lateral stability for containment;

Transfer of containment loads o underlying foundation; and

Transfer of fuel to reactor (Mark III).

As many of these functions are interrelated with the required containment functions, these
structures are considered safety-related.

Secondary_Containments/Reactor Buildings. Many BWR plants have reinforced
concrete structures which serve as secondary containment and provide support and shield-
ing for the primary containment. These structures typically are safety-related because they:
provide additional radiation shielding; provide resistance to environmental/operational
loadings; and house safety-related mechanical equipment, spent fuel, and the primary metal
or concrete containment. Although these structures may be massive in cross-section in
order to meet shielding or load-bearing requirements, they generally have smaller elemental
thicknesses than primary containments because of reduced exposure under postulated
accident loadings. Typically, these structures are maintained at a slight negative pressure
for collection and treatment of any airborne radioactive material that might escape from
operating conditions.

The secondary containments of Mark I plants (Fig. 2.1) are typically composed of
beam, floor, and wall structural elements. A concrete reactor shield wall encircles the metal
bulb-shaped containment to form the dry well. The shield wall is relatively massive in
section to meet radiation shielding requirements. The containment shell provides primary
shielding in Mark I plants with concrete containments.

The secondary containments of Mark II plants are fabricated using the same structural
elements as the Mark I plants. Although these elements share similar functions to those in
Mark I plants, because of the truncated cone-shape of the containment (Fig. 2.2), the
structural elcmcnts must mee:t different design parameters.

s LS ¢ Pogls. The spent- and new-fuel storage pools, and the pools
for reactor mtcmals storage typically have a four wall-with-bottom slab configuration.
The walls and slab are composed of reinforced concrete members lined on the interior
surface with stainless steel. Cross-sections of these members are generally large because
they must support a large pool of water and heavy fuel/component loads, including high
density fuel storage considerations. The fuel storage pool in Mark III plants is located
within the primary containment.
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2.2.1.2 Pressurized-Water Reactors. Typical safety-related concrete structures in
pressurized-water reactor plants can be grouped into four general categories: primary
containments, containment internal structures, secondary containments/reactor buildings,
and fuel/equipment storage pools.

Primary Containments. Currently, there are 63 pressurized-water reactor (PWR)
plants that utilize either reinforced (21 plants) or prestressed (42 plants) concrete primary
containments. In meeting the same functional and performance requirements as noted for
BWR containments in Section 2.2.1.1, the concrete containments in PWR plants are one of
three different functional designs (Fig. 2.4-2.6): subatmospheric (reinforced concrete), ice
condenser (reinforced concrete), and large/dry (reinforced and prestressed concrete). The
primary differences between these containment designs relate to volume requirements,
provisions for accident loadings/pressures, and containment internal structures layout.

The PWR containment structure generally consists of a concrete basemat foundation,
vertical cylindrical walls, and dome. The basemat may consist of a simple mat foundation
on fill, natural cut or bedrock, or may be a pile/pile cap arrangement. Most of the plants
have utilized the simple mat on fill design. Interior containment surfaces are lined with a
thin carbon steel liner to prevent leakage. Two of the PWR plants (Bellefonte and Ginna)
have rock anchor systems to which the post-tensioning tendons are attached.

Containment Internal Structures. The containment internal structures in PWR plants
tend to be more massive in nature than the internal structures in BWR plants because they
typically support the reactor pressure vessel, steam generators, and other large equipment
and tanks. In addition, these structures provide shielding of radiation emitted by the
nuclear steam supply system (NSSS). Some of the specific functions which these
structures (typically floor slabs, walls, and columns) are required to perform include:
Provision of human accessibility,

Support and separation of various plant equipment,

Resistance to emergency loading conditions,

Transfer of containment loads to containment foundation,

Missile protection, and

Channeling/routing steam and air through ice condensers (PWR ice condenser con-
tainments).

Containment-internal structures are typically constructed of conventionally reinforced
concrete.

Secondary Containments/Reactor Buildings. Prcssunzed~watcr reactor plants that
utilize a metallic primary containment (large dry and ice condenser designs) are usually

contained in reinforced concrete "enclosure” or "shield" buildings. This secondary
containment consists of a vertical cylinder wall with shallow dome (Fig. 2.5) and is often
supported by the containment basemat. In addition to withstanding environmental effects,
the secondary containment provides radiation shielding and particulate collection and
ensures that the free standing metallic primary containment is protected from the natural
environment.

Fuel/Equipment Storage Pools. The spent- and new-fuel storage pools for PWR
plants are typically located in an auxiliary building proximate to the containment. These
reinforced concrete wall and slab structures are generally massive in cross-section to
support a large pool of water and the fuel elements, and are lined on the water side with
stainless steel. The pools are connected to the reactor/refueling cavity (inside containment)
via a transfer channel which is also a safety-related structure since it must provide radiation
shielding and support for the fuel transport mechanism and fuel.

2.2.2 Auxiliary Structures

Auxiliary (or other) structures are considered to be those concrete structures in a
nuclear power plant which may or may not perform safety-related functions, depending on
the plant-unique or site-specific design and licensing or operating criteria. These structures
typically house important plant equipment or control-room facilities or provide additional
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radiation shielding/containment to meet 1Q0CFR requirements. They may be located
immediately adjacent to the secondary containment (auxiliary building, diesel generator
building, etc.) or be separated on site (intake structures, offgas stacks, etc). Although
these reinforced concrete structures may take many different physical configurations in
meeting their functional and performance requirements, they typically fall inio two broad
categories: (1) common structures and (2) plant-unique structures.

2.2.2.1 Common Structures. Common building structures are typically configured
in a rectangular box shape, and consist of reinforced concrete floor slabs, walls, and mat
foundation. These subelements are typically of lighter construction (thinner sections with
reduced conventional reinforcing) than the plant containment structures. They may also be
composite with structural steel framing and contain shear walls for vertical and horizontal
load resistance. Primary functions of these structures are to provide an enclosure for
equipment important to plant safety and to provide secondary radiation containment.

2.2.2.2 Plant-Uni ructures. Plant-unique concrete structures include
components such as intake canal liners, offgas stacks, and emergency cooling pathways.
Although these structures are typically constructed of conventional reinforced concrete,
their configuration and methods of construction differ from that of general building con-
struction because the structures must meet specific design loading conditions dictated by
their function as well as that of potential extreme environmental conditions (e.g.,
earthquake, flood, tornado, etc.). In addition, these structures may be required to resist the
effects of the natural environment, and may be exposed to cooling water (river, ocean,
lake). Typically, the plant-unique structures contribute to plant safety by serving to
dissipate heat and radiation, or to protect other safety-related components.

2.2.3 Subelement Division of Structures and Application of Importance Factors

2.2.3.1 Subelement Division of Structures. Each Category I concrete structure is
comprised of a number of subelements (¢.g., walls, slabs, columns, etc.) that are fabri-
cated using the material constituents discussed in Sect. 2.1. Because of the complexity of
many Category 1 structures, their subelement division was based on geometric differences,
structural behavior/performance characteristics, and environmental exposure. Tables 2.2
and 2.3 provide the subelement division of Category I concrete structures for typical BWR
and PWR plants, respectively.

2.2.3.2 Assessment of Importance Factors. The performance, or importance, of the
subelements of a Category I structure is difficult to assess quantitatively. Factors related to
structural behavior, response to environmental effects, site-specific requirements, etc.,
must be considered. Additionally, the physical boundaries of each subelement must be de-
fined. A qualitative, or "relative,” importance among subelements may be established,
however, and associated importance factors assigned. The primary purpose for these im-
portance factors stems from the structural contribution of the subelement. For simplicity,
assignment of importance factors is on a 1 to 10 scale, with 10 being most important.

Tables 2.2 and 2.3 present the resulting assignment of importance factors to the
subelements of Category I concrete structures that are typically contained in BWR and
PWR plants, respectively. The intent of distinguishing the relative importance of subele-
ments, and their structural contribution, is to factor into the assessment the importance of
their long-term performance. By identifying those subelements that are more critical,
pricritized inspections and appropriate resource allocations can be established. The
following paragraph summarizes the assignment of importance factors in Tables 2.2 and

3.

The primary load-carrying component for each structure is typically the foundation,
which must distribute the plant loadings to the underlying soil or rock. Most foundation
elements of building/structures, therefore, have been assigned an importance factor of 10.
Vertical elements (walls, columns), which transmit loads to the foundation, provide
radiation shielding, and resist potential environmental-induced loadings, were assigned
relative importance factors between 6 and 9. Slabs which support much of the equipment,
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piping, and personnel loads, and transfer them to load bearing walls or columns were
assigned relative importance factors between 5 and 8. Other miscellaneous subelements
which perform a reduced structural function (or other localized benefit to integrity) were
considered of lower importance and assigned factors between 1 and 6.

2.3 Classification and Ranking of Structures by Safety Significance

The definition of "safety-related,” or Category I concrete structures comes from the
aforementioned 10CFRS0 and 1Q0CFR 100 requirements and associated regulatory guides.
Plant structures necessary to assure the integrity of the reactor coolant pressure boundary,
to shut down the reactor and maintain it in a safe condition, and to mitigate the conse-
quences of offsite radiation release (beyond 1QCFR100 limits) during an accident are
generally considered "safety-related.” Structures whose failure could cause, or increase the
severity of, a loss of coolant accident (LOCA), or other design basis accident (DBA), are
also considered to be safety-related. Design of these structures is also required to include
the effects of a safe shutdown earthquake, such that the particular structure continues its
function during such an event. During the design and construction phase of nuclear power
plants, U.S. NRC Regulatory Guides 1.26 (Ref. 2.30) and 1.29 (Ref. 2.2) are used to
identify and define the seismic Category I plant structures.

Using the above definitions of "safety-related” and "Category I" structures, nine
specific safety significance functions have been identified and are listed in Table 2.4. In
meeting their functional and performance requirements, a structure may be required to
accomplish more than one of the functions listed in the table. A hstmg of each safety
function is also provided in Table 2.4, Although the "structural support” requirements may
be similar, the relative safety significance is different based on the function/criticality of the
supported/shielded equipment.

231 igni eFun

structures (such as the prlmary contamment) are rcqu1red by lMEB.S.Q to prcvcnt the
uncontrolled release of radioactive fission products to the environment during all phases of
plant operation. This requirement is paramount to the safety of the general public and plant
operating staff. Satisfaction of this requirement necessitates that the structure have the
ability to withstand large operating and environmental events (impact, tornado, earthquake,
pipe whip, etc.) without allowing leakage. With respect to primary or secondary
containment structures, this infers that through-section cracking or loss-of-containment
function is unacceptable for any causation or practical load combination.

2.3.1.2 Radiation Attenuation and Shielding. In addition to preventing release of the
radioactive fission products, concrete structures in LWR facilities are utilized to attenuate
gamma, neutron and other irradiation that occurs during normal operation as well as that
which may occur under postulated accident conditions. Due to the potentially large radia-
tion fields that could occur during a DBA, the concrete shield structures must have
relanvcly thick cross-sections to meet the allowable radiation exposure limitations of

10CFR100Q. Concrete structures in LWR plants which provide shielding include the
primary or biological shield walls and containment vessel.

2.3.13 fi 1 am | m_an ntain
Internal Equipment. In order to operate properly, the nuclear steam supply system and
associated components required for the safe production of nuclear power require adequate
structural support and constraint, i.e., limit deflections and distortions. Reinforced con-
crete has been used for this function because of its economy, design versatility, durability,
and compatibility with the containment foundation. Typical nuclear steam supply system
components which these structures support or constrain include the reactor pressure vessel,
steam generators, coolant pumps, and connected piping.



g:Qmpgngngs Nuclear power plants contain redundant backup safety systemms wh1ch are
required to operate under "upset” or "emergency” plant conditions. These systems include
various equipment (pumps, blowers, etc.) and components which are required to function
on demand, usually to provide water supply to the reactor vessel or mitigate the effects of
accidents. Structural support for these systems is necessary, and is provided by reinforced
concrete floor slabs, columns, and walls within the auxiliary or other site buildings.
Examples of structures in this category are those that support the safety injection system
(PWR) core spray sysfem (BWR) and resuiual hea,t removal System (PWR, BWR)
23.1.5 tural ( B cat Sink Eq ¢  Comp

ultirnate heat smk sysiems (coollng water mtake and conveyance) are typlcally locared out-
side of the main power block buildings of nuclear power planis. However, these compo-
nents must remain functional during all plant conditions, including earthquake events, to
support primary plant safety systems. Reinforced concrete is typically utilized for
providing support and anchorage of this equipment or for the (structural) components
themselves. Examples of ultimate heat sink structures include service and cooling water
component Support structures, emergency water 1ntake structures and plpmg, and dams.

2.3.1.6 | ort_for Ne ent Fugl Pools Other Pool Loads. All light-water
reactor plants have stamless steel lined, reinforced concrete pools for short- or long-term
underwater storage of spent fuel rod assemblies and other components. Because of the
radiation shielding and load support requirements that these structures must provide under
both normal and postulated accident conditions, the structures are relatively massive in
section. Similar requlrements also CX‘lSl for the concrete wet wells in BWR plants.

Harmful Enwrgnmgnts Exposure of safety-related components to the natural envu'onment
could result in enhanced degradation rates, missile impacts, or other physical damage.
Protection is typically provided via design and construction of a reinforced concreie
structure which may also serve other safety functions. Similarly, missile barriers and other
structures are constructed inside of nuclear facilities to protect necessary equipment from
missile damage, fire effects, and chemical exposure.

2.3.1.8 Separation or "Communication"” Function. Several LWR containment types
rely on the performance of concrete structures to separate or guide the pressure-suppression
(steam/air) containment function during a LLOCA or similar event. Specifically, these
structures consist of the divider barrier (PWR - ice condenser), drywell and weir walls
(BWR - Mark III), and diaphragm floor (BWR - Mark II). These structures must meet
design leaktight requirements (divider wall during LOCA) or maintain dedicated communi-
cation via vents or downcomers between the dry well and wet well during all plant condi-
tions. The structures must be designed for various loading conditions, including missile
impact, jet impingement, and earthquakes.

2.3.1.9 Failurg Could Dama fety-Rel mponent. Those concrete
structures, whether safety-related or not, whose "failure” could result in damage to
safety-related components, or could cause a loss-of-coolant accident, were also typically
considered Category I or safety-related by the Architect-Engineer. The design and
construction of Category I structures typically accommodates a wide range of loading
combinations to prevent failure. As most Category I structures are located proximate to
other safety-related equipment/components, they share this particular-factor.

232

The relatlve 1mportance of a structure's performance to the overall safety of the
specific nuclear generating plant has both qualitative and quantitative aspects. That is,
certain safety functions are qualitatively more important than others because of their
performance requirements for both normal and emergency operations. Similarly, those
structures which perform numerous safety functions are generally more important to overall
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plant safety from a quantitative viewpoint. Characterization of the Category I concrete

structures on the basis of safety significance must consider both of these issues.

The ranking system which was developed utilizes a 0-10 scale (10 having the highest
safety significance) to order the Category I concrete structures in terms of the quantity and
importance of safety significance functions they satisfy from Table 2.4. Table 2.5 provides
a listing of the safety significance ranking criteria for the even-numbered elements (values)
of the system. The following paragraphs provide guidance in the selection of even-num-
bered safety significance rankings for a Category I structure. ’

"Q" Ranking. As all Category I structures perform a minimum of at least one safety-
related function, a ranking of "0" is not possible. The "0" ranking is included to accom-
modate non-safety-related structures should it be desired to include them in the overall
classification methodology.

"2" Ranking. Category I structures whose safety significance is specifically limited
to their failure consequence alone are considered to have a ranking of "2." The basis for
this ranking is that these structures provide a single safety function. Performance of these
structures will degrade only under "severe" environmental effects which have a low
probability of occurrence. , :

"4" Ranking. Category I structures which perform a minimum of one safety function
(other than "failure consequence") are considered in this ranking. These structures
typically provide either environmental protection, structural support, or shielding functions
for a confined area or specific safety-related plant component.

"6" Ranking. Category I structures which perform at least two safety functions
simultaneously during all plant operating conditions are included in this ranking. These
structures typically perform a containment function, shield or contain radioactivity, or pro-
vide for anchorage of equipment.

"8" Ranking. Category I structures which perform at least three safety functions
simultaneously and which are required for all plant operating conditions are included in this
ranking. These structures are typically required for primary containment or shielding,
support of NSSS components, or spent fuel management, and are critical to safe plant
operation. L

"10" Ranking. Structures which perform four or more safety functions, including
those required by 10CFRS0, are considered to have the highest safety significance ranking.
The LWR primary containment is considered to have this ranking.

In order to apply the safety significance ranking system to the subelements in a
nuclear power plant, several important criteria need to be considered. They include the
following:

1. The qualitative differences (relative importance among the safety functions described in
Section 2.3.1) must be considered through the application of weighting factors.
Functions required by 10CFR30), related to NSSS operation, or necessary for normal,
abnormal, and emergency plant status, need to be weighted more heavily than other
functions. : :

2. The safety significance of certain "primary" structures is heavily influenced by
performance of its subelements, e.g., prestressed concrete containments rely on the
performance of the post-tensioning system. The ranking of each primary structure,
therefore, must include the cumulative contribution of safety significance of each of its
subelements. ' ‘

Since the durability of concrete structures can be dependent on the environments in
which these structures are required to operate, the effects of environmental exposure need
to be included in any concrete component assessment methodology which is developed. In
addition, a procedure needs to be established which will indicate the relative severity of the
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environment in which a concrete component is required to meet its functional and
performance requirements.

2.4.1 Characteristic Environmen

Category I concrete structures in nuclear power plants may be exposed to one or more
environments during normal plant operation. Table 2.6 lists seven environmental exposure
categories that may inieract with exposed surfaces of these structures. A short description
of each of these categories follows.

2.4.1.1 Subterrancan. Depending on geographical location, concrete structures built
below the existing grade of soil/rock may be exposed to a variety of conditions. Effects of
groundwater, surrounding soils, and environmental events (floods, freezing/thawing,
wetting/drying, etc.) may be either passive in nature or aggressive. Long-term exposure to
these effects can result in degradation of the concrete and steel reinforcement. Typical
Category I structures which are located partially or fully below grade include the foundation
and lower walls of the primary containment and reactor buildings, and structures required
for conveyance of cooling water to and from the heat sink.

2.4.1.2 Natural Environment (Direct Exposure). Natural environmental exposure
may subject reinforced concrete structures to a number of mechanisms that can result in
degradation, e.g., carbonation, wet/dry cycling, freeze/thaw cycling, chemical attack,
ocean salt spray, acid rain, electrical effects, etc. The rate of attack of these mechanisms is
highly dependent on the imposed environmental conditions, geographical location and
quality of construction materials. In addition, the adequacy of the design and quality of
construction affects the durability of these structures. Category I concrete structures which
may be directly exposed to natural environmental conditions include primary containments,
enclosure/shield buildings, and other auxiliary structures (e.g., offgas stack).

2.4.1.3 Natural Environment (Indirect Exposure). Indirect exposure to the natural
environment 18 defined as the exposure condition where natural temperature conditions and
precipitation (via spray, fog, etc.) are present, but direct exposure to other conditions is
restricted or shielded. As the exposure conditions are somewhat shielded, the potential for
certain mechanisms to degrade the reinforced concrete is reduced as well as the rate of
attack. However, shielded conditions can increase the impact of certain degradation mech-
anisms, e.g., carbonation. This exposure condition is common among certain auxiliary
structures whose internal environments are uncontrolled, e.g., pipe tunnel interior surfaces.

2.4.1.4 Continuous Fluid Ex re. Continuous fluid exposure conditions may be
present for those Category I concrete structures used for ultimate heat sink or safety-related
water intake and conveyance. These structures include intake/discharge buildings, hyper-
bolic cooling towers (interior surfaces), emergency intakes, water wells, dams, and canal
liner structures. Typically, the fluid consists of water from the plant cooling source (lake,
river, etc.) which may be screened or chemically treated. This water may also contain
microorganisms, solids, or chemicals potentially harmful to exposed concrete constituents
or reinforcing steel. If the flow/velocity of this fluid is great enough, erosion or scouring
of concrete may also occur. Continuous water exposure may also lead to wet/dry cycling,
or leaching, which may affect the exposed concrete matrix. Also, corrosion cell formation
may be promoted by this exposure. Critical exposure areas include lower portions of the
concrete structures and surfaces proximate to the waterline.

