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ABSTRACT

When performing seismic safety assessments of augewer plants (NPPs), the potential

effects of age-related degradation on structurgstemis, and components (SSCs) should be
considered. To address the issue of aging degoeatne Korea Atomic Energy Research

Institute (KAERI) has embarked on a five-year reslegroject to develop a realistic seismic risk

evaluation system which will include the consideratof aging of structures and components in
NPPs. Three specific areas that are included irKihkERI research project, related to seismic

probabilistic risk assessment (PRA), are probaliliseismic hazard analysis, seismic fragility

analysis including the effects of aging, and a fpsismic risk analysis.

To support the development of seismic capabilitgleation technology for degraded structures
and components, KAERI entered into a collaboratagmeement with Brookhaven National
Laboratory (BNL) in 2007. The collaborative resémetfort is intended to continue over a five
year period with the goal of developing seismicgility analysis methods that consider the
potential effects of age-related degradation of §%0d using these results as input to seismic
PRAs. In the Year 1 scope of work BNL collected aadewed degradation occurrences in US
NPPs and identified important aging characteristesded for the seismic capability evaluations
that will be performed in the subsequent evaluationthe years that follow. This information is
presented in the Annual Report for the Year 1 Tasntified as BNL Report-81741-2008 and
also designated as KAERI/RR-2931/2008. The repogsents results of the statistical and
trending analysis of this data and compares theltseto prior aging studies. In addition, the
report provides a description of U.S. current ratpry requirements, regulatory guidance
documents, generic communications, industry stalsdand guidance, and past research related
to aging degradation of SSCs.

This report describes the research effort perforine@NL for the Year 2 scope of work. This
research focused on methods that could be usexptesent the long-term behavior of materials
used at NPPs. To achieve this BNL reviewed timeaddpnt models which can approximate the
degradation effects of the key materials used i d¢bnstruction of structures and passive
components determined to be of interest in the Yleaffort. The intent was to review the
degradation models that would cover the most comthme-dependent changes in material
properties for concrete and steel components.
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1 INTRODUCTION

Year 2 Objectives:

The Year 2 research objective is to identify matatlmethodologies to represent the long-term
behavior of materials used in nuclear power plaiiN®Ps). Depending on the particular
component, material, environment, and loading, stiofe-dependent material degradation
models may be used in conjunction with probabdisitsk assessments (PRAS) to estimate the
time it would take for degradation of a componenintroduce significant risk to a NPP.

Approach:

Based on past experience, developing time-dependkgradation models is considered to be
extremely complex, very much component/materialetelent, environment dependent (e.g.,
temperature, moisture, radiation), load (strespeddent, and would be a significant undertaking.
In order to simplify the process, this researcbrtffelied on the available information that can be
identified in the literature both in the US and etmations, in the nuclear industry and other
industries; thereby providing a cost effective ne&nm achieve the stated goal. The level of
success of this effort, therefore, depends togelaxtent on the available information that can be
identified.

The approach used in this research effort was lieatcand review other studies in the open
literature in order to identify time-dependent miatle models which can approximate the
degradation effects of the key materials used endbnstruction or fabrication of the structures
and passive components determined to be of inteestthe Year 1 effort. It is envisioned that

the degradation models identified would potentialtyver the most common time-dependent
changes in material properties (e.g., strengthtildycmodulus), loss of material (e.g., corrosjon

erosion), and cracking. The time-dependent degmadanodels may be in the form of a

mathematical equation as a function of one or npam@ameters, statistical data from operating
experience, or test results.

Report Organization:

The annual report for the Year 2 task comprise§ @kections including one for References.
Section 2 of this report presents a scoping sthdy identifies risk-significant components and

their dominant materials, which are used in latctions for identifying the time-dependent

degradation models. Sections 3 through 5 provieleciiptions of the identified degradation

models, with an emphasis on concise summarieseoéslsential formulations, tables, important
parameters, and special considerations for theicapipin of these models in fragility analysis.

Section 3 is devoted to the concrete materialptbst common material in NPP construction. A
discussion of the relationship of concrete crackratteristics and reinforcement corrosion is also
presented in Section 3. Section 4 presents a synwhaegradation models for carbon and low-
alloy steels, and Section 5 presents degradatiodetmdor stainless steel. Conclusions and
important observations are presented in Section 6.






2 SCOPING STUDY OF MATERIALS AND COMPONENTS

2.1 General Observations

Age-related degradations of structures and passivegponents (SPCs) in nuclear power plants
(NPPs) are highly complex processes that may dependaterial specification, fabrication and
construction, normal and abnormal loading condgj@nvironment, maintenance programs, and
many other factors. Encapsulating all or most @fséhfactors in time-dependent degradation
models is essentially impractical. Most models fibum the literature (to be presented in later
sections) have their emphasis on some particulgradation factors. However, omitting some
factors in these models does not necessarily represgnificant drawbacks in their practical
applicability because the factors contributing t®CS degradations usually do not exist
coincidentally for any particular case. Therefatés extremely important that the use of any of
these models in the development of seismic capakgiraluation technologies must be under
careful scrutiny, with regard to the componentgjirestion and their associated factors such as
loading conditions, environment (e.g., temperatmeisture, or irradiation), and failure modes.

The difficulty in developing age-related degradatinodels for SPCs also lies in the difficulty in
identification of SPCs that are potentially sigecéfint in plant safety. This point is often not
obvious at first glance. As the number of differ&8RCs is relatively large, developing or
identifying age-related degradation models foradlthese SPCs are prohibitive, and therefore
such effort must be restricted to those SPCs ttehmst significant in affecting plant safety.
However, identification of safety-significant SP@s difficult as well. SPCs with higher
degradation occurrences may not necessarily impghjifeant risks to the plant safety, because
these components may be under active inspectiontem&ince programs or their degradation
may not be safety-related at all. On the other hamine SPCs that are subject to slow
degradation or not under regular maintenance map$e substantial risk to the plant safety,
especially for those components that are vulnerablew probability high consequence initiating
events, such as large earthquakes.

In developing/identifying degradation models folested SPCs, the ultimate use of these models,
to be utilized in the later stage of this multi-yeesearch program, must be considered in order to
maximize the usefulness of these models. In paaticsince the degradation models will be used
in the development of fragility models that may sider time dependent degradation effects,
dominant failure modes of these SPCs that defiaditthit states for the fragility models must be
envisioned during the identification and documeatebf the time-dependent degradation models
for the selected SPCs. As multiple failure modey o@ntribute to a common limit state for a
particular fragility model, selection of appropdatodels for degradation can be very difficult
because the degradation models available in thealitre are less likely to include all failure
modes in the domain of fragility analysis. Therefantegration of models from different sources
and the associated justification of such integratidl be very important.

