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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 ovemll 
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 qllantitative 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/Class~;ification System," "Determination of Degradation Factor Significance," 
and "Structural. Aging Assessment Methodology." These sections address the 
types/eIements 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 subelemen ts, safety significance of each Category I structure, and 
influences of environmental exposure are then presented in terms of a numerical rating 
system. The importance 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 €or 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 lOCFR regulations. The safety 
significance ranking of a structure is based on the quantity and criticality of safety functions 
perfomied. 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 410 being m s t  aggressive. 

The second section addresses potential degradation or aging factors which could 
affect the Category I 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 same 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, 
etc, 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 
charactexistics. 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 for 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 
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computation results in a single rank for each subdement; using the sum of ranks for 
individual subelements, the final rank for the smctwe 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 snucmes and related subelements. 
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STRUCX'URAL AGING ASSESSMENT METHODOLOGY FOR 
CONCRETE STRUCTURES IN NUCLEAR 

POWER PLANTS 

e. J. Hookham 

ABSTRACT 

One of the essential activities in meeting the objectives of Task 5.3 (Structural 
Component AssessmentRepair Technology) in the Nuclear Regulatory Commission's 
S t r u c t d  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 CQII- 
Crete structures in existing nudear 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 concme structures in nuclear 
power plants by the importance of their subejemental 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 redctor plant, with a 
conventionally reinforced concrete Mark I1 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 BackTound 

Within the nuclear power industry, the aging of plant structures and components has 
become the subject of significant research in the fast few years. This interest is prompted 
by the need to quantify the effects of aging in terns 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 2990'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 pxfomance of nucfear power plants 
during any protracted license renewal period, Le., ensuring that no agerelated degradation 
alters the performance of components, systems, and structures significant to safety and 
reliability. One such program is the Structural Aging Pr0gmrnl.l initiated at the Oak Ridge 
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National Laboratory to provide the USWRC with potential structural safety issues and 
acceptance criteria for use in nuclear power plant. evaluations for continued service. 

1.2 Obi% tive and Scope 

Task S.3 of the Structural Aging Program, entitled "Structural: Component 
Assessmenmepair Technology," has the following objectives: (1) development of B sys- 
tenlatic methodology for quantitatively assessing the presence, magnitude, and significance 
of any environmental stressors or aging factors which could impact the durability of safety 
related concrete components in nuclear power plants; and (2 j providing recommended 
inservice inspection or sampling procedures which can $e utilized to develop the required 
data both for evaluating the current sthuctud 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 c&kd safety-related (30nc~Ee structural elements in light-water reactor plants as 
well as the degradation factors which e m  impact the pedomance of these components, 

In meeting the objective of this study, m aging assessment methodology for concrete 
structures was developed which consists of a procedure for categorizing and ranking the 
safety-related concrete stmctures in terns of their safety significance, environmental. expo- 
sure, and suklenient function, Am evallbaatisn was made of the significance of difkrent 
degadation mechanisms which can impact the ability of these subelements to meet their 
functional and performance requirements, Finally, the structural aging assessment 
methodology (Le., component classification system) was applied to three representative 
nuclear power plants. 

1.3 Apuroach 

A number of goals were identified prior to development of the Aging Assessment 
Methodology €or Category I concrete smcmres. They included the need to be comprehen- 
sive in terns of what is important to smctural aging, to be user-friendly and efficient, to 
cover known degradation factors and their implications to LWR smctures, 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- 
rnents to overall importance of the Category I structure, (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 andl subelements, ranked in terms of 
importance to aging and longevity of the LMq facility. Table 1.1 presents an overview of 
the approach used by the Stmctural Aging Assessment Methodology to evaluate (Leo, 
numerically rank) Category I concrete structures in LWR faciIities. Section 4.0 provides 
procedural guidelines on use of the menknodology. 
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1 1 D, J. Naus et al., Structural Aging (SAG) Program Five-Year Plan: FY 1968-1992, 
ORNL/NRCLTR-89/1 , Martin Marietta Energy Systems, Inc., Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, March 1989. 
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Table 1.1. Approach to the Assessment of Aging in 
LWR Concrete Stmetmesa 

step Activity 

1. 

2. 

3 .  

4. 

5 .  

6. 

7. 

Identification of Category 1 smcttxes and their suk.lemewts 

Rating of irnpmnce of each subelement to its parent structure 

Evaluation and ranking of the safety significance of the Category I 
smcteare (common io all subelements) 

Evaluation and rating of the severity of the environmental, exposure of 
each subelement 

Identification of potential and existing degradation factors and 
evaluating their influence OD Category B smcmre pefiommce 

Computatisn of the rank of each subelement. in terns of importance to 
aging (based on Steps 2 through 5 )  

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

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



5 

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 Title 10 of the Code of Federal 
Regulations,2-1 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 
@ode of Federal Regulations (IOCFR) 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 steei 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 I1 

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 I1 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 materia! 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.2.4 Coarse aggregate 
consists of gravel, crushed gravel, or crushed stone conforming to ANSI/ASTM C 33s2.5 
For those concrete structures in nuclear power plants which provide prhnary (biological) 
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- 
canying capacity for the structure. Reinforced concrete, in me form or another, has been 
used in the construction of 41 LWR plants. Specified concrete unconfined compressive 
strengths have ranged from 13 to 55 m a ,  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 



6 

bar stock with deformations (lugs or protrusions) on the surface. These bars typically con- 
form with ASTM A 6152-7 or A 7062-8 specifications (older vintage plants may contain 
ban conforming to ASTM A 4322-9 or A 3052-10 specifications which have k e n  super- 
seded by the above). The minimum yield strength of this material ranges from 270 W a  to 
415 m a ,  with the 415 Mga material k i n g  most common. Conventional reinforcing steel 
also encompasses welded wire fabric (ASTM pb 1852-11 and A 49%*-12), deformed wire 
(ASTM A 4962-%3)9 bar and rod mats (ASTM A 1842.14), and all accessory steel 
components used in psitioningjplacing the reinforcement, e .g9  seats, ties, 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 structiares utilize prestressing steel tendons to provide plri- 
mary resistance to tensile loadings. Three major categories sf prestressing systems exist 
depending an  the type of tendon utilized: wire, strand, or baro These systems typica%%y 
conform to ASTM specifications A 421.,*-15 A 4162.16 and A 722?,17 and have minimum 
ultimate strengths ranging from 1035 MPa to 1860 MPa, The tendons are insballed within 
preplaced ducts in the containment structure and are post-tensioned from one or both ends 
after the eoncrebe has achieved sufficient strength. After tensioning, the tendons are 
anchored by buttowheads, wedges, OF nuts. Corrosion protection is provided by filling the 
ducts with wax or corrosion-inhibiting grease (uwbonded), 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 bas 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 1 0 8 2 - ~ ~ ) 9  structural steel shapes, or other steel, prducts. 
The "dry well" portions of BWR containments and PWR containments are typically lined 
with carbon steel (ANSI/ASTM A 36*.6 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 facilitks dso 
have used carbon steel clad with stainless steel weld metal for liner members. Although the 
liner's primany 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 
pipingkquipment. 

2.1.5 Embedment Steel 
Anchorage to concrete is required for heavy machinery, structural members, piping, 

ductwork, cable trays, towers, md many other types of structures. Anchorage design had 
to meet cenain requirements suck as ease of installation, load capacity, susceptibility to 
vibration, preload retention, temperature range, corrosion resistance, postinstallation or 
preinstallation, and ease of inspec tion 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 
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(ANSIIASTM A 307,2-22 A 325,2-23 or A 4902-z4), grouted bolts, embedded studs, self- 
drilled expansion anchors, or wedge anchors. Embedded steel, typically ANSVASTM A 
36,2.6 may also be constructed of structural plates or shapes installed during concrete 
placement. 

2.2 Cateyorv I Concrete Structures 

Category I (safety-related) stnactllres 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 &e 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 3 18 "Building Code Requirements for Reinforced C ~ n c r e t e , " ~ . ~ ~  as 
supplemented by regulatory guides and by the NRC Standard Review Plana2026 Current 
design and construction requirements for concrete structures which perfom safety-related 
functions at nuclear power plants are contained in ACI 349-2-27 The procedures and 
requirements in this document are endorsed by US. Nuclear Regulalory Guide I.P422-as 
as providing an adequate basis for complying with General Design Criteria for Muclear 
PZQWS (Appendix A to 10CFR50) 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 Pian.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 generally applicable as possible, concrete structures that 
were considered to be "plant specific," or unique, may not have been directly addressed. 
Howeverp 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 specific" structures. 

2.2.1 Tpical 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 containmentdreactor buildings, and 
fueyequipment storage pools. 

Primary Containment. Currentiy, there are twelve boiling-water reactor (BWR) 
plants that utilize either reinforced (2 Mark I, 6 Mark 11, 2 Mark 111) or prestressed 
( 2  Mark 11) concrete primary containments. Leak tightness of each of these containments 
is provided by a steel liner attached to the inside sur€ace 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- 
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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-coolant accident; 
3 - Withstand periodic integrated leak-l-atc testing at the peak calculated accident pressure 

which may be at levels up to md including the containment design pressme; and 
4. Permit appropriate pel-idie inspection of all important components and surfaces and 

In addition, the containment vessel can provide s~actaral support for the nuclew steam 
supply system and other internal equipment. The containment foundation, typically a 
basemat, provides the primary ~ u p p ~ n t  and transfer of load to the earth below. 

Each of three RWR plant types (Mark I, Mark 11, 
and reinforced concrete containment internal structures. 
These s ~ c t u ~ s  may perform singular or several functions including the following: 
1. Radiation shielding; 
2. Humn accessibility provisions; 
3. 
4. 
5. 

the periodic testing of the le& tightness sf c s n ~ n m e n t  gt3nemdons. 

NUC~W stem supply system and aaker equipment anchorage/support/pr~ection; 
Resistance to jet, pipe whip, and other loadings produced by emergency conditions; 
Boundary of wet wells and pwl  structures, allow communication between dry well 
and wet weHI (Mark 11 and WI), 

Transfer of containment loads to underlying foundation; and 
Transfer of fuel to reactor (Mark %W). 

6 .  Lateral stability for cont~.ament, 
7 .  
8 .  
As many of these functions are interrelated with the required containment functions, these 

. Many BWR plants have reinforced 
nment and provide support and shield- 

ing for the prhary containment. These stnactmes typically are safety-related because they: 
provide additional radiation shielding; provide resistance to envi~onmental/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 Isad-bearing requirements, they generally have smdler elemental 
thicknesses than primary containments because: of reduced exposure under postulated 
accident loadings. Typically, these smctures are maintained at a slight negative ppessure 
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 stsuctuml 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 tmancated cone-shape of the containment (Fig. 2.2), the 
s m c  nt design parameters. 

The spent- and new-fuel storage posls, md the pools 
for reactor insemals storage, typically have a four wall-with-bottom slab configuration. 
The walls and slab are coe~p~sed  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 I11 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 fuevequiprnent storage pools. 

Primarv C o w m e n t S  . 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 basernat 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 
Rave utilized the simple mat on fill design. Interior containment surfaces are lined with a 
thin carbon steel liner to prevent leakage, Two o€ the PWR plants @ellefonte and Ginna) 
have sock 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: 
1. Provision of human accessibility, 
2. Support and separation of various plant equipment, 
3. Resistance to emergency loading conditions, 
4. Transfer of containment loads to containment foundation, 
5 .  Missile protection, and 
6 .  Channeling/routing steam and air through ice condensers (PWR ice condenser con- 

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

Secondarv Co n t ai nme-tor B u 1 Id in=. Pressurized-water 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 basernat. 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 &om the natural 
environment. 

FuelEquiDment S torace Po0 Is. 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 reactodrefueling 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 Auxiliarv 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 controi-room facilities or provide additional 

1 .  
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radiation shielding/containment to meet 1 OCFR 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 into two broad 
categories: (1) common smctures and (2) plant-unique straactaares. 

e Common building structures are typically configured 
in a rectangular box. shape, and consist of reinforced concrete flcm slabs, walls, and mat 
foundation, These subelements are typically of lighter consmction (thinner sections with 
reduced conventional reinforcing) tham the plant containment structures. They may also be 
composite with structural steel framing and contain shear walls for vertical arid 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-Unique St ructureb. Plant-unique concrete structures include 
components such IPS intake canal liners, offgas stacks, and emergency cooling pathways. 
Although these smcturcs 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, f l d ,  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, mean, 
lake). Typically, the plant-unique smctpdres contribute to plant safety by sewing to 
dissipate heat and radiation, or to protect other safety-related components. 

2.2.3 Sube lement Division of structures and Apdication of Importance Factors 
2-2.3.1 Sube lement Division of Structures. Each Category I concrete structure is 

comprised of a number of subelements (e,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 sutdemena division was based geometric differences, 
structural behavior/perfomance 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 perfoxmance, or importance, of the 
subelements of a Category I structure is $ifficult 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," impopbmce among subelements may be established, 
however, and associated importance factors assigned. The primary purpose for these im- 
portance factors sterns 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 zre more critical, 
prioritized inspections and appropriate resource allocations can be established. The 
following paragraph suxnmal-izes the assignment of importance factors in Tables 2.2 and 
2.3. 

The primary load-carrying component for each structure is typisd%y 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, 

2 , % 2  4. 



11 

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 &sification and Rankirgof Structu res bv ' ificance 

The definition of "safety-related," or Category I concrete structures comes from the 
aforementioned JOCFRSQ and requirements and associated regulatory guides. 
Plant stnactuhes 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 limits) during an accident are 
generally considered "safety-related. " Structures whose failure could cause, or increase the 
severity of, a loss of coolant accident (LUCA), or other design basis accident @BA), iise 
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 "Categury 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 listing 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 functiodmiticality of the 
supporttdshielded equipment. 

2.3.1 Safetv Si_pnificanc e Function Descn 'gtions 
2.3.1.1 Prevention of Unco nmlled L i e  A irtxtzne Radiation Rele a=. Certain 

structures (such as the primary containment) are required by 1QCFR50 to prevent 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 ur practical load combination. 

2.3.1.2 Radiation Attenuation and Shielding. fn 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 
relatively thick cross-sections to meet the allowable radiation exposure limitations of 
lQCFR100. Concrete structures in LWR plants which provide Shielding include the 
primary or biological shield walls and containment vessel. 

2.3.1.3 Strucmal SUUDOIT for Nuc lex Ste am Sum iv Svste m and Co ntainment 
Internal EauiDrnen t. In order to operate properly, the nuciear s t e m  suppily 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 
compon.ents which these structures support or constrain include the reactor pressure vessel, 
steam generators, coolant pumps, and connected piping. 
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23.1.4 Structural Sun - port for Redundant Safetv-Related Eauimnent and 
Commnents. Nuclear power plants contain redundant backup safety systems which 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 s u p p o ~ ~  for these systems is necessw, and is provided by reinforced 
concrete floor slabs, columns, and walls within the auxiliary or other site buildings. 
Examples of seructures in this category are those that support the safety injection system 
(PWRj, core spray system (BWW)9 and residual heat removaB system (PWR9 B%X)s 

231 .5  The 
Illtimate beat out- 
side of the main power block buildings of ~ ~ c l e ; ~  power plants, However, these cornpo- 
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) C O I T I ~ Q ~ ~ ~ ~ S  
themselves, Examples of ultimate heat sink smctures include service and cooling water 
component su ng, and darns. 

23.1.6 . All light-water 

undematter storage sf  spent fuel rocl assemblies and other components, Because of the 
radiation shielding and Isad S U ~ ~ Q I - ~  reqmiremenes that these structures must provide under 
both noma1 and postulated accident conditions, the structures are relatively massive in 
section. Similar requirements also exist for the concrete wet wells in B W  plants. 

2 3  1.7 Protection of Safetv-Related Eat iiDment/Comuonents - from Natural or 
H m f u l  Environment$. Exposure of safety-relater8 components to the natural environment 
could result in enhanced degradation rates, missile impacts, or other physical damage. 
Protection is typically provided via design and construction of a reinforced concrete 
st%%~cture which may also sene other safety functions. Similarly, missile barriers md other 
structures are constructed inside of nuclear facilities to protect necessary equipment from 
missile damage, fire effects, and chemical exposure. 