2.4.1.5 Flui ur¢ Retaining. Category I concrete structures which are required
to perform a fluid or pressure retaining (leaktight) function are normally lined with carbon
or stainless steel plate. Although the concrete proximate to the liner does not come into
direct contact with the fluid, it may still be exposed to characteristics of the enclosed fluid
or environment, e.g., via temperature gradients, bearing loads, and radiation fields.
Examples of Category I structures that can be subjected to this environmental exposure
condition include the concrete containment, primary reactor (biological) shield wall, spent
fuel pool, and other pool structures.
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2.4.1.6 Inside Primary Containment. Concrete structures located within the primary
containment may be exposed to a number of conditions, including high humidity (to 100%

relative), high temperature (to 65°C or locally higher),2-3! and large radiation fields.
Possible secondary effects include chemical exposure or spills, wear/abrasion/impact from
heavy loads movement, and fatigue/vibration loads. Local areas where intensified condi-
tions may exist include surfaces proximate to the reactor or hot piping/penetrations, next to
the reactor coolant pressure boundary components, or near locations of fluid buildup (e.g.,
sumps). Enhanced thermal conditions may also occur within sealed concrete structures
(lined with plate), such as in BWR shield walls. Because of the contributions of humidity,
temperature and radiation, this environment is termed to be quite aggressive.

2.4.1.7 Controlled Interior Environment. Controlled interior environments are
defined as environments which are modified or altered through the use of heating, ventila-
tion, air conditioning, and dehumidification. These alterations result in "controlled” levels
of humidity and temperature. Many Category I buildings have controlled interior condi-
tions such that exposure of concrete to aggressive conditions is minimized. The risk of
chemical spills is generally not reduced by the control alterations. However, thc resulting
environment is considered to be significantly less aggressive than others.

2.4.2 Environment re Rating System

The rating system developed to include environmental exposure conditions in the
Category I concrete structures classification system was based on several considerations:
(1) historical environment data, (2) exposure conditions for all surfaces of the structure,
(3) accessibility to the structure's exposed surfaces for inspection, and (4) quantity/
severity of the specific environmental conditions to which it is exposed. The rating system
was developed by comparing each of the environments to one another and identifying the
relative significance of the potential aging or degradation effects that may be produced by
each on the concrete structures (materials). The numerical ratings, based on a 0-10 scale
(10 = most severe), that resulted for each of the characteristic environmental exposure
conditions discussed in the previous section, are presented in Table 2.6. The ratings are

supported by general industry data?-32-2-36 regarding structural performance and failure in a
variety of environments. These data, if characterized by the difference in exposure,
indicate that underground conditions are typically the most aggressive and controlled envi-
ronments the most benign with respect to degradation of concrete structures. The ratings
provided in the table for each exposure condition are average ratings. The actual assign-
ment of a specific rating may vary somewhat from plant to plant to accommodate local site
conditions. Structures exposed to two or more environments may be assigned either the
maximum rating or an average value (see Section 4 also). The following paragraphs
provide a description of each exposure and the basis for assignment of its relative
importance rating.

The subterranean environment was found to be most severe. The subterranean
environment may be characterized (worst case) as having aggressive groundwater or 50il
conditions, excessive hydrostatic conditions, and surfaces of the structure which are dif-
ficult to inspect for environmental effects. Ongoing degradation may occur unnoticed until
widespread structural damage has resulted. Any structure exposed to a subterranean
environment should be rated between the values of 8 and 10.

The direct natural environment was considered to be less severe than subterranean
conditions but in certain geographical areas, acid rain, freeze/thaw conditions, etc, may
impact the durability of concrete structures. Comparing this environment to the subter-
ranean environment generally resulted in a rating of 6.

The indirect natural environment was considered to be generally less severe than
direct exposure for most conditions, except for the effects of carbonation and possibly
chemical attack. As such, it was generally given a lower rating of 4.
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Continuous fluid exposure, as compared to the direct and indirect natural
environment, was considered to be relatively more severe and generally given a rating of 7.
The reasoning for this is the increased potential for aggressive chemical exposure,
freeze/thaw damage, and other degradation factors. An additional consideration is that ex-
posure of concrete to flowing fluids may lead to leaching of the concrete cement paste
mairix and premature degradation.

The fluid or pressure retaining environment experienced by the concrete is somewhat
moderated by the presence of a metailic liner. However, thermal effects and radiation
exposure may still occur. The presence of the liner also resiricts any inspection of the
exposed concrete. Thus, a rating of 5 was assigned to this environment.

Environments inside of primary containment were considered to be severe because of
humidity, temperature, and radiation conditions that exist. Ceriain structures located in the
containment will be more notably affected by these conditions, especially those proximate
to the reactor coolant pressure boundary. From a qualitative viewpoint, the effects of the
environment inside containment were judged to be comparable to the natural envircnment
and thus were weighted nearly equally. A rating of 7 was considered appropriate.
However, this rating may be adjusted for notably enhanced exposures (e.g., under the
reactor vessel) or where affected by application of protective coatings.

Because of conditions associated with the controlled-interior environment of many
plant buildings, the relative rating aspect of this condition was judged to be quite low.
Degradation of concrete from this environment has not been widely documented. A general
rating of 2 was assigned to this environment. Specific conditions known to be more locally
severe may be given a higher rating.
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Table 2.1. Typical Safety-Related Concrete
Structures in LWR Plants

Primary containment
Containment dome/roof
Containment foundation/basemat
Slabs and walls
Containment internal struciures
Slabs and walls
Reactor vessel support structure (or pedestal)
Crane support structures
Reactor shield wall (biological)
Ice condenser dividing wall (ice condenser plants)
NSSS equipment supports/vault structures
Weir and vent walls (Mark ITI)
Pool structures (Mark I11)
Diaphragm floor (Mark II)
Drywell/wetwell slabs and walls (Mark III)
Secondary Containment/Reactor Buildings
Slabs, columns, and walls
Foundation
Sacrificial shield wall (metallic containments)
Fuel/Equipment Storage Pools
Walls, slabs, and canals
Auxiliary building
Fuel storage building
Control room (or building)
Diesel generator building
Piping or electrical cable ducts or tunnels
Radioactive waste storage building
Stacks ’
Intake structures (inc. concreie water intake piping and canal embankments)
Pumping stations
Cooling towers
Plant discharge structures
Emergency cooling water structures
Darns
Water wells
Turbine building
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Table 2.2. Subelement Division of Category [ Concrete Structures:

Boiling Water Reactor

A. Primary Containment
Conerete Confainment

—

1.

SIS LN =

Lew

Basemat Foundation

Drywell Pedestal

Vertical Walls (Mark )

Steel Liner

Suppression Chamber (Mark I)

Chamber Steel Liner (Mark I)

Vertical Walls (Mark 1I)

Vertical Walis (Truncated Cone ~ Mark II)
Concrete Dome (Mark 1D

Polar Crane Support (Mark III)

1 Containmen

Basemat Foundation

B. Containment Internal Structures

1.
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Bottom Slab (Steel Mark I and Pre-Mark
Containments

Reactor Pedestal/Support Structure

Biological (Reactor) Shield Wall

Floor Slabs

Walls

Columns

Diaphragm Floor (Mark II)

NSSS Equipment Pedestals/Supports

Upper and Fuel Pool Slabs (Mark IiI)

Drywell Wall (Mark IIT)

Weir/Vent Wall (Mark IIT)

Crane Support Structure (Mark I1I)
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Table 2.2. (cont.)

C. Secondary Containments/Reactor Buildings
1. Basemat Foundation (if isolated from
containment basemat)
2. Walls
3. Slabs
4. Columns
5. Equipment Supports/Pedestals
6. Sacrificial Shield Wall (Metal Containments)
7. Spent/New Fuel Pool Walls/Siabs
8. Drywell Foundation (Mark I)
D. QOther Swuctures (Category D)

1. Foundations@
2. Walls@
3. Slabsa
4. Cabie Ducts
5. Pipe Tunnels
6. Stacks
7. Concrete Intake Piping
8. Cooling Tower Basins
9. Dams

10. Intake Crib Structures

11. Embankments

12. Tanks

13. Water Wells

Importance Factor

—
<

OO A~

AUV UNUNWLOA RO

aComponents of other site buildings such as Auxiliary, Turbine, Control,
and Diesel Generator Buildings.
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Table 2.3. Subelement Division of Category I Concrete Structures:
Pressurized Water Reactor

Importance Factor
A. Primary Containment

Concrete Containment
1. Basemat Foundation 10
2. Tendon Access Galleries 3
3. Vertical Walls (and Buttresses) 8
4. Ring Girder (PCCV) 9
5. Dome 8
Steel Containment
1. Basemat Foundation 10
B. Containment Internal Structures
1. Bottom Floor (Metal Containments) 10
2. Floor Slabs 6
3. Walls 7
4. Columns 6
5. NSSS Equipment Pedestals/Supports 5
6. Primary Shield Wall (Reactor Cavity) 8
7 . Reactor Coolant Vault Walls 7
8. Beams 5
9. Crane Support Structures : 4
10. Ice Condenser Divider Wall and Slab 5
11. Refueling Pool and Canal Walls 6
C. Secon i ildings {(met
1. Foundation 10
2. Walls 8
3. Slabs 6
D. Other Structures (Category )
1. Foundations? 10
2. Wallsd 8
3. Slabs2 6
4. Cable Ducts 5
5. Pipe Tunnels 5
6. Stacks 5
7. Concrete Intake Piping 6
8. Hyperbolic Cooling Towers 5
9. Dams 6
10. Intake Crib Structures 6
11. Embankments 4
12. Tanks 5
13. Water Wells 4

AComponents of other site buildings such as Auxiliary, Turbine, Control,
and Diesel Generator Buildings.
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Table 2.4. Safety Significance Functions

Prevention of uncontrolled release of liquid or airborne radiation to the environment
(all plant conditions)

Radiation attenuation and shielding for all plant operating conditions and postulated
evenis

Structural support for power production NSSS and containment internal equipment
and components

Structural support for plant equipment whose function is safety-related but which is
redundant, serving a "back-up" role

Structural support for "ultimate heat sink” equipment and components
Support for new-spent fuel assemblies and other pool loads

Protection of “active" safety systems and components from natural or harmful
environmenial effects

Separation or "communication” function (inside containment)

Prevention of failure
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Table 2.5. Safety Significance Ranking Criteria?

Safety Significance Criteria Ranking
1. Non-Category [ structures 0
2. Category I structures whose relation to safety is due to their 2

failure consequence alone

3. Category I structures performing one safety function in 4
addition to "failure consequence” (typically related to
environmental protection, etc.)

4. Category I structures performing two safety functions of 6
greater importance than "failure consequence” (i.e.,
secondary containment, radiation shielding, etc.)

5. Category I structures performing at least three safety 8
functions of greater importance and which are required
for primary containment, support of NSSS components,
etc.

6. Category I structures performing four or more safety 10
functions simultancously (i.e., the primary containment
pressure boundary)

ASafety functions are defined in Table 2.4. Intermediate values between
those noted above may be used based on actual safety function of the
structure.
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Table 2.6. Environmental Exposure Categories and Ratings

Exposure condition Rating
1. Subterranean (below grade) 10
2. Natural environment (direct exposure) 6
3. Natural environment (indirect exposure) 4
4. Continuous fluid exposure (without liner) 7
5. Fluid/pressure retaining (liner provided) 5
6. Inside primary containment 7
7. Controlled interior environment (secondary containment, 2

auxiliary building, etc.)
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Fig. 2.1. BWR Mark I type metal containment enclosed in a reactor building.
Source: Residual Life Assessment of Major Light Water Reactor Components —
Overview, NUREG/CR-4731, Vol. 2, EG&G Idaho, Inc., Idaho National Engineering
Laboratory, Idaho Falls, November 1989.
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Overview, NUREG/CR-4731, Vol. 2, EG&G Idaho, Inc., Idaho National Engineering
Laboratory, Idaho Falls, November 1989.
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3. DETERMINATION OF DEGRADATION FACTOR SIGNIFICANCE

The longevity, or long-term performance, of Category 1 concrete structures is
primarily a function of the durability or propensity of these structures to withstand the
potential effects of degradanon Thus, any prioritization system developed for such
structures with respect to aging must include any and all forms of degradation which can
occur. The degradation factors that have been observed in the nuclear power industry, as
well as in general civil engineering structures, are described in this section including
methods for assessing the presence/severity of the factors. Also, a grading system is pre-
sented which can be used to assign relative values to each of the degradation factors
affecting the critical LWR concrete structures,

3.1 Degradation Factor Description

Table 3.1 presents a summary of the primary age-related degradation factors that can
affect the concrete, mild steel reinforcing, prestressing, and liner/structural steel systems in
nuclear power plant Category I concrete structures.! A description of these factors and
characteristics such as rate of attack and threshold values are presented in the following
paragraphs. A number of critical areas where degradation may adversely impact the
performance or function of these material systems is provided in Table 3.2.

3.1.1 Concrete Material Systems

If concrete is properly designed for the environment to which it will be exposed,
produced using good quality control principles, and proper construction methods are
utilized, it is capable of maintenance-free performance for decades. However, concrete is
potentially vuinerable to attack under a variety of different exposures. Degradation of con-
crete can be caused by adverse performance of either its cement-paste matrix or aggregate
constituents under either chemical or physical attack.

3.1.1.1 Chemical Attack. Chemical attack is the alteration of the concrete through
chemical reaction with either the cement paste or the coarse aggregate. Generally, the attack
occurs on the exposed surface region of the concrete (cover concrete), but with the
presence of cracks or prolonged exposure, chemical attack can affect entire structural
elements (cross sections). The rate of chemical attack on concrete is a function of the pH of
the aggressive fluid and the concrete permcablhty, alkalinity, and reactivity. Figure 3.1
presents a summary of the types of chemical reactions responsible for concrete deterioration
and the detrimental effects which can occur. Chemical attack may occur in several different
forms as highlighted in the following sections.

Efflorescence and Leaching. Efflorescence occurs on the surface of councrete
following the percolation of a fluid (e.g., water) through the material, either intermittently
or continuously, or when an exposed surface is alternately wetted and dried. Efflorescence
resuits from the dissolution of salts contained in the cement matrix, which are leached out
of the concrete and crystallized upon subsequent evaporation of fluid or interaction with
carbon dioxide in the atmosphere. As such, efflorescence is primarily an aesthetic problem
rather than a durability problem but may indicate that alterations to the cement paste are
taking place in the concrete.

Leaching is a form of mild chemical attack which alters the cement paste matrix by
hydrolyzing or dissolving calcium-containing products. The rate of leaching is dependent
on the permeation of the fluid through the cement matrix, temperature, and reactivity.
Extensive leaching causes an increase in porosity and permeability, thus lowering the

1 Short-term conditions such as fire exposure, missile impact, flooding, tornado, etc were
not considered to be age-related problems.
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strength of the concrete3-! and making it more vulnerable to hostile environments, e.g.,
water saturation and freeze/thaw damage, or chloride penetration and corrosion of the
reinforcing system. Category I structures most susceptible to leaching are those subjected
to rain water, cooling water, or ground water.

Sulfate Attack. Sulfates of sodium, potassium, and magnesium present in alkali soils
and waters (rain, groundwater, sea water) have caused significant deterioration in a small

population of concrete structures.3-2 The sulfates react chemically with the hydrated lime
and hydrated calcium aluminate in cement paste to form calcium sulfate and calcium
sulfoaluruinate with considerable associated expansion and disruption (cracking) of the
concrete. Sulfate attack can also take the form of progressive loss of strength and loss of
mass due to deterioration of cohesiveness of the cement hydration products. The rate of
attack is a function of the reactivity of the paste and concentration of the sulphate
compounds. Deterioration of subgrade structures in the western U.S. has occurred within

five years of construction. A review of research data3-2.3-3 indicates that sulfate levels of
1200 ppm and higher are aggressive to concrete.

Bases and Acids. Hydraied cement paste is an alkaline material (pH 2 12.5) and not
normally susceptible to attack by alkaline materials. Contact between concrete and high
concenirations of alkaline materials (from water treatment or industrial processes), how-
ever, can resuli in deterioration by processes other than direct chemical reaction with
hydroxide ions. On the other hand, concrete is vulnerable to acidic solutions which readily
attack basic materials. Sulfuric acid and carbonic acid in groundwater and certain plant-
internal fluids (boric acid, etc.) are example acids. The cation-exchange reaction between

acidic solutions (HCZ, HNO3, CH3CO2H, ctc.) and the constituents in portland cement
paste give rise to soluble salts of calcium which are removed by leaching and which

increase the porosity and permeability of the concrete.3-4 Table 3.3 presents a listing of the
reactivity with concrete of various chemicals commonly found in nuclear power plants and
the surrounding environment. The rate of attack is primarily a function of the concentration
(pH) of the fluid and the duration of exposure. The potentially acidic ground water expo-
sure on below-grade Category I structures is of primary concern.

Salt Crystallization. Salts can cause damage to concrete through the development of
crystal growth pressures that arise through physical causes. Deterioration of this type
occurs when concrete is in contact with water containing large quantities of dissolved solids
(e.g., CaSOy4, NaC#, Na3S04).3-5 As the water permeates into the concrete, the salts
crystallize in open pores due to evaporation. Repeated evaporation can cause the salt
deposits to build up to the point that the stresses generated will crack the concrete.
Structures in contact with fluctuating water levels (such as water management structures) or
in contact with groundwaters containing salts are susceptible to this type of deterioration.

Alkali-Aggregate Reactions. Expansion and cracking, leading to loss of strength,
elasticity, and durability of concrete can result from chemical reactions involving alkali ions
(portland cement), hydroxyl ions, and certain siliceous constituents that may be present in
aggregates. Generally, three requirements are necessary for alkali-aggregate reactions to
occur: sufficient alkali present; availability of moisture; and presence of reactive silica,
silicate, or carbonate aggregate material. Deterioration of the concrete results from swelling

(hydraulic pressure) of the alkali-silica gel when it comes in contact with water.3-6 This is
termed alkali-silica reaction (ASR). Other alkali-silica reactions involve sand-gravel aggre-
gates contained in river systems in Nebraska, Kansas, certain western states, and sedimen-
tary rock aggregates composed largely of clay minerals. Expansive reactions also occur as
a result of alkali-carbonate aggregate reactions (ACR). Both reactions may result in severe
cracking and loss of mechanical properties in the structure.

As the influence of alkali-aggregate reaction (AAR) requires the presence of moisture,
Category I structures exposed to rain water, ground water, cooling water, or in-
containment humidity are most susceptible. Although AAR typically occurs within 10
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years of construction, deterioration has not occurred in some structures until 15 to 20 years
following installation, and some structures have not exhibited early signs of deterioration
until 20 to 25 years after construction. The delay in structures exhibiting deterioration due
to AAR indicates that there may be less reactive forms of silica which may eventually cause

deterioration.37 Generally, the deterioration takes the form of map (pattern) cracking,
popouts, and spalls. Because the degradation is generally visible in its early stages,
periodic visual condition surveys may cffecuvcly identify the degradation before loss of
structural integrity. However, in-place repair requirements due to this reaction may be
substantial if the AAR occurs in certain Category I structures (such as inside containment).

3.1.1.2 Physical Attack. Physical attack is the second major cause of deterioration
of concrete. Although it is often difficult to separate physical attack from chemical attack of
concrete, for purposes of discussion physical attack will include degradation factors that re-
sult from environmental or mechanical effects.

Frecze/Thaw Cycling. Concrete, when in a saturated or near-saturated condition, can
be susceptible to damage during freezing and thawing cycles caused by hydraulic pressure
generated in the capillary cavities of the cement paste as the water freezes. Freeze/thaw
cycling is more prevalent in the northern sections of the United States; certain areas witness
over 50 cycles per year. Damage to concrete resulting from freeze/thaw cycling can take

several forms: scaling, spalling, and pattern cracking (such as D-cracking).3-8 Concrete
slabs which are exposed to freeze/thaw cycles in the presence of deicing chemicals are
susceptible to scaling or "flaking off” of the exposed surface. The most common damage
that occurs to concrete during freeze/thaw cycling is cracking or spalling due to expansion
of the cement paste matrix. Cracking parallel to joints and edges of slabs (D-cracking) can
occur when certain porous coarse aggregates have been used in the concrete mix.

Factors controlling the resistance of concrete to freeze/thaw damage include air
entrainment (sizing and spacing of air bubbles) as opposed to entrapped air, water/cement

ratio, caring, strength, and degree of saturation. 39 It is not the total air contained in the
cement paste matrix that is the critical factor in producing durable concrete, but having a

void spacing of 0.1 to 0.2 mm throughout the hardened cement paste.34 Water/cement
ratios should not exceed certain maximums to ensure that the presence of large pores in the
hydrated cement paste is minimized, i.e., lower water/cement ratio mixes will resuit in less
water being available for freezing. The concrete should be properly cured prior to frost
exposure. Although strength generally is directly proportional to durability, air-entrained
concrete, even though of reduced strength,? will provide improved resistance to frost
action. Even if sufficient entrained air is present in the cement paste matrix to prevent
freeze/thaw damage, any porous aggregate particles may be susceptible to freeze/thaw
damage.