The time-dependent degradation models can be infdlra of mathematical formulations,
statistical data from operating experience, or ttestilts. These models will be documented with
the background information, the description of tnedels, and assessment of the applicability for
fragility analysis.

The effort in identification/development of the dedation models relies on publicly available
information sources for cost effectiveness and dgleeconsiderations. Since the required models
may not be readily available from documents relaeNPP SPCs, sources from other industries
may also be used.



This section of the research report presents arsgatudy that comprises identification of SPCs
that are safety significant to NPPs and identift® of the dominant materials for the selected
SPCs.

2.2 Risk Significant Structures and Passive Components

The Year 1 annual report (BNL Report-81741-2008p alesignated as KAERI/RR-2931/2008
[Nie, 2008]) presents a survey of the degradaticourences using the Licensee Event Reports
(LERs) and developed statistics on the distributbthese degradation occurrences over various
controlling parameters. Utilizing the same figuhesn the Year 1 annual report for convenience,
Figure 2-1 shows the distribution of SPC degradgatiocurrences as a function of component
type (category of component). This figure was depet using data from LER 1999-2008,
NUREG/CR-6679 [Braverman, et. al., 2000], and LE®83-1997 (from NUREG/CR-6679).
Figure 2-2 shows the same three data series thed m@malized by the total number of
degradation occurrences for each data series. Ekmepata series from LER 1985-1997, that
explicitly excluded many piping components, these tfigures show that the top three
component categories having the greatest numbelegfadation occurrences are exchangers,
piping systems, and reactor pressure vessels (RAWs) somewhat large variations between
these two series and the LER 1985-1997 may benattigdl from the differences in the methods
for determination of the degradation occurrencesiamther possible biases in various aspects of
data collection and processing, as discussed ilvélae 1 Annual Report. However, the top three
component categories, identified as exchangeringigystems, and RPVs, can be accepted as
the most vulnerable components based on the ddgnadecurrences.

The collection of degradation occurrences of SP@ing Year 1 also revealed that structural
type components, i.e., containments, structural,st®ncrete, and anchorages occurred only 18
times, about 8% of all degradation occurrences. ¢él@n this observation should not be
considered as an indication that no significantraegtions occurred in structures, but as an
indication that the nature of the LER reportingtegs does not necessarily reflect the full scale of
structural degradation. Since the LERs tend to nepoents mostly related to operating
experiences having safety significance, structdegjradations usually represent less immediate
impact on plant safety, and are thus less likelyb¢oobserved and reported in LERs. Most
structural degradations can be found in the liteeathat involves results from special inspection
efforts and nuclear industry studies. For exampleREG-1522 covers data obtained from
walkdowns conducted at six plants [NUREG-1522, 199%erefore, structural components
should be considered appropriately when screerhegntaterials of SPCs for the purpose of
degradation model identification.

The SPCs that merit the most effort for researcitjuding identification of age-related
degradation models, should be those having the nmelssignificance to plant safety. The risk
significance of an aged component depends on thel lef its degradation (degradation
occurrence frequency) and its contribution to thstem risk (e.g. core damage frequency). A
scoping study by convolving the degradation occwes and the risk contribution over the SPCs
can be very costly to perform. Therefore, the smlrmf the most risk significant SPCs must be
based on available information in the literature.

NUREG/CR-6679 presents an extensive review of pasearch on aging, which included
NUREG/CR-6415 on age-related degradation on activeponents, NUREG/CR-6425 on aging
effects on seismic failures, NUREG/CR-6157 on agiskl assessment methods and applications,
and other relevant NUREG/CR reports and documddggond the evaluation of degradation
occurrences, NUREG/CR-6679 also included a scoptndy that was targeted at identifying
those SPCs that should have the highest priorityfdather research related to aging. This



prioritization was achieved by reviewing historic@ismic PRASs, license renewal inspection
reports, other NRC and industry requirements, aegkarch studies related to aging. The
NUREG/CR-6679 study aggregated information regadihe component’s seismic risk
significance, past degradation occurrences, impoetao the licensing basis/license renewal, and
adequacy of existing aging management programssitty concluded that masonry walls, flat
bottom steel tanks, anchorages, concrete, anddbpijeng were rated “high” using the various
measures and deserved further research. Masonty wate not included in the list of the ten
component categories studied in this BNL/KAERI abbiration research effort, because safety
related masonry walls are not commonly used in EofdPPs.

Combining the results from the trending analysidexjradation occurrences and the results of the
priority ranking from NUREG/CR-6679, exchangeripg systems, RPVs, tanks, anchorages,
and concrete are selected for use in identificatibmaterials that will be used for identifying
time-dependent models of aging-related degradalisshould be noted that although the list of
these components does not cover all SPCs, theialatiglentified for these components are used
extensively in the other components. Therefore,maost cases, the selected materials are
representative for SPCs in general.

2.3 ldentification of Dominant Materials

Among these six component categories, concretdréady a specific material and does not
require further screening. Concrete is an esserti@posite construction material used in many
NPPs for their basemats, containments, neutronidgige walls, slabs, and other structural
components. Concrete structures and componentsnasé important in resisting catastrophic
disasters such as potential large earthquakes.eftier concrete is the first material to be
examined in the next section.

For the four component categories, namely exchangeping systems, RPVs, and tanks, an
effort in determining dominant materials used iasth components was carried out by reviewing
the License Renewal Applications (LRAs). LRAs, aquired by 10 CFR Part 54 — the License
Renewal Rule, contains scoping and screening irdtom on structures, systems, and
components (SSCs) subject to aging managementweliRAs mostly include a section for
aging management review results, where for eaclomsgstem a list of materials, environment,
aging effects requiring management, and aging nemagt programs are listed. Therefore, by
reviewing these sections of the approved LRAs, dbminant materials for the selected risk
significant SPCs can be determined.