2.3.1.8 SeDaration or "Communication" Function. Several LWR containment types 
rely on the perfommce of concrete smctures to separate or guide the pressure-suppression 
(steadair) containment function during a LOCA or similar event. Specifically, these 
stradctures consist of the divider ba-nier ( P W  - ice condenser), drywell and weir walls 
(BWR - Mark UI), and diaphragm floor (BWR ~ Mark IIj. These structures must meet 
design leaktight requirements (divider 5 all 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. 

2.3.1.8 Failure Could Damage Sa fetv-Related Co mDonent. - Those concrete 
strnctures, 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 
constmction of Category I structures typically accommodates a wide range of loading 
combinations to prevent failure. As most Category I structures are loeated proximate to 
other safety-related eqmipmcnt,'compnents, they share this particular factor. 

2.32 
The relative importance of a stnxctuae's performance to the overall safety of the 

specific nuclear generating plant has both qualitative and quaratitatisre aspects. That is, 
certain safety functions are qualitatively more important than others because of their 
performance requirements for both normal and emergency operations. Similaaly, those 
st%uch%res which perform numerous safety functions are generally more important to overall 

reactor planks ort- or long-tern 
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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 smictures 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, 

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

2 Rankiqg,. 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 w c m n c e .  

"4+ Rank ing. Category I structures which perform a minimum of one safety function 
(other than "failure consequence") are consideawl in this ranking. These structures 
typically provide either environmental protection, structural support, or shielding functions 
for a confined area or specific safety-related p€ant 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. 

&&&g. Structures which perform four or more safety functions, including 
those required by lOGFlRS0, 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 desc-ribed in 

Section 2.3.1) must be considered through the application of weighting factors. 
Functions required by lOCFRSQ, 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. 

fl I t  

I t  I( 

, I  I t  

2.4 -a of S t r u c w y  Enviro-Exuosm 

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 seventy 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 Environment Desc rimions 
Category I concrete structures in nuclear power plants may be exposed to one or more 

environments during normal plant ope~ation~ Table 2-6 lists seven environmental exposure 
categories that may interact with exposed surfaces of these structures. A short description 
of each of these categories fellows. 

2,4,1 e 1 Subterranean. Depending on geographical losation, concrete smctures built 
below the existing grade of soil/rmk may be exposed to a variety of conditions. Effects of 
groundwater, surrounding soils, and environmental events (floods, freezingthawing 
wetting/Qing, etc.) may be either passive in name or aggressive. Long-term exposure to 
these effects can result in degradation of the concrete and steel reinforcement. Typical 
Category I smctures which we located partially or fully M o w  grade include the foundation 
and lower walls of the primay containment and reactor- buildings, and structures required 
for conveyzunce sf c m h g  water to and from the heat sink. 

2-4- 1.2 Natural Environment (Direct ExDosurel. Natural enviroanmeaatal exposure 
may subject reinforced concrete structures to a number of mechanisms that can result in 
degradation, e.g., carbonation, wet/&y cycling, freeze/thaw cycling, chemical attack, 
ocean salt spray, acid rain, electrical effects, etc. The ratite of attack of these mechanisms i s  
highly dependent on the imposed environmental conditions, geographical location and 
quality of construction materials. In addition, the adequacy of the design and quality of 
consmctian affects the durability of t-hese structures. Category I concrete structures which 
may be directly exposed to natural environmental conditions include primary containments, 
enclosurehhield buildings, and other auxiliary structures (e.g., offgas stack). 

2.4, 1 3 Natural Environment (Indirect Exposure), Indirect exposure to the natural 
environment is defined as the exposme 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 i s  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 simrfaces. 

e Continuous fluid exposure conditions may $e 
present for those Category I concrete smcmres 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 SQUI-C~ (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/vehcity of this fluid is geat  enough, erosion or scouring 
of concrete may also occur. Continuous water exposure may also lead to weddry 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 Fluid/Press ure Retaining Category I concrete structures which are required 
to perfom a fluid or pressure retaining (leaktight) function we n o m l l y  lined with carbon 
or staidess 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 environmen:, 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. 

2.41.4 
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2.4.1.6 Inside Primarv Co ntainrnea. Concrete structures located within the primary 
containment may be exposed to a number of conditions, including high humidity (to 100% 
relative), high temperature (to 65OC or locally higher)>.3 1 and large radiation fields. 
Possible secondary effects include chemical exposure or spills, weadabrasionlimpact 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/penetmaons, next to 
the reactor coolant pressure boundary components, or near locations of fluid buildup (e.g., 
sumps), Enhanced themal conditions may also occur within sealed concrete structures 
(lined with plate), such as in B W  shield walls, Because of the contributions of humidity, 
t empmtm 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 condi~oning, 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, the resulting 
envbnment is considered to be significantly less aggressive than others. 

2.4.2 Environmental EX~QSU re Rating Svstem 
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 data2.32-2-36 regarding structural perfomance 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 accommodare 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 soil 
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 
conQtions but in certain geographical areas, acid rain, f?eeze/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 
matrix and premature degradation. 

The fluid or pressme retaining environment experienced by the concrete is somewhat 
moderated by the presence of a. metallic h e r ,  However, thermal effects and radiation 
exposure may still occur. The presence of the liner also restrkts any inspection of the 
exposed concrete. Thus, n rating of 5 was assigned to this environment. 

Environments inside of primary containment were considered to bc severe because of 
humidity, temperatme, and radiation conditions that exist. Cemin 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 cornpaable to the natural environment 
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 
~ e ~ t ~ r  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 tx quite low, 
Degradation of concrete from this environment has not k e n  widely documented. A general 
rating of 2 was assigned eo this environmeait, Specific conditions known to ke more locally 
severe may be given a higher rating. 
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Table 2.1. Typical Safety-Related Concrete 
Structures in CWR Plants 

Primary containment 
containment dome/rwf 
C'ont;ainnxnt fonndat.iora/basemat 
Slabs and walls 

Conaainmenaa internal smcblres 
Slabs and wdls 
Reactor vessel support structure (or pedestal) 
Crane support smctures 
Reactor shield wall (biological) 
Ice condenser dividing wall (ice condenser plants) 
NSSS equipment supports/vault stnctnres 
Weir and vent walls (Mark El) 
Pool stmcm~es (Mark 111) 

Dqwel.l/weme~~ slabs md walls (Mark 111) 
Secondary Contaimnient.ReaCtCsp Buildings 

Slabs, columns, and walls 
Foun&eion 
Samificid shield wall (metallic containments) 

Walls, slabs, and canals 

DiaphElgIn flC)QK (h'kk n) 

FueVEquipment Storage Pools 

Auxiliary building 

Contrd room (or building) 
Diesel generator building 
Piping or electrical cable ducts or tunnels 
Radioactive waste storage building 
Stacks 
Intake smcnires (inc. concrete water intake piping and canal embankments) 

Cooling towers 

Emergency cooling water structures 
DrnS 
Water wellls 
Turbine building 

Fuel storage bvilding 

Pumping stations 

Plant discharge smctaa-ses 
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Table 2.2. Subelement Division of Category 1 Concrete Structures: 
Boiling Water Reactor 

1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8. 
9. 

10. 

Basemat Foundation 
Bywell Pedestal 
Vertical Walls (Mark I) 
Steel Liner 
Suppression Chamber (Mark I) 
CRamkr Steel Liner (Nark I) 
Vertical Walls (Mark II) 
Vertical Walb (Truncated Cone - Mark U) 
Concrete Dome (Mark 111) 
Polar Crane Support (Mark 111) 

&el Containment 

1 . Basernat Foundation 

B . Containment 1-1 Structu res 

1 .  

2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9. 

10. 
11. 
12. 

Bottom Slab (Steel Mark I and Re-Mark 
Containments 

Reactor PedestaYSupport Structure 
Biological {Reactor) Shield Wall 
Floor Slabs 
Walls 
Columns 
Diaphragm Floor (Mark 11) 
NSSS Equipment PedestaldSupports 
Upper and Fuel Pool Slabs (Mark 111) 
Drywell Wall (Mark ID) 
WeirNent Wall {Mark ID) 
Crane Support Structure (Mark 111) 

m a n c e  Fac tor 

10 
18 
8 
4 
8 
4 
8 
8 
8 

10 

10 

10 

9 
6 
6 
7 
7 
7 
5 
5 
6 
7 
5 
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Table 2.2. (cont.) 

IrnDoPtance Factor 
C. Secondary Co ntainmentsme actor Buildings 

1 . 
2 .  Wdls 
3 .  Slabs 
4 .  Columns 

4. Sacrificial Shield Wall (Metal Containments) 
7 I SpentjNew Fuel Pool Walls/Slabs 
8 .  Drywell Fsundatbn (Mark I) 

Basemat Foundation (if isolated from 
containment. b s m a t )  

5 * Equipment SuppsrtS/Pedestals 

D. 

1. 
2 .  
3 .  
4 ,  
5 -  
6 .  
7 .  
8 .  
9 .  

10. 
1 1 .  
12. 
13. 

Foundationsa 
wdsa 
Slabsa 
Cabk Ducts 

Stacks 
Concrete Intake Piping 
Coolimg Tower Basins 
D m  
Intake Crib Structures 
Efflba&ments 
Tanks 
Water Wells 

Pipe Tunnels 

10 

10 
8 
6 
5 
5 
5 
6 
5 
6 
6 
4 
5 
4 

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 1 Concrete Structures: 
Pressurized Water Reactor 

hmxtance Factor 
A. &&aryCo ntainment 

1 .  Basernat Foundation 
2 .  Tendm Access Galleries 
3 .  Vertical Walls (and Buttresses) 
4. Ring Girder (PCGV) 
5 .  Dorne 

Steel Containment 
1 . Basemat Foundation 

B8 . Containment Internal Smcmes 
1 . Bottom Floor (Metal Containments) 
2.  Floor Slabs 
3 .  Walls 
4. Columns 
5. NSSS Equipment PedestaldSupports 
6 .  Primary Shiefd Wall (Reactor Cavity) 
7 .  Reactor Coolant Vault Walls 
8 .  Beams 
9 .  Crane Support Structures 
10. Ice Condenser Divider Wall and Slab 
1 1. Refueling Pool and Canal Walls 

C. Secondary Contaimnt Bu ildin IES I r n e t a l m r n e n  tsl 
1 . Foundation 
2 .  Walls 
3 .  Slabs 

D. OtherStructu res ( C a t e m  
1.  Foundation@ 
2 .  wdsa 
3 .  Slabsa 
4. Cable Ducts 
5 .  PipeTunnels 
6 .  Stacks 
7 . Concrete intake Piping 
8 .  Hyperbolic Cooling Towers 
9.  Dams 

10. Intake Crib Structures 
11. Embankments 
12. Tanks 
13. WaterWells 

10 
3 
8 
9 
8 

10 

10 
6 
7 
6 
5 
8 
a 
5 
4 
5 
6 

10 
8 
6 

10 
8 
Q 
5 
5 
5 
6 
5 
6 
6 
4 
5 
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 

1. 

2, 

3 .  

4. 

5 .  

6.  

7 .  

8. 

9. 

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 
even& 

S$~nctaaral support for power production NSSS and containment internal equipment 
and components 

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

Smcmml support for "ultimate heat shk" equipment and components 

Support for new-spent fuel assemblies and other pool loads 

Protection of "active" safety systems anad components from natural or harmful 
envkonmentd effects 

Separation or "communication" function (inside containment) 

Prevention of failure 



25 

Table 2.5. Safety Significance Ranking Criteriaa 

Safety Significance Criteria Ranking 

1. 

2. 

3. 

4. 

5. 

6. 

Non-Category I structures 0 

Category I s b r ~ c m s  whose relation to safety is due to their 

Category i structures performing one safety function in 

2 
failure consequence alone 

addition to "failure consequence" (typically related to 
environmental protection, etc.) 

4 

Category I structures performing two safety functions of 
greater importance than "failure consequence" (is., 
secondary containment, radiation shielding, etc.) 

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

Category i structures performing four or more safety 
functions simultaneously (is., the primary containment 
pressure boundary) 

10 

aSafety functions are defined in Tabk 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 * Subtemmem (below grade) a0 

2.  Natural environment (direct exposure) 6 

3 .  Natural environment (indirect exposure) 4 

4. 

5 .  Huid/paessure retaining (linea provided) 

Continuous fluid exposure (without, liner) 7 

5 

6 .  Inside p f i r n q  containment 7 

7. ConntrolleB interior environment (secondary containment, 2 
auxiliary building, etc.) 

I -- __ 
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Reactor 
building 

f 

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-473 1, Vol. 2, EG&G Idaho, Inc., Idaho National Engineering 
Laboratory, Idaho Falls, November 1989. 



Drywell head 

Secondary 
c o n ~  ret e 
shield wall 

.----- 

-- Free- st an dl n g 
steel dry-.veIl 

_-- Expansion 

Fig. 2.2. BWR Mark 11 type metal. containment enclosed in a reactor building. 
Source: Residual Life Assessment of Major Light Water Reactor Components .-- 
Overview, NUREG/CR-473 1, Vol. 2, EG&G Idaho, Inc., Idaho National Engineering 
Laboratory, Idaho Falls, November 1989. 
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kt lo s cafe) 

Pressure 
sup press 
pool - 

Fig. 2.3. BWR Mark I11 type reinforced concrete containment. Source: 
Residual Life Assessment of Major Light Water Reactor Components - Overview, 
NUREG/CR-473 1, Vol. 2,  EG&G Idaho, Inc., Idaho National Engineering 
Laboratory, Idaho Falls, November 1989. 



Concrete 
Containment 
Vessel 

1 Basemat 

Fig. 2.4. PWW subatmospheric type reinfarced concrete containment. Source: 
Containment Performance Working Group Report, Draft Report for Comment, 
NUl3EG- 1037, U.S. Nuclear Regulatory Commission, W-ashington, D.C., May 1985. 
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i ce  :e3 7 Crane w a l l  

I L I  

Fig. 2.5. PWR ice condenser type reinforced containment. Source: 
"Structural Analysis and Design of Nuclear Plant Facilities," ASCE Manual and Report 
on Engineering Practice - N o .  58, 1980. 



3 2  

I 

2 

Fig. 2 6. PWR large dry type prestressed concrete containment. Source: 
Condainrnent Performance Working Group Report, Draft Report for Comment, 
NUREG- 1037, U,S. Nuclew Regulatory Commission, Washington, D.C., May 1985. 
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3. DETERMINATION OF DEGRADATION FACTOR SIGNIFICANCE 

The longevity, or long-term performance, of Category I concrete structures is 
primarily a function of the durability or propensity of these structures to withstand the 
potential effects of degradation. 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 presencebeverity 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 smctures, 

. -  3. I -ation Fact or Descnmo n 

Table X l  presents a s u m q  of the primary age-related degradation factors that can 
affect the concrete, mild steel reinforcing, prestressing, and liner/smctural steel systems in 
nuclear power plant Category f concrete structures.1 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. I. 1 Concrete Mate rial SvsternS 
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 vulnerable 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 Chem ical Attac k. 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 struc turd 
elements (cross sections). The rate of chemical attack on concrete is a function of the pH of 
the aggressive fluid and the concrete permeability, alkalinity, and reactivity. Figure 3.1 
presents a s u m  of the types of chemical reactions responsible for concrete deterioration 
and the detrimental effects which can occur. Chemical aitack may occur in several different 
forms as highlighted in the following sections. 

Efflorescence a nd Leachiqg. Efflorescence occurs on the surface of concrete 
following the percolation of a ff uid (e.g., water) through the material, either intermittently 
or continuously, or when an exposed surface is alternately wetted and dried. Efflorescence 
results 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 

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 concrete3.1 and making it more vulnerable to hostile environments, e.g., 
water saturation and freezeithaw 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 s~c tures .3~2 The sulfates react chemically with the hydrated lime 
and hydrated calcium aluminate in cement paste PO form calcium sulfate and calcium 
sulfoaluniinace with considerable asswiated 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. Dete~oration of subgrade structures in the western U.S. has occurrd within 
five yeas  of construction. A review of research data3-2-3-3 indicates that sulfate levels of 
1200 ppm md higher we aggressive to concrete. 