Many of the structures comprised of concrete at nuclear plants were constructed using
air-entrained concrete. However, certain exposed surfaces may still be affected by freeze/
thaw damage. Category I structures most susceptible to freeze/thaw damage are those
utilized in the intake/conveyance/management of cooling water. These structures, espe-
cially at the water line, will have saturation levels in the concrete above the critical level.
Other possible locations are exterior surfaces which promote the "ponding” or collection of
rain water, or at existing cracks or imperfections. Reference 3.10 contains a chart which
identifies those areas in the United States subjected to the greatest number of freeze/thaw
cycles (weathering index). LWR facilities in these regions are most susceptible to
freeze/thaw damage.

2 In medium- and high-strength concretes, each 1 percent increase in air content results in a
strength reduction of about 5 percent for mixes having the same water-cement ratio.3-1
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Freeze/thaw damage is incurred after an extended number of cycles. This is
especially true for Category I structures which were primarily designed to accommodate
(resist) freeze/thaw activity. This damage is visually inspectable on exposed surfaces.
Periodic condition surveys should identify the occurrence of this mechanism before loss of
structural integrity occurs. However, certain structures may still be damaged by
frcezc/thaw damage and requlre repar

]l Exposu al Cycling. Elevated temperature and thermal gradients are
1mportant to concrete structures in that i‘hcy affect the concrete's strength (ability to carry
loads) and stiffness (structural deformations and loads thai develop at constraints). The
mechanical property variations result largely because of changes in the moisture content of
the concrete constituents and progressive deterioration of the cement paste and aggregate
(especially significant where thermal expansion values for cement paste and aggregate are
markedly different). Significant deterioration of the concrete strength does not generally
occur until the exposure temperature reaches ~400°C at which dehydration of calcium

hydroxide occurs.3-11 Reference 3.12 suggests that concrete exposed to temperatures of
90°C may lose up to 10% of its room-temperature strength and modulus of elasticity
values. The response of concrete to elevaied-temperature exposure depends on a number
of factors, e.g., type and porosity of aggregate, rate of heating, permeability, moisture
state, etc. In addition to potential reductions in strength and modulus of elasticity, thermal
exposure of concrete can result in cracking or when the rate of heating is high and concrete
permeability low, surface spalling can occur. Elevated temperatures also are important in

that they affect the volume change and creep of concrete.3-13 References 3.14 10 3.17
provide additicnal information on the effects of elevated temperature on concrete materials
and structures.

Thermal cycling, even at relatively low temperatures (< 65°C), can have some
deleterious effects on concrete's mechanical properties, i.e., compressive, tensile and bond
strengths, and modulus of elasticity are reduced. Most reinforced concrete structures are
subjected to thermal cycling due to daily temperature fluctuations and are designed accord-
ingly, i.e., inclusion of steel reinforcement. At higher temperatures (200 to 300°C), the
first thermal cycle causes the largest percentage of damage, with the extent of damage
markedly dependent on aggregate type and is associated with loss of bond between the
aggregate and matrix. Temperature variations, or thermal cycles, also can become impor-
tant if the deformation of the structure resulting from the temperature variations is
constrained.

Category I structures are generally limited to maximum temperatures of 65°C by
technical specifications (design and operation basis). However, local areas may be heated

to temperatures approaching that of the NSSS coolant (345°C)3-18 at local piping penetra-
tions, improperly ventilated areas, etc. Those structures potentially affected include the in-
containment structures near NSSS equipment and containment vessel/shield wall hot piping
penetrations.

Excessive thermal exposure is typically characterized by cracking or spalling of the
cover concrete at the exposed surfaces. Evaluation of mechanical properties of concrete
requires removal of representative samples and use of appropriate laboratory test
procedures. If the effect of elevated temperature on the concrete is desired at a location
where the concrete is subjected to moderate elevated temperature conditions over an
extended period of time, the samples should be tested under representative conditions.

Irradiation. Irradiation in the form of either fast and thermal neutrons emitied by the
reactor core oy gamma rays produced as a result of capture of neutrons by members
(particularly steel) in contact with concrete can affect the concrete. The fast neuircns are
mainly responsible for the considerable growth, caused by atomic displacements, that has
been measured in certain aggregate (e.g., flint). Gamma rays produce radiolysis of water
in cement paste which can affect concrete's creep and shrinkage behavior to a limited extent
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and also result in evolution of gas. Prolonged exposure of concrete to irradiation can result
in decreases in tensile and compressive strengths and modulus of elasticity. Irradiation has
little effect on shielding properties of concrete beyond the effect of moisture loss due to
temperature increase. : '

Approximate threshold levels necessary to create measurable damage in concrete have
been reported in limited research studies.3-19 These levels are 1 x 1019 neutrons/square
centimeter for neutron fluence and 1010 rads of dose for gamma radiation. Reference 3.20
provides the following data for radiation environments at the outside surface of LWR
reactor pressure vessels (plant capacity factor of 80% with 1000 megawatt electric power
generation): ;

BWR PWR

40 Year 60 Year 80 Year 40 Year 60 Year 80 Year
(32EFPY) (48 EFPY) (64 EFPY) (32 EFPY) (48 EFPY) (64 EFPY)

Neutron Fluence (n/cmz) ' ‘ ; ~
Slow (E<10MeV)  37x 1018 56x1018 75x 108 20x101% 3.0x 1019 4.0x10!°
Fast (E > 1.0 MeV) 50x 1017 77 x 1017 10x 1018 10x 10’8 15x%x 1018 2.0x 1018

Gamma Total Integrated 1.6 x 1010 24 x 1010 32x 1010 47x10° 70x 109 93 x 109
Dose (rads) :

These values indicate that radiation levels approaching those which may damage
concrete in the primary shield wall (Category 1) may occur after 40 years of operation
(32 equivalent full-power years). However, further attenuation of these values may result
due to the presence of air gaps, insulation, etc.

Damage to concrete due to excessive irradiation occurs as cracks and spalls at
exposed surfaces. Evaluation of the effects of irradiation on the mechanical properties of
concrete requires removal and testing of representative samples of material.

Abrasion/Erosion/Cavitation. Progressive loss of material at the concrete surface can
occur due to abrasion, erosion, or cavitation. Abrasion generally refers to dry attrition,
while erosion is normally used to describe wear by the abrasive action of fluids containing
solid particles in suspension. Cavitation relates to the loss of surface material by formation
of vapor bubbles and their subsequent collapse, due to sudden change of direction or
pressure in rapidly flowing water, on the surface of the structure. Resistance of concrete 10
abrasion and erosion is dependent on the quality of the concrete (low porosity, high
strength) and in particular the aggregate particles used in the mix. While good quality
concrete may show good resistance to abrasion and erosion, it may still suffer severe loss
of surface material due to cavitation. The best way to guard against the effects of cavitation
is to eliminate the cause(s) of cavitation. Reference 3.21 provides additional information
on the effects of erosion on concrete structures. With respect to Category I structures, only
those providing water intake, conveyance, or management are possibly affected by
abrasion, erosion, or cavitation.

Fatxgug[%bratxon Concrete structures subjected to fluctuations in loading,
temperature, or moisture content (which are not large enough to cause failure in a single
application) can be damaged by fatigue. Fatigue damage initiates as microcracks in the
cement paste, proximate to the large aggregate particles, reinforcing steel, or stress risers
(e.g., defects). Upon continued or reversed load application, these microcracks may
propagate to form structurally significant cracks which can expose the concrete and
reinforcing steel to hostile environments or produce increased deflections. Ultimate failure
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of a concrete structure in fatigue will occur as a result of excessive cracking, excessive
deflections, or brittle fracture.

Within LWR facilities, certain Category I concrete structures may be subjected to
repetitive or vibration loadings, e.g., supports for NSSS equipment/components and

operating pumps/turbines. As a result of the good resistance of concrete to fatigue,3-22,3-23
and the use of design codes which have limited design stress levels to values below con-

crete's endurance limit (the fatigne strength of concrete for a life of 107 cycles of compres-

sion, tension, or flexure loading is approximately 55% of static strength3-22), no significant
fatigue-related damage has been reported by the nuclear industry. However, there may be
instances where locally exposed surfaces of support structures have displayed some effects
of vibration loads, €.g., cracks. As the structures age, however, there may be increasing
incidences of damage from fatigue at locations where reciprocating equipment is attached to
its supporting structure, or at supports for pipes that exhibit flow-induced vibrations.

3.1.2 Mild Steel Reinforcing Syste

3.1.2.1 Corrosion. Although deterioration of concrete may be attributable to the
combined effects of more than one cause, corrosion of embedded metal is one of the prin-
cipal causes. Corrosion of steel in concrete is an electrochemical process. The electro-
chemical potentials which form the corrosion cells may be generated in two ways:
(1) composition cells formed when two dissimilar metals are embedded in concrete, such
as steel rebars and aluminum conduit, or when significani variations exist in surface charac-

teristics of the steel, and (2) concentration cells formed due to differences in concentration

of dissolved ions in the vicinity of steel, such as alkalies, chlorides, and oxygen.34 Asa
result, one of iwo metals (or different parts of the metal when only one metal is present)
becomes anodic and the other cathodic. Other potential causes of corrosion include the
effects of stray electrical currents or galvanic action with an embedded steel of different
metallurgy. The transformation of metallic iron to ferric oxide (rust) is accompanied by an
increase in volume which, depending on the state of oxidation, may be as large as
600 percent of the original metal. The volume increase can cause cracking and spalling of
the concrete. In addition, corrosion will result in a reduction in effective steel cross-section
and capacity. Depending on the source, local embrittlement may also be produced.

In good-quality, well-compacted concretes, reinforcing steel with adequate cover
should not be suscepiible to corrosion because the highly alkaline conditions present within
the concreie (pH > 12) causes a passive iron oxide film to form on the iron surface, i.e.,
metallic iron will not be available for anodic activity. However, when the concrete pH falls
below 11, a porous oxide layer (rust) can form on the reinforcing steel due to corrosion.
Carbonation and the presence of chloride ions can destroy the passive iron oxide film.
Reduction of the concrete pH can occur as a result of leaching of alkaline substances by
water or carbonation, i.e., calcium hydroxide is converted to calcium carbonate (calcite).
The penetration of CO; from the environment can be accelerated due to the concrete being
porous (poor quality) or the presence of microcracks. The penetration of chloride icns can
also destroy the passive oxide film on the reinforcing steel, even at high alkalinities (pH >
11.5). For typical concrete mixtures, the threshold chloride content to initiate steel corro-

sion is about 0.6 to 1.2 kg C£-/m3 (Ref. 3.7). Chlorides may be present due to external
sources (deicing salts, etc.) or may be naturally introduced into the concrete via aggregate
or mix water transport. Furthermore, when large amounts of chloride are present, concrete
tends to hold more moisture, which also increases the risk of steel corrosion by lowering
concrete's electrical resistivity. Once the passivity of the steel is destroyed, the electrical
resistivity of concrete and availability of oxygen control the rate of coirosion.

The widespread occurrence of reinforcing steel corrosion in general civil works
structures has resulted in the issuance of many publications related to its cause,
propagation, detection, and damage mitigation, e.g., Ref. 3.9. Because of the potential
damage to concrete structures caused by the corrosion of reinforcing steel, this factor is
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potentially one of the most significant for all Category I structures. The effects of
corrosion may be observed visually following damage (e.g., rust stains, cracking, or
spalling of concrete) or assessed nondestructively (see Section 3.2).

3.1.2.2 Elevated Temperature. The properties of mild steel reinforcement used in
design are generally a function of the yield stress, which is affected by exposure to elevated

temperature. Data for German reinforcing steels3-24 indicate that for temperatures up to
~200°C, the yield strength is reduced < 10% and that at 500°C, it falls to 50% its reference
value, with hot rolled steels performing better than cold twisted or cold drawn steels. The
modulus of elasticity exhibits a similar reduction pattern with increasing temperature.

Other data 3-25.3.26 confirm the effects of temperatures above 200°C on reinforcing
steel as well as the threshold temperature of 300°C for loss of reinforcing steel bond prop-
erties with concrete. As these threshold values are below typical LWR temperature expo-
sures, thermal damage to reinforcing steels should be negligible except for possibly at local
areas or structures in close proximity to the NSSS equipment.

3.1.2.3 Irradiation. Neutron irradiation produces changes in the mechanical
properties of carbon steel, e.g., an increase in yield strength and a rise in ductile/brittle
transition temperature. The changes result from the displacement of atoms from their
normal sites by high energy neutrons, causing the formation of interstitials and vacancies.
As a consequence, the reduced ductility will increase the possibility of brittle fracture. In
LWR facilities, the critical reinforcing steel that may expenence irradiation effects is located
in the primary shield wall adjacent to the reactor pressure vessel.

References 3.27 and 3.28 suggest that the threshold level of neutron fluence for
alteration of reinforcing steel mechanical properties is 1 x 1018 neutrons/square centimeters.
As indicated in Ref. 3.20, fluence levels of this magnitude may be present at the reinforcing
steel level of the Category I primary shield wall. However, the cover concrete may provide
significant attenuation. Further research is necessary to determine ultimate impact of irra-
diation on reinforcing steel.

3.1.2.4 Fatigue. Fatigue of the mild reinforcing system would be coupled with that
of the surrounding concrete. The result of applied repeated loadings, or vibrations, is
generally a loss of bond between the steel reinforcement and concrete. For extreme condi-
tions, the strength of the mild steel reinforcing system may be reduced or failures may
occur at applied stress levels less than yield. There have been few documented cases of
fatigue failures of reinforcing steel in concrete structures and those published occurred at
relatively high stress/cycle combinations.? Concrete structures in nuclear plants which may
be exposed to fatigue or vibration loads include the reactor pedestal or support concrete,
refueling structures, and equipment supports. Because of the typically low normal stress
levels in reinforcing steel elements in Category I concrete structures, fatigue failure is not
likely to occur.

3.1.3 Prestressing Systems ‘

3.1.3.1 Corrosion. Corrosion of prestressing systems can be highly localized or
uniform. Most prestressing corrosion-related failures have been the result of localized
attack produced by pitting, stress corrosion, hydrogen embrittlement, or a combination of
these. Pitting is the electrochemical process that results in locally intensified material loss at
the tendon surface, potentially reducing the cross section to the point where it is incapable
of supporting load. Stress corrosion cracking results in the fracture of a normally ductile
metal or alloy under stress (tensile or residual) while in specific corrosive environments.

Hydrogen embrittlement, frequently associated with hydrogen sulfide exposure, occurs

3 Reference 3.22 indicates that the lowest stress range known to have caused a fatigue
failure of a straight hot-rolled deformed bar embedded in concrete is 145 MPa. The failure

occurred after 1.25 x 100 cycles of loading on a beam containing a No. 11, Grade 60 bar
when the minimum stress level was 121 MPa.
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when hydrogen atoms enter the metal lattice and significantly reduce its ductility. Failure of
prestressing tendons can also occur as a result of microbiological-induced corrosion (MIC).
Protection of the prestressing systems is provided by filling the ducts containing the post-
tensioned tendons either with organic corrosion inhibitors which include microcrystalline
waxes such as petrolatums (nongrouted tendons), or portland cement grout (grouted
tendons). Regulatory requirements for inspection and replacement have made nongrouted
post-tensioned steel tendons the dominant prestressing system used in containments. Fully
bonded prestressing tendons were used only at two nuclear power planis (Robinson 2 and
Three Mile Island 2}, plus two rock anchor installations (Bellefonie and Ginna)

Due to the stress state in the prestressing systers, and the importance of the system
to overall structural integrity, the tolerance for corrosion attack is not as great for the pre-
stressing systems as for the mild steel reinforcement. Corrosion is therefore an important
factor affecting the service life of LWR prestressing tendons. The prestressing systems,
however, are one of the most highly-monitored structural systems in an LWR plant.

3.1.3.2 Elevated Temperature. The effect of elevated temperature on all heat-
treated and drawn wires can be significant, and on cooling the wires may not regain their
initial strength because the heating destroys the crystal transformations achieved by the
heat-treating process. Short-term heating, on the order of 3 to 5 min., even to temperatures
as high as 400° C, however, may not harm the presiressing wire's mechanical
properties.g’vzg Results of a Belgian study3~24 involving thirty types of prestressing steels
indicate that thermal exposures up to ~200°C do not significantly reduce (< 10%) the tensile
strength of prestressing wires or strands. References 3.26 and 3.32 support results of the
Belgian study.

Elevated-temperature exposures also affect the relaxation and creep properties of
prestressing tendons. Reference 3.30 indicates that losses in a 15.2-mm-diam strand
initially stressed to 75% its guaranteed ultimate tensile strength at 40°C will be 5 to 6.4%
after 30 years. Relaxation losses of tendons composed of stress-relieved wires have
relaxation losses of about the same magnitude as stress-relieved strand, but relaxation of a
strand is greater than that of its straight constituent wire because of the combined stress

relaxation in the helical wires.3-31 Creep (length change under constant stress) of stress-
relieved wire is negligible up to 50% its tensile strength. Also, the creep effect in steel
varies with its chemical composition as well as with mechanical and thermal treatment
applied during the manufacturing process. As temperature levels experienced by the
prestressing tendons in LWR facilities are below 200°C, the possibility for thermal damage
to the prestressing steels under normal operating conditions is reduced to only at local
areas.

3.1.3.3 Imradiation. Irradiation of steel affects its mechanical properties because
atoms are displaced from their normal sites by high-energy neutrons to form interstitials
and vacancies. These defects can propagate or combine and effectively both strengthen the
steel and reduce its ductility; or, at higher terperatures, they can recombine and annihilate

each other and, for a given neutron dose, reduce the irradiation damage.3-27 Results
obtained from studies3-27 in which 2.5-mm-diam prestressing wires were stressed to 70%

of their tensile strength and irradiated to a total dose of 4 x 1016 neutrons/cm? (flux of 2 x

1010 neutrons-cm?-s) showed that for exposures up to this level, the relaxation behavior of
irradiated and unirradiated materials was similar. These flux levels are higher than the level
likely to be experienced in a LWR containment vessel.

3.1.3.4 Fatigue. Repeated reversals of stress, or variations in stress, applied to
concrete structural elements (beams in particular) can result in fatigue failure in any of the
following modes: (1) failure of the concrete due to flexural compression; (2) failure of the
concrete due to diagonal tension or shear, (3) failure of the prestressing steel due to
flexural, tensile-stress variations; (4) failure of pre-tensioned beams (grouted tendons) due
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to loss of bond stress; and (5) failure of the end anchorages of post-tensioned

structures.3-33  The majority of fatigue failures that have been found while testing
prestressed concrete beams have resulted from fatigue of the tendons due to stress
concentrations that occur in the tendon at a location where a crack occurs. In unbonded
post-tensioned construction, the end anchorages could be subjected to some variation in
stress under the action of changing external load, but unbonded tendons are not generally
used in members subjected to frequent variations in stress. Reference 3.34 presents high-
cycle and low-cycle dynamic tensile test requirements for prestressing tendon systems used
in concrete containments.

3.1.3.5 Loss of Prestressing Force and End Effects

Loss of Prestressing Force. Primary contributors to loss of the original force level
that was applied to the prestressing tendons include (Refs. 3.35 to 3.38): (1) friction, (2)
end anchorage deflection (take up end slip), (3) elastic shortening, (4) tendon relaxation,
and (5) concrete creep/shrinkage. Of these factors, tendon relaxation and concrete
creep/shrinkage are time-dependent factors and thus aging related.

Stress relaxation, defined as loss of stress (force) in the steel when the strain
(elongation) does not vary, is related to tendon material properties, initial stress level,
exposure temperature, and time. Creep and shrinkage of concrete represent volume
changes of the concrete that occur over the life of the structure which can significantly
affect the force levels in the tendons. Guidelines for developing surveillance programs
acceptable to the USNRC and for providing reasonable assurance (when properly
implemented) that the structural integrity of the containment is being maintained are
provided in Regulatory Guides.3-39.340 Reference 3.40 is a companion to Ref. 3.39 and
provides clarification with respect to determination of prestressing forces and predlcnon of
prestressing force losses over the service life of the structure.

End Effects. As containment tendons, especially strand tendous, are detensioned and
retensioned in compliance with inspection or maintenance requirements, localized notching
damage can occur. Such notching, if not located and repaired, could result in locations of
stress intensification and contribute to the initiation of other potential sources of
degradation, e.g., fatigue or corrosion.

3.1.4 Liner Plate and Structural Steel

3.1.4.1 Corrosion. The primary degradation factor for the liner plate and structural
steel (both embedded sections and those within containment) is corrosion. Typically, the
liner plate and any installed steel are coated, either with a primer or primer-finish coat sys-
tem, to prevent corrosion. Depending on the component, a corrosion allowance may also
have been provided during the design stage. However, local environments may produce
aggressive conditions causing material wastage and loss-of-function during the compo-
nent's lifetime.