Table 2-1 shows an extensive list of common mdgetised in the NPP SPCs and their intended
functions (e.g. structural support, pressure bondend missile barrier) and the corresponding
intended subcomponents (e.g. bolting, shroud sapand structural steel). For this information
to be more useful in selecting the dominant materi connection to the selected component
categories must be established. A second roun@wewsf the relevant tables in the approved
LRAs focused on these specific component categageshangers, piping systems, RPVs, tanks,
concrete, and structural steel (and other metallterials). Table 2-2 shows the findings on the
materials, environments, and aging effects reqgirmanagement that are associated with the
selected component categories. It should be nbtgdhe data listed in the review result tables in
LRAs are not necessarily related to observed detjats but review results according to license
review rules. It should be further noted that thetarials listed in Table 2-2 do not represent an
exact count of the number of occasions that aquaati material has been used in NPPs. During
the review of the LRASs, it has been found thatrdésis steel and carbon steel are the most widely
used material for the majority of passive composenthile the other listed materials may be
used as cladding, fitting, nozzles, etc. Thereforegddition to concrete, which was found to be



the most dominant structural material, stainlesglsaind carbon steel are selected for review of
time-dependent age-related degradation models.

It should be pointed out that the selected comporategories include an extremely large
number of actual SPCs, which may fail in vastlyfatiént ways depending on their loading,
environment, intended function, failure mode, arldeo factors. The environment and aging
effect information in Table 2-2 provides typicakgarios for the purpose of identification of age-
related degradation models. However, the applinadiothe identified models to a SPC must be
verified for its actual situation.

Although dominant materials for NPP SPCs are sedefir identifying age-related degradation
models, the materials themselves must often beeglac the context of components when
discussing the degradation of these materials. €fbe, the models identified are mostly
associated with certain components and their enmigmnts.



Table 2-1 Summary of Materials and Their Intendaddfions and Subcomponents

Material

Intended Function

Intended Subcomponent

Low Alloy
Steel

Mechanical Closure (MC)

Bolting

Structural Support (SS)

Bolting
Shroud Support
Nozzle support pads

Pressure Boundary (PB)

CoNohRWNMERWNE P

Ductwork

Fittings

Heat Exchangers
Piping

Traps

Valves

Strainers

Shroud Supports
Manway cover bolts

. Closure head domes/flanges

. Upper shells

. Primary inlet/outlet nozzles

. Intermediate Shells

. Lower shells

. Upper shell flanges

. Closure studs, nuts and washers

Fire Barrier (FB)

. Fire Dampers

Heat Transfer (HT)

. Heat Exchangers

Debris Protector (DP)

1.Strainers

Carbon
Steel

Fission Product Barrig
(FPB)

r

Containment Isolation Valves

Containment Penetrations

Blind Flange

Piping

Reinforced Concrete

Steel Bellows

Structural Steel

Hangers/Supports for ASME Class | Piping

Structural Support (SS)

CoNoORWNREONOOEWNE

PR R R R
ORWNEREO

Anchors/Bolts

Miscellaneous Steel

Reinforced Concrete

Structural Steel

Hangers/Supports for ASME Class | Piping
Cable Trays and Supports

Support skirts and flanges

Refueling seal ledges

Tube bundle wrappers

. Wrapper supports

. Support skirt integral attachments
. Cranes

. Retaining walls

. EFWP Turbine casing

. Battery Racks




Material

Intended Function

Intended Subcomponent

16.
17.

Service Water Pump House (SWPH)
Main Condensers

Radiation Shielding (RS

Miscellaneous Steel
Reinforced Concrete
Structural Steel

Pipe Whip Restraint

Pl wneE

Miscellaneous Steel

Missile Barrier (MB)

Reinforced Concrete
Structural Steel

Pressure Boundary (PB)

©CoNohwNE MR

Steel Bellows

Structural Steel

Reactor Coolant Pump

Motor upper bearing oil

Heat Exchanger

Channels and covers

Excess letdown Heat Exchanger tubes
Surge/Spray/Safety/Relief nozzle
Secondary closure covers

. Emergency containment cooler headers
. Emergency containment cooler housings
. Valves Piping/fittings downstream

. Valves Piping/fittings upstream

. Refueling water storage tanks

. Residual exchanger shells and baffles

. Residual pump shells, covers, baffles

. Emergency containment filter housings

. Cleanout plugs

. Instrument air system piping/tubing/valves
. Diffusers

Heat Transfer (HT)

Structural Steel
Excess letdown Heat Exchanger tubes

Filtration

Debris screen gratings
Flow elements

Nickel
Alloy

Mechanical Closure
(MC)

Bolting

Structural Support (SS)

Bolting
Shroud Supports
Penetrations

Pressure Boundary (PB)

Flexible Connectors
Shroud Supports
Penetrations

Fission Product Barrier
(FPB)

PloNERONDE P INEIN e

Penetrations

Stainless
Steel

Mechanical Closure

(MC)

Bolting




Material

Intended Function

Intended Subcomponent

Structural Support (SS)

. Main Condenser

Bolting

Fuel Supports

Anchors/Bolts

Reinforced Concrete

Structural Steel

Hangers/Supports for ASME Class | Piping
Tube Trays and Covers

Reactor Coolant pump lugs

Tube support plates

Pressure Boundary (PB)

CONPUTAWONEBHOOND A WNE

. Structural Steel

. Orifices Reducers

. Primary loop elbows

. Excess letdown Heat Exchanger tubes
. Regenerative heat exchangers

. Surge/Spray nozzle thermal sleeve

. Instrument nozzles and Thermowells

. Surge/Spray/Safety/Relief nozzle safe ends
. Primary nozzle safe ends

. Control Rod drive mechanism rod travel

. Control Rod drive mechanism latch housing
. Control Rod drive mechanism housing flang
. Instrumentation tube/tube safe ends

. Bottom mount Instrumentation guide tubes
. Seal table fittings

. Primary nozzle safe ends

. Reactor coolant pumps

. Thermal Barrier heat exchanger tubes

. Exchanger nozzles

. Primary inlet/outlet lugs

. Inlet/outlet safe ends

. Containment Spray pumps

. Containment tube coil bands and clips

. Containment cyclone separators

. Valves Piping/Tubing fittings

. Accumulators
. Safety injection pumps
. Flow elements Orifices

Ductwork

Fittings

Flexible Connectors
Piping

Strainers

Tubing

Valves

Penetrations

Steel Bellows

houses

upstream/downstream

)
je




Material

Intended Function

Intended Subcomponent

A AR LOW
O~NOUDWNREFPOOO®

. Residual heat removal pumps

. Residual exchanger tubes (outside/inside)
. Residual exchanger tube sheets

. Check valve

. Heater Sheaths

. NaOH Storage tank

. Hydrazine storage tank

. Eductors

. Boric acid makeup tank

. Charging pumps

. Instrument air system piping/tubing/valves

Fission Product Barrier
(FPB)