Bases and Acids. Hydrated cement paste is an alkaline material (pH 2 12.5) and not 
ncimally susceptible to attack by alkaline materials. Contact between concrete and high 
concentrations of alkaline materials (from water treatment or industrial processes), how- 
ever, can result 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 (bdc  acid7 etc.) are example acids. The cation-exchange reaction between 
acidic solutions (HCL, HN03, CH3C92H9 etc.) 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 pemeability 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 kiisw-gade Category I structures is of primary concern. 

Salt Cwstallization. Salts can cause damage to concrete through the development of 
crystal growth pressures that arise through physical causes. Deterioration of this type 
warn when conaete is in contact with water containing large quantities of dissolved solids 
(e.g., CaS84, Na@&, Na2SQ4).5-5 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. 
S m c t u ~ s  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-Aggreyte Reactions. Expansion and cracking, leading to loss of strength, 
elasticity, and durability of conmete 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 ftom swelling 
(hydraulic pressure) of the alkali-silica gel when it comes in contact with water.3.6 This is 
temed alkali-silica reaction (ASR). Other alkali-silica reactions involve sand-gravel aggre- 
gates contained in fiver systems in Nebraska, Kansas, certain western states, and sedimen- 
tary rock aggregates composed hrgelly of clay minerals. Expansive reactions also occur as 
a result of alkafi-cahnate 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 o c c d  in some structures until 15 to 20 yexs 
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.3.7 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 effectively 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 Phvsical 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 physicaf attack will incfude degradation factors that re- 
sult from environmental or mechanical effects. 

Freezemaw Cvcling. Concrete, when in a saruratd 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 SO cycles per year. Damage to concrete resulting from freezehhaw cycling can take 
several forms: scaling, spalling, and pattern cracking (such as Dmacking).3+* 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 freezehhaw damage include air 
entrainment (sizing and spacing of air bubbles) as opposed to entrapped air, waterkernent 
ratio, curing, strength, and degree of saturation.3.9 It is not the total air contained in the 
cement paste matrix that is the critical factor in producing durable concrete, but having 3 
void spacing of 0.1 to 0.2 mrn throughout the hardened cement pa~te.3.~ Water/cement 
ratios should not exceed certain maximums to ensure that the presence of large p e s  in the 
hydrated cement paste is minimized, i.e., lower water/cement ratio mixes will result 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,z 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 freezehhaw 
damage. 

Many of the structures comprised of concrete at nuclear plants were constructed using 
air-entrained concrete. However9 certain exposed surfaces may still be affected by freeze/ 
thaw damage. Category I structures most susceptible to freezelthaw 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 
fieezehhaw 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 



36 

Freezehhaw damage is incurred after an extended number of cycles, This is 
especially true for Category I structures which were primarily designed to accommodate 
(resist) freezehaw activity. This damage is visually inspectable on exposed surfaces. 
IPexiodic condition surveys should identify the occurrence of this mechanism before loss of 
structural integrity occurs. However, certain structures may still be damaged by 
kezdtkaw damage mQ require repair” 

. Elevated tempemtuae and thermal gradients are 
important to concrete st%”enctarres in that they affect the concretek strength (ability to cawy- 
loads) and stiffness (sm~tural  deformations md loads that 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 -480°C at which dehydration of calcium 
hydroxide wcurs.3- Reference 3.12 suggests that concrete exposed to temperatures of 
9 0 T  may lose up to 10% of its room-temperature strength and modulus of elasticity 
values. The response of concrete to elevated-temperature exposure depends on a nnuniber 
of factors, eg., 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 i s  high and concrete 
permeability low surface spgsalling can occur. Elevated temperatures also axe impomtnt in 
that they affect the volume change anad creep of concrete.3-13 References 3.14 bo 3.17 
provide additicnal information on the effects of elevated temperature on concrete materials 
and structures. 

Thermal cycling, even at relatively low temperatures (a 65”C), can have some 
deleterious effects on concrete’s mechanical properties, Le., 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., fnelrnsisn 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 eycles, also can become impor- 
tant if the deformation of the structure resulting from the temperature variations is 
conseained. 

Category I structures are generally limited to maximum temperatures of 65°C by 
technical specifications (design and operation basis). However, local areas may he heated 
to temperatures approaching that of the NSSS coolant (345°C)3.1s at local piping penetra- 
tions, improperly ventilated areas, etc. Those smctures potentially affected include the in- 
containment stmctblres near NSSS equipment and containment vesseVshield 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 f~~own of either fast and thema% neutrons emitted by the 
reactorcore or g a m a  rays produced as a result of capture of neutrons by members 
(particularly steel) in contact with concrete can affect the concrete. The fast neutrons 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 10'9 neutrondsquare 
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 EWR 
reactor pressure vessels (pfant capacity factor of 80% with loo0 megawatt electric power 
generation): 

BWR PWR 

40 Year @Year 8 O Y w  4 o Y w  6 o Y w  8 O Y m  
(32EWY) (48EFPY) (64EF'PY) c32EFPY) (48EFpY) (64EFPY) 

- 
Neutron Fluence (n/cm2) 
Slow (E 1.0 MeV) 3.7 x l0l8 5.6 x lo1* 7.5 x lo1$ 2.0 x 3.0 x 4.0 x 1019 
Fast (E > 1.0 MeV) 5.1 x 1OI7 7.7 x loi7 L O X  10l8 1 . 0 ~  1018 1.5 x 10l8 2 . 0 ~  1018 

GammaTotalIntegmed 1.6 x l O l o  2.4 x lo** 3.2 x 1O1O 4.7 x lo9 7.0 x IO9 9.3 x IO9 
Dose (rads) 

These values indicate that radiation levels approaching those which may damage 
concrete in the primary shield wall (Category I) 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. EvaIuation of the effects of irradiation on the mechanical properties of 
concrete requires zemoval and testing of representative samples of materid. 

Ab~siorn/Erosion/~avitation, Progressive loss of material at the concrete surface can 
occur due to abrasion, erosion, ur 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 toss 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 to 
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 g d  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. 

F-eNibration. 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 smcture 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 paamps/turbines. As a result of the g d  resismce of concrete to fatigue,3-22z3-23 
and the use of design codes which have limited design stress levels to values below con- 
crete's endurmce limit (the Paigaae strength 0% concrete for a life of 107 cycles of campres- 
sion, t t ~ s i ~ , ~ ,  or flexwe loading is appmximateIy 55% OF static s~engt~a3-%2), no significant 
fatigue-related damage has k e n  reponed by the nuclear industry. However, there may be 
instances where locally expo surfaces of support s$bacmes have displayed some effects 
of vibration loads, eg., crac As the smctures age, however, there may be increasing 
incidences of damage from fatigue at locations where reciprocating equipment is attacked to 
its supporting structure, or at supports for pipes that exhibit flow-induced vibrations, 

3.1.2 
eterisration of concrete may be attributable to the 

combined effects of more than one cause, coxg.cosiom of embeddd metal is one of the prin- 
cipal causes. Corrosion of steel, in concrete is an electrochennical process. The electro- 
chemical. potentids which form the comosion cells may be generated in two ways: 
(1) cornpition cells fomed when two dissimila~ metals are embedded in concrete, suck 
as stee? rebas and a8uaahum conduit? or when signif~cmt variations exist in surface chx-ac- 
teristics 0% the steel, awd (2) concentration cells f o m d  due to differences in concentration 
sf diss~1ve.d ions in the vicinity of steel, such as alkalies, chlorides, and 0xygen.3.~ As a 
result, one of two metals (or different parts of the metal when only one mesal is present) 
becomes anodic axad the other cathodic. Other potential. causes of corrosion include the 
effects of stray electrical currents or galvanic action with an embeddd 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, C O M O S ~ Q ~  will result in a reduction in effective steel cross-section 
and capacity. Depending on the souhce, local ernhittlement may also be produced. 

In god-quality, well-compacted concretes, reinforcing steel with adequate cover 
should not be seascephble to corrosion kcause the highly alkaline conditions present within 
the concrete (pH >. 12) causes a passive iron oxide film to fom on the iron s%srface, is , ,  
rneullic iron will not be available for andis  activity" However, when the concrete pH falls 
k l o w  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, Le., calcium hydroxide is convened to calcium carbonate (calcite). 
The penetration of C& from the environment can be accelerated due to the concrete being 
porous (poor quality) or the presence of microcracks. The penetration of chloride ions 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 U-/m3 (Ref, 3.7). Chlorides may Lpe present due to external 
sources (deicing salts, etc,) or may be naturally intP&ucd into the concrete via aggregate 
or mix water transport. Fufiemore, when large mounts of chloride are present, concrete 
tends to hold more moisture, which also increases the risk of steel cowosion by lowering 
concrete's electrical resistivity. Once the passivity af the steel i s  destroyed, the elect15caB 
resistivity of concrete md availability of oxygen control the rate of corrosion. 

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 nondesmctively (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 Geman reinforcing steek3.*4 indicate that for temperatures up to 
-200°C, the yield strength is redmeed 4 10% and that at 5Qo°C, it falls to 50% its refmnce 
value, with hot rolled steels pedorming better than cold twisted or cold drawn steels. The 
modulus of elasticity exhibits a simifaf reduction pattern with increasing temperature. 

Other data 3 . 2 5 3 ~  con- the effects of temperattffes above 2WoC on reinforcing 
steel as well as the threshold temEpe%ame of 380°C fop loss of reinforcing steel bond prop- 
d e s  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+, an i ~ c r e a ~  in yield strength and a rise in ductiieMetle 
transition temperature, The chmges result from the displacement of atoms from their 
normal sires 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 expeIience irradiation effects is located 
in the primxy 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 ievels 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 F a t i w .  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 mifd steel reinforcing system m y  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 smctures and those published occurred at 
relatively high stresdcycfe combinations." Cuncrete structures in nuclear plants which may 
lx 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 SV- 
3-1.3.3 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. Pitring is the electnxhemical process that results in local~y intensified materid 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 cc 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 s a s s  range known to have caused a fatigue 
failure of a straight hot-rolled deformed bar embedded in concrete is 145 hSPa The failure 
occurred after 1.25 x 106 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 prestressimg systems is provided by filling the ducts containing the post- 
tensioned tendons either with organic corrosion inhibitors which include microcrystalline 
waxes such as petrolatums (mangrouted tendons), or portland cement grout (grouted 
tendons), Regulatory aequirernents for imspection md replacement have made nongmuted 
post-tensioned steel tendons the domiwant prestressing system used in containments, Fully 
bonded prestressing tendons were used only at two nuclew power plants (Robinson 2 and 
Three Mile Island 21, plus two rock anchor Installations (Bellefobwte md Ginna) 

Due to the stress state in the prestressing systems, am$ the iwpo~9mee of the system 
to overall structural integrity, the tolemnce 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 tendom. 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 &awn wires can be significant, and on cooling the wires may not regain heir 
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 mh., even to temperatures 
as high as 4QO" @, however, may not harm the prestressing wire's mechanical 
properties.3-29 Results of a ~elgian stu~ly324 involving thirby types of prestressing steels 
indicate. that thermal expssu~s  esp to -2WC do not significantly reduce (< 10%) the tensile 
strength of prestressing wires or strands, References 3.26 and 3-32 stqqmrt results of the 
Belgian study. 

Elevated-temprature exposures also affect the relaxation and creep properties of 
prestressing tendons. Reference 3.38 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 tendcns composed of stress-relieved wires have 
relaxation losses of a b u t  the same magnitude as stress-relieved strand, but relaxation of a 
s ~ m d  is greater than that of its straight constituent wire because of the combined stress 
relaxation in the he9ical. wkes.3-31 Creep (length change under constant stress) of stress- 
relieved wire is negligible up to 58% 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 2(bo0c1, the possibility for tkemal damage 
to the prestressing steels under IIQIII-K~~ operating conditions is reduced to only at local 
areas. 

3.1.3.3 Irradiation. Irradiation of steel affects its mechanical propeaies because 
atoms are displaced from their normal sites by high-energy neutrons to form interstibials 
and vacancies. These defects can propagate or combine and effectively both strerngt'len the 
steel and reduce its ductility; or, at higher temperatures, they can recombine and annihilate 
each other and, for a given neutron dose, reduce the irradiation damage,3~~7 Results 
obtained from studies3.27 in which 2.5-m-diam prestressing wires were stressed to 70% 
of their tensile strength and irradiate6 to a total dose of 4 x 101g neu@ons/cm2 (flux of 2 x 
1810 neutronsScm2-s) showed that for expolswes up to this level, the relaxation behavior of 
irradiated and unimdiated materials was similar. These flu levels are higher than the level 
likely to be experienced in a L W  contahment vessel. 

3.1.3.4 Fatigue, Repeated reversals of stress, or vakatioms in stress, applied to 
concrete scmctural elements (beams in garticar%a~=) can result in fatigue failure in my of the 
following modes: ( I )  failure of the concrete due to flexural compression; (2) failure of the 
coccrete 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 
smss 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 cmtahments. 

3 , 1 3 5  Loss of Prestressin? Force and End Effects 
3.coss of PresmssinP Face. 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/shrh&age are timedependent 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 WSNRC and for providing reasonable assurance (when properly 
implemented) that the structural integrity of the containment is being maintained are 
provided in Regulatory Cuides.3.39~3.~ Reference 3.40 is a companion to Ref. 3.39 and 
provides clarification with respect to determination of prestressing forces and prediction of 
prestressing force losses over the service life of the structure. 

End Effects, As containment tendons, especially strand tendons, 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 
dqy-adation, e.g., fatigue or corrosion. 

3.1.4 Liner Plate and Structural S tee4 
3.1.4.1 Corrosion. The primary degradation factor for the finer pliite 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 om 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 cornpo- 
nent's lifetime. 

The cmosion 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 rn~n/year.3.~~ 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 structurd carbon steel in 
numerous environments. For an industrial environment, the atmospheric (general) corru- 
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sion rate was found to be 0.02 to Oa04 W y e a r .  This same document reported pitting rates 
of 0.056 mdyear  for low carbow 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 
PQ~OUS or unprotective. Of greatest importance is the possible loss of steel section leading 
to reduced capacity, Interface locations with concrete are also critical weas due to the 
permeability of concrete and possible intrusion of aggressive fluids, Should aggressive 
fluids be present, comosion rates simi%ar to those of Refs- 3.41 and 3.4% m y  he expected 

Con osion of stmctm-al steel piles, used in ceaain containment configurations for 
transferring foundation loadings to greater depths below grade, is also a possible d e p d a -  
tion mechanism Similar to other containment steel, the concern for piles is from localized 
corrosion resulting in significant loss of cross-sectional mea, One study3e43 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 yeas in a wide variety of conditions. The conclusion of 
this study was that the type and amount of C O K O S ~ O ~  observed in steel pilings driven im 
undisturbed soil, regardless of soil chxacteriseics md properties, was not sufficient to sig- 
nificantly affect the piling's perfomance as load-bearhg staaactures. However, pilings 
placed in oxygen-enhanced fills, those exposed above grade, or those exposed to seawater 
or salt spray may be somewhat a~ected~3.44 

3.1.4.2 Fatigue. The effects of repeated loads such. as polar c~-me loads, equipment 
or flow-induced vibrations, and system (such as B W  relief valve testing) or containment 
leakage tests may possibly detract from the function and perfomance of liner plate 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, iffc: strikes, shape changes near penetrations, suuctural. 
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 conditions 
(such as those generated in smctural attachments). The fatigue of pile components is con- 
sidercd to be very remote because of the damping provided by the soil and concrete 
foundation elements. 