The corrosion process which affects these components is similar to that described for
conventional reinforcing steel. For liner plates, the influence of local attack is of greatest
importance because of its possible affect on leak tightness. Local attack may result from
loss of coating integrity, impact, failure of adjoining floor sealant, and other causes. Local
attack mechanisms include galvanic corrosion, pitting, crevicing, and corrosion caused by
stray electric currents or biological effects. The rate of local attack may also be rapid
depending on the aggressiveness of the environment. Rates of general attack have been
reported for a BWR metal containment vessel (similar material to liner plate) as being
between 0.45 to 1.3 mm/year.3-41 Through periodic inspection and the maintenance of
coatings, the liner plate should perform adequately for its service life. If unattended, the
influence of local corrosion on the liner plate may necessitate repairs or replacements.

For structural steel, the most probable corrosion activity will also be localized, in pit
or crevice form. Reference 3.42 contains corrosion data for structural carbon steel in
numerous environments. For an industrial environment, the atmospheric (general) corro-
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sion rate was found to be 0.02 to 0.04 mm/year. This same document reported pitting rates
of 0.056 mm/year for low carbon steel placed in polluted seawater. Structural steel em-
bedments are primarily exposed to the surrounding concrete, which is typically protective.
However, as indicated in Section 3.1.1, this normally protective environment may become
porous or unprotective. Of greatest importance is the possible loss of steel section leading
to reduced capacity. Interface locations with concrete are also critical areas due to the
permeability of concrete and possible intrusicn of aggressive fluids. Should aggressive
fluids be present, corrosion rates similar to those of Refs. 3.41 and 3.42 may be expected.
Corrosion of structural steel piles, used in certain containment configurations for
transferring foundation loadings to greater depths below grade, is also a possible degrada-
tion mechanism. Similar to other containment steel, the concern for piles is from localized
corrosion resulting in significant loss of cross-sectional area. One study3-43 examined cor-
rosion data from 43 piling installations of varying depths (up to 41.5 m) with times of
exposure ranging from 7 to 50 years in a wide variety of conditions. The conclusion of
this study was that the type and amount of corrosion observed in steel pilings driven in
undisturbed soil, regardless of soil characteristics and properties, was not sufficient to sig-
nificanily affect the piling's performance as load-bearing structures. However, pilings
placed in oxygen-enhanced fills, those exposed above grade, or those exposed to seawaier

or salt spray may be somewhat affected.344

3.1.4.2 Fatigue. The effects of repeated loads such as polar crane loads, equipment
or flow-induced vibrations, and system (such as BWR relief valve testing) or containment
leakage tests may possibly detract from the function and performance of liner plaie and
structural steel members. The influence of repeated loads has been generally addressed at
the design stage per national design codes. However, the effects of conditions outside of
design predictions and local stress intensification points (material flaws, etc.) may result in
fatigue-related problems. With respect to the liner plate, possible fatigue sites include base
metal delaminations, weld defects, arc strikes, shape changes near penetrations, structural
attachments, and concrete floor interfaces. For structural steel members (liner attachments
and anchorages), the locations most susceptible to fatigue include large containment
penetration framing (hatches, etc.), and liner anchorages near vibrating load cenditions
(such as those generated in structural attachments). The fatigue of pile components is con-
sidered to be very remote because of the damping provided by the soil and concrete
foundation elements.

3.2 Techniques for Detection of Degradation Factor Effects

Debilitation of concrete structures can be a direct result of an individual degradation
factor, or the effects of two or more of these factors working in concert. To establish
whether or not such an interaction exists involves close evaluation of results obtained dur-
ing field surveys and inspections, in conjunction with an evaluation of the material systems
through sample testing and analysis. Table 3.4 presents a summary and an indication of
the relative capability of several methods which are available for the identification of
various degradation factor effects noted in the previous section. A brief description of

these methods follows. More detailed information on these methods can be obtained from
Refs. 3.45 and 3.46.

3.2.1 Concrete Material Systermns

Methods which can be used to detect degradation in concrete materials can be grouped
into two general categories: direct techniques and indirect techniques.

Direct techniques generally involve a visual examination of the structure, removal/
testing/analysis of material, or a combination. Periodic visual examinations of exposed
concrete provides a rapid and effective method for identifying and defining areas of distress
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(e.g., cracking, spalling, volume change). By locating, marking, identifying by type and
orientation, and measuring and recording conditions associated with cracking? (seepage,
differential movement, edge spalling, etc.), a history that will be of assistance in identifying
the cause and establishing whether a crack is active or donmant can be established. In areas
exhibiting extensive deterioration, or where a quantitative assessment of the concrete con-
dition is desired, core specimens can be removed for testing and analysis. Through petro-
graphic, chemical, microscopic examination and strength testing of cores, information can
be provided on: concrete strength, nature of the air void system, type and relative amounts
of aggregate materials, cement content, water-cement ratio (estimate), presence of
deleterious substances, and if the concrete has experienced adverse chemical reactions.
Concrete coring can also be used to determine the depth of cracks.

Indirect techniques measure some property of concrete from which an estimate of the
concrete strength, elastic behavior, or the extent of concrete degradation (internal cracks,
voids, delaminations, depth of cracking) can be made through correlations that have been
developed. Nondestructive test methods include ultrasonic and stress-wave, acoustic
impact, radiography and penetrating radar, thermal, surface hardness or rebound, penetra-
tion, pullout and breakoff resistance. Electromagnetic devices (cover meters and
pachometers) can be used to indicate the depth, position and size of steel reinforcing bars in
concrete. In using any methods to predict concrete strength, Ref. 3.47 recommends that
this not be done unless comprehensive laboratory correlations of the field materials and mix
proportions have been established between the strength parameters to be predicted and the
results of in situ/nondestructive tests. Because of the general massive nature of safety-
related structures, many of the current nondestructive test methods may need improvement
to provide useful information.

322

The primary source of distress to which mild steel reinforcement in LWR facilities
would be subjected would be corrosive attack. Techniques available for corrosion moni-
toring and inspection of steel in concrete include: (1) visual i mspectxon (cracking, spalling,
and staining of cover concrete), (2) mechanical and ultrasonic tcstmg {delaminated or
cracked concrete adjacent to rebars), (3) core sampling (direct examination of rebar for cor-
rosion, distribution of contaminants, concrete resistivity), (4) corrosion potential measure-
ments (rebar passivity), and (5) corrosion probes (rate of corrosion). Degradation due to
fatigue or elevated temperature would most likely be reflected through visual examination
of the concrete. The removal and testing of material samples would be required to establish
the extent (magnitude) of degradation of mild steel reinforcement due to elevated
temperature or irradiation exposure.

3.2.3 Steel Pr

The condition and functional capability of unbonded prestressing systems in LWR
post-tensioned concrete containments is periodically assessed. The present basis for con-
ducting tendon inspections is contained in R.G. 1.35 Inservice Inspections of Ungrouted
Tendons in Prestressed Concrete Containment Structures.3-39 Basic components covered
in the RG include sample selection, visual inspection, prestress monitoring tests, tendon
material tests and inspections, and inspection of filler grease. Since the prestressing sys-
tems in nuclear power plants are inspected according to a prescribed schedule, results of the
inspections are available for trending the performance of the systems, i.e., relaxation or
loss of force, presence of corrosion, water intrusion, etc.

4 Cracking of concrete is the primary mamfcstatlon that results from the effects of the
degradation factors, as well as the effect most readily detectable in a field survey, i.e.,
visual examination



3.2.4 Liner Plate and Stryctural Steel

Periodic inspections of exposed liner surfaces and provided coatings are conducted
under a surveillance program established in compliance with 1QCFR. Section XI,

Subsection IWE of the ASME Boiler and Pressure Vessel Code (B&PVC)348 provides
rules for preservice examination as well as inservice inspection of liners. In addition, a
general inspection of the entire coniainment boundary is required prior to each Type A
integrated leakage rate test as specified in Appendix J to 10CFRS0.

Structural steel members, and steel portions not backed by concrete in concrete
containmenis, are inspected under a surveillance program established in compliance with
10CFR. The members are inspecied in association with a Type A integrated leakage rate
test and inspections conducted in compliance with requirements such as provided in Section
XI, Subsections IWE and IWL, of the ASME B&PVC.

3.3 Degradation Grading System for Nuclear Power Plant
Concrete Structures

The effect of degradation on a concrete structure is initially related to the alteration of
the structure's constituent materials. As the severity of degradation advances, the integrity,
as well as other functional properties, of the structure is reduced. The service life of safety-
related concrete structures may be characterized in terms of degradation's effect on the
structure's functional and performance requirements, i.e., the remaining life of the structure
is dependent on the rate of degradation, or loss of integrity.

3.3.1 Significance Relative to Qverall Structural Integrity
Four criteria are considered to have an important role in assessing the significance

of the various degradation factors relative to their impact on the performance of concrete
structures in nuclear power plants. These criteria include: (1) rate of deterioration,
(2) inspectability and early identification (of the degradation factor), (3) repairability (of the
degraded structure), and (4) ultimate impact (of applied degradation factor). Table 3.5
summarizes the results of an assessment in which each criterion was evaluated for pertinent
factors that can degrade the performance of the concrete, mild steel reinforcing,
prestressing, and liner plate/structura! steel systems. The relative effects with respect to the
four criteria for each material system degradation factor were assigned on the basis of the
potential impact on the structure's serviceability or integrity, i.e., high (creates a major
limiting condition or has a major adverse effect), moderate (creates a minor effect), or low
(creates very low or no effect). A short description of each of the four criteria follows.

3.3.1.1 Rate of Deterioration. Figure 3.2 presents an empirical relationship between
degradation and time for reinforced concrete structures, i.e., concrete degradation follows a
particular performance-time curve. Early in their service life, concrete materials/structures
historically exhibit durable behavior and require little maintenance. However, with passing
time and exposure to weathering elements, service loads, and other environmental condi-
tions, degradation can occur. The extent and rate of degradation will depend on several
factors, e.g., adequacy of design, quality of construction, concrete constituents, severity of
environment, etc. As noted in Fig. 3.2, the rate of degradation generally will increase with
time, eventually reaching a point where the structure is no longer satisfactory for its
intended use (impairment stage). In assessing the relative effects of the rate of deterioration
criterion for the potential degradation factors of each material system in Table 3.5, the time-
dependent impact (occurrence and degradation rate) of each of the degradation factors was
established on the basis of field and laboratory observations. References 3.49 to 3.53
provide background information that was utilized in the assessments.
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3.3.1.2 Inspectability and Early Identification. The ability to inspect and identify a

particular degradation mechanism, or a synergistic combination of mechanisms, at an early
stage in their development contributes to the long-term serviceability, repairability, and in-
tegrity of nuclear power plant concrete structures. In assessing the relative effects of the
inspectability and early identification criterion for the potential degradation factors of each
material system listed in Table 3.5, the manner in which the degradation factor manifests
itself (e.g., ease of identification) was taken into account as well as an assessment of the
capability of the appropriate methods available for detection of a particular degradation fac-
tor. For structural elements located partially or totally underground, such as foundations,
inspectability and early identification of degradation is difficult.

3.3.1.3 Repairability. Repairability, or repair demand, of concrete structures
generally falls into one of four categories: (1) restore lost concrete section, (2) repair steel
reinforcement damage, (3) restore monolithic/aesthetic effects, and (4) strengthen the com-
posite material interaction. Two distinct points must be considered in assessing the
repairability of a concrete structure: its technical and economical feasibility. Experience
indicates that essentially any concrete structure can be repaired, but the extent to which the
restoration reestablishes the original condition of the structure is subject to considerable
debate. Implementation of the appropriate technology in almost ali instances will provide a
refurbished structure that will continue to meet its functional and performance require-
ments. Technical feasibility, or the limits of engineering analysis, however, can be
economically limited by certain demands of concrete structures. Thus, technical and
economical limits were included in the assessment of the relative effects of the repairability
criterion for the potential degradation factors of each material system in Table 3.5.

3.3.1.4 Uldmate Impact. In previous sections, the various degradation factors that
can impact concrete structures (Table 3.1), potential areas of deterioration in nuclear power
plants (Table 3.2), and the manifestation of each degradation factor (Table 3.4) were iden-
tified. In assessing the relative effects of the ultimate impact criterion for the potential
degradation factors of each material system in Table 3.5, the above was considered as well
as the influence of any potential degradation on the safety functions performed by the
structure and the physical characteristics of the structure's subelements (column, beam,
etc.). :

3.3.2 Determination of Degradation Facto ] :

A key consideration with respect to the service life of Category I structures is their
ability to resist the effects of the various degradation factors, 1.e., their durability. A
quantitative system for grading the degradation of each Category I structure has been
developed based on consideration of the end point or consequent net effects resulting from
the specific factor. The basis for this grading system is the historical occurrence of degra-
dation in LWR concrete structures; documented effects in general civil engineering struc-
tures; and laboratory, field, and accelerated aging test results.

3.3.2.1 Grading System Components

The influences (effects) of the four criteria in relation to each of the degradation
factors that can impact the durability of the concrete, mild steel reinforcing, prestressing,
and liner plate/structural steel material systems were presented in Section 3.3.1. These
qualitative effects were converted to a numeric (quantitative) degradation factor grading
value which includes the influence of each of the four criteria. In developing composite
degradation factor grading values, degradation factors with "moderate” or "high" listings
under each criterion were assigned appropriately higher values. A range of values was
established because of the multitude of characteristics which may affect the
occurrence/significance of a degradation factor, i.e., a range of values will accommodate
differing characteristics at LWR facilities including environment and material influences,
presence of protective coatings, etc. The limits for the range of possible degradation factor
grading values was based on a maximum of 10, signifying a degradation factor of
potentially major significance, and a minimum of 1, signifying a degradation factor of
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potentially minor significance. A range of degradation factor grading values is listed in
Table 3.5 and indicates that chemical attack or thermal exposure/thermal cycling of concrete
maierials and corrosion of the metallic materials are potentially the most significant
degradation factors. References 3.11, 3.54, and 3.55 substantiate these results.

Consequent Net Effects. The net effect of degradation in a Category I concrete
structure may be a loss of monolithic behavior, damage to the steel reinforcing system, loss
of concrete section, or weakening of the structural material. Initially, degradation prirarily
affects the appearance, behavior, or function of the materials of construction. Propagation
of degradation damage without implementation of mitigation, maintenance or repair proce-
dures can result in loss of structural integrity. Degradation factors which promote rapid
loss of integrity are most critical.

In order to prioritize the consequent net effect of degradation on a Category I concrete
structure, relative importance weight values were assigned to each of the effects noted
above using a 0 to 1.0 scale, with 1.0 being the most critical. Table 3.6 presents the rela-
tive importance weight value assigned to each of the four consequent net effects of degra-
dation. Assignment of a reiative importance weight value was on the basis of a compara-
tive assessment of the potential impact of each consequent net effect on the function of the
structure/subelement.

Since the loss of monolithic behavior signifies that the structure no longer is capabie
of performing its intended function, it was assigned a relative importance weight value of
1.0. This condition is characterized in concrete structures through the occurrence of severe
concrete cracking, loss of bond between the concrete and mild steel reinforcement, or loss
of a constituent's load-carrying ability.

Significant damage to the mild steel reinforcing system can also result in a loss of
monolithic behavior. Because Category I concrete structures must rely on the performance
of mild steel reinforcement to meet their performance requirements, this net effect was also
assigned a relative importance weight value of 1.0.

The loss of concrete seciion from a Category I structure can signify the loss of load-
carrying capacity and function. If the loss of concrete section is considered to be minor,
such as loss of a portion of the mild steel reinforcing cover, a relative importance weight
value of 0.7 is assigned. However, if the loss of concrete section is considered tc be
major, such as a gross loss of concrete net section, a relative importance weight value of
0.8 is assigned.

A reduction in the performance of one or more of the constituent materials of a
structure is considered important because it can impact the structure's long-term perfor-
mance. However, due to the composite nature of a structure, a reduction in the perfor-
mance of one of its constituent materials will generally not be as significant as that of the
other consequent net effects of degradation. A relative importance weight value of 0.6 was
assigned to weakening of the structural material.

Subelement Importance Values. In order to prioritize the overall importance of a
subelement to the performance of its parent structure, relative importance values were
assigned to each subelement using a 1 to 10 scale, with 10 being the most irnportant. Table
3.6 presents the importance values that have been assigned to the pertinent structural
subelements, i.e., shell, foundation, floor, beam, column/concrete interior partition wall,
and shear wall. Although these values are similar to those presented in Table 2.2, they are
not the same. Table 3.6 values are generic in nature and bound all subelements listed in
each functional group. The assigned values are based on individual structural behavior
and required performance of the subelement in the overall structural system. In
establishing subelement importance values, a hierarchy such as presented in Ref. 3.56 was
utilized.

Shell members include those which can provide both a structural and pressure-retain-
ing function. An example would be a vertical wall element of the containment vessel.
Since shell members are designed to prevent the release of radioactive fission products to
the environment under postulated design basis accident conditions as well as protecting
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safety class equipment and piping from external events, they are considered to have critical
importance and have been assigned an importance value of 10.

Foundation or base slab elements provide the transfer of LWR facility loadings to the
supporting medium, i.€., soil, bedrock, piles, or a combination. Since these elements have
no redundancy and are not readily inspectable, they have been assigned an importance
value of 10. .

Floors are typically used to provide the primary means of transferring facility loads to
other supporting elements, as well as performing other functions such as radiation shicld-
ing. The floor elements have been assigned an importance value of 7. :

Beam elements typically are used to provide support for floors, as well as to transfer
loadings to other support elements. Beam elements also have been assigned an importance
valueof 7.

Columns are used to prov1dc intermediate support for ﬂoor slabs and primary support
for overhead floors when walls are not available or unusually heavy floor loads occur.
Columns have been assigned an importance value of 9.

Shear walls are often used to transfer vertical loads from other supporting elements
(floors, beams) to the foundation or base slab, as well as restraining horizontal loads
applied to the structure. Shear walls have been assigned an importance value of 8.

Consequent Net Effects Priortization. The prioritization of consequent net effects of
degradation on the performance of Category I concrete structures is treated in terms of the
structure's generic subelements. To obtain a quantitative indication of the consequent net
effects for each of the generic subelements identified previously and listed in Table 3.6, the
consequent net effect relative importance weight value (0 to 1 scale) is multiplied by the
relative importance value (0 to 10 scale) assigned to the generic subelement, ¢.g., a shell
subelement with respect to minor loss of concrete section has a prioritization of consequent
net effects value of 7 (10 * 0.7). Table 3.6 presents the prioritization of consequent net
effects of degradation for each generic subelement. The resulting prioritization of conse-
quent net effects value for each generic subelement is based on a 1 to 10 scale, with 10
being most important. A scale of 1 to 10 was used to be consistent with other values pre-
sented in the report.

3.3.2.2 Degradation Factor Grading Values. Using the results presented in the
previous sections, a system was developed for use in assigning a range of degradation
factor grading values to specific degradation factor/subelement combinations. Tables
3.7(a) and 3.7(b) present the resulting ranges of degradation factor grading values for the
concrete and metallic constituents, respectively, for subelements of structures found in
LWR plants. These tables are based on the significance of each potential degradation factor
(Table 3.5) and its consequent net effect on particular subelements (Table 3.6). The
methodology used to create Table 3.7 follows:

() Select a specific degradation factor and determine its apphcablhty to each

subelement. If the factor is determined to be insignificant (e.g., irradiation effects on

foundation elements), no range is selected, however, if the factor is found to be
potentially significant, its range from Table 3.5 is initially selected (e.g. , corrosion of

mild steel reinforcement =6 - 10), ,

(3] Classify each subelement (Section 2.0) into one of the six generic

subelement types listed in Table 3.6. The specific degradation factor from Step (1) is

assessed to determine what the "worst case” consequent net effect is for each
subelement (e.g., corrosion of mild steel reinforcement = damage to the steel
reinforcing system). The resultant relative importance value is then found in Table

3.6 for the particular subelement under consideration (e.g., beam = 7.0),

3) Calculate initial Table 3.7 range of degradation factor grading values by

multiplying the upper and lower Table 3.5 values [e.g., 10 and 6, from Step (1)] by

the Table 3.6 subelement relative importance value [e.g., 7.0, from Step (2)] and
divide by 10 (e.g., range of degradation factor grading values =7 to 4.2), and
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4 Using resulting range, make appropriate adjustments such as: rounding of
degradation factor grading values to the closest integer; synthesizing the range to
account for specific vs generic subelement differences; modifying values based on
experience, review of the LER, age-related data bases; etc.