Penetrations

Containment Isolation Valves
Containment Penetrations
Reinforced Concrete

Steel Bellows

Structural Steel

Debris Protector (DP)

Strainers

Heat Transfer (HT)

Excess letdown Heat Exchanger tubes
Regenerative heat exchangers

Thermal Barrier heat exchanger tubes
Exchanger nozzles

Containment tube coil bands and clips
Residual exchanger tubes (outside/inside)

Support Thimble Tubes

Instrumentation tube/tube safe ends
Bottom mount Instrumentation guide tubes
Seal table fittings

Seal tables

Flow Distribution

NogohrwdbdkE AONMNREROOORWNE P OOMWGDNE

Lower core plates and fuel pins
Core barrels and flanges

Baffle and former assemblies
Head cooling spray nozzles
Lower support castings
Containment cyclone separators
Flow elements

10




Material

Intended Function

Intended Subcomponent

Core Support

CoNoOhRwWNE

Lower core plates and fuel pins
Core barrels and flanges
Lower support columns

Radial keys and clevis inserts
Baffle and former assemblies
Upper support plates/columns
Head/vessel alignment pins
Guide tubes/pins

Internals hold-down springs

. Bottom mounted Instrumentation column
. Upper Instrumentation column

. Lower support castings

. Bolting upper/lower support column

. Bolting guide tube

. Bolting clevis insert

. Bolting baffle/former

. Bolting barrel/former

Filtration

Debris screen banding

Copper
Alloy

Pressure Boundary (PB)

Fittings

Heat Exchangers

Tubing

Valves

Cooling Unit tubes/fittings

Heat Transfer (HT)

Heat Exchangers

Aluminum
Alloy

Pressure Boundary (PB)
Structural Support (SS)

Ductwork

Heat Exchangers

Instrument air system piping/tubing/valves
Motor Bearing cooler fins

Heat Transfer (HT)

PlRPONE PO~ DE

Heat Exchangers

Structural Support (SS)

Cable trays and supports
Seismic Restraints for spent fuel storage
Cover plates — Pull boxes

Elastomers
& Zinc
Alloy

Pressure Boundary (PB)
Structural Support (SS)

NEWwN e

Ductwork
Panel Joint seals and sealant

Concrete

Structural Support (SS)
Flood Barrier

Radiation Shielding (RS
Missile Barrier (MB)
Fission Product Barrier
(FPB)

Heat Sink

PR

Reinforced Concrete

Retaining walls

Caissons

Service Water Intake Structures (SWIS)

Galvanized
Steel

Structural Support (SS)

PR

Anchors/Bolts

Miscellaneous Steel

Hangers/Supports for ASME Class | Piping
Cable trays and supports

11




Material

Intended Function

Intended Subcomponent

Radiation Shielding (RS
Pipe Whip Restraint

Miscellaneous Steel

Glass

Pressure Boundary (PB)

Fittings
Sight glass

Low-Alloy
Steel with
Stainless
Steal
Cladding

Pressure Boundary (PB)

Closure head domes/flanges
Primary inlet/outlet nozzles
Intermediate Shells

Lower shells

Circumferential welds
Bottom head toruses/domes
Tube sheets

Carbon
Steel with
Stainless

Steel
Cladding

Pressure Boundary (PB)

Upper and lower heads
Surge/Spray/Safety/Relief nozzle
Manway covers

Channel heads

Primary inlet/outlet nozzles
Inlet/outlet safe ends

Primary manways

Alloy Steel

Pressure Boundary (PB)

Upper/lower shells
Elliptical heads
Transition cones
Feedwater nozzles
Steam outlet nozzles
Blowdown nozzles
Seismic lugs

Shells

Tube sheets

0. Conical skirt
1

. Closure bolting

Throttle

Steam flow limiters

Alloy 600

Pressure Boundary (PB)

Control Rod drive mechanism house tubes
Head vent pipes

Core support lugs

Instrumentation tube/tube safe ends
U-tubes

Heater sleeves

Nuclear Sampling cooling tubes

Core Support

P INoogrwNPE P IRBOONOORONMNRENOORONRENOGRWNEINE P

Radial keys and clevis inserts

Flow Distribution

Divider Plates

Alloy
690 TT

Pressure Boundary (PB)

Steam generator tube plugs
Heater sleeves
Tube plugs

Alloy
X-750

Core Support

SR IRl

Bolting upper/lower support column
Bolting guide tube
Bolting clevis insert
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Material Intended Function Intended Subcomponent
Chrome-
plate Alloy | Structural Support (SS) | 1. Anti-vibration bars
600
1. Emergency containment cooler tubes
Admiral Pressure Boundary (PB) 2. Reactor cooling coils
é?:;sasty 3. Instrument air system piping/tubing/valves
Heat Transfer (HT) 1. Emergency containment cooler tubes
1. Containment spray pump seal water heat
exchanger shells and covers
2. Safety injection pump thrust bearing coolers
Cast Iron | Pressure Boundary (PB) 3. Injection pump shells and covers
4. Safety bearing coolers
5. Instrument air system piping/tubing/valves
6. Filters/Strainers
7. Containment spray pump seal water heat
exchanger tub shields
8. Containment exchanger flex fittings
9. Safety injection pump shaft seal heat
exchanger tube shields
Brass Pressure Boundary (PB) 10. Emergency floodjet spray nozzles
11. Containment cooler flex connectors
12. Cooling Unit tubes/fittings
13. Dampeners
14. Filters/Strainers
Bronze | Pressure Boundary (PB) 1. Spray nozzles
1. Safety injection pump shaft seal heat
Inconel Pressure Boundary (PB) exchanger tubes (inside)
Heat Transfer (HT) 2. Safety injection pump shaft seal heat
exchanger tubes (outside)
Rubber | Pressure Boundary (PB) 1. Flexible hose and coupling