3.2 Techniaues for Detection of De~adaeion Factor Effects 

Debilitation of concrete structures can be a direct result of an individual degradation 
factor, or the effects s f  two or more of these factors working in concert. To establish 
whether or not suck 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 
:he relative capability of several methods whish 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 Svstems 
Methods wkiek can be used to detect dqpdation in concrete materids 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 cracking4 (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 dormant can be established In areas 
exhibiring 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, infomation can 
be provided on: concrete strength, name of the air void system, type and relative amounts 
of aggregate materials, cement content, water-cement ratio (estimate), presence of 
deletexioms 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 
concrere strength, elastic behavior, or the extent of concrete degradation (internal cracks, 
voids, delaminations, depth of cracking) can be made through correlations tha6 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 sand breakoff resistance. Electromagnetic devices (cover meters and 
pachormeters) 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 hecommends that 
this 1106 be done unless comprehensive labommy correlations of the field materials and mix 
proportions have been established between the strengh parameters to be predicted and the 
results of in sitdnondestructive 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. 

3.2.2 w e i n f o r c i n g  S m  
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 inciude: (1) visual inspection (cracking, spalling, 
and staining of cover concrete), (2)  mechanical and ultrasonic testing (defaminated or 
cracked concrete adjacent to E&), (3) cure sampling (direct examinaxion 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 
tempemtw or irradiation exposure. 

3.23 Steel Prestressi np Systems 
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 lnspections 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. 

Cracking of concrete is the primary manifestation 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 



44 

3.2.4 Liner Plate and Structu ral Steel 
Periodic inspections of exposed liner surfaces and provided coatings are conducted 

under a surveillance program established in compliance with 10CFR. Section XI, 
Subsection IWE of the ASME Boiler and Pressure Vessel Code (13&PVC)3-48 provides 
d e s  for preservice examination as well as insemice inspection of liners. In addition, a 
general inspection of the entire containment boundary is required prior to each Type A 

Structural steel members, and steel portions not backed by concrete in concrete 
containments, are inspected under a surveillance p ~ g r a % r p  established in complimce with 
10CFR. The members are inspected in association with a Type A integrated leakage rate 
test md inspections conducted in complimce with requirements such as provided in Section 
XI, Subsections M and IWL, of the ASME B&PVC. 

integrated leakage m e  test as specified in Appendix 9 to 1 50. 

3.3 De-adaeion Grading Svstem for Nuclear Power Plant 
Concrete Structures 

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

3.3.1 Significance Relative to Overall 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 md early identification (of the degradation factor), (3) repairability (of the 
degraded structure), and (4) ultimate impact (of applied degradation factor). Table 3.5 
s u m ~ z e s  the results of an assessment in which each criterion was evaluated for pertinent 
factors that can degrade the perfomawce of the concrete, mild steel reinforcing, 
prestressing, and liner plate/smcW s te l  systems. The relative effects with respect to the 
four criteria for each materid system degradation factor were assigned on the basis of the 
potential impact on the slreactpnre'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 shon description of each of the four cr-herki. follows. 

3.3.1. f Rate of Deterioration. Figure 3.2 presents an empirical relationship between 
degradation and time for reinforced concrete structures, is., concrete degradation follows a 
particular pexfomance-he curve, Early in their service life, concrete materials/smctures 
historically exhibit durable behavior and require little maintenance. However, with passing 
time and exposure to weathering elements, service loads, and other environmental condi- 
tions, degradatiorn 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 &e mate of deterioration 
criterion far eke potential degradation factors of each material system in Table 3.5, the time- 
dependent impact (o~cwence and degradation rate) of each of the degradation factors was 
established on the basis of field md khratory observations. References 3.49 to 3.53 
provide background information that was utilized in the assessments. 
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3.3.1.2 . itv . and Earlv 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, repairabiiity, 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 particufar 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 hpairabilitv. 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 monolithiclaesthetic effects, and (4) strengthen the corn- 
posite material interaction. Two distinct points must be considered in assessing the 
repairability of a concrete structure: its technical and economicd feasibility. Experkace 
indicates that essentially my concme 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 all 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 ultimate 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.). 

in? Values 3.3.2, J l e t w a n o  n of D e a h 0 - r  Grad 
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, i.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 OT consequent net effects resulting from 
the specific facta, 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 SradinP Svste rn CornDonentS 
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 
estabiished because of the rnultitude of characteristics which may affect the 
occurrence/significance of a degradation factor, Le., 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 IO, 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 i s  listed in 
Table 3.5 and indicates that chemical attack or thermal exposw/theral cycling of concrete 
materials and corrosion of the metallic materials are potentially the most significant 
degradation factors. References 3.1 1,334, md 3.55 substantiate these results. . The net effect of degradation in a Category I concrete 

lithic behavior, W a g e  to the steel reinforcing system, loss 
of concrete section, or weakening of the structural materiala%, Initially, degradation primarily 
affects the appearance, behavior, or function of the materids of consmction. Propagation 
of degradation dimage without implemers~~on of nitigation, maintenance or repair pme-  
dwes can m u % t  in loss of stmcEura;fl integrity. Degradation factors which promote rapid 
loss of immtegrity are most crijihcd%. 

In order to prioritize the consequent net effect o on on a Category I concrete 
structure, relative importance weight values were a to each of the effects noted 
above using a 0 to 1 .O scale, with 1 .Q being the most . Table 3.6 presents the rela- 
tive importance weight value assigned to each of the four consequent wet effects of Qega- 
dation, Assignment of a relathe imporbance weight value was on the basis of a compm- 
tive assessment of the potentid impact of each consequent net effect on the function of the 
stmc t uhe/suklcmen t, 

Since the loss of monolithic behavior signifies that the structure no longer i s  capable 
of peaforming i t s  intended function, it was assigned a relative imprtmce weight value of 
1 .Os This condition is characterized in concrete structures through the wcu~$ence of scvere 
concrete cracking, loss of bond between the concrete and mild steel reinforcement, or loss 
of a constituent's load-caprying ability. 

Significant damage to the mild steel reinforcing system can also result in a loss of 
monolithic behavior. Because Category 1 concrete s t rucm~s must rely on the perfommce 
of mild steel reinforcememt to meet their performance requirements, this net effect was also 
assigned a relative imponmce weight value of 1 .O. 

The loss of concrete section 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 0.9 is assigned. However, if the loss of concrete section is considered to 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 
smcture is considered important because it can impact the smcture's long-term perfor- 
mance. However, due to thc 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 depdatbn.  A relative importance weight value of 0.6 was 
assig material. 

In order to prioritize the overall importance of a 
subelement to the pedonnance of its parent structure, relative importance values were 
assigned to each subelement using a 1 to 10 scale, with 10 being the most important. Table 
3.6 presents the importance values that have been assigned to the pertinent structural 
subelernents, Lee, 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 gcneec 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 c:lass equipment and piping from external events, they are considered to have critical 
irrsportance and have k e n  assigned an importance value of 10. 

Foundation or base slab elements provide the transfer of LWR facility loadings to the 
supporting medium, i.e., 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 IO. 

Floors we typically used to provide the primary means of transferring facility loads to 
other supporting elements, as well as pefioming other functions such as radiation shield- 
ing. The floor elements have k e n  assigned an importance d u e  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 
value of 7. 

Columns are used to provide intermediate support for floor slabs and. primary support 
for overhead floors when walis are not available or unusually heavy floor loads occur. 
Colums have been assigned an importance v d w  of 9. 

Shear walls are often used to transfer vertical loads from other supporting elements 
(flmrs, 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. 

Conseaue nt Net E f f a s  Pn 'oritization. The prioritization of consequent net effects of 
degradation on the performance of Category I concrete structures is treated in terms of the 
structure's genesic 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, e.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 Demadatio n Factor era& 'ng Values. Using the results presented in the 
previous sections, a system was developed for use in assigning a range o€ degradation 
factor grading values to specific degradation factorlsubeiement 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 (Tabie 3.6). The 
methodology used to create Table 3.7 follows: 

(1) Select a specific degradation factor and determine its applicability 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 - lo), 
(2) Classify each sobelement (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 ef€ect 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 (l)] 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 integek; synthesizing the range bo 
account for specific vs generic subelement differences; modifying values based on 
experience, review of the LER, age-related data bases; e=. 
Selection of an individual degradation factor grading value from the provided ranges 

in Tables 3.7(a) and 3.7(1$) for use in the smcmd aging assessment methodology requires 
either a. review OF p%mt operation history and esavim-mmtd data, a condition s w e y  (past 
or present), or both, These prereqnisites are necessary to provide an indication sf the past 
and current presence or pmbability of degradation at an LWR plant. Should a particular 
hostile environmental condition (e,g., high sulfate levels in groundwater, exposure SO 
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 mcasnence 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 eke selection of degradation 
factor grading values high in the range sekctd for each factor. To assist in the selection of 
a degadaaion factor grading value from the ranges presented for the various degradation 
factors, Table 3,8 contains a listing of typical degradation indicators (ehmcterisdcs) for the 
factors which can impact the concrete, mild steel reinforcing, prestressing, and liner 
plate~smctud steel material systems. 
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Table 3.1. Degradation Factors That Can Impact the 
Performance of Category I Concrete Structures 

Mmial 
System Degradation Factor 

Concrete Chemical attack 
Efflorescence and leaching 
Salt crystallization 
Alkali-aggregate reac tionsa 
Sulfate attack 
Bases and acids 

Physical attack 
Freezlthaw cycling 
Thmd exposure/thermal cycling 
Irradiation 
Abrasioderosion/cavitatiori 
Fatiguelvibrahon 

MM Steel Reinforcement Corrosion 
Elevated temperature 
Irradiation 
Fatigue 

Prestressing Corrosion 
Elevated temperature 
Irradiation 
Fatigue 
Loss of prestressing force 

Fatigue 
Liner/Struchual S tee1 Corrosion 

ahcludes reactions of cement-aggregate and carbonate 
aggregate. 
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Table 3.2. Critical Areas in Nucleah Power Plants Where 
Concrete Materids May Exhibit Degradation 

Material Degrdahon 
System Factor Potential k e a s  of Deterioration 

_. .._ ___--I_____ 

Concrete 

Freeze/l%aw Cycling 0 

Q 

AbrasionlErosiod 
Cavitation 

Mild Steel Reinforce- Corrosion 
memt 

W a . t i o n  

e 

Fatigue 0 

hstressing Conosior? 

Relaxation 

Subterranean axeas 
supfaces expos& to cmBirrg water 
so%~rcc?cs 
In-containment flmn and slabs 
Cantaia%ment/shield, auxiliary 
building smetwes (acid rain, 
ocean amospfr-rere, alkali- 
aggregate reaction) 
External serarcmres where water 

l[nt&e/disckarge structures, 
particularly at water line of 
cosling water s o ~ c c  
Containment/shield structures 
(diurnal and seasonal effects) 
k e a s  located near reactor 
coolant pressure bpn-rpdary or 
hot piping systems 
In-containment smcmres 
pmximate to reactor coolant 

I a d i z d  areas of specific con- 
tainment designs 
Floor and slab elements 
Cooling water intake or dis- 
charge structures 
h d  areas in containment 
(eg7 near liner anchors) 
h a l  areas under equipment 
supports 

Outer layer of conventional 
steel reinforcing in all 
structures 
In-containmen t structures 
proximate to reactor coolant 
pressure boundary 
Local areas in structures sub- 
jected to repeated equipment 
loads 

may collect 

pressure boundahy 

Containment buildings 

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

S teeVLiner Plates* 

Reactivity Effect on 
Material Reactivity Effect on Concrete Reinforcing Stee&iner Plate 

Acetone Liquid loss by penetration 
( m y  cause slow disintegra- 
tion) 

Acidic Water Disintegrates concrete slowly 
(less than 
6.5 pH) 

Boric Acid Negligible effect unless 
immeasecf 

Borated Water Negiigible effect unless 
(and boron) immersed 

None 

May attack rebar and 
embedments 

Severely corrosive to 
liner and reinforcing 
Steel 

Very corrosive at 
high concentration 

Chlorine Gas Concrete (moist) slowly Highly corrosive 

Deicing Salts Scaling of non-air entrained Highly corrosive 

disintegrates 

concrete 

Diesel Exhaust May disintegrate moist Minimal 
Gases concrete by action of 

carbonic, nitric or sui- 
phurous acid; minimal 
effect on hardened dry 
Concrete 

Formaldehyde Disintegrates slowly Minimal 
(formic acid) 

Hy&ochloric Disintegrates concrete Highly corrosive 
Acid rapidly 

Hydroxides At low concentrations, slow Unknown 
disintegration; at high con- 
centrations, greater disinte- 
gration 



Table 3.3 (cont.) 

Reactivity Effect on 
CRemicd Reactivity Effect on Concrete Reinforcing S teeVLiner Plate 

Seawater 

Sodium 
H y dmxide 

Sulfates 

Fatty oils, if presew& slowly 
&.sintepte. Liquid loss by 
peneRation. 
Disintegrates concrete with 
inadequate sulfate resistance 

Not harmful below 28% 
c o n c e n m ~ ~ n ,  disintegrates 
at concentrations abve 20% 

Disintegrates rapidly in con- 
centrations bemeen 10 and 
80% 

Highly corrosive 

Minimal 

Harmful 

*SOWG~: ACI Committee 5 15, "A Guide for the Use of Waterproofing, 
Dmpprcmfing, Protective, and Decorative Barrier Systems for 

5 1% 1 R- 1 1 Amera'csan Concrete Institute M Q W ~  of Concrete 
Practice 1990, Part 5 - Masonry, Precmr Concrete, Special 
Processes, Detroit, 1998. 

COIICE~~,"  Table 2-5-2, ACI 515.1R-79, ]PP. 515.1R-6 TO 



Table 3.4a. Summary of Degradation Facams, wiraaafy Manifestations, and 
Methods Available for "heir Detection: C Q ~ C K ~  

Direct Methods %sKkCt Methods 

Material Sampiinflesting Ultaasonic Acoustic Penetrating 
Sounding Radar 

Degradation 
Factor 

Primary Visual Petrography Sarength Chemical/ 
Manifestation Inspection Microscopic 

Chemical Attack 
Bfflorescence/teaching 
Salt Crystallization 
Alkali-Aggregate Reactionsa 
Sulfate Attack 
Bases and Acids 

Physical Attack 
FreeZenhaw Cycling 
Thermal Exposure/I%ermal Cycling 
Irradiation 
Abrasion/Erosiorz'Cavitatio~ 
FatigueMibration 

I n c m  Porosity 
Cracking 
Volume ChangdCracking 
Volume ChangeKracking 
Increased Porosityfiosion 

CxackinglSgalling 
CrackinglSpalling 
Volume ChangeKracking 
Section Loss 
Cracking 

Good 
Good 
Good 
Good 
Good 

Fair F& 

Fair Good 

0 Includes reactions of cement-aggregate and carbonate aggregate. 

b After significant deterioration, material wpling/testing techniques would be used to identify the cause. 
C The strength tests only reveal the effect 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 condiuons. 
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Table 3.6. hiorritizationa of Consequent Net Effects by Generic Subelements 

1 .  

2 .  

3. 

4. 

Loss of monolithic 10.0 10.0 7.0 7.0 9.0 8.0 
behavior (1 -0) 

Damage to steel 10.0 10.8 7.0 7.0 9.8 8.0 
reinforchmg system 
( 1 eo) 

Loss ~f concrete 
section 
a. &QSS IOSS (0.8) 8.0 8.0 5.6 5-6 7.2 6.5 
b. Minor loss (0.7) 7 .O 7 .O 4.9 4.9 6.3 5.5 

Weakening of structural 6.0 6.0 4.2 4.2 5.4 5.0 
material (0.6) 

aprioribization 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- lo). 

b~urnber represents relative importance value assigned to corresponding subelement 
(see Section 332.1). These values are not the same as the importance factors assigned 
in Section 2.2. 

@Consequent net effect values were assigned in Section 3.3.2.1. 
4 ~ u r n n  or interior partition wa~tll (concrete). 
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Table 3.8. Visible Degradation Indicators: 
Reinforced Concrete 

Material System Degradation Factor Indicator 

1. Chemkd Attack Signs of chemical attack usually consist of 

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 

highly rated. Cement-aggregate reac- 
dons generally produce crracking and visible 
loss of aggregate-cement b n d .  

erosion of the cement paste, leaving ex- 

2 .  