Selection of an individual degradation factor grading value from the provided ranges
in Tables 3.7(a) and 3.7(b) for use in the structural aging assessment methodology requires
either a review of plani operation history and environmental data, a condition survey {past
or present), or both. These prerequisites are necessary to provide an indication of the past
and current presence or probability of degradation at an LWR plani. Should a particular
hostile environmental condition (e.g., high sulfate levels in groundwater, exposure o
seawater spray, etc.) be present, a degradation factor grading value high in the range pre-
sented should be selected. Similarly, if a lower probability of occurrence should be antici-
pated, a degradation factor grading value low in the range should be selected. Synergism
of degradation factors, if present, would be accounted for by ihe selection of degradation
factor grading values high in the range selected for each factor. To assist in the seleciion of
a degradation factor grading value from the ranges presenied for the various degradation
factors, Table 3.8 contains a listing of typical degradation indicators (characteristics) for the
factors which can impact the concrete, mild steel reinforcing, prestressing, and liner
plate/structural steel material systems.
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Table 3.1. Degradation Factors That Can Impact the
Performance of Category I Concrete Structures

Material
System

Degradation Factor

Concrete

Mild Steel Reinfdrcemcnt

Prestressing

Liner/Structural Steel

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

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

Corrosion

Elevated temperature
Irradiation

Fatigue

Corrosion

Elevated temperature
Irradiation

Fatigue

Loss of prestressing force

Corrosion
Fatigue

aIncludes reactions of cement-aggregate and carbonate

aggregate.
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Table 3.2. Critical Areas in Nuclear Power Plants Where
Concrete Materials May Exhibit Degradation

Material Degradation
System Factor Potential Areas of Deterioration

Concrete Chemical Aitack ¢ Subterranean areas

¢ Surfaces exposed to cooling water
SOurces

e In-containment floors and slabs

o Containment/shield, auxiliary
building structures (acid rain,
ocean atmosphere, alkali-
aggregate reaction)

Freeze/Thaw Cycling e External structures where water
may collect

< Intake/discharge structures,
particularly at water line of
cooling water source

Thermal Exposure/Thermal Containment/shield structures
Cycling (diurnal and seasonal effects)

e Areas located near reactor
coolant pressure boundary or
hot piping systems

Irradiation » In-containment structures
proximate to reactor coolant
pressure boundary

+ Jocalized areas of specific con-
tainment designs

Abrasion/Erosion/ ¢ Floor and slab elements
Cavitation ¢ Cooling water intake or dis-
charge structures
Fangue/Vibration ¢ Local areas in containment

(e.g., near liner anchors)
» Local areas under equipment
supports

Mild Steel Reinforce- Corrosion < Quter layer of conventional
ment steel reinforcing in all

structures

Irradiation e In-containment structures
proximate to reactor coolant
pressure boundary

Fatigue + Local areas in structures sub-
jected to repeated equipment
loads

Prestressing Corrosion ¢ Containment buildings

Relaxation e In-containment buildings
* Fuel pool structures
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Table 3.3. Reactivity of Various Chemicals with Portland
Cement Concrete and Reinforcing

Steel/Liner Plates*
Reactivity Effect on
Material Reactivity Effect on Concrete  Reinforcing Steel/Liner Plate
Acetone Liquid loss by penetration None
(may cause slow disintegra-
tion)
Acidic Water  Disintegrates concrete slowly May attack rebar and
(less than ‘ embedments
6.5 pH)
Boric Acid Negligible effect unless Severely corrosive to
immersed : liner and reinforcing
steel
Borated Water Negligible effect unless Very corrosive at
(and boron) 1mmersed ' high concentration
Chlorine Gas  Concrete (moist) slowly Highly corrosive
disintegrates
Deicing Salts  Scaling of non-air entrained Highly corrosive
concrete
Diesel Exhaust May disintegrate moist Minimal
Gases concrete by action of
carbonic, nitric or sul-
phurous acid; minimal
effect on hardened dry
concrete :
Formaldehyde Disintegrates slowly Minimal
(formic acid)
Hydrochloric  Disintegrates concrete Highly corrosive
Acid rapidly
Hydroxides At low concentrations, slow Unknown

disintegration; at high con-
centrations, greater disinte-
gration
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Table 3.3 (cont.)

Reactivity Effect on
Chemical Reactivity Effect on Concrete  Reinforcing Steel/Liner Plate
Lubricating Fatty oils, if present, slowly Minimal
Oil disintegrate. Liquid loss by
penetration.
Seawater Disintegrates concrete with Highly corrosive
inadequate sulfate resistance
Sodium Not harmful below 20% Minimal
Hydroxide concentration, disintegrates
at concenirations above 20%
Sodium Disintegrates at varying rates Dependent on con-
Pentaborate depending on concentration centration
Sulfates Disintegrates at varying rates Harmful at certain
with concentration (concretes concentrations
with low sulfate resistance
such as Type I Portland
cement concrete)
Sulphuric Disintegrates rapidly in con- Harmful
Acid centrations between 10 and
(sulphurous)  80%
*Source: ACI Committee 515, "A Guide for the Use of Waterproofing,

Dampproofing, Protective, and Decorative Barrier Systems for
Concrete,” Tabie 2.5.2, ACI 515.1R-79, pp. 515.1R-6 to
515.1R-11, American Concrete Institute Manual of Concrete
Practice 1990, Pari 5 — Masonry, Precast Concrete, Special
Processes, Deiroit, 1990.



Table 3.4a. Summary of Degradation Factors, Primary Manifestations, and
Methods Available for Their Detection: Concrete

Direct Methods Indirect Methods
Material Sampling/Testing Ultrasonic  Acoustic  Penetrating
; L o . Sounding  Radar
Degradation Primary Visual  Petrography Strength Chemical/
Factor Manifestation Inspection Microscopic
Chemical Attack
Efflorescence/Leaching Increased Porosity Good Good Good
‘Salt Crystallization - ~  Cracking Goodb Good Good Good?  Goodb Fairb
Alkali-Aggregate Reactionsd Volume Change/Cracking  Good? Good Good Goodb Good? Faird
Sulfate Attack Volume Change/Cracking  Goodd Good Good Goodd Good? Fairb
Bases and Acids Increased Porosily/Erosion  Good Good Good
Physical Attack
Freeze/Thaw Cycling Cracking/Spalling Good Good
Thermal Exposure/Thermal Cycling Cracking/Spalling Good Good¢ ‘ Fair Fair
Irradiation Volume Change/Cracking Good Good®
Abrasion/Erosion/Cavitation Section Loss Good
Fatiguc/Vibration Cracking Good Fair Good

LS

¢ Includes reactions of cement-aggregate and carbonate aggregate,

b After significant deterioraﬁon, material sampling/testihg techniques would be used to identify the cause.

€ The strength tests only reveal the effect that elevated temperature or irradiation has afier the fact on mechanical properties. Testing must be done under
representative conditions to determine effects while under service conditions.



Table 3.4b. Summary of Degradation Factors, Primary Manifestations, and
Methods Available for Their Detection: Mild Steel Reinforcement

Method
Visual Half Cell Potential Material Penetrating

Degradation Factor Manifestation Inspection  or Polarization  Radiography Sampling  Radar
Corrosion Concrete cracking/spalling, Good Good Fair Good

reduced section
Elevated Temperature Decreased yield strength Poor Good? &
Irradiation Reduced ductility, increased Poor Good?

yield strength
Fatigue Bond loss, fracture Good Fair Good? Poor

@ Material sarnpling, e.g., strength testing, only reveals the effects that elevated temperature or irradiation has after the fact on
mechanical properties. Testing must be done under representative conditions to determine effecis while under service conditions.



Table 3.4¢c. Summary of Degradation Factors, Primary Manifestations, and
Methods Available for Their Detection: Prestressing

Method
Visual Half Cell Potential Material
Degradation Factor Manifestation Inspection or Polarization =~ Sampling
Corrosion Embrittlement, reduced section Good Good Good
Elevated Temperature  Reduced strength, increased relaxation ~ Poor ‘Gooda
Irradiation Reduced ductility, increased strength Poor Good?
Fatigue Concrete cracking, tendon failure Good Good

a Material sampling, e.g., strength testing, only reveals the effects that elevated temperature or irradiation has
after the fact on mechanical properties. Testing must be done under representative conditions to determine effects
while under service conditions.
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Table 3.5. Relative Weights? Assigned to Criteria Affecting Degradation Factor Gradings

Criteria
Rate Inspectability Range of Degrada-
Material Degradation of and Uliimate ton Factor
System Factor Deterioration  Early Identification Repairability Impact GmdingValuesb
Concrete Chemical attack Low to high Low tomoderate  Moderate Low to high 6-10
Freeze/thaw cycling Low Low Low Low 2-6
Thermal exposure/thermal Moderate Moderate High Moderate 6-10
cycling
Irradiation Low Moderate High Moderate 4-8
Abrasionferosion/caviiation  Low Low Low Low 2-6
Fatigue/vibration Low Moderate High Moderate 4-8
Mild Steel Corrosion High Moderate Moderate High 6-10
Reinforcing Elevated temperature Low Low Moderate Low 2-6
Irradiation Low Low Moderate Low 2-6
Fatigue Low Moderate Low o high Low 10 moderaie 4-8
Presiressing Corrosion High Moderate Lowiomoderate  High 6-10
Elevated temperature Low Low Low 10 moderate  Low 2-6
Irradiation Low Low Low to moderate  Low 2-6
Fatigue Low Moderate Low to moderate  Low 2-6
Stress Relaxation Low Moderate Low to Moderate  Moderate 4-8
Liner Plate/ Corrosion Moderate Low Moderate High 6-10
Structural Steel  Fatigue Low to moderare Moderate Moderate Low 10 moderate 4-8

9High = Criterion creates a significant limiting condition or has a major adverse effect which can significantly impact the siructure's serviceability

or integrity following initiation and may be difficult to identify.
Moderate = Criterion creates a minor impact on structures and requires careful inspection.
Low = Criterion creates either very low or no impaci on structures or may be readily observed via inspection.

chgrada[ion factor rgrading values are defined in Section 3.3.2.
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Table 3.6. Prioritization? of Consequent Net Effects by Generic Subelements

Subelement (Relative Importance Value)?

Consequem Net Effect o Shear
(relative importance Shell Foundation Floor Beam Columnd Wall
weight value)© (10) (10) (7) )] ) (8)
1. Loss of monolithic 10.0 10.0 7.0 7.0 9.0 8.0
behavior (1.0)
2. Damage to steel 10.0 10.0 1.0 7.0 9.0 8.0
reinforcing system
(1.0)
3. Loss of concrete
section
a. Gross loss (0.8) 8.0 8.0 5.6 5.6 7.2 6.5
b. Minor loss (0.7) 7.0 7.0 4.9 4.9 6.3 5.5
4. Weakening of structural 6.0 6.0 4.2 4.2 5.4 5.0
material (0.6)

T9

APrioritization of consequent net effects values in table for each subelement represent
product of relative importance weight value for particular consequent net effect (0-1) and
relative importance value of the particular subelement (0-10).

bNumber represents relative importance value assigned to corresponding subelement
(see Section 3.3.2.1). These values are not the same as the importance factors assigned
in Section 2.2. ‘

CConsequent net effect values were assigned in Section 3.3.2.1.
dColumn or interior partition wall (concrete).



Table 3.7a. Range of Values for Degradation Factor Grading in
Terms of Subelement Type: Concrete Materials

CONCRETE DEGRADATION FACTORS
STRUCTURAL ELEMENT
CHEM. ATTACK F/T THERMAL IRRADIATION | ABRASION FATIGUE
1. CONTAINMENT VESSEL
a. FOUNDATION 6—10 - 2—6 0-4 - 0-6
b. TENDON GALLERIES 6—10 - - - - -
c. VERTICAL WALLS 6—8 2—6 3-9 0—4 0—4 2-8
d. DOME 5-9 2-6 2-6 - - 0—4
e. SUPPRESSION CHAMBER (BWR) 5-9 - 2—-6 0—6 - 0-6
. POLAR CRANE SUPPORT 2-5 - 2—-6 0—4 0—4 4-10
g. RING GIRDER (PWR) 5-8 2-6 2-6 - - 2—6
2. CONTAINMENT INTERNAL STRUCTURES
a. BOTTOM SLAB 6—10 - 2-6 0-8 2—-6 3-6
b. REACTOR PEDESTAL (BWR) 610 - 4-9 2-8 - 4-8
¢. PRIMARY REACTOR SHIELD 6—10 - 4—-10 5—10 - 4-7
d. FLOOR SLABS 2-7 - 2-7 2-7 0—4 0-4
e. WALLS 4-8 - 2-6 2-8 0—4 2—6
f. COLUMNS 4-8 - 4-8 2-8 06 2—6
g. BEAMS 2-6 - 2-6 0-6 - 2-6
h. FUEL POOL SLABS/WALLS 4-8 - 2-8 2-8 0—4 4-8
3. SECONDARY CONTAINMENT STRUCTURE
a. FOUNDATIONS 65—10 - 0-6 - - 0-4
b. SLABS 2-6 - 0—4 0-4 0—4 0—4
c. WALLS 4-8 2—6 0-56 0-4 0-4 -
d. COLUMNS 4-8 2—6 0—4 0-6 0-6 -
e. BEAMS 2-4 04 0—4 - - 0—4
4. AUXILIARY STRUCTURES
a. FOUNDATIONS 6—-10 - 0-4 - 0-4 0-—4
b. WALLS AND COLUMNS 2-8 0-8 0-4 - 0-6 0-6
c. SLABS/BEAMS/ROOF SLABS 4-9 0-6 0-4 - 2-8 0-6
d. CABLE DUCTS/PIPE TUNNELS 5-9 - 0-4 - - -
e. STACKS/COOLING TOWERS 3-7 6—9 0-4 - 0—4 0-4
f. CONCRETE iNTAKE PIPING/CRIBS 5-10 - - - 4—-8 0-4
g. TANKS 2-6 2-6 0—4 - 0—4 0—4
h. MISCELLANEOUS STRUCTURES 4—8 6—10 0-6 - 4—~140 0—4
(WATER MANAGEMENT)

F/T = FREEZE/THAW
DAMAGE
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Table 3.7b. Range of Values for Degradation Factor Grading in
Terms of Subelement Type: Metallic Materials

METALLIC DEGRADATION FACTORS

MILD REINFORCEMENT, LINER
STRUCTURAL ELEMENT PLATE AND STRUCTURAL STEEL PRESTRESSING REINFORCEMENT
CORROSION| THERMAL [IRRADIATION| FATIGUE || CORROSION | THERMAL | IRRADIATION| FATIGUE |RELAXATION
CONTAINMENT VESSEL
a. FOUNDATION 6—10 - - - 0-10 04 - 0-4 0—4
b. TENDON GALLERIES 6~10 - - - S, - - - -
¢. VERTICAL WALLS 610 2-6 0—4 3-8 7-10 3-6 0—4 2-6 2-8
d. DOME 6—10 04 - 2-6 7-10 0—4 0—4 2-6 2-8
e. SUPPRESSION CHAMBER (BWR) 6—10 2-6 0-4 0—4 - - - - -
f. POLAR CRANE SUPPORT 610 2--6 0—4 2-6 - - - - -
g. RING GIRDER (PWR) 6—10 0—4 - 0—4 7-10 0-4 0—4 2-6 2-8
. CONTAINMENT INTERNAL STRUCTURES
a. BOTTOM SLAB 6—10 2-6 2-6 0-6 - - _ _ _
b. REACTOR PEDESTAL (BWR) 4-10 4-8 4-8 4—-10 - - = = =
c. PRIMARY REACTOR SHIELD 4-10 2-6 4-9 2-6 - - - - -
d. FLOOR SLABS 4-10 2-6 0—4 2-6 - - - - -
e. WALLS 6—10 2-6 2-6 2-6 7-10 0-6 2-6 0-6 2-8
f. COLUMNS 6—10 2-6 0—4 3-8 - - - - -
g. BEAMS 4-10 2-6 0—4 2-6 - - - - -
h. FUEL POOL SLABS/WALLS 6—10 0—4 2-6 4—-10 7-10 0-6 2-6 0-6 2-8
. SECONDARY CONTAINMENT STRUCTURE
a. FOUNDATIONS 6—10 - - _ _ - - _ -
b. SLABS 4-10 0—4 _ 26 - - - - -
c. WALLS 6—10 0—4 - 0—~4 - - - _ -
d. COLUMNS 6-10 | 0-4 - 0~6
e. BEAMS - - - - -
4-10 0-4 - 0—4 - - - - -
. AUXILIARY STRUCTURES
a. FOUNDATIONS 6~ 10 - - 0-6 - - - - -
b. WALLS AND COLUMNS 6-10 2-6 0—4 04 - - - - -
c. SLAHS/BEAMS/ROOF SLABS 4-10 0—4 0-4 0-6 - - - - -
d. CABLE DUCTS/PIPE TUNNELS 6—10 - - - - - - - -
e. STACKS/COOLING TOWERS 610 0—4 - 0—4 - - - - -
f. CONCRETE INTAKE PIPING/CRIBS 6—10 - - - - - - - -
g. TANKS 6—10 0—4 - - - - - - -
h. MISCELLANEOUS STRUCTURES 6—10 - - 0—4 - - - - -
(WATER MANAGEMENT)

€9
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Table 3.8. Visible Degradaton Indicators:
Reinforced Concrete

Material System Degradation Factor

Indicator

Concrete
I. Chernical Aitack
2. Freeze/Thaw Cycling
3. Thermal Exposure
4. Irradiation
5. Abrasion/Erosion/

Cavitation

Signs of cherical attack usually consist of
erosion of the cement paste, leaving ex-
posed aggregates, staining, efflorescence or
exudation resulting from chemical reactions
or conditions related to reinforcing
corrosion. Chemical attack resulting in
erosion of paste is most severe, especially
for full depth of cover concrete, and should
be highly rated. Cement-aggregate reac-
tions generally produce cracking and visible
loss of aggregate-cement bond.

Signs of freeze/thaw attack include scaling
(local flaking or peeling of surface concrete
or mortar) and erosion of both the paste and
aggregates. This condition may be con-
sidered significant when large aggregate
popouts occur and when a loss of concrete
to depths greater than 13 mm occurs.

Evidence of pattern cracking, especially
proximate to heat sources, or volume
change are the general result of thermal
exposure. Effects such as loss of bond
with substrate reinforcing may also be vis-
ible. Rating of this factor should be based
on crack width comparison to ACI Report
224R-80 (Ref. 3.57).

Evidence of enhanced cracking or internal
volume changes, such as around large
aggregate, may be observed. Although
further testing of mechanical properties may
be necessary to characterize this effect, the
resulting damage may be evaluated in terms
of allowable crack width (in structures
which are accessible).

These phenomena initially cause flaking of
the exposed concrete surface (cover) and
ultimately result in removal or erosion of
concrete. This effect should be judged im-
portant if the loss of concrete is
widespread, or if local losses have reduced
the concrete cover by more than 1/2 of
original.



Table 3.8. (cont.)

Material System Degradation Factor

- Indicator

6. Faﬁguc/V ibration

Mil fo Steel Reinforcemen

1. Corrosion

2. Elevated Temperature
3. Irradiation

4. Fatigue

Prestressing Reinforcement

1. Corrosion

2. Elevated Temperature
3. Irradiation

4. Fatigue

5. Loss of prestress force

Fatigue initially manifests as microcracking
within the concrete matrix, proximate to
rebar, aggregates or defects. Propagation
will ultimately be displayed on the surface.
Further testing or monitoring is necessary
to characterize the cracking observed as
fatigue. The ACI Report 224R-80 crack
criteria may be used to judge importance,
although the observation of any fatigue-
related cracks should be considered critical.

Corrosion of embedded steel will typically
result in the presence of concrete cracks or
spalls and rust straining on the structure's
surface. Observation of staining or ex-
posed corroded steel, especially over a
widespread area of the structure, should
indicate that corrosion is a critical factor
(for rating purposes). Other testing, such
as the half-cell method, may provide more
accurate conclusions.

The presence of these factors is difficult to
characterize via visual inspection. Addi-
tional testing is required to substantiate
their presence.

These effects are not directly visible with-
out disassembly of the end anchorages and
tendon removal and require a review of
the ISI tendon surveillance or other test
records to determine relevancy. The noted
presence of water or oxidation inside ten-
don ducts, or the corrosion of tendon
anchorage components, should result in

a "high" rating for corrosion. Relaxation
and other factors must be judged from
mechanical properties tests using
representative samples.
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(cont.)

Material Systern

Indicator

Liner Plate/S
1.

Table 3.8.
Degradation Factor
tural 1
Corrosion
Fatigue

The presence of corrcsion on these compo-
nents may include visible pitting, exfolia-
tion, material thinning, intergranular siress
corrosion cracking (IGSCC) of stainless
stee} or other conditions. If the material is
coated, ASTM Standard D610-85
(Ref. 3.58) may be used to characterize
corrosion presence (anything greater than
Grade 8 should be highly rated). For
cracking or noted wall thinning, the highest
rating shall be used. If corrosion is noted
in the liner plate, all structural steel or
attachiments should be given a high rating.