13
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Table 2-2 Dominant Materials for Selected Composient

nggggfynt Materials Environments Aging Effects Requiring Management
Alloy 600 Air (Ext) Buildup of Deposit
Alloy 690 Air (Int) Crack initiation and growth
Alloy Steel Containment Air(Ext) Cracking
Alloy X-750 Gas (Ext) Heat transfer degradation
Aluminum Gas (Int) Loss of Material
Brass Lubricating Oil (Int) Loss of Material — Erosion
Bronze Oil (Ext) Loss of Material — Selective Leaching
Carbon Steel Qil (Int) Loss of preload
Exchangers Carbon Steel w/ SS Cladding | Plant Indoor Air (Ext)
Cast Iron Raw Water (Ext)
Chrome-plated Alloy 600 Raw Water (Int)
Copper Steam (Int)
Copper Alloy Treated Water (Ext)
Copper Nickel Treated Water (Int)
Gray Cast Iron
Low Alloy Steel
Nickel-Based Alloy
Stainless Steel
Alloy 600 Air (Int) Buildup of Deposit
Alloy Steel Atmosphere/Weather (Ext) Cracking
Bare Copper Concrete (Ext) Heat transfer degradation
Brass Containment Air (ext) Loss of Material
Piping Brass Alloy Ggs (Int) Loss of Mater?al - Eros?on
Systems Bronze Oil (Int) Loss of Material — Fretting
Carbon Steel Plant Indoor Air (Ext) Loss of Material — Selective Leaching
Cast Iron Primary containment Air (Ext)
Copper Alloy Raw Water (Ext)

Copper Nickel
Galvanized Steel

Raw Water (Int)
Soil (Ext)




ST

Component

Materials Environments Aging Effects Requiring Management
Category
Gray Cast Iron Steam (Ext)
Low Alloy Steel Steam (Int)
PVC Treated Water (Int)
Rubber Wet Air/Gas (Int)
Stainless Steel
Alloy 600 Containment Air (Ext) Changes in dimensions
Alloy X-750 High prity water Crack initiation and growth
Reactor Carbon Steel Primary Containment Air (Ext) Cracking
P Cast Austenitic Stainless Steel| Reactor coolant water Cumulative Fatigue
ressure :
Vessel Copper Alloy Steam (Int) Loss of Material
(RPV) Low Alloy Steel Treated Water (Ext) Loss of preload
Nickel-Based Alloy Treated Water (Int) Reduction in fracture toughness
Stainless Steel
Steel Alloys
Aluminum Air (Int) Cracking
Carbon Steel Air/Gas (Int) Loss of Material
Carbon Steel w/ SS Cladding | Atmosphere/Weather (Ext)
Cast Austenitic SS Containment Air (Ext)
Epoxy Coated Carbon Steel Fuel Oil (Int)
Fiberglass Lubricating Qil (Int)
Tanks PVC Plant Indoor Air (Ext)
Stainless Steel Primary Containment Air (Ext)
Raw Water (Int)
Soil (Ext)
Treated water (Int)
Wet Air/Gas (Int)
Concrete Air/Gas Aggressive chemical attack
Concrete Concrete Block Atmosphere/Weather (Ext) Change in Material Properties
Grout Containment Air (Ext) Corrosion of embedded steel

Plant Indoor Air (Ext)

Cracking




91

Component

Category Materials Environments Aging Effects Requiring Management
Raw Water (Ext) Cracking / Loss of Bond/Material
Soil (Ext) Cracking and Expansion
Increase in porosity and permeability
Leaching of calcium hydroxide
Loss of Material
Loss of Strength
Reduction in Concrete Anchor Capacity
Aluminum Air/Gas Cracking
Structural | Bronze Atmosphere/Weather (Ext) Loss of Leak Tightness
Steel and | Carbon Steel Containment Air (Ext) Loss of Material
other Cast Iron Plant Indoor Air (Ext) Loss of Mechanical Function
Metals Galvanized Raw Water (Ext)
Stainless Steel Treated Water (Ext)
Note:

Loss of Material: Crevice Corrosion, FAC, Galva@iarrosion, General Corrosion, MIC, Pitting Corrasio
Steel Alloys: Various SA 182, SA 336, SA 350, SAB58A 516, etc.




Number of Occurrences

Percentage of Total Occurrences in Each Category

Degradation Occurences by Components

120
OLER 1999-2008
B NUREG/CR 6679
ONUREG/CR 6679 (LER 1985-1997)
100
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60 1
40 1 —1
20 1
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Exchanger Piping RPV Containment Concrete Filter Structural Tank Vessel Anchorage
system steel
Component

Figure 2-1 Distribution Comparison of SPC Degramtatdccurrences over Component

Normalized Occurences

45.00%
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40.00% 1 mMNUREG/CR 6679
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25.00% —

20.00% 1 —

15.00% 1 —
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Exchanger Piping RPV Containment  Concrete Filter Structural Tank Vessel Anchorage
system steel

Component

Figure 2-2 Comparison of Normalized DistributionS®C Degradation Occurrences over
Component
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3 DEGRADATION MODELS FOR CONCRETE

Concrete as the most common construction matenaiPPs has been under active research for
degradation, especially because degradation oftates and passive components (SPCs) has
been a critical consideration when the operaticgnées of NPPs are extended beyond their
initial operating license period. The importancetioé aging-related degradation of concrete
components and structures lies in that they argeimeral used to house the reactors and other
importance equipment, guard their safety agaimgelaatural disasters such as earthquakes, and
contain and mitigate the postulated release obeadive materials. A recent study [Naus, 2007]
indicated, using data from a survey of the U.Sities, that the design and construction errors
were the major contributors to the problems assediaith concrete in NPPs and these problems
were corrected when they initiated during constonct This assures that the concrete
construction in NPPs is of high quality in mateselection, batching, mixing, placing, curing,
and other construction processes. However, protbreggosure of the concrete structures and
components to harsh environments, such as freeamd) thawing, elevated temperature,
irradiation, vibration/fatigue, chemical attacksc.ecan lead to degraded material/component
properties. The same report also recognizes tlabuglh most of the concrete structures and
components in NPPs can meet their performance &gt during the current (40 years) and
extended (20 years) operating license period, tsolalegraded concrete members may not
always be able to meet the desired performancectagmn without appropriate maintenance. In
fact, degradation of SPCs, especially concrete S®R€se observed and found to be in need of
maintenance by the licensees when NRC staff coadumt-site audits of six plants between July
1991 and August 1992 [NUREG-1522, 1995]. The diffic in maintenance programs for
concrete structures in the past was due in pafttadk of accessibility for identification of
degradation occurring within the concrete memben the belief that concrete structures were
originally built to be highly reliable.