3. 

4. 

5 

FreezeiThaw Cycling Signs ~f freezeltkaaw attack include scaling 

01- mortar) and erosion 0% both the paste and 
aggregates. This condition may be con- 
sidered significant when large aggregate 
popsuts occur and whew 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 Peinforcing may also be vis- 
ible. Rating of this factor should be based 
on? crack width comparison to ACI Report 

(%oca1 flknng OF p e h g  of s u ~ a c e  concrete 

Thermal Exposure 

224R-88 (Ref. 3.57). 

Irradiation Evidence of enhanced cracking or internal 
volume changes, such as around large 
aggregate, may be observed. Although 
further testing of mechanical propflies may 
be necessary to characterize his effect, the 
resulting damage may be evaluated in terns 
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 siasuld 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. 
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Table 3.8. (cont.) 

Material System Degradation Factor Indicator 

6. FatigueRibration Fatigue initially manifests as microcracking 
within the concrete matrix, proximate to 
reebar, 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. 

I ,  corrosion 

2. 
3.  
4. 

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. 

Elevated Temperature 
Irradiation 
Fatigue 

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

Prestressine Reinforceme nt 

1. Corrosion These effects are not directly visible with- 
2. Elevated Temperam out disassembly of the end anchorages and 
3, Irradiation tendon removal and require a review of 
4. Fatigue the ISI tendon surveillance or other test 
5. Loss of prestress force 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. 



Table 3.8. (eont.) 
I 

Material System Degradation Factor Indicator 

Liner Plate/Structurd Steel 

1 .  COlTQSiQn 

2.  Fatigue 

‘Ike presence of COITCS~Q~ on these compo- 

don, material. thinning, intergranular stress 

steel or sther conditions. If the maeeria’l is 
coated, ASTM Standard D610-85 
(Ref. 3.58) may be used to characterize 
coxl-ssion presence (anything greater than 
Grade 8 should be highly rated). For 

rating shall be used, E csnosisn is noted 
in the liner plate, all stmctaral steel or 
attachments shouId be given a high rating.. 

nents may include visible pitting, cxfdia- 

cshaosion cracking (PGSCC) of stainless 

cracking or not% wall thinning, the highest 

The presence of fatigue in these compo- 
nents will likely k reflected as a crack or 
fracture. Areas near attachments, penehra- 
tions, and discontinuities should be initially 
considered. The presence of any cracking 
or fracture indications should result in the 
use of the highest rating. 



DETERiORATlON OF CONCRETE BY CHEMtCAL REACTIONS 

EXCHANGE REACTIONS BETWEEN REACTIONS INVOLVING 

OF HARDENED CEMENT PASTE OF HARDENED CEMENT PASTE EXPANSIVE PRODUCTS 
AGGRESSIVE FLUID AND COMPONENTS AND LEACHING OF THE COMPONENTS FORMATIW OF 

Ca++ IONS AS 
ca++ IN C-SM 

9 - 
lA 

INCREASE IN INCREASE IN POROSITY 
AND PERMEABILITY INTERNAL STRESS 

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; 8(1): acidic solution forming soluble 
calcium compounds such as calcium sulfate, calcium acetate, a i  calcium bicarbonate; B(11): solutions of 
oxalic acid and its salts, forming calcium oxalate; B(III): long-term seawater attack weakening the C-S-H 
by substitution of Mg*+ for Ca2+; @, (1) sulfate attack forming etttringibe and gypsum, (2) alkali-aggregate 
attack, (3) corrosion of steel in concrete, (4) hydration of crystalline MQO and CaO. Source: P. K, Mehta 
and B. C. Gcrwick, Jr., Concr. InLVoi. 4, pp. 45-51, 1982. 
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Fig. 3.2. Geneslad time rate of degradation curve for concrete smctrares. 
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4. STRUCTURAL AGING ASSESSMENT ~ ~ O D O L O C P - Y  

The Structural Aging Assessment Methodology developed in this section uses a 
standard ranking system to characterize Category I concrete structures in terms of aging 
importance. As indicated in previous sections, the importance of structural aging is both a 
function of the sbuctWsafety aspects of the structure as well as the likelihood of the 
structure to degrade over time. Four aiteria were used to develop the quantitative ranking 
system for use in assessing aging importance of strucmres: (1) structural importance of 
suklements, (2) safety significance, (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 f i i t  applied to each subdement of a specific Category I 
concrete structure. From the ranhng values of each subelement, a cumulative rank for the 
structure is computed. 

Figure 4.1 presents a flow char? 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 methddogy to three representative LWR plants. 

4,1 Procedural Develoomenr 

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 @atetrQLY..Xrete S m  
E k h  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 drawingdspecifications 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 Suk lementa1 Di vision 
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 
procedm. 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 marerials are typically identified in the 
SAR, structural drawings, specifications, and construction-stage material test reports. 

4.1.3 Determination of De-ctor Grad& Values 
As noted previously, four criteria are used to develop the quantitative ranking system 

for use in assessing aging importance of the structureslsubefements. These criteria include: 

e .  
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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 I concrete structures for BWR and PWR plants are sum- 
mahized in Tables 2.2 and 2.3, respectively. The values assigned reflect the averall impor- 

The basis for assignment of a safety significance ranking to a structure was provided 
in Section 2.3. Safety significance functions md safety significance ranking mite~dvdues 
were presented in Tables 2.4 amd 2.5, respectively. %%le safety significance ranking values 
detemined 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 suklements, 

The durability, or long-term, performance of each st+ucture/subelement is dependent 
on its location and environmental exposure, Le., 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 each of these conditions. The n u m e ~ c d  values used for the 
environmental 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 smctwe/su$elernent, e.g., different environments on either side of an exterior wall. 

To establish the degradation factor grading values, subelements a e  evduatd  in terns 
of rnatex=idt%s 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 3.3. lists the primary degradation factors that can impact the 
perfommce 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 an6 meballic material systems, respectively. The 
user must select a specific degradation factor grading value from the appropriate range of 
possible values for each degradation factor/suklement combination. Selection of a high 
value reflects either the existence of the degradation factor, a high probability of 
wcuxence, or possible synergistic behavior with other degradation factors. 

4.1.4 
After listing and assigning a degradation factor grading value eo 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 simple avemge 
of up to three of the most significant degradation factor grading values and is calculated as 
follows 

tance of the suklement to the perfomance sf the pI%xmry category I concrete smctwe. 

where 
DFS = degradation factor significance value, 
DFG = degradation factor grading value (Section 3.3.2.2), and 

n = number of degradation factors9 up to a maximum of thee.5 
The resulting BFS value is to be rounded to the mearest integer, with a maximum possible 
value of 10. 

5 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 RankinP of Sube lements and Structures 
Determination of the relative ranks of the Category I concrete sn-uctures and 

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

SR = w1 ( I )  + w2( SS )+ w3(DEG) (4.2) 

where 
SR = subelementrank, 

I = subelement impomme (Section 2.2,3), 
S S  =z safety significance (Section 2.3.2), 

DEG = @E + DFS)D, rounded to nearest integer, 
EE = environmental exposure (Section 2.4.2), 

DFS = degradation factor significance (Section 4.1 -4), 
w 1 = weight applied to subellemnt i m c e ,  
w2 = weight applied to safety significance, and 
w3 = weight applied to degradation effects. 

Use of weighting factors (1 to 10, with 10 highest) pennits certain components of Q. 
(4.2) to be emphasized. The degradation factor significance (DFS) was considered to be 
heavily influenced by the surrounding environmental exposure @E). Therefore, these two 
criteria were combined, averaged, and rounded to the nearest integer. Recommended 
values for wl,  w2, 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 srr~cture is determined as follows 

N 
(4.3) 

where 
CR = cumulativerank, 
SR = subelernentrank,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 Commter-Based Matrix 

A computer-based matrix format was developed to provide a simple method for 
implementing and documenting 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 B M  software, and user friendliness. Also, 



the softwwe alillows the programming of important equations pqs.  (4.1) to (4.3)] such that 
the ranks for each suklement/stmre are automatically completed after data entry. Output 
is provided in a standud format as displayed in Table 4.1 

The end product of the computer-based matrix presentation is a concise listing of 
Category I concrete smctures and their suklements. The ranking values that result may 49% 
used to identify smctures/subelemnents md d e g d a ~ s n  factors that we of most- sigasificac~cc 
with respect to aging management- The resulting list may dso be used to assist in deter- 
mining appropriate methods md schedrrks for insaect~o~~~%firrg/Ksr%dw~~n~cc. 

4.3 

Utilization of the methodology is demonstrated through its application to three LWR 
plants: (1) pressurkd-water reactor plant with a large dry metal containment located in the 
Midwest, (2) boiling-water reactor plant with a conventionally reinfarced concrete: Mark 11 
containment located in the Ease, md (3) pressurized-water reactor plant with a large dry 
prestressed COYPCP~FC containment located in the Midwest. Appendix 18 provides conimen- 
tary on application of the methodology as well as the computer-based matrix results for 
each Of these plants. 
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Fig. 4.1. Structural 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 im terns of their importance, safety significance, environmental exposure, and 
degradation factor significance. Utilization of the structural aging assessment methodology 
was demonstrated though its application to three EWR plants. 
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APPENDIX A 
SENSITIVITY ANALYSIS OF WEIGHTING FACTORS 

The primary ranking equation for subelements, 

SR = wl I + w2 SS + w3 (DEG) , (43 

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 (wl  = 4, wz = 9, and w3 = 7) are 
reasonable, and that there i s  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 I to 10, with 10 highest, and the 

summation of the weighting factors shall be 20. These range and summation require- 
ments ensure that the resulting rank for a subelement i s  200, or less. 

2. n e  weighting factors shall have the following relationship with respect to magnitude of 
values used: (a) wl < w3 or w2 and (b) w3 e w2. 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. AI1 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, confoming 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 rank-ings that were determined for 
the primary containment wall and the intake structure wall. As shown in the table, the 
weighting factor cornbination of wl = 4, w2 = 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 wl  = 4, w2 = 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. 



Table A. 1 .  Assumed Ranking Criteria Values for 
Sensitivity Analysis 

I . . .. . . 

Impmnce Factor (I) 8 
Safety Significance ( S S )  9 
Environmental. Exposure @E) 8 
Degradation Factor Significance @FS) 7 



Table A.2. Subelement Rankings Resulting from Different 
Combinations of Weighting Factors 

Subelement 

Weighting Primary Inta&e 
Factor Combination, Containment Wdl, Structure Wall, 
w1- w2-  w3 Ranking Value4 Ranking Vdu@ 

1 - 1 0 - 9  167 100 
2 - 1 0 - 8  168 1100 
3 - 1 0 - 7  170 100 
4- 1 0 - 6  I71 100 
5 - 1 0 - 5  173 108 
2 - 9 - 9  1 67 102 
3 - 9 - 8  168 102 
4 - 9 - 7  170 102 
5 - 9 - 6  1171 102 
4 - 8 - 8  168 104 
5 - 8 - 7  170 104 
6 - 8 - 6  17 1 104 
6 - 7 - 7  1 70 106 

To WAverage 2204/ 1 69.5 1326/102 
-s_-l__l--_l-___---_____________I 

QSR = w1 I + w2 S S  + w3[(EE + DFS)/2J where values 
for I, S S ,  EE, and DFS are presented in Table A.l, and (EE+DFS)/Z 
is rounded to the nearest integer. 



Table ‘4.3. Subelement Ranking Resulting from Different 
Combinations of Weighting Factors and 

Ranking Criteria 

Subelement Ranking Values  Psr V a r i o u s  WeighZing P a c t o r  
and  Subelement Rank ing  C r i t e r i a  Cornkinations 
- 

Subelement Ranking C r i t e r i a  CombPnaefons 

Weighting 
F a e t a r  

Corb ina -  
tions 

I-10-9 

2-10-8 

3-18-7 

4-10-6 

5-1Q-5 

2-9-9 

3-4-8 

4-9-3 

5-9-6 

4-8-8 

5-8-7 

6-8-6 

6 - 7 - 7  

2 0 0  

208 

Z o a  

2 0 0  

260 

208 

2 0 0  

200  

208 

2QQ 

288 

200 

___n 

10 
1 
1 

10 

70  

7 4  

7 9  

83 

88 

79 

83 

88 

9% 

92 

97 

101 

106 

819 

-- 

- 
- 

v 

10 
r 

10 
1 

7 0  

74 

79 

83 

88 

79 

83 

88 

92 

92 

97 

101 

106 

__e? 

8% 
-L__ 

_I__ 

10 
10 
1 
1 

119 

1% 8 

P 

1 3.7 

14 6 

155 

119 

12 8 

137 

146 

12 El 

137 

145 

137 

13 6 
- 
7 

- 
10 
f 
1 
1 

29 

3 8  

47 

5 6  

65 

38 

47 

56 

65 

5 6  

65 

7 4  

7 4  

55 

- 

____. 

- 

D__ 

f 
a 
1 
1 

20  

20  

- 

20 

2 0  

20 

20  

20 

20  

2 0  

20 

20  

2 0  

29 

20 
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Table A.3. (cont.) 

Subelement Ranking Values f o r  Various Weighting Factor 
and SubeS@ment Ranking Cr i t e r i a  Combinations 

Subelement Ranking Criteria Combinations 

Weighting 
Fac ro r  

Combina- 
t i o n s  

1-10-9 

2-10-8 

3-10-7 

4-10-6 

5-10-5 

2-9-9 

3-9-8 

4-9-7* 

5-9-6 

4-8-8 

5-8-7 

6-0-6 

6-7-7 

SF = 10 
ss = 10 
EE = 10 
DFS = 10 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

Avg. = 200 
- 

- 
1 

10 
a 
1 

110 

110 

110 

If0 

110 

101 

101 

101 

1 0 1  

92 

92 

92 

8 3  

101 

- 

- 

1 
z 

18 
1 

61 

- 

5 6  

52 

47 

43 

61 

56 

52 

47 

5 6  

52 

47 

52 
- 

52 

f 
1 
1 

10 

6 1  

56 

52 

47 

43 

6 1  

56 

52 

47 

56 

52 

47 

52 

52 

- 

- 

1 
10 
10 
1 

151 

146 

142 

137 

133 

142 

137 

- 

133 

128 

12 8 

12 4 

11 9 

115 

133 - 

,q-T 10 1 0  

151 101 

146 92 

142 83 

137 74 

133 65 

142 101 

137 92 

133 03 

12 8 74 

12 8 92 

124 83 

119  74 

115 8 3  

133 84 
-- 

7 

1 
10 
10 
10 

191 

182 

173 

164 

155 

182 

173 

164 

155 

164 

155 

146 

146 

165 

_s 

- 
- 

_I 

1 
1 
1 
1 

20 

20 

2 0  

20 

20 

20 

20 

20 

20 

20 

20 

2 0  

20 

20 

- 

- 
- 

* Recommended set of Weighting Factors. 
( W t  1) = 4 ,  ( W t  2) = 9, and ( W t  3) = 7 
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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: (I)  pressurized-water reactor with a large dry metal containment located in the 
midwestern United States, (2) boiling-water reactor with a reinforced concrete Mark I1 
containment located in the eastern United States, and (3) pressurized-water reactor with a 
large dry prestressed concrete containment located in the midwestern United Sates. 
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 - E- Dry Metal Coma' inment 

The initid step in application of the methodology is to identify all Category I cuncrete 
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.l. Importance 
factors are assigned to each subelement using Section 2.2.3 criteria and entered into the 
matrix format. 