The presence of fatigue in these compo-
nenis will likely be reflected as a crack or
fracture. Areas near atiachments, penetra-
tions, and discontinuities should be initially
considered. The presence of any cracking
or fracture indications should result in the
use of the highest rating.
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Fig. 3.1. Types of chemical reactions responsible for concrete deterioration. A: Softwater attack on
calcium hydroxide and C-S-H present in hydrated portland cements; B(l): acidic solution forming soluble
calcium compounds such as caicium sulfate, calcium acetate, or calcium bicarbonate; B(il): solutions of
oxalic acid and its salts, forming calcium oxalate; B(lll): long-term seawater attack weakening the C-S-H
by substitution of Mg2+ for Ca2+; C, (1) sulfate attack forming ettringite and gypsum, (2) alkali-aggregate
attack, (3) corrosion of steel in concrete, (4) hydration of crystalline MgO and CaO. Source: P. K. Mehta
and B. C. Gerwick, Jr., Concr. Int.,Vol. 4, pp. 45-51, 1982.
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Fig. 3.2. General time rate of degradation curve for concrete structures.
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4. STRUCTURAL AGING ASSESSMENT METHODOLOGY

The Structural Aging Assessment Methodology developed in this section uses a
standard ranking system to characterize Category 1 concrete structures in terms of aging
importance. As indicated in previous sections, the importance of structural aging is both a
function of the structural/safety aspects of the structure as well as the likelihood of the
structure to degrade over time. Four criteria were used to develop the quantitative ranking
system for use in assessing aging importance of structures: (1) structural importance of
subelements, (2) safety s1gmﬁcance, (3) environmental exposure, and (4) degradation fac-
tor significance. Using these criteria, each Category I concrete structure can be evaluated
and prioritized in accordance with standards and values as defined in Sections 2 and 3 of
this report. The methodology is first applied to each subelement of a specific Category I
concrete structure. From the ranking values of each subelement, a cumulative rank for the
structure is computed. :

Figure 4.1 presents a flow chart which identifies each activity of the structural aging
assessment methodology. Procedural aspects of how to apply the methodology are pro-
vided in Section 4.1. Usage of a computer-based matrix approach which has been devel-
oped to implement and document the methodology is presented in Section 4.2. Finally,
Section 4.3 presents application of the methodology to three representative LWR plants.

4.1 Procedural Development

Application of the structural aging assessment methodology (Fig. 4.1) involves five
primary activities: (1) identification of Category I concrete structures, (2) subelemental
division (of each structure), (3) determination of degradation factor grading values,
(4) calculation of degradation factor significance, and (5) evaluation of the rankings of
structures and subelements.

4.1.1 Identification of

Each Category I, or safety-related concrete structure, is identified at the LWR plant
being evaluated. Typically these structures are listed in the plant's safety analysis report
(SAR). However, additional information sources such as Q-listings (plant specific listing
of all safety-related components) and structural drawings/specifications may be necessary
to identify each structure. Other information such as design codes, plant material and
testing records, and performance-related information is also collected at this stage.

4.1.2 Subelemental Division

Using structural drawings, original design calculations, and plant specifications, each
Category I concrete structure is divided into pertinent subelements. A subelement is
defined as a component such as a floor, column, beam, etc., which performs a specific or
unique function (structural or otherwise), or which is exposed to a different operating envi-
ronment. The boundaries for the subelements are established at this stage in the overall
procedure. The intent of subelemental division is to enable the most critical components of
structures to be identified with respect to structural aging importance.

Constituent materials, as well as their properties and characteristics, should be
identified and listed for each subelement. These materials are typically identified in the
SAR, structural drawings, specifications, and construction-stage material test reports.

As noted prev1ously, four cnterla are used to develop the quantitative ranking system
for use in assessing aging importance of the structures/subelements. These criteria include:
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structural importance of subelements, safety significance, environmental exposure, and
degradation factor significance.

Assignment of importance factors was discussed in Section 2.2. Values assigned to
the subelements of Category 1 concrete structures for BWR and PWR plants are surn-
marized in Tables 2.2 and 2.3, respectively. The values assigned reflect the overall impor-
tance of the subelement to the performance of the primary Category I concrete structure.

The basis for assignment of a safety significance ranking to a structure was provided
in Section 2.3. Safety significance functions and safety significance ranking criteria/values
were presented in Tables 2.4 and 2.5, respectively. The safety significance ranking values
determined for each structure are applied to each subelement of the structure since the
capability of a structure to meet its functional and performance requirements is dependent
on the ability of its subelements.

The durability, or long-term, performance of each structure/subelement is dependent
on its location and environmental exposure, i.e., relative severity of environment to which
it is subjected. Section 2.4 describes seven environmental exposure conditions and Table
2.6 provides rating values for cach of these conditions. The numerical values used for the
environmenta! exposure rating are either directly selected from Table 2.6, or an average
value is utilized where more than one environment concurrently influences the performance
of the structure/subelement, e.g., different environments on either side of an exterior wall.

To establish the degradation factor grading values, subelements are evaluated in terms
of materials of construction, existing conditions, and environmental exposure. Degradation
factors which exist, or which may potentially exist, are listed and degradation factor grad-
ing values assigned. Table 3.1 lists the primary degradation factors that can impact the
performance of the material systems utilized in Category I concrete structures. As indicated
in Section 3.3, a range of numerical values exist for each concrete degradation
factor/subelement combination. Tables 3.7(a) and 3.7(b) present ranges of values for the
specific combinations involving concrete and metallic material systems, respectively. The
user must select a specific degradation factor grading value from the appropriate range of
possible values for each degradation factor/subelement combination. Selection of a high
value reflects either the existence of the degradation factor, a high probability of
occurrence, or possible synergistic behavior with other degradation factors.

After hstmg and assxgnmg a dcgradatxon factor grading value to each subelement as
described in the previous section, a conditional degradation factor significance value is
calculated. The degradation factor significance value for a subelement is a simpie average
of up to three of the most significant degradation factor grading values and is calculated as
follows

n
DFS=| Y DFGj |/n , 4.1)
i=1
where
DFS degradation factor significance value,

o

DFG degradation factor grading value (Section 3.3.2.2), and
n number of degradation factors, up o a maximum of three.’
The resulting DFS value is to be rounded to the nearest integer, with a maximum possible
value of 10.

il

3 In the case of subelements having more than three relevant degradation factors, the largest
three values are used to calculate the degradation factor significance.
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4.1.5 Ranking of Subelements and Strugtures

Determination of the relative ranks of the Category I concrete structures and
subelements is based on the weighted contributions of the four criteria noted at the begin-
ning of this chapter. A subelement rank within each Category I concrete structure is
determined as follows

SR=wi (1) +w2(S8S)+w3(DEG) , (4.2)
where
SR = subelement rank,
I = subelement importance (Section 2.2.3),
SS = safety significance (Section 2.3.2),
DEG = (EE + DFS)/2, rounded to nearest integer,
EE = environmental exposure (Section 2.4.2),
DFS = degradation factor significance (Section 4.1.4),
w1 = weight applied to subelement importance,
wy = weight applied to safety significance, and
w3 = weight applied to degradation effects.

Use of weighting factors (1 to 10, with 10 highest) permits certain components of Eq.
(4.2) to be emphasized. The degradation factor significance (DFS) was considered to be
heavily influenced by the surrounding environmental exposure (EE). Therefore, these two
criteria were combined, averaged, and rounded to the nearest integer. Recommended
values for wi, w9, and w3 are 4, 9, and 7, respectively. These values are the result of a
sensitivity analysis which is presented in Appendix A. Therefore, Eq. (4.2) becomes

SR=4(I)+9(SS)+7(DEG). 4.2)
Utilization of this equation results in a possible range of subelement ranks between 20 and

200.
The cumulative rank for each Category I concrete structure is determined as follows

N
CR= Y SR{/N , (4.3)
i=1
where
CR = cumulative rank,
SR = subelement rank, and
N = number of subelements.

Application of this equation ensures that the cumulative rank of a Category I concrete
structure is based on aging importance rather than total number of subelements. Since the
cumulative rank that results for a structure may not adequately reflect the importance of a
specific subelement or degradation factor due to the balance of subelements or degradation
factors being evaluated low, results of both Eq. (4.2) and (4.3) should be considered when
identifying critical structures and degradation factors of concern.

4.2 Computer-Based Matrix

A computer-based matrix format was developed to provide a simple method for
implementing and documentmg results of the structural aging assessment methodology.
"R:BASE for DOS" was used as the software because of its flexibility of input format
(integers, text, etc.), compatibility with other IBM software, and user friendliness. Also,
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the software allows the programming of important equations [Eqs. (4.1) to (4.3)] such that
the ranks for each subelement/structure are automatically completed after data entry. Output
is provided in a standard format as displayed in Table 4.1.

The end product of the computer-based matrix presentation is a concise listing of
Category I concrete siructures and their subelements. The ranking values that result may be
used to identify structures/subelements and degradation factors that are of most significance
with respect to aging management. The resulting list may also be used 1o assist in deter-
mining appropriate methods and schedules for inspection/iesiing/maintenance.

Udlization of the methodology is demonstrated through its application to three LWR
plants: (1) pressurized-water reactor plant with a large dry metal containment located in the
Midwest, (2) boiling-water reactor plant with a conventionally reinforced concrete Mark 11
containment located in the East, and (3) pressurized-water reactor plant with a large dry
prestressed concreie containment located in the Midwest. Appendix B provides commen-
tary on application of the methodology as well as the computer-based matrix results for
each of these plants.



Table 4.1

Matrix Format Used to Present Structural Aging Assessment Methodolgy Results

WE M s W B G O SR o oM he e B We A

CUMULATIVE
RIMARY STRUCTURE _ ____ RANK__ FUNCTION e eeeemmmm—=
Eq.4.3
ENVIRONMENT  SAFETY SUBELEMENT
SUBELEMENT IMPORTANCE  EXPOSURE SIGNIFICANCE RANK
Sec. 2.2.3.1 Sec. 2.2.3.2 Sec. 2.4.2 Sec. 2.3.2 “Eq 42"
(Tables 2.2, 2.3) {Tables 2.2,2.3) (Table 2.6) (Table 2.5)
COMPOSITION
KEY DEGRADATION FACTORS RATING
Sec. 3.1 Sec. 3.3.2.2
(Table 3.1) (Table 3.7)
ENVIRONMENT  SAFETY SUBELEMENT
SUBELEMENT IMPORTANCE EXPOSURE SIGNIFICANCE RANK
COMPOSITION
KEY DEGRADATION FACTORS RATING

€L



REPEAT FOR EACH CATEGORY | STRUCTURE

IDENTIFY AND LIST SAFETY—-
RELATED OR CATEGORY |
CONCRETE STRUCTURES
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LIST MATERIAL CONSTITUENTS

BANGE_QF VALUES

1-10

1—-10

1-10

SUBELEMENT  FOR FACH SUBELEMENT _
(SECT.
A 1. COMNCRETE
PYTPTTw——" 2. REINFORCING STEEL
3. STRUCTURAL STEEL/LINER
STRUCTURE INTO B 4 PRES%ESS:NG STEé_
SUBELEMENTS AND
MATERIAL CONSTITUENTS
(SECT. 2.2) c
SUBELEMERT
et IMPORTANGE
SELECT COMPONENT (SECT. 2.2)
CLASSIFICATION VALUES
FOR EACH SUBELEMENT
ENVIRONMENTAL
L g EXPOSURE
é (SECT. 2.4)
DETERMINE SAFETY
SIGNIFICANCE VALUE FOR
EACH STRUCTURE (APPLY
TO EACH SUBELEMENT)
(GECT. 2.3)
IDENTIFY POTENTIAL
DEGRADATION FACTORS
FOR SPECFIC SITE
CONDITIONS
(SECT. 3.1)
bl TIME RATE OF N\
EVALUATE INFILUENCE DEGRADATION
AND DETERMINE WEIGHTS
FOR DEGRADATION FACTORS
ON STRUCTURE /SUBELEMENT
INSPECTABILITY AND
P EARLY IDENTIFICATION
$ (SECT. 3.3)
L me]  REPAIRABLITY
COMPUTE SUBELEMENT AND
STRUCTURE RANKS BY
1]
%%%é'gG WEIGHTING L gl ULTIMATE IMPACT
(SECT. 4.1) __J
——g»]  OTHER FACTORS
DEVELOP LISTING OF CRITICAL|
SUBELEMENTS/STRUCTURES
BY OVERALL RANK FOR
FUTURE USE
(SECT. 4.2)

Fig. 4.1. Stuctural aging assessment methodology
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5. SUMMARY

The objective of this study was to develop a procedure for use in identifying critical
safety-related concrete structural elements in light-water reactor plants as well as degrada-
tion factors which can impact the performance of these components. In meeting this objec-
tive, a structural aging assessment methodology for concrete structures was developed.
The methodology provides a means for categorizing and ranking the safety-related concrete
elements in terms of their importance, safety significance, environmental exposure, and
degradation factor significance. Utilization of the structural aging assessment methodology
was demonstrated through its application to three LWR plants.
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APPENDIX A
SENSITIVITY ANALYSIS OF WEIGHTING FACTORS

The primary ranking equation for subelements,
SR =wi I+ w28S + w3 (DEG) , (4.2)

contains three weighting factors that are used to assign appropriate emphasis to the ranking

criteria. The goal of this sensitivity analysis is to demonstrate that the subelement ranks

resulting from use of the recommended weighting factors (wy =4, wz = 9,and w3 =7) are
reasonable, and that there is sufficient "spread” in numerical results between lowest-ranked
and highest-ranked subelements to be distinguishable.

A number of requirements were built into the sensitivity analysis to ensure that
suitable results were provided. These requirements address the relationship between the
three weighting factors and include the following:

1. All weighting factors shall be in the range of 1 to 10, with 10 highest, and the
surnmation of the weighting factors shall be 20. These range and summation require-
ments ensure that the resulting rank for a subelement is 200, or less.

2. The weighting factors shall have the following relatonship with respect to magnitude of
values used: (a) wi < w3 or wp and (b) w3 < wp. These relationships ensure that the
appropriate importance is placed on each of the criterion that are involved in develop-
ment of a subelement ranking.

3. AIll weighting factors are integers.

To perform the sensitivity analysis, a known high ranking subelement (e.g., primary
containment wall) and a known low ranking subelement (e.g., intake structure wall) were
used. These subelements had the assumed ranking criteria values presented in Table A.1.
Various combinations of weighting factors, conforming to the above requirements, were
then utilized to determine the most appropriate weighting factors for ranking the subele-
ments. Table A.2 presents a summary of the subelement rankings that were determined for
the primary containment wall and the intake structure wall. As shown in the table, the
weighting factor combination of w =4, wy =9, and w3 = 7 was the only one which pro-
duced subelement ranks near the average value for both the primary containment wall and
intake structure wall.

To further assess the appropriateness of selection of the weighting factor combination
of wi =4, wp =9, and w3 = 7, various combinations of ranking criteria values ranging
from 1 to 10 were used in conjunction with the weighting factor combinations presented in
Table A.2. The results of this assessment are presented in Table A.3 and again indicate that
the recommended weighting factor values provide reasonable results.



78

Table A.1. Assumed Ranking Criteria Values for

Sensitivity Analysis
Subelement
Primary Intake
Ranking Criteria Containment Wall ~ Structure Wall
Importance Factor (I) 9 6
Safety Significance (SS) 9 4
Environmental Exposure (EE) 8 5
Degradation Factor Significance (DFS) 7 7
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Table A.2. Subelement Rankings Resulting from Different
Combinations of Weighting Factors

Subelement
Weighting Primary Intake
Factor Combination, Containment Wall,  Structure Wall,
Wi - Wa- W3 Ranking Valuea Ranking Value?
1-10-9 167 100
2-10-8 168 100
3-10-7 170 100
4-10-6 171 100
5-10-5 173 100
2-9-9 167 102
3-9-8 168 102
4-.9.7 170 102
5-9-6 171 102
4-8-8 168 104
5-8-7 170 104
6-8-6 171 104
6-7-17 170 106
Total/Average 2204/169.5 1326/102

aSR = wj I+ wy SS + w3[(EE + DFS)/2] where values
for 1, SS, EE, and DFS are presented in Table A.1, and (EE+DFS)/2
is rounded to the nearest integer.
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Table A.3. Subelement Ranking Resulting from Different
Combinations of Weighting Factors and

Ranking Criteria

Supelement Ranking Values for Various Weighting Factor

and Subelement Ranking Criteria Combinations

Subelement Ranking Criteria Combinations

Weighting IF = 10 10 10 10 10 10 10 10 1
Factor ss§ = 10 1 10 10 1 1 10 1 1
Combina- EE = 10 10 1 10 1 10 1 1 1
tions DFS = 10 10 10 1 10 1 1 1 1
1-10-9 200 110 | 160 | 180 70 70 119 | 29 20
2-10-8 200 110 | 164 164 74 74 128 38 20
3-10-7 200 110 | 169 | 169 79 79 | 137 47 20
4~10-6 200 110 | 173 | 173 83 83 | 146 | 36 20
5-10-5 200 110 | 178 | 178 88 88 | 155 65 20
2-9~9 200 119 | 160 | 160 79 79 | 119 | 38 20
3-3-8 200 119 | 164 | 164 83 83 | 128 47 20
4-9-7% 200 119 | 169 | 169 88 88 | 137 56 20
5-9-6 200 119 | 173 | 173 92 92 | 146 65 20
4-8-8 200 128 | 164 | 164 92 g2 | 128 56 20
5-8-7 200 128 | 169 | 169 97 97 | 137 65 20
6-8-6 200 128 | 173 1 173 | 101 | 101 | 146 { 74 20
6~-7-7 200 137 | 169 | 169 | 106 } 106 | 137 74 20
avg. = 200|119 | Tes | 168 | 87 87 | 136 | 55 | 20

* Reccormmended set of Weighting Factors.
9, and (Wt 3) = 7

(We 1) = 4,

Wt 2) =
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Subelement Ranking Values for Various Weighting Factor

and Subelement Ranking Criteria Combinations

Subelement Ranking Criteria Combinations

weighting IF = 10 1 1 1 1 1 1 1 1
Factor 8§ =10 10 1 1 10 10 1 10 1
Combina~ EE = 10 1 10 1 10 1 10 10 1
tions DFS = 10 1 1 10 1 10 10 10 1
1-10-9 200 110 61 61 | 1s1 | 151 | 101 | 191 | =20
2-10-8 200 110 | ss6 56 | 146 | 146 92 | 182 | 20
3-10-7 200 110 | s2 52 | 142 | 142 83 | 173 | 20
4-10~6 200 110 | 47 47 137 | 137 74 | 164 | 20
5-10-5 200 110 | 43 43 133 | 133 65 | 155 | 20
2-9-9 200 101 61 61 142 | 142 | 101 | 182 | 20
3-9-8 200 101 | 56 56 | 137 | 137 92 | 173 | 20
4-9-7* 200 101 | S2 52 | 133 | 133 g3 | 164 | 20
5-9-6 200 101 | 47 47 128 | 128 74 | 155 | 20
4-8-8 200 92 | 56 56 | 128 | 128 92 | 164 | 20
5-8-7 200 92 | s2 52 124 | 124 83 | 155 | 20
6~8-6 200 92 | 47 47 | 119 | 119 74 | 146 | 20
6-7-17 200 83 | 52 52 115 { 115 83 | 146 | 20
Avg. = 200{ 101 | 52 52 | 133 | 133 84 | 165 | 20

* Recommended set of Weighting Factors.
(Wt 2) = 9, and (Wt 3) = 7

(Wt 1) = 4,
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APPENDIX B
APPLICATION OF STRUCTURAL AGING ASSESSMENT
METHODOLOGY TO REPRESENTATIVE LWR PLANTS

Utilization of the methodology is demonstrated through its application to three LWR
plants: (1) pressurized-water reactor with a large dry metal containment located in the
midwestern United States, (2) boiling-water reactor with a reinforced concrete Mark 11
containment located in the eastern United States, and (3) pressurized-water reactor with a
large dry prestressed concrete containment located in the midwestern United States.
Commentary and the step-by-step procedure (Fig. 4.1) utilized to develop subelement
rankings as well as cumulative rankings for the Category I concrete structures are provided
in the following sections. :

B.1 PWR - Large Dry Metal Containment

The initial step in application of the methodology is to identify all Category I concrete
structures. This is best accomplished by reviewing the most recent edition of the plant's
Safety Analysis Report (SAR), along with other plant documentation (Q-listing, etc.).
Structural drawings should be obtained to finalize the physical configuration and bound-
aries of the primary structures. Primary structures identified for this plant include:
(1) containment internal structures, (2) shield building (around metal containment),
(3) plant screenhouse (heat sink areas), (4) turbine building (housing safeguards
equipment), and (5) auxiliary building (including radwaste area). The primary structures
are then divided into their subelements based on physical configuration and functional
differences. The primary structure (including its function), its subelements and the
constituent materials are entered into the matrix format as shown in Table B.1. Importance
factors are assigned to each subelement using Section 2.2.3 criteria and entered into the
matrix format.

Using conservative judgement, review of plant conditions, and guidelines provided in
Sections 2.3 and 2.4, safety significance and environmental exposure values are selected
and entered into the matrix format for each subelement. In this example, the assignment of
environmental exposure ratings was influenced by the plant site and other geographical
considerations, i.e., relatively nonaggressive cooling water, but large number of freeze-
thaw cycles. This plant was constructed on fill material and has a fairly high water table.
Also, as supported by documentation, strict controls on materials of construction were
maintained throughout plant fabrication.