With a substantial list of references, Naus [200fdvides an extensive and in-depth review of
important factors that contribute to concrete degtian, with emphasis on factors that apply in
NPP environment. Degradation of concrete members @acur in the concrete material,

reinforcing steel, prestressing steel, and/or Isteel. For these material types, this referense ha
a detailed table for degradation factors that eapalct the performance of concrete members,
which includes categories such as aging stressovsle conditions, aging mechanism, aging
effect, potential degradation site, and relevartesi0As described in this report, water is the
single most important factor controlling the degt#amh process of concrete. Other primary
factors, that may not applicable for all concretenmbers, include freezing and thawing,

aggressive chemical attacks, abrasion, corrosiostedl reinforcement and other embedded
metals, and chemical reactions of aggregates. @ik the most dominant degradation effect
for concrete, and can lead to reinforcement casrosiPrimary concerns of aging related

degradation in concrete members relate to corrosfosteel reinforcement and liner, leaching,

and loss of adequate pre-stress.

Given the composite nature of reinforced concresgenml, the many factors that contribute to

concrete degradation, and the complexity of thesjglay processes in concrete degradation, it is
impossible to have a universal model that encapsalathese parameters. Similarly, the effort in

locating models that cover all related factors bantremendous, if these models exist at all.
Therefore, the effort will be concentrated on thailable information for viable models that are

potentially important in the fragility analysis.

In Section 3.1 which follows, an overview of cragkiin terms of the relationship between crack
characteristics and corrosion is given. In Secti®@sthrough 3.6, a description of several time-
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dependent degradation models for concrete and stéédflorcement (rebars) is presented. It

should be noted that this description providesrarsary of the degradation models and presents
the fundamental equations along with the key patarseused to define the degradation. For

further information and proper implementation oé4h models, the references cited should be
utilized. For the convenience of notation, some ef®dre designated as the name of the leading
author that the referenced model was reviewed,notitnecessarily as the first person who

developed the model.

3.1 Overview of Cracking and Corrosion

Appendix C of the report by Naus [2007] providesneodiscussion on concrete cracking and
steel reinforcement corrosion based on researctiinfjs from 36 different sources. The
discussion is grouped into two aspects: (1) hoaclcrcharacteristics affect corrosion, and (2)
how corrosion affects crack characteristics.

3.1.1 Effects of Crack Characteristics on Corrosion

As reported, experiments have not shown a defaitionclusion for the influence of the cracks
on the corrosion of steel reinforcement. Dependimghe crack orientation, either in parallel with
the reinforcement or intersecting the reinforcemehe effects of crack characteristics on
corrosion of steel reinforcement can be differ&dme researchers believe that cracks create
passages for corrosion agents such as carbon djodbrides, water, and oxygen to reach the
reinforcement and provide storage space for canoproducts, therefore accelerate corrosion
initiation. Many concrete codes accept this thdmyylimiting the crack widths at the concrete
surface based on surrounding environments. Thizryhwas confirmed by experimental results
[e.g., Ida and Yokomuro, 1987]. Some other resegischelieve that although cracks in concrete
may accelerate corrosion initiation, continuingrosion is minimal because corrosion is confined
to the vicinity of crack-rebar intersections.

For cracks that intersects with steel reinforceméntas been assumed that the localized
corrosion occur only at a zone of 3 times of tHeradiameter around the crack. However, recent
studies showed that the corrosion zone could k@S as long as the rebar diameter. There was
evidence that the width of surface cracks may ediathe length of corroded rebar but not to the
amount (depth) of corrosion [Beeby, 1979], as showiTable 3-1 in which the specimens with
various crack widths were stored outdoors for 1@rgelt is also reported that test data showed a
linear relationship between the degree of corroaimhthe surface crack width for exposures of 1
and 2 years, but this relationship did not holddgposure periods extending to 4 and 10 years.
This conclusion coincides with the theories disedsi the previous paragraph, i.e., the crack
width affects the corrosion initiating time but reignificantly thereafter. A reported recent study
by Francois and Arliguie [1999] showed that commosof rebars was not significantly affected by
cracks with widths up to 0.5 mm, however was inflced by loading. Little evidence has been
found showing wider cracks lead to faster corrosibrebars [Beeby, 1978]. In summary, larger
crack widths are likely to start corrosion earlprt the rate of corrosion are not significantly
influenced by crack widths.

It is also reported that the time-dependent bemasidhe cracks can have different effects on
corrosion. Cracks with unvarying widths may be k&t or self-healed by deposition and
therefore do not cause further corrosion aftera=on initiation. On the other hand, active cracks,
such as those caused by varying loads, can prak&eorrosion agents the access to the steel
reinforcement. The frequency or the number of csaako has an influence on corrosion depth.
Surface cracks are not always accurate indicafqoessible corrosions because their widths may
vary through the cover or they may not reach thelseinforcement.
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3.1.2 Effects of Corrosion on Crack Characteristics

The second aspect of the relation of cracks anesion is that corrosion of steel reinforcement
can result in concrete cracking. Cracking due tarasion of reinforcing steel is important
because cracking of concrete cover accelerateseston and consequently completes a positive
feedback loop. Based on studies of the deterioraifdoridge decks, concrete cracking occurs in
2 to 5 years after corrosion initiation [Cady andeyars, 1984], a time range designated as
cracking period. Corrosion rate has been founcetthb most important factor in determining the
cracking period, while the concrete cover deptbareconfiguration, and concrete grade are not
as significant. Table 3-2 shows the relation betwdne time for visible cracks and the various
levels of corrosion rate found in field conditig@gdrade, Alonso, and Molna, 1993]. The ratio
of cover to rebar diameter (C/d) is a significamtrosion protection parameter. For C/d > 2, rebar
radius losses of 50 um, 100-200 pum, and 300 unitresarack widths of about 0.05 mm, 0.3
mm, and 1 mm, respectively. For GI@, a crack width of 0.05 mm only requires a rataaius
loss of 15-30 pm [Alonso, et al., 1998]. Definitenclusions for larger crack width cannot be
drawn because of large data scattering. After craitiation, linear relationship can be sought
between crack with and rebar radius loss up totd0B00 um; above this level of radius loss,
such a relation cannot be prescribed because tiiigemtion of structural elements dominate.

General conclusions on cracking of concrete comdrarrosion of rebars are provided by Naus
[2007]. These general conclusions, as guidelings, aso important in the selection of
degradation models for concrete SPCs. These gerwrealusions are quoted in the following.