LJsing 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 subelernent. 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 
rnaintalned 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 degsa- 
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 grading values (I 3) divided by the number of degradation 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 -Reinforced Concrete Mark TI Containment 

Review of the SAR identified the following Category I concrete structurek: 
(1) containment vessel, (2) containment internal straactures (diaphragm slab, reactor pres- 
sure vessel pedestal, and primary shield wall), (3) reactor building (secondary 
containment), (4) control 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 subdements and materials of construction. This in- 
formation was entered into the mahx format as shown in Table B.2, Impsflamce 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 matrix format for each subelement. As the primary containment structure i s  completely 
enclosed in the reactor building (except for the basemat foundation) and the plant is locate8 
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 plant is 
located directly on W w k  as well as k i n g  rurally located, the environmental effects are 
not considered to be as severe as for the previous example, e.g concrete degadation 
through gmuad water attack, as well as reinforcing and liner steel G Q P Y B S ~ O ~ ,  has a lower 
probability of wcuenee. 

Key degradation factors for each subelement me 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, Le., values were 
obtained from the lower portion of the ranges presented in Tables 3.7(a) and 3.7(b)i. 
Equation (4.1) was then used to detexgnine a degradation faCEm- significance value for each 
subelement. 

Based on infomation that has beeat entered into the matrix 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 - Large Dry Presrressed Co ncrete Containment 

Review of the SAR identified the following Category I concrete structures: 
(1) containment vessel, ( 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 €33. 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 s’tructures at this plant, are exposed to a natural environment. However, a 
number of these structures have been protected with coatings to prevent external degsada- 
tion. The plant is founded ofi fill matexiall 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 a result 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, Subdement: rankings, and pfimary 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 

Cumha1 ati ve 
Primary Structure Rank Furact i on ...................... .. 0 . r . e . e -  ........................................... 
PWR Containment- 
Intern21 Structures 

Subel ement 

Reactor Cavity Walls 
........................ 

151. The containment-internal structures o f  the 
large-dry PWR provide many functions 
including radiation shielding, refueling 
support, equipment anchorage, personnel 
access, pipe break or m i s s i l e  protection, 
e t c .  These structures are massive i n  s i z e  
and were placed using east-in-place tech- 
niques. 

Environment Safety Subel ement 
1mpok"tance; Exposure Significance Rank 
. . r o e * O O Q .  ........... ............ . e o r S o O . e .  

8 9 9 176 

Composition 

Deformed Reinforcing Steel, 
Port1 and Cement Concrete, 
Stainless Steel Liner 

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

Subel ement Importance 

Bottom Slab 8 
........................ .......... 

Coinposition 

Deformed Reinforcing Steel 
Portland Cement Concrete 

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

Key Degradation Factors 

Reinforcing Corrosion 
Thermal Exposure/Cycl i ng 
Irradiation 
Fatigue 
Cherni ea1 Attack 
Reinforcing Fat igue 
Reinforcing Therm. Exp. 

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

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

9 8 

Key Degradation Factors 

Reinforcing Corrosion 
Chemical Attack 
I rrad i a t  i on 
Fatigue 
Thermal Exposure/Cycling 
Abrasion 
Reinforcing Therm. Exp. 

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

Rat i ng 

18 
8 
8 
7 
6 
2 
2 

...... 

Subel ement 
Rank .......... 

163 

Rating ...... 
18 
8 
6 
6 
8 
3 
4 
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Table B.l 
Page 2 

Subel ement 
Envi ronmen t Safety Subel ement 

Importance Exposure Significance Rank ........................ .......... ........... ............ .......... 
Reactor Coolant Pump 8 8 7 151 
Vault tdalls 

Composition 

Deformed Reinforcing Steel, Key Degradation Factors 
Portland Cement Concrete ....................... 

Reinforcing Corrosion 
Thermal Exposure/Cyel i ng 
Irradiation 
Chemical Attack 
Fatigue 
Reinforcing Therm. Exp. 

............................ 
Rating ...... 

18 
8 
7 
6 
5 
4 

Subel ement 
Environment Safety Subelement 

Importance Expo sure Significance Rank ........................ .......... ........... ............ .......... 
Refuel ing Area S1 ab 7 6 8 149 

Composition 

Deformed Reinforcing Steel Key Degradation Factors 
Portland Cement Concrete, ....................... 
Stainless Steel Liner Reinforcing Liner 

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

Corrosion 
Thermal Exposure/Cycl i ng 
Chemical Attack 
Irradi at i on 
Abras i on 
Fatigue 
Reinforcing Therm. Exp. 
Reinforcing Fatigue 

Rating ...... 
10 
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Table 8.1 
Page 3 

Subel ement Importance 

SI abs 6 
........................ S . C O * " O S E O  

Compos i ti on 

Deformed Reinforcing Steel, 
Portland Cement Concrete 

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

Subel ement. Importance ........................ .......... 
Refuel i ng Area Wall s 6 

Composition 

Deformed Reinforcing Steel, 
Port1 and Cement. Concrete, 
Stain1 ess Steel Liner 

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

Envi  ranment Safety Subel ement 
Exposub-e Significance Rank 

7 7 136 
. 0 . 0 ~ * . . * ~ 0  . 0 0 0 o a c . D 0 . 0  * e O o . . * o a o  

Key Oegradati om Factors 

Reinforcing Corrosion 
Chemical Attack 
Fatigue 
Thermal ExpasurelCycl i ng 
Reinforcing Fatigue 
Irradiation 
Abras i on 

....................... Rat i ng ...... 
10 
6 
4 
6 
3 
4 
3 

Environment Safety Subel ement 
Exposure Signi  f i cance Rank 

6 7 136 
........... ............ .......... 

Key Degradation Factors 

Rei nforci rig Li ner 
Corrosi on 

Thermal Expssure/Cycl i ng 
Irradiation 
Fatigue 
Chemical Attack 
Abrasion 
Reinforcing Therm. Exp. 
Reinforcing Fatigue 

....................... Rat i ng ...... 
PO 
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Table B.1 
Page 4 

Environment Safety Subel ement 
Subel ement Importance Exposure Significance Rank 

Reactor Cool ant Pump 4 8 8 144 
Vault Beams 

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

Composi ti on 

Deformed Reinforcing Steel, 
Port1 and Cement Concrete 

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

Cumd at i ve  
Primary Structure Rank ...................... .......... 
Shield Building 154 

Subel ement 

Key Degradation Factors Rating ....................... ...... 
Reinforcing Corrosion I0 
Thermal Exposure/ ycl i ng 6 
Chemical Attack 6 

6 Irradiation 
Abrasion 
Reinforcing Therm 

5 
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 i s  
somewhat controlled. Provisions for pipe 
breaks and missiles impact loads were 
also taken at the design stage. 

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

Environment Safety Subel ement 
Importance Exposure Signi f i  cance Rank ....................... .......... ........... ............ .......... 

Foundation 10 8 8 168 

Compos i t 

Port i and 
Deformed 

........ on 
Cement Concrete, 
Reinforcing Steel 

................... 
Key Degradation Factors Rating 

Chemical Attack 10 
Reinforcing Corrosion 10 
Fatigue 3 
Irradi ati on 3 
Thermal Exposure/Cycl i ng 3 
Reinforcing Therm. Exp. 3 

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



90 

Table B . 1  
Page 5 

Subel ement Importance 

Shield Walls (ve r t i ca l )  8 
O r ~ r S . r . O C r ~ O O ~ . D . O s . . D  O . . D O . * O F I  

COmpQsitiOn ............................ 
Deformed Reinforcing Stee l ,  
L i  mer PI a t e ,  Port1 and Cement 
Concrete 

Subel ement 

Uome 6 

Import an c e 
....................... .......... 

Composition 

Deformed Reinforcing Steel ,  
Portland Cement Concrete 

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

Subel ement Importance 

SI atrs (i ncl udi ng composite 6 
be a m  ) 

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

Composition 

Defarmed Reinforcing Stee l ,  
Psrtl and Cement Concrete 

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

Environment Safety Subel ement 
ExpaSUPe Sign i f i  cance Ramk 

7 8 P 6Q 
O C O O . * F * D O *  ............ 0 0 * * * . 0 0 1 .  

Key Degradation Factors 

Freeze/Ghaw Cycling 
Reinforc ing Corrosion 
Chemical Attack 
Thermal Exposure/Cycl i ng 
Irradi a t  i on 
Reinforcing Fatigue 

....................... Rat i ng 

6 
10 

6 
3 
3 

...... 

a 

Environment Safety Subel ement 
Exposure Significance Rank 

7 8 152 
........... ............ .......... 

Key Degradation Factors Rat i ng 

Reinforcing Corrosion 10 
Chemical Attack 8 
Thermal Expasure/Cycl i ng 6 
FreemelThaw 6 

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

Envi ranment Safety Subel ement 
Exposure Significance Rank 

4 8 138 
........... ............ .......... 

Key Degradation Factors 

Reinforcing Corrosion 10 
Chemical A t t a c k  6 
Thermal Exposure/Cycl i ng 4 
Abras i on 4 
Reinforcing Therm. Exp. 3 

Rat i ng ....................... ...... 
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Table B . l  
Page 6 

Cumul a t  i ve 
Primary Structure Rank 

Pl a n t  Screenhouse 119 
......................... .......... 

Subelement Importance 

Foundation 10 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel 

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

Subel ement Importance ........................ .......... 
Submerged Intake Crib 10 

Compo s i t i on 

Portl and Cement Concrete, 
Deformed Reinforcing Steel ,  
Structural Steel P i  1 es 

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

Function 

The intake of cooling water for ultimate 
heat sink required pumping, screening and 
conveyance components which are con- 
sidered safety-re1 ated. Concrete 
structures w i t h i n  t h e  screenhouse i t s e l f  
were provided t o  support t h i s  equipment 
and protect i t  from the natural environ- 
ment. This primary structure includes a 
submerged concrete c r ib  which a1 lows 
emergency cooling water intake. 

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

Environment Safety 
Exposure Sign i f i cance ........... ............ 

8 4 

Key Degradation Factors 

Reinforcing Corrosion 
Chemical Attack 
Abras i on 
Fatigue 

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

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

6 4 

Key Degradation Factors 

Abras i on 
Reinforcing o r  Pile 

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

Corros i on 

Subel ement 
Rank .......... 

132 

Rating 

10 
9 
6 
4 

...... 

Subel ement 
Rank .......... 

132 

Rating 

8 
10 

...... 

Chemical Attack 8 



92 

Table 13.1 
Page 7 

Slabel ement Importance 

SI abs 6 
........................ 0 . * * 0 a * e o .  

Composi t ion 

P o r t l  and Cement Concrete, 
Deformed R e i n f o r c i n g  S tee l  

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

Slabel ement 

Wail 1 s 8 

I srr p @ r t a ar c e 
........................ E O D O O F S . 0 *  

Composi t ion 

Portl  and Cement Concrete 
Deformed R e i n f o r c i n g  S tee l  

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

Curnu1 a t i v e  
Pr imary S t r u c t u r e  Wan k 

safeguards equipment) PWR 

......................... .......... 
Turbine Bui l ld jng (housing 106 

Env i ronmen t Safety Subelement 
Exposure S ign  i f i  cance Rank 

4 4 10% 
........... . . O . . O o O * * O I  0 0 0 0 * 5 * . O I  

Key Degradat ion Fac to rs  R a t i n g  

R e i n f o r c i n g  Cor ros ion  10 
Abrasion 6 
Fa t igue  6 
Chemical A t t a c k  6 
Freeze-Thaw 2 

....................... . . o s * .  

Environment S a f e t y  Slabel ernent 
Exposure S i g n i f i c a n c e  Rank 
. . O O O . E . S O I  ............ . C r o . O . . e o  

5 4 110 

Key Degradat ion Fac to rs  R a t i n g  

R e i n f o r c i n g  Cor ros ion  9 
Chemical A t t a c k  8 
Freeze/Thaw C y c l i n g  6 
Abras i on 6 
Thermal Exposure C y c l i n g  3 

....................... 0 . 0 0 . .  

Func t ion  

P o r t i o n s  o f  t h e  Tu rb ine  B u i l d i n g  are 
considered Category 1 because i t  houses 
safeguards e l e c t r i c a l  equipment, d i e s e l  
generators ,  v e n t i l a t i n g  equipment and 
s a f e t y - r e l a t e d  (UHS) p i p i n g .  These 
s t r u c t u r e s  are enclosed w i t h i n  t h e  
Tu rb ine  B u i l d i n g  and exposed t o  con- 
trolled environments.  The c o n t r o l  r m m  
i s  a l s o  enclosed i n  t h e  Tu rb ine  B u i l d i n g .  

...................................... 
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Table B.1 
Page 8 

Subel ement 
Environment Safety Subelement 

Importance Exposure Significance Rank ........................ .......... ........... ............ .......... 
S1 abs 6 3 3 86 

Composition 

Portl and Cement Concrete 
............................ 

Key Degradation Factors 

Reinforcing Corrosion 
Thermal Exposure/CycS i ng 
Chemical Attack 
Fatigue 
Abrasion 
Reinforcing Therm. Exp. 

Deformed Reinforcing Steel ....................... Rating 

8 
4 
8 
3 
3 
3 

...... 

Environment Safety Subel ement 
Subel ement Importance Exposure Signi f icance Rank 

Wall s 8 3 3 94 
........................ .......... ........... ............ .......... 

Composition 

Portl and Cement Concrete, Key Degradation Factors Rating 
............................ 
Deformed Reinforcing Steel ....................... ...... 

Reinforcing Corrosion 8 
Thermal Exposure/Cycl i ng 4 
Chemical Attack 8 
Reinforcing Therm. Exp. 3 

Subel ement 
Environment Safety Subel ement 

Importance Exposure Sign i f i cance Rank ........................ .......... ........... ............ .......... 
Control Room Walls (and 8 2 7 I16 
cable spreading structure) 

Composition 

Portl and Cement Concrete, 
Deformed Reinforcing Steel 

............................ 
Key Degradation Factors Rating 

Reinforcing Corrosion 6 
Thermal Exposure/Cycl i ng 4 
Chemical Attack 3 
Fatigue 3 

....................... ...... 
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Table B . 1  
Page 9 

Subel ement Environment Safety 
Subel ement Importance Exposure S i  gni f i cance Rank 

Control Room Floor Slab 6 3 7 115 
(and cab1 e spreading 
s t ruc tu re )  

. 0 0 ' O I 1 - 0 s 0  . O O T . O * " . . D  ............ .......... ........................ 

Composition 

Deformed Reinforcing S tee l ,  
Portl and Cement Concrete 

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

Subel ement Importance 

Diesel Generator Room 6 
S1 abs 

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

Composition 

Portl and Cement Concrete, 
Deformed Reinforcing Steel 

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

Subel ement Importance 

Diesel Generator Roam 8 
Wall s 

........................ . - . . a * . * . .  

Cornposition 

Port1 and Cerneist Concrete 
Ueformed Reinforcing Steel 

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

Key Degradation Factors 

Reinforcing Cl3rrosion 
Thermal Expasure/Cycl i ng 
Abras i on 
Chemical Attack 
Fat igue 

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

Environment 
Exposure Signi f icance 

S a f e t y 

........... ............ 
4 5 

Key Degradation Factors 

Chemical Attack 
Fat i gue 
Weinforcing Corrosion 
Thermal ExposurelCyel i ng 
Abras i on 
Reinforcing Fatigue 

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

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

5 5 

Rat i ng 

6 
3 
4 
6 
1 

...... 

Subel ement 
Rank 
.......... 

104 

Rat i rag 

7 
3 
7 
4 
4 
3 

...... 

Subel ement 
Rank .......... 

119 

Key Degradation Factors 

Chemical Attack 7 
Thermal Exposure/Cycl ing 4 
Reinforcing Corrosion 7 
Fatigue 3 
Reinforcing Fatigue 2 

Rat i rag ....................... . . r e * .  
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Table 6.1 
Page 10 

Cumul at i ve 
Primary Structure Rank 

Auxiliary Building 120 
......................... .......... 

Subel  ement Importance 

Foundation 10 
........................ .......... 