Key degradation factors for each subelement are identified and entered into the matrix
format. Degradation factor grading values (ratings) are selected for each potential degra-
dation factor using guidance provided in Section 3.3. Prior to entry of these values into the
matrix format, they may have to be adjusted slightly to accommodate specific plant
environmental conditions, physical conditions, or other influencing factors. Knowledge of
the current condition of the subelement is especially helpful in the assignment of specific
values. Equation (4.1) is then utilized to determine a degradation factor significance value
for each subelement, i.e., the degradation factor significance is equal to the summation of
the degradation factor gradmg values (< 3) divided by the number of dcgradanon factors.

A ranking for each subelement is determined using Eq. (4.2)' in conjunction with the
subelement importance, safety significance, environmental exposure, and degradation fac-
tor significance values determined above. Finally, the cumulative rank for each structure is
determined by summing the subelement ranks and dividing by the number of subelements.
Application of the structural aging assessment methodology to the example plant indicates
that the highest ranking primary structure is the shield building, and the highest ranking
subelement is the reactor cavity walls of the containment internal structures.
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B.2 BWR —Reinforc oncrete Mark II Containmen

Review of the SAR identified the following Category I concrete structures:
(1) containmeni vessel, (2) containment internal structures (diaphragin slab, reactor pres-
sure vessel pedestal, and primary shield wall), (3) reactor building (secondary
containment), (4) conirol building, (5) diesel generator buildings, (6) ESSW pumphouse
and spillway, and (7) spray pond. Review of plant structural drawings were utilized to
divide the primary structures into their subelements and materials of construction. This in-
formation was entered into the matrix format as shown in Table B.2. Importance factors
were assigned to each subelement using Section 2.2.3 criteria and entered into the matrix
format.

Safety significance and environmental exposure values were selected and entered into
the mairix format for each subelement. As the primary containment structure is completely
enclosed in the reactor building (excep: for the basemat foundation) and the plant is located
at a considerable distance from salt or brackish water sources, the environmental exposure
ratings for certain primary structures have been slightly reduced. Also, since the plani is
located direcily on bedrock as well as being rurally located, the environmental effects are
not considered to be as severe as for the previous example, e.g., concrete degradation
through ground water attack, as well as reinforcing and liner steel corrosion, has a lower
probability of occurrence.

Key degradation factors for each subelement are identified and entered into the matrix
format. Due to the somewhat tempered environmental exposure, as noted above, the
degradation factor grading values (ratings) have been reduced slightly, i.e., values were
obtained from the lower portion of the ranges presented in Tables 3.7(a) and 3.7(b).
Equation (4.1) was then used to determine a degradation factor significance value for each
subelement.

Based on information that has been entered into the mairix format and the degradation
factor significance values determined above, Eq. (4.2)" is used to develop a ranking value
for each subelement. Finally, a cumulative rank is calculated for each primary structure.
Application of the methodology to this plant indicates that the highest ranking subelement is
the base slab of the containment vessel, and the highest ranking primary structure is the
containment vessel.

B.3 PWR — Laree Drv Prestress ncrete Containmen

Review of the SAR identified the following Category I concrete structures:
(1) containment vesse!, (2) containment internal structures, (3) auxiliary building,
(4) turbine building (portions of slabs/walls), (5) cribhouse (portions), and (6) intake crib.
These structures were subdivided into subelements and materials of construction. This
information was entered into the matrix format as shown in Table B.3. Importance factors
were assigned to each subelement and entered into the matrix format.

Safety significance and environmental exposure values were established and entered
into the matrix format. The primary containment structure, as well as many of the other
safety-related siructures at this plant, are exposed to a natural environment. However, a
number of these structures have been protected with coatings to prevent external degrada-
tion. The plant is founded on fill material and cooled by fresh water. Certain groundwater
parameters are periodically measured, and the prestressing system is partially accessible for
inspection. Each of these conditions was considered as being favorable with respect to
assignment of criteria values.

As aresult of variability in existing protective media and exposure conditions at this
plant, evaluation of the degradation factors and their grading values required careful
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consideration. Such degradation mechanisms as corrosion of the containment prestressing
steel system and irradiation of the reactor pressure vessel pedestal were considered to be
relatively important, and thus degradation factor grading values (ratings) were selected
from the higher portion of the ranges presented in Tables 3.7(a) and 3.7(b). Degradation
factor significance values, subelement rankings, and primary structure's cumulative
rankings were determined as described previously. Application of the methodology to this
plant indicates that the highest ranking primary structure is the containment vessel, and the
highest ranking subelement is the mat foundation of the containment vessel.
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TABLE B.1

RESULTS OF APPLICATION OF STRUCTURAL AGING
ASSESSMENT METHODOLOGY: PWR METAL LARGE-DRY CONTAINMENT

Cumulative
Primary Structure Rank
PWR Containment- 151
Internal Structures
Subelement Importance
Reactor Cavity Walls 8
Composition

............................

Deformed Reinforcing Steel,
Portiand Cement Concrete,
Stainless Steel Liner

Subelement Importance
ééiiéﬁ.éiéﬁ ................. A
Composition

............................

Deformed Reinforcing Steel,
Portiand Cement Concrete

Function

The containment-internal structures of the
large-dry PWR provide many functions
including radiation shielding, refueling
support, equipment anchorage, personnel
access, pipe break or missile protection,
etc. These structures are massive in size
and were placed using cast-in-place tech-
niques.

Environment Safety Subelement
Exposure Significance Rank

e g g i%é..,.
Key Degradation Factors Rating
Reinforcing Corrosion 10
Thermal Exposure/Cycling 8
Irradiation 8
Fatigue 7
Chemical Attack 6
Reinforcing Fatigue 2
Reinforcing Therm. Exp. 2
Environment Safety Subelement
Exposure Significance Rank

....é ........... g ié% .....
Key Degradation Factors Rating
Reinforcing Corresion 10
Chemical Attack 8
Irradiation 6
Fatigue 6
Thermal Exposure/Cycling 8
Abrasion 3
Reinforcing Therm. Exp. 4
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Subelement Importance

Reactor Coolant Pump 8
Vault Walls

----------

Composition
Deformed Reinforcing Steel,
Portland Cement Concrete

Subelement Importance
Refueling Area Slab 7
Composition

............................

Deformed Reinforcing Steel,
Portland Cement Concrete,
Stainless Steel Liner

Environment | Safety
Exposure Significance
....é ........... % ......

nnnnnnnnnnnnnnnnnnnnnnn

Reinforcing Corrosion
Thermal Exposure/Cycling
Irradiation

Chemical Attack

Fatigue

Reinforcing Therm. Exp.

Environment Safety
Exposure Significance
SRRPRLLLLENE AR

-----------------------

Reinforcing Liner
Corrosion

Thermal Exposure/Cycling

Chemical Attack

Irradiation

Abrasion

Fatigue

Reinforcing Therm. Exp.

Reinforcing Fatigue

Table B.1
Page 2

Subelement
Rank

----------

Subelement
Rank

oooooooooo

oooooo
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Subelement

oooooooooooooooooooooooo

Importance

cccccccccc

............................

Deformed Reinforcing Steel,
Portland Cement Concrete

Subelement Importance
Refueling Area Walls 6
Composition

............................

Deformed Reinforcing Steel,
Portland Cement Concrete,
Stainless Steel Liner

Environment Safety
Exposure Significance
7 7

Reinforcing Corrosion
Chemical Attack

Fatigue

Thermal Exposure/Cycling
Reinforcing Fatigue

Irradiation

Abrasion

Environment Safety
Exposure Significance
..o.é ........... 5 ......

.......................

Reinforcing Liner
Corrosion

Thermal Exposure/Cycling

Irradiation

Fatigue

Chemical Attack

Abrasion

Reinforcing Therm. Exp.

Reinforcing Fatigue

Table B.1
Page 3

Subelement
Rank

oooooooooo

oooooo

Subelement
Rank

oooooooooo

oooooo
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Subelement Importance

..................................

Reactor Coolant Pump 4
Vault Beams

Composition
Deformed Reinforcing Steel,
Portland Cement Concrete

Cumulative
Primary Structure Rank
Shield Building 154
Subelement Importance
SRS LLLLLE A TR
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Table B.1

Page 4
Environment Safety Subelement
Exposure Significance Rank
....é .......... G i&i.-'.
Key Degradation Factors Rating
Reinforcing Corrosion 10’
Thermal Exposure/Cycling 6
Chemical Attack 6
Irradiation 6
Abrasion 5
Reinforcing Therm. Exp. 4

Function

The Shield Building performs a multitude
of functions including radiation
shielding and containment, structural
support for equipment and environmental
protection. The exterior surfaces/
structures are subjected to the natural
environment or subterranean conditions
while the interior environment is
somewhat controlled. Provisions for pipe
breaks and missiles impact loads were
also taken at the design stage.

Environment Safety Subelement
Exposure Significance Rank

....é ........... é ......... iéé....
Key Degradation Factors Rating
Chemical Attack 10
Reinforcing Corrosion 10
Fatigue 3
Irradiation 3
Thermal Exposure/Cycling 3
Reinforcing Therm. E£xp. 3



Subelement Importance
Shield Walls (vertical) 8
Composition

Subelement

.....

Subelement Importance
Slabs (including composite 6
beams)

Composition

----------------------------

Deformed Reinforcing Steel,
Liner Plate, Portland Cement
Concrete

------------------

............................

Deformed Reinforcing Steel,
Portland Cement Concrete

.............................

Deformed Reinforcing Steel,
Portland Cement Concrete

Importance

----------

90

Environment Safety
Exposure Significance
7 8

-----------------------

Freeze/Thaw Cycling
Reinforcing Corrosion
Chemical Attack

Thermal Exposure/Cycling
Irradiation

Reinforcing Fatigue

Environment Safety
Exposure Significance
ARRESRELEINE N ISEREEE

Reinforcing Corrosion
Chemical Attack

Thermal Exposure/Cycling
Freeze/Thaw

Environment Safety
Exposure Significance
..5.4 ........... é ......

Reinforcing Corrosion
Chemical Attack

Thermal Exposure/Cycling
Abrasion

Reinforcing Therm. Exp.

Table B.1
Page 5

Subelement
Rank

eeeeeeeeee

......

Subelement
Rank

..........

......

Subelement
Rank

----------

------
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Cumulative
Primary Structure Rank
Plant Screemhouse 119
Subelement Importance
fiieisin et TR
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement Importance
Submerged Intake Crib 10
Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel Piles

Table B.1
Page 6

Function

The intake of cooling water for ultimate
heat sink required pumping, screening and
conveyance components which are con-
sidered safety-related. Concrete
structures within the screenhouse itself
were provided to support this equipment
and protect it from the natural environ-
ment. This primary structure includes a
submerged concrete crib which allows
emergency cooling water intake.

Environment Safety Subelement
Exposure Significance Rank

...vé ........... 4 ........ iéé .....
Key Degradation Factors Rating
Reinforcing Corrosion 10
Chemical Attack 9
Abrasion 6
Fatigue 4
Environment Safety Subelement
Exposure Significance Rank

....é ........... i ......... iéé .....
Key Degradation Factors Rating
Mopaliene B
Reinforcing or Pile 10

Corrosion
Chemical Attack 8
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Importance

oooooooooo

Subelement

........................

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement

........................

Importance

oooooooooo

oooooooooooooooooooooooooooo

Portiand Cement Concrete,
Deformed Reinforcing Steel

Cumulative
Primary Structure Rank
Turbine Building (housing 106

safeguards equipment) PWR

Table B.1

Page 7
Environment Safety Subelement
Exposure Significance Rank
e AR iéé .....
Key Degradation Factors Rating
Reinforcing Corrosion 100
Abrasion 6
Fatigue 6
Chemical Attack 6
Freeze-Thaw 2
Environment Safety Subelement
Exposure Significance Rank
..,Oé .......... i ......... iib .....
Key Degradation Factors Rating
Reinforcing Corrosion 9
Chemical Attack 8
Freeze/Thaw Cycling 6
Abrasion 6
Thermal Exposure Cycling 3

Function

Portions of the Turbine Building are
considered Category 1 because it houses
safeguards electrical equipment, diesel
generators, ventilating equipment and
safety-related (UHS) piping. These
structures are enclosed within the
Turbine Building and exposed to con-
trolled environments. The control room
is also enclosed in the Turbine Building.
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'Importance

..........

Subelement

------------------------

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement

........................

Importance

----------

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement Importance

........................

Control Room Walls (and 8
cable spreading structure)

..........

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel

Environment Safety
Exposure Significance
....é .......... g

-----------------------

Reinforcing Corrosion
Thermal Exposure/Cycling
Chemical Attack ‘
Fatigue

Abrasion

Reinforcing Therm. Exp.

Environment Safety
Exposure Significance
3 3

.......................

Reinforcing Corrosion
Thermal Exposure/Cycling
Chemical Attack
Reinforcing Therm. Exp.

Environment Safety
Exposure Significance
2 7 '

Key Degradation Factors
Reinforcing Corrosion
Thermal Exposure/Cycling
Chemical Attack

Fatigue

Table B.1
Page 8

Subelement
Rank

..........

------

Subelement
Rank

..........

......

Subelement
Rank

----------

......
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Subelement Importance
Control Room Floor Slab 6
(and cable spreading
structure)

Composition

oooooooooooooooooooooooooooo

Deformed Reinforcing Steel,
Portiand Cement Concrete

Subelement Importance
Diesel Generator Room 6
Slabs

Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement Importance
Diesel Generator Room g
Walls

Composition

oooooooooooooooooooooooooooo

Portiand Cement Concrete,
Deformed Reinforcing Steel

Environment Safety
Exposure Significance
ISR N

Key Degradation Factors

Reinforcing Corrosion

Thermal Exposure/Cycling
Abrasion

Chemical Attack

Fatigue

Environment Safety

Exposure Significance
; L e

-----------------------

Chemical Attack

Fatigue

Reinforcing Corrosion
Thermal Exposure/Cycling
Abrasion

Reinforcing Fatigue

Environment Safety
Exposure Significance
PSR g

-----------------------

Chemical Attack

Thermal Exposure/Cycling
Reinforcing Corrosion
Fatique

Reinforcing Fatigue

Table B.1
Page 9

Subelement
Rank

..........

aaaaaa

Subelement
Rank

..........

Subelement
Rank

----------

......
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Cumulative
Primary Structure Rank
Auxiliary Building 120
Subelement Importance
SRR SAARARA LR PR
Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement Importance
ﬁéiié.iéiié;ié;j ............ é .....
Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel

Table B.1
Page 10

Function

The Auxiliary Building houses both
safety-related and balance-of-plant
equipment necessary for the operation of
the PWR. The concrete structures are
generally subject to controlled interior
environmental conditions. The function
of this structure is to provide struc-
tural support, environmental protection
and radiation shielding during all plant
operating conditions.

Environment Safety Subelement
Exposure Significance Rank

...ié .......... gt iéé .....
Key Degradation Factors Rating
Chemical Attack 10
Reinforcing Corrosion 9
Thermal Exposure 2
Environment Safety Subelement
Exposure Significance Rank

....é .......... é ......... iié .....
Key Degradation Factors Rating
ﬁ;i%é&é ................... é..
Chemical Attack 8
Reinforcing Corrosion 8
Freeze/Thaw Cycling 6
Thermal Exposure/Cycling 4
Reinforcing Fatigue 2



Subelement

Internal Floor Slabs )

Importance

oooooooooo

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement

Crane Support Structure 4

Importance

----------

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel

Subelement

........................

Internal Walls 5

Importance

..........

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel
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Environment Safety
Exposure Significance
3 5

Reinforcing Fatigue
Chemical Attack
Reinforcing Corrosion
Thermal Exposure/Cycling

Fatigue

Abrasion

Environment Safety
Exposure Significance
....é .......... g

#éé%é&é ................
Chemical Attack
Reinforcing Corrosion

Abrasion

Environment Safety
Exposure Significance
gt e SR

.......................

Reinforcing Corrosion
Thermal Exposure/Cycling
Chemical Attack

Table B.1
Page 11

Subelement
Rank

oooooooooo

------

Subelement
Rank

..........

Subelement
Rank

......
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Subelement Importance
Fuel Pool Bottom Slab 6
Composition

oooooooooooooooooooooooooooo

Portland. Cement Concrete,
Deformed Reinforcing Steel,
Stainless Steel Liner Plate

Subelement Importance
ﬁﬁéi.ﬁééi.ﬁéiié ............. é .....
Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel,
Stainless Steel Liner

Environment Safety
Exposure Significance
gt e AR

Reinforcing Corrosion
Chemical Attack

Fatique

Thermal Exposure/Cycling
Irradiation

Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Environment Safety
Exposure Significance
....é .......... é .......

Reinforcing Corrosion
Chemical Attack

Thermal Exposure/Cycling
Irradiation

Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Table B.1
Page 12

Subelement
Rank

----------

SN OO O

Subelement
Rank

oooooooooo

------
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TABLE B.2

RESULTS OF APPLICATION OF STRUCTURAL AGING
ASSESSMENT METHODOLOGY: BWR CONCRETE MARK II PLANT

Cumulative
Primary Structure Rank Function
Containment Vessel 172 The containment vessel of this Mark II
BWR performs radiation shielding and
containment, structural support, and
environmental protection. The vessel was
constructed using cast-in place tech-
niques and is in the form of a truncated
cone. The dome is constructed of plate
steel and was not considered.
: Environment Safety Subelement
Subelement Importance Exposure Significance Rank
éééé.éiéé .................. ié ......... é ......... ié ......... iéé .....
Composition
éé%ﬁiéﬁ&.ééﬁééi.éééé;éié;.oe Key Degradation Factors Rating
Deformed Reinforcing Steel oot Ll
Chemical Attack 8
Irradiation 2
Fatigue 2
Reinforcing Corrosion 10
Environment Safety Subelement
Subelement Importance Exposure Significance  Rank
Vééi%ééi.éﬁ&.iﬁéi%ﬂéa ooooooo é ......... g ié ........ i%i .....
Walls (suppression
chamber and drywell)
Composition
éért]aﬁa'éement Concrete: Key Degradation Factors Rating
Deformed Reinforcing Steel, . . iiiiiiiiiiiiiiies Ll
Structural Steel, Liner Plate Reinforcing Corrosion 10
Thermal Exposure/Cycling )
Irradiation 6
Fatigue 4
Reinforcing Steel/Liner 10
Corrosion

Reinf. Thermal Exp.
Reinforcing Fatigue
Chemical Attack

[0 oI US I



Cumulative

Primary Structure Rank
Containment-Internal 153
Structures
Subelement kImportance
b%ébﬁ%ééﬁ.éiéﬁ .............. G
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel, Liner Plate

Subelement Importance
éb&'bé&ééiéi ................ é .....
Composition

oooooooooooooooooooooooooooo

Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel, Liner Plate

99

Function

------------------------------

Table B.2
Page 2

--------

Provides structural support and radiation
shielding for all plant operating
conditions. Resists the effects of plant

accidents and unusual events.

Transfers

structural loadings to the base slab.
Provides separation of drywell and

wetwell.

Environment Safety
Exposure Significance
..,.% .......... SRR

.......................

Chemical Attack

Thermal Exposure
Irradiation
Fatigue/Vibration
Reinforcing Corrosion
Reinforcing Irradiation
Reinforcing/Liner Fatigue

Environment Safety
Exposure Significance
gt e SAE

.......................

Chemical Attack

Thermal Exposure
Irradiation

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing/Liner Fatigue

Subelement
Rank

----------

------

Subelement
Rank

..........

......

NSNS OYWO O



Subelement Importance
Primary Shield Wall 6
Composition

----------------------------

Partland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel, Liner Plate

Cumulative
Primary Structure Rank
Reactor Building 136
(secondary containment)
Subelement Importance
ﬁéﬁﬁééﬁ%éﬁ ................. iO .....

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing, Mud Mat (concrete)
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Table B.2
Page 3
Environment Safety Subelement
Exposure Significance Rank
,.c,é .......... g iéé .....
Key Degradation Factors Rating
Chemical Attack 7
Thermal Exposure 9
Conc. Irradiation 10
Conc. Fatigue 7
Reinforcing/Liner Corrosion 5
Reinforcing Therm. Exp. 7
Reinforcing Irradiation 7
Reinforcing/Liner Fatigue 7

Function

Provides secondary containment and
radiation shielding function. Protects
containment vessel and internal plant
equipment from the natural environment.
Houses plant fuel storage pools and
protects the surrounding environment from
radioactive contamination. Primarily of
fiat plate and wall construction.

Environment Safety Subelement
Exposure Significance Rank
gt e TR
Key Degradation Factors Rating

.............................

Chemical Attack 9
Reinforcing Corrosion 9
Reinforcing Fatigue 4



Subelement

........................