» Crack characteristics of importance to corrosiauide width, orientation, or type;
propagation status; frequency of occurrence; aagesh

» Although larger crack widths increase the probgbdf corrosion, values of crack width
are not always reliable indicators of corrosiomleterioration expected;

* There appears to be a relationship between sucfack& width and corroded length, but
it is difficult to define a relationship betweernrfaice crack width and magnitude of
corrosion;

» Cracks along reinforcement are of more importahae transverse cracks relative to
accelerating corrosion;

» Active crack widths are more likely to accelerdtte torrosion process than passive crack
widths;

» Load can accelerate the corrosion process;
» Visible cracks due to corrosion appear after retifg section losses of 10 - 50 um;

» Ratio of cover to bar diameter is a significantrosion parameter, with amount of
corrosion required to produce cracking increasmgafio increases;

* Experimental results indicate that performanceeaafbs, columns, and walls exhibiting
corrosion can improve up to point of concrete ciragkand

» Corrosion cracking can affect failure mode, withaks that coincide with loading
direction having the most effect.

3.2 The Power Model

In a study of reliability-based service life prao, Mori [2005] assembled a set of models that
represent time-dependent concrete strength incraadeproperty deterioration. This set of
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models were collected from the literature [Albreahtd Naeemi, 1984; Clifton and Knab, 1989;
Tuutti, 1982; Vesikari, 1988; Washa and Wendt, 19¥&sha, et al, 1989]. Their applications are
very straight forward because the study by Mos fite current research agenda that will be
focused on fragility in the next phase.

The strength of concrete, if prepared well durimgpatruction, can increase due to hydration
beyond the initial 28 days when the compressivengthf’ . is specified. This increase can be as
large as 2 times or more if protected from harskirenment. Equation 3-1 shows an
experimental equation for the increasef'gft) derived from experiments over 50 years [Washa
and Wendt, 1975; Washa, et al, 1989]. The studyetahat the increase 8f(t) has a linear
relation with the logarithm of age during the fif€d to 50 years, and changes very little in the
time after. The time-dependent compressive streoigtioncretef ((t), can be expressed as,

f'e(@® _(a+pBInt t<ty
/fczg_{a+ﬁlntM t >ty (3-1)

wheref,, is the 28-day compressive strength, t is time agsd andyy is the age to maturity.
Parametety, depends on the concrete chemical compositioncéicrete consisting of relatively
low C,S, ty= 10 years and’.(ty)/fc,, = 1.67, which results iar =0.541 and/3=0.138. The

coefficient of variation in the 50-year compresssteength of concrete varies between 5% and
10%, which is relatively low for engineering magdsi

As pointed out by Mori [2005], permeability is theost important factor controlling the quality
of concrete, because it controls the rate of irgyadsaggressive substances. It should be noted
that this observation does not contradict with tfaNaus’s [2007] stating that water is the most
important factor in concrete degradation, becausgemwis the major factor affecting the
permeability of concrete and degradation occurstijnegen water is present. Mori [2005] also
noted that the most significant stressors for catecstrength degradation include freeze-thaw,
sulfate attack, alkali-silicate reactions withinnceete, and fatigue. It was also pointed out that
corrosion is the most important degradation meamarfor deformed rebars, and loss of pre-
stress by tendon relaxation, anchorage failuresoocrete creep is the most important one for
prestressing tendons.

The depth of attack or deterioration can oftendmesented by the following power model,

0 fort < T,
X = {C(t ~T)® fort>T, (3-2)
in which T is the elapsed timeT, the initiation time for the deterioration processthe rate
parameter that depends on the concrete mix arehuisonment/loading, and the order of the
power model that depends on the nature of thekatRarameter€ anda must be determined
from tests suitable for the concrete componentntdrest. For diffusion-dominant degradation
processes; = Y2, while it can also be greater than one forrotlegradation mechanisms.

For uniform corrosion of steel reinforcement, X{@hich is measured inm and in years, the
degradation rate paramet@rcan be found in the literature to be in a rangé®fo 125 and the
parameten is in a range of %2 to 1. The coefficient of vaaatin C can be as large as about 0.5;
while a can be treated as deterministic.

Factors affecting the time to initiate corrosionstéel rebarsT,, include at least the permeability
of concrete, existing surface cracks, and the ti@sk of concrete cover. Carbonation, a process
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that carbon dioxide penetrates the concrete cawtreduces the natural alkalinity of concrete, is
a diffusion-dominant process. Corrosion starts wthendepth of carbonation or penetration of
aggressive ion reaches the steel reinforcementdépth of carbonation can be modeled as,

X(t) = KVt, (3-3)

where K is an experimental constant, and for cagssno exposure to rain, it can be estimated
as [Tuutti, 1982],

K =26(W/C—03)*+1.6 (mm/year'/?), (3-4)

in which WIC is the weight water-cement ratio. Although cragkin concrete do not always
represent actual degradation in concrete streitgthn greatly decrease the initiation tifieFor
these cases where cracks are present, the deqhboination can be found using the crack width,
W,

X(t) = 50¢w YVt (mm). (3-5)

The corrosion initiation timd, has been assumed log-normally distributed witlveffizient of
variation equal to 0.20 [Vesikari, 1988].

For fragility analysis, a limit state can be deflres a function of the structural resistafg of
interest and the relevant loads. For a given Istate, the required structural resistance, such as
flexural, shear, or compression strength, can delihe depth of attack(t) to consider the level

of degradation. It should be noted that the stmattiesistance as a function of the depth of attach
may not be linear. As an example, the reductiotheftensile strength of a rebar due to loss of
section area from corrosion can be determined by,

2C(t = T)*)?

5 (3-6)

R(t)/Ro = [1 -
in which Ry is the tensile strength of reinforcing bar withoatrosion.
3.3 Thoft-Christensen’s Model

3.3.1 Time for Corrosion Initiation by Chloride Penetrati on

Corrosion initiation timeT,, refers to the time during which the passivatibsteel reinforcement
is damaged and the active corrosion of rebarssstatis process is fairly complex so that an
accurate understanding of the underlining physiaal chemical processes is not available.