Campos i ti on ............................ 
Portland Cement Concrete, 
Deformed Reinforcing Steel 

Subel ement Importance 

Mal 1 s (exteri or) 8 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel 

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

Function 

The Auxiliary Building houses both 
safety-re1 ated and bal ance-of-pl ant 
equipment necessary for the operation of 
the PWR. The concrete structures are 
generally subject to controlled interior 
environmental conditions. The function 
o f  this structure i s  to provide struc- 
tural support, environmental protection 
and radiation shielding during a11 plant 
operating conditions. 

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

Envi ronmen t Safety 
Exposure Significance ........... ............ 

10 6 

Key Degradation Factors 

Chemical Attack 
Reinforcing Corrosion 
The rma 1 Exposure 

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

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

5 5 

Key Degradation Factors 

Fatigue 
Chemical Attack 
Reinforcing Corrosion 
Freeze/Thaw Cycl i ng 
Thermal ExposurelCycling 
Reinforcing Fatigue 

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

Subel ement 
Rank .......... 

150 

Rat i ng 

10 
9 
2 

...... 

Subel ement 
Rank .......... 

119 

Rating 

2 
8 
8 
6 
4 
2 

...... 
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Table 8.1 
Page 11. 

Subel ement Importance 

Internal F% oor  SI abs 6 
........................ .......... 

Composition ............................ 
Port1 and Cement Concrete, 
Deformed Reinforcing Steel 

Subel ement Importance 
........................ .......... 
Crane Support Structure 4 

Campasition 

Portland Cement C Q ~ C P ~ % ~ ,  
Deformed Reinforcing Steel 

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

Subel ement Importance 

Internal Walls 5 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel 

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

Environment Safety Subel ement 
Exposure Significance Rank 

3 5 97 
~ 0 0 ~ 0 . ~ ~ 0 . .  ............ C a O O O D O . . e  

Key Degradation Factors 

Rein forc ing  Fatigue 2 
Chemical At tack  8 
Reinforcing Corrosion 9 
Thermal Exposure/Cycl i ng 4 
F a t  i glue 3 
Abrasion 3 

Rat i ng 
....................... ...... 

Environment Safety Subel ement 
Exposure Significance Rank 
........... ............ .......... 

3 6 98 

Key Degradat.ion Factors 

Fatigue 8 
Chemical Attack 4 
Reinforcing Corrosion 6 
Abrasion 4 

Rat i lcrg ....................... ...... 

Environment Safety Subel ement 
EXpOSLlre Significance Rank 

3 5 93 
........... ............ .......... 

Key Degradation Factors  Rat i ng ....................... ...... 
Reinforcing Corrosion 6 
Thermal Exposure/Cycl ing 4 
Chemical Attack 4 
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Table B.1  
Page 12 

Subelement Importance 

Fuel Pool Bottom Slab 6 
........................ .......... 

Composition 

Port1 and Cement Concrete? 
Deformed Reinforcing Steel, 
Stai nl ess Steel L i  ner P1 ate 

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

Su bel emen t Importance 

Fuel Pool Walls 8 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel, 
Stainless Steel Liner 

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

Environment Safety Subelement 
Exposure Significance Rank 

5 8 P 38 
........... ............ .......... 

Key Degradation Factors Rat i ng ....................... 
Reinforcing Corrosion 
Cherni cal Attack 
Fatigue 
Thermal Exposure/Cyel i ng 
Irradiation 
Reinforcing Therm. Exp. 
Rei nforci ng I rrad i at i on 
Reinforcing Fatigue 

...... 
10 

7 
6 
6 
4 
2 
2 
6 

Environment Safety Subelement 
Expos w e  Significance Rank 

5 8 146 
........... ............ .......... 

Key Degradation Factors 

Reinforcing Corrosion 
Chemical Attack 
Thermal ExposureJCycl i ng 
I rrad i a t  i on 
Reinforcing Therm. Exp. 
Reinforcing Irradiation 
Reinforcing Fatigue 

....................... Rating 

10 
7 
7 
4 
2 
2 
6 

...... 
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TABLE B.2 

RESULTS OF APPLICATION OF STRUCTURAL A G I N G  
ASSESSMENT METHODOLOGY: BWR CONCRETE MARK I 1  PLANT 

Curnu1 a t i  ve 
Primary Structure Rank Function ......................... * . . O . . 0 0 D O  ...................................... 
Containment Vessel 172 The containment vessel of t h i s  Mark I1  

BWR performs radiation shielding and 
containment, structural  support, and 
environmental protection. The vessel was 
constructed using cast-in place teck- 
niques and i s  i n  the form of  a truncated 
cone. 
steel and was n o t  considered. 

The dame i s  constructed of plate 

Subel  ement 
Enwi ronment Safety Subel ement 

Importance Exposure Significance Rank ........................ .......... ........... ............ .......... 
Base S l a b  18 8 310 186 

Composition 

Portland Cement C o i i c ~ e t e ~  Key Degradation Factors Rat  i ng 
............................ 
Deformed Reinforcing Steel ....................... ...... 

Chemi ea1 Attack 8 
Irradi a t  i on 2 
Fatigue 2 
Reinforcing Corrosion 10 

Subel ement 
Environment S a f e t y  Subel ement 

ItIlpOPtanCe Exposure Significance Rank 
........................ .......... ........... ............ .......... 
Vert i ca l  and IncS i ned 8 5 10 171 
Mal 1 s (suppression 
chamber and drywell) 

Composition 

Portl and Cement Concrete, Key Degradation Factors 
Deformed Reinforcing Steel , ....................... 
Structural Steel ,  Liner P I  a le  Reinforcing Corrosion 

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

Thermal ExpasurelCycl i ng 
I r r a d i a t i o n  
Fatigue 
R e i  n f  orci ng Steel  / L  i ner 

Rei nf. Thermal Exp. 
Rei nfore i ng Fatigue 
Chemical At t ack  

Corrosion 

Rating 

10 
6 
5 
4 

18 

...... 

4 
3 
8 
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Table B.2 
Page 2 

Cumul at i ve 
Primary Structure Rank 
......................... .......... 
Containment Internal 153 
Structures 

Subel ement Importance 

Diaphragm $1 ab 7 
........................ .......... 

composition 

Portland Cement Concrete, 
Qeformed Reinforcing Steel, 
Structural Steel, Liner PI ate 

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

Subel ement Importance 

RPV Pedestal 9 
........................ .......... 

Composition 

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

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

Function 

Provides structural support and radiation 
shielding for all plant operating 
conditions. Resists the effects o f  plant 
accidents and unusual events. Transfers 
structural loadings to the base slab. 
Provides separation of drywell and 
wetwell . 

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

Environment Safety Subel ement 
Exposure Significance Rank ........... ............ .......... 

3 8 149 

Key Degradation Factors Rating 

Chemical Attack 6 
Thermal Exposure 6 
Irradiation 6 
Fatigue/Vibration 4 
Rei n forc i ng Corros i on 9 
Reinforcing Irradiation 2 
Reinforcing/liner Fatigue 4 

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

Environment Safety Subel ement 
Exposure Sign i f i  cance Rank 

8 a 164 
........... ............ .......... 

Rat i ng Key Degradation Factors 
....................... 
Chemical Attack 
Thermal Exposure 
Irradiation 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exp. 
Reinforcing Irradiation 
Reinforcing/Liner Fatigue 

...... 
6 
9 
6 
7 
6 
7 
7 
7 



Table 6.2 
Page 3 

Subel ement Importance 
D ~ . O . D D ~ O r . . ~ . ~ ~ D D . Y C . O .  . O O O E O O * T O  

Primary Shield Wall 6 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel, 
Structural Steel, Liner P1 ate 

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

Curnu1 ati ve 
Primary Structure Rank 

(secondary containment) 

......................... .......... 
Reactor Building 136 

Subel ement Importance 

Foundation 10 
........................ .......... 

Composition 

Port1 and Cement Concrete, 
Deformed Reinforcing Steel, 
Waterproofing, Mud M a t  (concrete) 

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

Environment Safety Subelement 
Exposure Significance Rank 
= . 0 * * 0 * 0 . . 0  . . O D E ~ O * D ~ T O  O C I O T 0 0 * . .  

Ea 8 a 52 

Key Degradation Factors 

Chemical Attack 
Thermal Exposure 
CQDC. Irradiation 
Cone. Fatigue 
Weinforcing/Liner Corrosion 
Reinforcing Therm. Exp. 
Rei n forci ng Irradi a t  i an 
Reinforcinq/Liner F a t i g u e  

....................... Rating 

7 
9 

1Q 
7 
5 
3 
1 
7 

...... 

function 

Provides secondary containment and 
radi a t  i on s ti i el di ng funct i on. Protects 
containment vessel and internal p% ant 
equipment from the natural environment. 
Houses plant fuel storage pools and 
protects the surrounding environment from 
radioactive contamination. Primarily of 
f l a t  plate and wall construction, 

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

Environment Safety Subel ement 
Exposure Significance Rank 
........... ............ .......... 

9 7 a59 

Key Degradation Factors Rating 

Chemical Attack 9 
Reinforsing Corrosion 9 
Reinforcing Fatigue 4 

....................... ...... 
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Table 6.2 
Page 4 

Subel emen t Importance 

F1 oor S1 abs 6 
........................ .......... 

Composition ............................ 
Portland Cement Concrete, 
Deformed Reinforcing Steel,  
Structural Steel 

Subel ement Importance 

Spend Fuel Pool Slabs 6 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel,  
Stainless Steel Liner 

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

Subel ement Importance 

Vertical Wall s (exteri  or/ 8 
in te r ior )  

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

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel,  
Waterproofing 

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

Environment Safety Subel ement 
Exposure Significance Rank 

4 7 128 
........... ............ .......... 

Key Degradation Factors Ra t ing  

Chemical Attack 6 
Thermal Exposure 4 
I w a d  i a t  i on 3 
Abras i on 2 
Fatigue 1 
Reinforcing Corrosion 7 
Reinforcing Therm. Exp. 2 

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

Environment Safety Subel ement 
Exposure Significance Rank 

5 7 129 
........... ............ .......... 

Key Degradation Factors Ra t ing  

Chemical Attack 6 
Thermal Exposure 5 
Conc. I r r a d i a t i o n  4 
Fatigue 6 
Reinforcing/Liner Corrosion 8 
Reinforcing Therm. Exp. 3 

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

Environment Safety Subel ement 
Exposure Significance Rank 
........... ............ .......... 

6 7 137 

Key Degradation Factors Rating 

Chemical Attack 7 
Freeze/Th aw 4 
Thermal Exposure 3 
Reinforcing Corrosion 9 

....................... ...... 
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Table B,2 
Page 5 

Subel ement 
Environment Safety Subel ement 

Importance Exposure Significance Rank 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel ,  
Stainless Steel Liner 

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

Cucnul ati ve 
Primary Structure Rank 

Control Building 1217 
......................... .......... 

Subel ement 

Key Degradation Factors 

Chemi ea1 Wttaek 5 
Thermal Exposure 5 
Irradiation 5 
Fatigue 6 
Reinforcing/Liner Corrosion 8 
Reinforcing Therm. Exp, 3 

Rat i ng ....................... ...... 

Function 

Provide structural support and environ- 
mental protection for main plant control  
room during a l l  operating conditions. 
Primarily o f  flat plate and shear wall 
construction. 

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

Environment Safety Subel ement 
Importance Exposure Signi f icance Rank 

~ r . . r . O ~ . . ~ . . ~ O . D . L O . O . O  .......... ........... ............ .......... 
Foundation 9 9 6 146 

Composition 

Port1 and Cement Concrete, 
Deformed Reinforcing Steel, 
Waterproof i ng 

............................ 
Key Degradation Factors Rating 

Chemical Attack 8 
Reinforcing Corrosion 8 

....................... ...... 
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Table 8.2 
Page 6 

Subel ement Importance 

V e r t i c a 1 W a 1 1 s ( i n t e r i or/  
exterior) 

........................ .......... 
8 

Complos i t i  on 

Port1 and Cement Concrete, 
Deformed Reinforcing Steel ,  
Waterproofing (lower portions) 

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

Su bel emenl t Importance 

F l o o r  S l a b s  6 
........................ .......... 

Composition 

Port1 and Cement Concrete, 
Deformed Reinforcing Steel 

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

Cumul a t  i ve 
Primary Structure Rank 

Diesel Generator Buildings 117 
......................... .......... 

Subelement Importance 

Mat Foundat ion  10 
........................ .......... 

Compos i t i on 

Portland Cement Concrete, 
Deformed Reinforcing Steel,  
Waterproofing 

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

Environment Safety Subel ement 
Exposure S i g n i  f icance Rank 

5 6 128 
........... ............ .......... 

Key Degradation Factors 

Chemical Attack 6 
Freeze/Thaw 4 
Reinforcing Corrosion 9 

Rat i ng ....................... ...... 

Environment Safety Subel ement 
Exposure Signi f i  cance Rank 

2 6 106 
........... ............ .......... 

Key Degradation Factors Rating 

Chemical Attack 4 
Reinforcing Corrosion 6 
Abrasion 4 

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

Function 

Provide structural support and environ- 
mental protection o f  the safety-re1 ated 
diesel generators during a1 1 plant 
operating conditions. Primarily of f l a t  
plate and shear wall construction. 

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

Environment Safety Subelement 
Exposure Signi f i cance Rank ........... ............ .......... 

9 5 134 

Key Degradation Factors Ra t ing  

Chemical Attack 6 

Reinforcing Corrosion 6 

....................... ...... 
Fatigue 3 
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Table B.2 
Page 8 

Subel ement Importance ........................ .......... 
Vert i ea1 Mal I s 8 

Cornpasition ............................ 
Portland Cement Concrete, 
Deformed Reinforcing Steel, 
Waterproofing (1 ower port ions)  

Subel ement Importance 

F 1  oor SI ab 6 
........................ .......... 

Composition 

Portland Cement Concrete, 
Defarmed Reinforcing Steel, 
Structural Steel 

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

Subel ement Importance 

Roof Slab 5 
........................ .......... 

Composition 

Portland Cement Concrete, 
Deformed Reinforcing Steel, 
Structural Steel 

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

Cumul at i ve 
Primary Structure Rank ......................... .......... 
Spray  Pond 103 

Environment Safety Subel ement 
Exposure Significance Rank 

5 4 110 
........... ............ .......... 

Key Degradation Factors 

Chemical Attack 4 
FreezeIThaw 8 
Reinforcing Corrosion 9 

Rat i ng 
....................... ...... 

Subel ement Environment Safety 
Exposure Sign i f i cance Rank ........... ............ .......... 

3 4 88 

Key Degradation Factors Rating 

Chemical Attack 5 
Fat i gue 2 
Thermal Exposure 3 
Abrasion 3 
Reinforcing Corrosion 6 

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

Env i ronmen t Safety Subel ement 
Exposure Significance Rank 

5 4 98 
........... ............ .......... 

Key Degradation Factors Rat i ng 

Chemical Attack 7 
Reinforcing Corrosion 6 
Freeme/Thaw 6 

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

Function 
...................................... 
A free-formed reservoir f o r  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. 
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T a b l e  B . 2  
Page 9 

Environment Safety Subel ement 
Subel  ement Importance G X p Q S U W  Significance Rank 

. o o o o o . o o ~ ~ ~  e 0 5 0 0 0 s 0 . 0  O o ~ O O e o s . .  ........... 
. r . . O O ~ O O O . ~ ( ~ O 1 . O O I O O E O  

Concrete L i n e r  5 7 3 103 

Compos i t ion  ............................ 
Deformed and P1 a i  n Rei nfsrci ng Key Degradation Factors Rating 

...... Steel , Port1 and Cement Concrete ....................... 
Freeze/Thaw Damage 8 
Chemical A t t a c k  8 
Reinforcing Corrosion 9 
Abras ion  6 
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TABLE B.3 

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

Cumul at i ve 
Primary Structure Rank Function 

Containment Vessel 171 The containment vessels provide struc- 
......................... .......... ...................................... 

tural support and radiation shielding and 
containment for safe operation o f  the 
PWR. T h i s  containment i s  of sufficient 
volume to support pressure requirements 
of a pipe break accident. The vessel 
supports all internal equipment and 
transfers loading into the underlying 
soil. These structures were all cast- 
i n-pl ace. 