Floor Slabs 6

Importance

oooooooooo

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel

Subelement Importance
Spend Fuel Pool Slabs 6
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Stainless Steel Liner

Subelement Importance
Vertical Walls (exterior/ g
interior)

Composition

ooooooooooooooooooooooooooo

Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing
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Environment Safety
Exposure Significance
4 7

------------------------

Chemical Attack

Thermal Exposure
Irradiation

Abrasion

Fatique

Reinforcing Corrosion
Reinforcing Therm. Exp.

Environment Safety
Exposure Significance
.. ‘é ......... % .......

.......................

Chemical Attack

Thermal Exposure

Conc. Irradiation

Fatigue

Reinforcing/Liner Corrosion
Reinforcing Therm. Exp.

Environment Safety
Exposure Significance
SAAPERLEL TR R AR

.......................

Chemical Attack
Freeze/Thaw

Thermal Exposure
Reinforcing Corrosion

Table B.2
Page 4

Subelement
Rank

..........

cccccc

Subelement
Rank

..........

------

Subelement
Rank

----------

------
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Subelement

oooooooooooooooooooooooo

Spent Fuel Pool Walls 6

Importance

oooooooooo

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel,
Stainless Steel Liner

Cumulative
Primary Structure Rank
Control Building 127
Subelement Importance
Foundation 9

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing

Table B.2

Page 5
Environment Safety Subelement
Exposure Significance Rank
eeegé cccccccccc } ......... iéé ggggg
Key Degradation Factors Rating
Chemical Attack 5
Thermal Exposure 5
Irradiation 5
Fatigue 6
Reinforcing/Liner Corrosion 8
Reinforcing Therm. Exp. 3

Function

Provide structural support and environ-
mental protection for main plant control
room during all operating conditions.
Primarily of flat plate and shear wall
construction.

Environment Safety Subelement
Exposure Significance Rank

....é .......... é ......... iié .....
Key Degradation Factors Rating
Chemical Attack 8

Reinforcing Corrosion 8
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Subelement Importance
Vertical Walls iinterior/ 8
exterior)

Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing {lower portions)

Subelement Importance
ﬁibé%'éiéﬁé ................. é .....
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel

Cumulative

Primary Structure Rank

Diesel Generator Buildings 117
Subelement Importance
Méi.#éﬁﬁ&éi%éﬁ ............. ié .....

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing

Table B.2
Page 6
Environment Safety Subelement
Exposure Significance Rank
....é .......... é ......... iéé .....
Key Degradation Factors Rating

ooooooooooooooooooooooo

Chemical Attack 6
Freeze/Thaw 4
Reinforcing Corrosion 9

Environment Safety Subelement
Exposure Significance Rank

....é .......... é ......... iéé .....
Key Degradation Factors Rating
Chemical Attack '
Reinforcing Corrosion 6
Abrasion 4
Function

--------------------------------------

Provide structural support and environ-
mental protection of the safety-related
diesel generators during all plant
operating conditions. Primarily of flat
plate and shear wall construction.

Environment Safety Subelement
Exposure Significance Rank

....é .......... SRR G
Key Degradation Factors Rating
Chemical Attack 6
Fatigue 3

Reinforcing Corrosion 6



Subelement

oooooooooooooooooooooooo

Vertical Walis

Importance

oooooooooo

Subelement

Concrete Floor Slab 6

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel

Composition
Portland Cement Concrete,
Deformed Reinforcing Steel

Importance

ooooooooo

Cumulative
Primary Structure Rank
éééw.bﬂﬁbﬁéﬁ;é ............. o
Subelement Importance
B ernaiie e TR

Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing
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Tabie B.2

Page 7
Environment Safety Subelement
Exposure Significance Rank
ooc.é .......... g e
Key Degradation Factors Rating
Chemical Attack 6
Freeze/Thaw 4
Reinforcing Corrosion 8
Environment Safety Subelement
Exposure Significance Rank
,oaué .......... g 5
Key Degradation Factors Rating
Chemical Attack 6
Fatigue 3
Reinforcing Corrosion 6
Abrasion 3
Function

......................................

Provides structural support and environ-
mental protection of safety-related heat
sink equipment. The structure primarily
consists of flat plate and shear wall
construction.

Environment Safety Subelement
Exposure Significance Rank
g AR ETIA
Key Degradation Factors Rating
Chemical Attack 6
Reinforcing Corraosion 7



Subelement Importance
Vertical Wwalls 8
Composition

----------------------------

Portland Cement Concrete,
Deformed Reinforcing Steel,
Waterproofing (lower portions)

Subelement Importance
ﬁiééf'éiéé .................. é .....
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel

Subelement Importance
ééé%'éiéﬁ .................. SRR
Composition

............................

Portland Cement Concrete,
Deformed Reinforcing Steel,
Structural Steel

Cumulative
Primary Structure Rank
éé;é}'ﬁéﬁé ................. iéé .....
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Table B.2

Page 8
Environment Safety Subelement
Exposure Significance Rank
gt e AR e
Key Degradation Factors Rating

.......................

Chemical Attack 4
Freeze/Thaw 8
Reinforcing Corrosion 9

......

Environment Safety Subelement
Exposure Significance Rank

,...é .......... 4 .......... éé .....
Key Degradation Factors Rating
Chemical Attack 5
Fatigue 2
Thermal Exposure 3
Abrasion 3
Reinforcing Corrosion 6
Environment Safety Subelement
Exposure Significance Rank

....é .......... 4 .......... éé .....
Key Degradation Factors Rating
Chemical Attack 7
Reinforcing Corrosion 6
Freeze/Thaw 6
Function

--------------------------------------

A free-formed reservoir for containing
cooling water for normal and emergency
plant operations. Liner consists of a
reinforced concrete slab, 5 to 8 inches
thick, under the entire pond area.



Subelement Importance
Concrete Liner 5
Composition

----------------------------

Deformed and Plain Reinforcing
Steel, Portland Cement Concrete

106

Environment Safety
Exposure Significance
7 3

Freeze/Thaw Damage
Chemical Attack
Reinforcing Corrosion
Abrasion

Table B.2
Page 9

Subelement
Rank

oooooooooo

......



TABLE B.3

RESULTS OF APPLICATION OF STRUCTURAL AGING
ASSESSMENT METHODOLOGY: PWR PRESTRESSED LARGE-DRY PLANT

Cumulative
Primary Structure Rank
Containment Vessel 171
Subelement Importance
Dome 8

----------------------------

Prestressing Reinforcement,
Deformed Reinforcement, Portland
Cement Concrete, Liner Plate,
Structural Steel

Function

The containment vessels provide struc-
tural support and radiation shielding and
containment for safe operation of the
PWR. This containment is of sufficient
volume to support pressure requirements
of a pipe break accident. The vessel
supports all internal equipment and
transfers Toading into the underlying
soil. These structures were all cast-
in-place.

Environment Safety Subelement
Exposure Significance Rank

....é .......... ié ........ i}é .....
Key Degradation Factors Rating
Chemical Attack 6
Freeze/Thaw 5
Thermal Exposure 3
Fatigue 3
Reinforcing Corrosion 9
Reinforcing Therm. Exp. 3
Prestressing Corrosion 10
Prestressing Fatigue 2
Prestressing Relaxation 7
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Table B.3
Page 2
Environment Safety Subelement
Subelement Importance Exposure Significance Rank
vééi%ééi°Qéiié°i%ﬁéi&&%ég .Deé oooooo % oooooooooo ié oooooooo i}é ooooo
buttresses)
Composition
é%ééi%ééé%ﬁé'éé%ﬁ%é;ééﬁéﬁi;B Key Degradation Factors Rating
Deformed Reinforcement, Portland ... ... ... ... iiiis L.
Cement Concrete, Liner Plate, Chemical Attack 8
Structural Steel, Waterproofing Freeze/Thaw 4
Thermal Exposure 5
Fatigue 4
Reinforcing/Liner Corrosion 10
Reinforcing Therm. Exp. 4
Prestressing Corrosion 10
Prestressing Fatigue 2
Prestressing Relaxation 8
Abrasion 3
Environment Safety Subelement
Subelement Importance Exposure Significance Rank
Méf.ﬁéﬁﬁ&éiiéﬁ ............. ié ......... ié ......... ié ........ ééé .....
Composition
bé%6;$éé.éé%ﬁéé;ééﬁéﬁ£;.ﬁagéland Key Degradation Factors Rating
Cement Concrete, Waterproofing, ... ... i L.,
(prestressing reinforcement - Chemical Attack 10
local) Thermal Exposure 4
Irradiation 3
Reinforcing Corrosion 10
Prestressing Corrosion )
Prestressing Relaxation 4



Subelement ‘Importance

------------------------

Ring Girder 9

oooooooooo

Composition

ﬁ§é;£§éssing Reinforcement
(anchorages), Deformed Reinforce-
ment, Portland Cement Concrete

Subelement Importance
Tendon Gallery 3
Composition

----------------------------

Deformed Reinforcement, Portland
Cement Concrete, Waterproofing,
Structural Steel

Cumulative
Primary Structure Rank
Containment-Internal 144

Structures
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Table B.3

Page 3
Environment Safety Subelement
Exposure Significance Rank
g e ib ........ iéé .....
Key Degradation Factors Rating
Chemical Attack 5
Freeze/Thaw 4
Fatigue 3
Reinforcing Corrosion 9
Prestressing Corrosion 10
Prestressing Relaxation 7
Environment Safety Subelement
Exposure Significance Rank
,...ié ......... & ......... e
Key Degradation Factors Rating
Chemical Attack 10
Reinforcing Corrosion 10

Function

Provide structural support and radiation
shielding for NSSS equipment for all
operating conditions. Provides human
access to primary components and support
for refueling operations. These
structures are massive in section and
were cast-in-place.



Subelement

oooooooooooooooooooooooo

Bottom Slab (cast above 7
bottom liner plate)

Importance

oooooooooo

Composition

Deformed Reinforcement, Portland
Cement Concrete, Liner Plate,
Structural Steel

Subelement
Polar Crane Support Wall 6
(part of missile barrier)

Importance

----------

Composition
Deformed Reinforcement, Portland
Cement Concrete
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Environment Safety
Exposure Significance
...Oé .......... % .......

.......................

Chemical Attack

Thermal Exposure
Irradiation

Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Environment Safety
Exposure Significance
7 7

Key Degradation Factors
Chemical Attack

Thermal Exposure
Irradiation

Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Table B.3
Page 4

Subelement
Rank

oooooooooo

------

WP 000 W~y

Subelement
Rank

..........

O WO 00 H=MWN



Subelement Importance
#iééé'éiéég .............. : cee
Composition

----------------------------

Deformed Reinforcement, Portland
Cement Concrete, Liner Plate,
Structural Steel

Subelement Importance
Missile Barrier Walls 7
(reactor coolant compart-
ment)

Composition

oooooooooooooooooooooooooooo

Deformed Reinforcement, Portland
Cement Concrete
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Environment Safety
Exposure Significance
7 6

.......................

Chemical Attack

Thermal Exposure
Irradiation

Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Environment Safety
Exposure Significance
; e R

Key Degradation Factors
Chemical Attack

Thermal Exposure
Irradiation

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Table B.3
Page 5

Subelement
Rank

oooooooooo

......

LT I e e T L O Be ) e )]

Subelement
Rank

..........

LU O H 5O



Subelement

Reactor Cavity (and
support)

Composition

--------------------

Importance

eeeeeeeeee

--------

Deformed Reinforcement, Portland
Cement Concrete, Stainless
Steel Liner, Structural Steel

Subelement

Walls (and short columns)

Composition

--------------------

Importance

----------

oooooooo

Deformed Reinforcement, Portland

Cement Concrete

Cumulative
Primary Structure Rank
Auxiliary Building 126
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Environment Safety
Exposure Significance
9 9

-----------------------

Chemical Attack
Thermal Exposure

Irradiation

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue
Environment Safety
Exposure Significance
SRIEALRALE S SRR

-----------------------

Chemical Attack

Thermal Exposure
Irradiation

Fatigue

Reinforcing Corrosion
Reinforcing Therm. Exp.
Reinforcing Irradiation
Reinforcing Fatigue

Function

..............................

Table B.3
Page 6

Subelement
Rank

oooooooooo

......

fa—
NSO OSSN0

Subelement
Rank

..........

......

The Auxiliary Building provides struc-
tural support, radiation shielding and
environmental protection for internally
housed safety-related equipment.

Provides human access to equipment and
"contains" radioactive contamination.
Comprised of shear walls and floor slabs.



Subelement Importance
Mat Foundation 10
Composition

Deformed Reinforcement, Portland
Cement Concrete, Waterproofing

Importance

..........

Subelement

........................

----------------------------

Deformed Reinforcement, Portland
Cement Concrete, Waterproofing

Subelement
Floor Slabs (including 6
slabs under roof)

Importance

..........

Composition
Deformed Reinforcement, Portland
Cement Concrete
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Environment Safety
Exposure Significance
....ié ......... é .......

.......................

Chemical Attack
Reinforcing Corrosion

Environment Safety
Exposure Significance
g é .......

-----------------------

Chemical Attack
Freeze/Thaw

Thermal Exposure
Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Environment Safety
Exposure Significance
....é .......... AR

-----------------------

Chemical Attack
Thermal Exposure
Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Table B.3
Page 7

Subelement
Rank

----------

Subelement
Rank

----------

------

Subelement
Rank

..........

......



Subelement

oooooooooooooooooooooooo

Fuel Pool Walls, Slab 6

Importance

oooooooooo

Composition

Deformed Reinforcement, Portland
Cement Concrete, Stainless Steel
Liner, Structural Steel

Cumulative
Primary Structure Rank
Turbine Building 106
Subelement Importance
Floor Slabs (safety- 6
related)
Composition

oooooooooooooooooooooooooooo

Deformed Reinforcement, Portland
Cement Concrete
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Table B.3

Page 8
Environment Safety Subelement
Exposure Significance  Rank
eoecé .......... A iéé ooooo
Key Degradation Factors Rating
Chemical Attack 7
Thermal Exposure 4
Irradiation 4
Fatigue 6
Reinforcing Corrosion 10
Reinforcing Therm. Exp. 2
Reinforcing Irradiation 2
Reinforcing Fatigue 6

Function

Provides structural support and environ-
mental protection of enclosed equipment,
including safety-related electrical
cabinets, control room and diesel
generators.

Environment Safety Subelement
Exposure Significance Rank

....é .......... 4 .......... éé .....
Key Degradation Factors Rating
Chemical Attack 6
Thermal Exposure 2
Abrasion 3
Fatigue 2
Reinforcing Corrosion 7
Reinforcing Fatigue 2



Subelement Importance
Walls (safety-related) 8
Composition

----------------------------

Deformed Reinforcement, Portland
Cement Concrete

Subelement

Control Room - Floor Slab 6

Importance

oooooooooo

Composition
Deformed Reinforcement, Portland
Cement Concrete

Subelement Importance
Control Room - Walls 8
Composition

............................

Deformed Reinforcement, Portland
Cement Concrete
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Environment Safety
Exposure Significance
...é .......... A .......

.......................

Chemical Attack
Freeze/Thaw

Thermal Exposure
Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Environment Safety
Exposure Significance
g g

.......................

Chemical Attack
Thermal Exposure
Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Environment Safety
Exposure Significance
; ....é .......

-----------------------

Chemical Attack
Thermal Exposure
Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Table B.3
Page 9

Subelement
Rank

oooooooooo

......

Subelement
Rank

----------

------

Subelement
Rank

oooooooooo



Subelement
Diesel Generator - Floor
Slabs

Composition

ooooooooooooooooooooo

Importance

oooooooooo

-------

Deformed Reinforcement, Portland

Cement Concrete

Subelement

Diesel Generator - Walls

Composition

ooooooooooooooooooooo

Importance

..........

.......

Deformed Reinforcement, Portland

Cement Concrete

Cumulative

Primary Structure

Cribhouse

Rank

............................

.......
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Environment Safety
Exposure Significance
5 5

.......................

Chemical Attack
Thermal Exposure
Abrasion

Fatigue

Reinforcing Corrosion
Reinforcing Fatigue

Environment Safety
Exposure Significance
....é .......... é .......

.......................

Chemical Attack
Thermal Exposure
Fatigue

Reinforcing Corrosion
Reinforcing Fatique

Function

..............................

Table B.3
Page 10

Subelement
Rank

----------

Subelement
Rank

..........

......

........

Provides structural support and environ-
mental protection of equipment required

for ultimate heat sink.



Subelement Importance
Floor Slabs (safety- 6
related)

Composition

............................

Deformed Reinforcement, Portland
Cement Concrete

Subelement Importance
Walls (safety-related) 8
Composition

oooooooooooooooooooooooooooo

Deformed Reinforcement, Portland
Cement Concrete

Cumulative
Primary Structure Rank
SAOAPATALLLEERLLEAAEL IS Gy
Subelement Importance
Concrete Foundation 6
Composition

----------------------------

Deformed Reinforcement, Portland
Cement Concrete

117

Environment Safety
Exposure Significance
APAAARAANNNRAES PR

-----------------------

Chemical Attack

Abrasion

Reinforcing Corrosion
Freeze/Thaw

Environment Safety
Exposure Significance
....4 ......... AR

.......................

Chemical Attack
Reinforcing Corrosion
Freeze/Thaw

Function

..............................

Table B.3
Page 11

Subelement
Rank

----------

------

Subelement
Rank

------

--------

Provides for the intake of cooling water
under all plant operating and environ-

mental conditions.

Environment Safety
Exposure Significance
....ié ......... 4 .......

-----------------------

Chemical Attack
Freeze/Thaw

Abrasion

Fatigue

Reinforcing Corrosion

Subelement
Rank

----------

......
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APPENDIX C
GLOSSARY OF KEY WORDS

AGING — Cumulative changes with the passage of time that may occur
within a structure because of: (1) natural internal chemical or
physical processes during operation; (2) external stressors caused
by storage or operating environment; (3) service wear including
changes in dimensions and/or relative positions of individual
parts or subassemblies by operational cycling; (4) excessive test-
ing; and (5) improper installation, applications, and maintenance.

CONVENTIONAL - Reinforcing steel composed of plain carbon steel bars which are

REINFORCING under little or no stress at the time of installation. These bars

STEEL have lugs or protrusions on the outer surface which improve
bond and load transfer. These bars vary in diameter based on
required load carrying capacity. ‘

DEGRADATION ~ The act or process of impairing physical properties of a structure
due to environmental or service-related conditions. Degradation
is typically included in the definition of aging.

DEGRADATION — A specific act or process that results in degradation of a structure.
FACTOR
DETERIORATION - The act or process causing a structure to become inferior in

quality or function. For the purposes of this report, this term is
considered to be interchangeable with degradation.

DRY WELL ~ The area within a boiling water reactor containment that houses
the reactor and other components, and which is maintained in an
unsubmerged state.

DURABILITY — The ability of a structure to perform, or maintain its ability to
perform, its function over a long period of time without accruing
substantial degradation.

ENVIRONMENTAL - The resulting atmosphere acting upon a structure as influenced
EXPOSURE by nature or modification of nature's characteristics.

HEAVY WEIGHT - Concrete composed of a binder element (typically portland cement),

CONCRETE water, fine aggregate (sand, etc.) and large aggregate which is
specially selected for its increased density and absorption charac-
teristics (ilmenite, etc.). In the nuclear industry, this concrete is
used in construction of primary radiation shield walls.

INSERVICE — A phase of quality control which, by means of examination, ob-

INSPECTION servation or measurement, determines the conformance of
materials/structures in service to predetermined quality require-
ments.

INTEGRITY — The quality of state of a structure of being complete or unimpaired

to perform its stated function.



LINER

PRESTRESSING
TENDON

RELIABILITY

REPAIR

SAFETY-RELATED

SAFETY
SIGNIFICANCE

SUBELEMENT

ULTIMATE HEAT
SINK

WET WELL
(TORUS)
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— A metallic component, typically comprised of carbon steel plate

with nominal thickness less than 13 mm, which is installed
around the inside perimeter of a concrete containment (o prevent
leakage. The liner is anchored directly to the concrete vessel.

A high strengih steel component, consisting of wires, strands
made of several wires, or bars, which are installed and preten-
sioned to a certain level to creaie beneficial conditions and
improve the performance of a structure. The tendons may
(bonded) or may not (unbonded) be installed integral with the
concrete component of a structure. Prestressing tendons were
utilized primarily in the construction of certain containment ves-
sels.

The quality of state of a structure which results in continued
achievernent of its function and performance.

The act of returning/restoring the condition or function of a
structure through additional materials or processes application.

Components and structures of a nuclear power plant which are
required to function under all operating conditions while meeting
the requirements of 10CFR.

The significance level of a specific structure's function to the over-
all safety of the nuclear power plant.

A specific portion of a structure as defined in terms of physical,
functional, or compositional differences.

Components or structures necessary to ensure that a satisfactory
amount of cooling water is available for the safety-related systems
under all operating conditions.

Portion of the boiling water reactor containment that provides for
pressure suppression as required during operations (partially
submerged).
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