Subel ement Importance 

Dome 8 
........................ .......... 

Composition 

Prestressing Reinforcement, 
Deformed Reinforcement, Portland 
Cement Concrete, Liner Pf ate, 
Structural Steel 

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

Environment Safety 
Exposure Signi f i cance 

6 10 
........... ............ 

Key Degradation Factors 

Chemical Attack 
Free z e/Th a w 
Thermal Exposure 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exp. 
Prestressing Corrosion 
Prestressing Fatigue 
Prestressing Re1 axation 

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

Subel ement 
Rank .......... 

178 

Rating 

6 
5 
3 
3 
9 
3 

10 
2 
7 

...... 
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Table €3.3 
Page 2 

Subel  ement PiRPQPtanltE? 
........................ . D O O O E T O O *  

Vertical Walls (including 8 
buttresses 

COmpQSitiQn ............................ 
Prestressing Reinforcement, 
Deformed Rei nforcernent, Port1 and 
Cement Concrete, Liner Plate, 
Structural Steel Waterproofing 

Subel ement Importance 

Mat Foundation 16 
........................ .......... 

Composition 

Deformed Reinforcement, Port.] and 
Cement Concrete, Waterproofing, 
(prestressing reinforcement - 
1 oca1 ) 

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

Environment Safety Subel ement 
Exposure Signi f icance Rank 

3 10 178 
D ~ o o o D o o D L o  0 * 0 1 . - 0 . . 0 0 0  O S D o r o * O v r  

Key Degradation Factors 

Chemi ca9 Attack 
Freeze/Thaw 
Thermal Exposure 
Fat i  glue 
Reinforcing/tiner Corrosion 
Reinforcing Therm. Exp. 
Prestressing Corrasion 
Prestressing Fatigue 
Prestressing Relaxation 
Abrasi an 

....................... Rating 

8 
4 
5 
4 

10 
4 

10 
2 
8 
3 

. C * * $ *  

Environment Safety Subelement 
Expos 11 re Significance Rank ........... ............ .......... 

10 10 2 00 

Key Degradation Factors 

Chemical Attack 
Thermal Exposure 
I r r a d i a t i o n  
Reinforcing Corrosion 
Prestressing Corrosion 
Prestress i ng Re1 axat i on 

....................... 
Rat i ng 

10 
4 
3 

10 
6 
4 

...... 
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Table B.3 
Page 3 

Subel ement Importance ........................ . * * ) 0 0 * . . a .  

Ring Girder 9 

Composition 

Prestressing Reinforcement 
(anchorages), Deformed Reinforce- 
ment, Portland Cement Concrete 

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

Subel ement Importance ........................ .......... 
Tendon Gal 1 ery 3 

Composition 

Deformed Reinforcement, Portl and 
Cement Concrete, Waterproofing, 
Structural Steel 

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

Environment Safety Subelement 
Exposure Signif ,cance Rank ........... ............ .......... 

6 10 182 

Key Degradation Factors Rating 

Chemical Attack 5 
freeze/Th aw 4 
Fatigue 3 
Reinforcing Corrosion 9 
Prestressing Corrosion 10 
Prestressing Re1 axat i on 7 

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

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

le3 4 

Key Degradation Factors 

Chemical Attack 
Reinforcing Corrosion 

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

Subel ement 
Rank 
.......... 
118 

Rating 

10 
10 

...... 

Cumul at i ve 
Primary Structure Rank function 

Containment- Internal 144 Provide structural support and radiation 
Structures shielding for NSSS equipment for a l l  

operating conditions. Provides human 
access to primary components and support 
for refuel ing operations. These 
structures are massive in section and 
were cast-in-place. 

......................... .......... ...................................... 
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Table B . 3  
Page 4 

Subel ement Importance 

Bottom S l a b  ( e a s t  above 7 
. O O ~ ~ . O O ~ O O . ~ E ~ ~ O C I ~ ~ ~ ~ ~  O D 0 1 0 0 . . O I  

bottom 1 iner plate) 

Composition 

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

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

Subel  ement Importance 

Polar Crane Support Wall 6 
(part of missile barrier) 

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

Composition 

Deformed Reinforcement, Port1 and 
Cement Concrete 

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

Environment Safety Subel ement 
Expos ure Signi F i cance Rank ........... ............ O O ~ D ~ D L ~ ~ ~  

6 7 133 

Key Degradation Factors 

CRemi ca l  Attack 
Thermal Exposure 
Irradiation 
Abras i on 
Fatigue 
Welnfareing C O W Q S ~ O ~  
Reinforcing Therm. Exp. 
Reinforcing Irradiation 
Reinforcing Fatigue 

....................... 
Rating 

7 
4 
3 
4 
6 
8 
4 
4 
3 

...... 

Environment Safety Subel ement 
Exposure Significance Rank 
........... ............ .......... 

7 7 136 

Key Degradation Factors 

Chemical Attack 
Thermal Exposure 
Irradiation 
Abrasion 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exp. 
Reinforcing Irradiation 
We i n fore i n g Fat i g u e 

....................... 
Rating 

4 
3 
2 
4 
8 
8 
3 
2 
5 

...... 
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Table B.3 
Page 5 

Subel ement Importance 

Floor Slabs 6 
........................ .......... 

Composition 

Deformed Reinforcement Port1 and 
Cement Concrete, Liner Plate, 
Structural Steel 

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

Subel ement Importance 

M i  ssi 1 e Barrier Wall s 7 
(reactor coolant compart- 
ment) 

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

Compos i ti on 

Deformed Reinforcement, Port1 and 
Cement Concrete 

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

Environment Safety Subelement 
Exposure Signi f i cance Rank 

7 6 120 
........... ............ . C . . D . . * . .  

Key Degradation Factors 

Chemical Attack 
The rma '11 Expo s 11 re 
Irradiation 
Abrasion 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exp. 
Reinforcing Irradiation 
Reinforcing Fatigue 

....................... 
Rating 

6 
6 
3 
4 
4 
7 
4 
2 
3 

...... 

Envi ronment Safety Subel ement 
Exposure Significance Rank ........... ............ .......... 

7 8 156 

Key Degradation Factors 

Chemical Attack 
Thermal Exposure 
Irradiation 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exp. 
Rei nforc i ng Irrad i at i on 
Reinforcing Fatigue 

....................... Rating 

7 
6 
4 
4 

10 
5 
5 
5 

...... 
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Table B.3 
Page 7 

Subelement Importance 

Mat Foundation 10 
......................... .......... 

Composition 

Deformed Reinforcement Portl and 
Cement Concrete9 Waterproofing 

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

Subel ement Importance 

Wall s 8 
........................ .......... 

Composition 

Deformed Reinforcement , Portland 
Cement Concrete, Waterproofing 

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

Subel emen t Importance 

F1 oor S1 abs (i ncl uding 6 
slabs under roof) 

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

Composition 

Deformed Reinforcement, Portl and 
Cement Concrete 

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

Environment Safety Subel ement 
Exposure Significance Rank ........... ............ .......... 

PO 6 164 

Key Degradation Factors Rating 

Chemical Attack 10 
....................... ...... 
Reinforcing Corrosion 9 

Environment Safety Subelement 
Exposure Significance Rank 

3 5 105 
........... ............ .......... 

Key Degradation Factors 

Chemical Attack 
Freeze/Thaw 
Thermal Exposure 
Fat i gue 
Reinforcing Corrosion 
Reinforcing Fatigue 

....................... Rating 

7 
4 
3 
3 
7 
2 

...... 

Environment Safety Subel ement 
Exposure Signi f i cance Rank 
........... ............ .......... 

3 5 97 

Key Degradation Factors Rating 

Chemical Attack 6 
Thermal Exposure 3 
Abrasion 3 
Fatigue 3 
Reinforcing Corrosion 7 
Rei nforc i ng Fatigue 3 

....................... ...... 
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Table B.3 
Page 8 

Subel  ement Importance 

Fuel Pool Walls, Slab 6 
........................ e 0 0 0 5 . 0 . . ~  

Composition 

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

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

Curnul a t  i ve 
Pri tnary Structure Rank 

Turbine Building IO6 
......................... .......... 

Subel ement Importance 

re1 ated) 

........................ .......... 
F1 o o r  Sl abs (safety-  6 

Composition 

Deformed Reinforcement, Portland 
Cement Concrete 

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

Environment Safety Subel  ernernt 
Exposure Significance Rank 
~ 0 0 0 , 0 0 0 ~ 0 ~  ............ . O * T O O O I . , O  

5 8 138 

Key Degradation Factors 

Chemical Attack 
'Thermal Exposure 
Irradiat ion 
Fatigue 
Reinforcing Corrosion 
Reinforcing Therm. Exy. 
Weinforciwy Irradiat ion 
Reinforcing Fatigue 

....................... Rat i ng 

7 
4 
4 
6 

10 
2 
2 
6 

...... 

Funct i on 

Provides s t ruc tura l  support and environ- 
mental protection of enclosed equipment, 
including safety-related e l e c t r i c a l  
cabinets,  control room and diesel  
generators. 

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

Environment Safety Subel ement 
Exposure Significance Rank 
........... ............ .......... 

3 4 88 

Key Degradation Factors 

Chemical Attack 
Thermal Exposure 
Abras i on 
Fatigue 
Reinforcing Corrosion 
Reinforcing Fatigue 

....................... 
R a t i n g  

6 
2 
3 
2 
7 
2 

...... 
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Table B.3 
Page 9 

Subelement Importance ........................ .......... 
Wall s (safety-re1 ated) 8 

Composition 

Qeformed Reinforcement, Port1 and 
Cement Concrete 

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

Subel ement Importance 

Control Room - Floor Slab 6 
........................ .......... 

Composition 

Deformed Reinforcement, Portland 
Cement Concrete 

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

Subel ement Importance 

Control Room - Walls 8 
........................ .......... 

Composition 

Deformed Reinforcement, Portland 
Cement Concrete 

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

Environment Safety Subel ement 
Exposure Signi f i  cance Rank 

3 4 96 
........... ............ .......... 

Key Degradation Factors 

Chemical Attack 
Freeze/Th aw 
Thermal Exposure 
Fatigue 
Rei nforei ng corrosion 
Rei n forc i ng Fatigue 

....................... Rat i ng 

7 
2 
4 
3 
7 
2 

...... 

Environment Safety Subel ement 
Exposure Significance Rank 

3 6 106 
........... ............ .......... 

Key Degradation Factors Rating 

Chemical Attack 6 
Thermal Exposure 2 
Abrasion 4 
Fatigue 1 
Reinforcing Corrosion 9 
Reinforcing Fatigue 1 

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

Environment Safety Subel ement 
Exposure Significance Rank ........... ............ .......... 

3 6 114 

Key Degradation Factors 

Chemical Attack 6 
Thermal Exposure 3 
Fatigue 2 
Reinforcing Corrosion 7 
Reinforcing Fatigue 2 

Rat i ng ....................... ...... 
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Table B.3 
Page 10 

Comp0si t i I ln 

Deformed Reinforcement Port1 and 
Cement Concrete 

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

Subel  emeat 

Environment S a f e t y  
Exposure Significance 
0 0 O . D O D T C O T  ............ 

5 5 

Key Degradation Factors 

Cherni cal Attack 
Thermal Exposure 
Abras i on 
Fa t igue  
Reinforcing Corrosion 
Reinforcing Fatigue 

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

Environment Safety 
Importance Exposure Significance ........................ .......... ........... ............ 

Diesel Generator - Walls 8 5 5 

CompQs i ti on 
............................ 
Deformed Rei nforcemewt, Port1 and Key Degradation Factors 
Cement Concrete ....................... 

Chemical Attack 
Thermal Exposure 
Fatigue 
Reinforcing Corrosion 
Reinforcing Fatigue 

Subel ement 
Rank 
. e O o e e e D . .  

111 

Rat i ng 
...... 

Sube? ement 
Rank 
.......... 

119 

Rating 

7 
4 
3 
7 
2 

...... 

Curnu1 ative 
Primary Struc t lire Rank Function 

Cri bhouse 99 Provides structural support and environ- 
......................... .......... ...................................... 

mental protection o f  equipment required 
for ultimate heat sink. 
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Table 8.3 
Page 11 

Subel ement Importance 

re9 ated) 

........................ . O * . * O D I . .  

Floor SI abs (safety- 6 

Compos i t i  on 

Deformed Reinforcement , Port1 and 
Cement Concrete 

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

Subel ement Importance 

Wa9 1 s (safety-re1 ated) 8 
........................ .......... 

Composition 

Deformed Reinforcement, Portland 
Cement Concrete 

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

Cumul at i ve 
Primary St ruct w e  Rank. ......................... .......... 
Intake Crib 123 

Subel ement Importance 

Concrete Foundation 6 
........................ .......... 

Composition 

Deformed Reinforcement, Portland 
Cement Concrete 

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

Environment Safety Subel ement 
Exposure Significance Rank 

4 4 95 
........... ............ .......... 

Key Degradation Factors Rating 

Chemical Attack 8 
Abrasion 3 
Reinforcing Corrosion 8 
Freeze/Thaw 3 

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

Environment Safety Subel ement 
Exposure Significance Rank ........... ............ .......... 

4 4 103 

Key Degradation Factors Rating 

Chemical Attack 7 
Reinforcing Corrosion 8 
Freeze/Thaw 2 

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

Funct i on 

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

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

Environment Safety Subel ement 
Exposure Significance Rank 

10 4 123 
........... ............ .......... 

Key Degradation Factors 

Chemical Attack 10 
Freeze/Thaw 2 
Abrasion 5 
Fatigue 2 
Reinforcing Corrosion 10 

Rat i ng ....................... ...... 
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APPENDIX c 
GLOSSARY OF KEY WORDS 

ACING - 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 
puts or subassemblies by operational cycling; (4) excessive test- 
ing and (5) improper installation, applications, and maintenance. 

- Reinforcing steel composeB of plain carbon steel bars which are 
under little or no stress at the time of installation. These bars 
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. 

- 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. 

- A specific act or process that results in degradation of a structure. 

CONVENTIONAL 
REINFORCING 
STEEL 

DEGRADATION 

DEGRADATION 
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 WU - The area within a boiling water reactor containment that houses 
the reactor and other components, and which is maintained in an 
unsubmerged state. 

DURABLlTY - The ability of a structure to perform, or maiiitain its ability to 
perform, its function over a long period of time without accruing 
substantial degradation. 

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

HEAVY WEIGHT 
CONCKTE 

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

INS ERVICE 
INSPECTION 

- A phase of quality control which, by means of examination, ob- 
servation or measurement, determines the conformance of 
rnaterials/structures in service to predetermined quality require- 
ments. 

INTEGRITY - The quaiity of state of a structure of being complete or unimpaired 
to perform its stated function. 



LINER - 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 to prevent 
leakage. The liner is anchored directly to the concrete vessel. 

PRESTRESSING 
TErnQN 

- A high strength steel component, consisting of wires, strands 
made of several wires, or bas,  which arc installed and preten- 
sioned to a certain level to create kneficiaB conditions and 
imprave the perfomance of a struetiare., ‘%‘he tendons may 
(bondd) or may not (unbnded) be installed integral with the 
concrete component of a structure, Prestressing tendons were 
utilized p~%~~a- i ly  in the construction of cemin containment ves- 
sels. 

RELLLaBILFPll - The aualitv of sta.te of a structure which results in  continued 

REPAIR 

SAFETY 
SIGNIFICANCE 

SUBEEEhaEm 

IXTMATEHEAT 
SINK 

WET WELL 
(TORUS) 

ach&erne& of its function and p e ~ o m m c e .  

- The act of returninghestoring the condition or function of a 
smctwe though additional. materials or pxesses  application. 

- Components and structures sf a nuclear power plant which we 
required to function under d l  operating conditions while meeting 
the requirements of l0CFR. 

- The significance level of a specific structure‘s function to the over- 

- A specific portion of a structure as defined in terms of physical, 

all safety of the nuclear power plant. 

functional, or compositional differences, 

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

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