One of the models is based on Fick’s law of diffsio represent the rate of chloride penetration
into concrete [Thoft-Christensen, 2003; Li, et2003]. Givenx as the depth from the concrete

surface and as time, the chloride ion concentrati®, t), as weight percentage of cement,

satisfies the following partial differential equati

ac(x,t) _) 92C(x,t)
at ¢ 0x2

in which Dy is the chloride diffusion coefficient with a umit [Lengttf]/[Time]. The solution of
Equation 3-7 can be shown to be,

(3-7)

Clx,0) = C, [1 — erf(—= )], (3-8)

2./D, - ¢
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in which Cy is the equilibrium chloride concentration on tlemcrete surface, and erf is the error
function. Models with spatial and time variation@f or variation ofD, with respect to« have
also been developed in the literature. InversioBaiation 3-8 can lead to the following equation
to determine the corrosion initiation tirig

d? Cy— C..\) 2
= -1 —O cr 3'9
I =1, {erf ( Co )} (3-9)

The diffusion coefficienD, is not a physical parameter of a concrete memferttzerefore must
be determined by experiments. Studies in the tileeahave shown that the most important
factors that affecD. are the water-cement ratid/C, temperatured, and the amount of e.g.,
silica fume. D, increases significantly ag/C and/or @ increase. Thoft-Christensen [2003]
provided a figure showin®. as a function ofM/C and @ for concrete of 0% silica fume. From
that figure, the minimum value @, was reported as 0.31x ¥om’/s for W/C=0.2 and® = 4°C,
and the maximum value &f, as 80x 10% m/s forW/C=0.70 andd =35°C.

3.3.2 Corrosion of Reinforcement

After the initiation of reinforcement corrosion,ettcorrosion evolution process can be very
complicated. Thoft-Christensen [2003] providedrae liner relationship for the rebar diameter
D(t) as,

D(t) =Dy—C.R.(t—T;), t=T (3-10)

in which Dy is the initial diameteIC; a corrosion coefficient, arfe. the corrosion rate.

3.3.3 Initiation of Cracking

Around the interface between the rebars and camcrigiere is a porous zone that can
accommodate a certain amount of corrosion prodddts. porous zone is not a homogeneous
field with voids, with porositytpe ratio of the void volume to the total bulk woB) close to 1 at
locations close to the rebars. it be the thickness of an equivalent zone aroundar reith
porosity 1 angc be the density of corrosion products, the amot@imbaosion products that the
porous zone can accommodate can be expressed as,

WP=HP'T[‘pc‘D0. (3'11)

Upon filling up the porous zone, the corrosion prcid start to produce expansive pressure in
concrete near the rebars and eventually resuticks when the corrosion process continues. The
corrosion products at initial cracking of concretcupy the porous zone, the expansion of the
concrete &), and the space of corroded stadt)( The total amount of corrosion products that
leads to the incipient development of cracks aetifp is designated as the critical corrosion
productsWc, which can be expressed as,

WC = WP + WE + WS . (3'12)

Let He be the thickness of the expanded concrete ardwenddrroded rebar at tinTe, then,
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WE = HE *Pc ﬂ(D + ZHP) . (3'13)

By assuming the concrete homogenous and elastiausing a thick-walled concrete cylinder
model, Liu and Weyers [1998] derived the criticgbansion thicknesde to be,

a=(D+2Hp)/2
b=c+ (D +2Hp)/2

H, = cff <a2 + b? ) , (3-14)

+ v,

Eef b2 —az ¢

in which ¢, Eg, f{, v. are the concrete cover, effective elastic modulessile strength, and
Poisson’s ratio of the concrete, respectively.

The corrosion products that occupy the steel reiefment spacés, can be determined by,

Pc
Ws = Mgteel » (3-15)
Psteel

in which Mgeei@ndpsieer are the mass of the corroded steel and the desfssteel, respectively. It
should be noted thadfls. is proportional to/\g; the ratio between them have been found to be
0.523 or 0.622 for two types of corrosion prodytisi and Weyers, 1998]. Assumingsee =
0.5\ for simplicity, solving Equation 3-12 yields,

(W + W) (3-16)

Liu and Weyers [1998] formulated the rate of cangroduction as a function of time (years)
starting at corrosion initiation as,

AWryst(8) _ Kt (8)

. (3-17)
dt Wiyst ()
In which W, (1) is the corrosion products akgs(t) can be assumed as,
kyuse (t) = 0.383 x 1073D R, (t) (3-18)
Integrating Equation 3-17 gives,
t
Wiia(®) = 2 [ s (Ot (319)

0

When the corrosion raté:(t) can be modeled as time-independent, the incrahémte Atk
from corrosion initiation to incipient cracking cae estimated from the above integral by letting
VVrust(Atcrack):WC,
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crack = ok st 2% 0.383%x1073D R, (3-20)
The crack initiation time is then given by,
Tcrack = TI + Atcrack . (3'21)

3.3.4 Corrosion Crack Evolution

As corrosion production continues, the crack widiH be increasing, starting with an initial
crack widthwy at Teace Field measurements have not yet been possibbstablish a time-

dependent model for the crack growth. Thoft-Chrise: [2003] showed a simple linear
relationship between the crack widtft) and the decrease of the diamé&egiven by,

Aw = yAD, (3-22)

wherey was estimated to be in a range of 1.5 to 5 by Adelet al. [1993].

Another approximation to the relationship betwesw and AD was developed by Thoft-
Christensen [2003] by assuming that the total craatkme equals the volume of the corrosion
products, and is shown by the following equation,

1/ D/2
E(D/Z +c

AD
Prust _ 1) -y (3-23)

e aw=
+)CW >

Dsteel

The ratiop,,st/Pstee; NAS a value typically in the range of 2 to 4, deeyp on the type of
corrosion products. This model is similar to theeir model as shown in Equation 3-22; an
example using this model showed an equivajeintthe range of 1.4 to 4.2, in good agreement
with the test results [Andrade et al., 1993].

Spalling of concrete can be simulated by finitenedat analysis by combining the models
developed above. The criterion for the spallinguomnce is that a set of cracks form a
mechanism to separate a piece of concrete fror8 B

3.4 Basheer's Model

Besides a qualitative macro-predictive model dgwetb by Basheer, et al. [1996], a micro
predictive model was also formulated for quantitprediction of the deterioration of concrete
structures. This model consists of transport modietsthe moisture, ions, and heat transfer
through the cement paste, deterioration modelthfocorrosion, physical and chemical processes,
and a structural model for the crack developmernt e associated strength reduction and
dimension changes. This model was implemented usi@dinite element method (FEM). This
micro model can be adapted for use in the contéxXtagility analysis, especially for those
fragilities developed using FEM. Only the chloridi@gsed model was presented in Basheer, et al.
[1996].
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3.4.1 Transport Model for Chloride lons

This chloride ion transport model is different frahe Thoft-Christensen model [2003], in that
the principle of mass conservation was added toFibk’s diffusion law. This model can be
expressed as,

ac 19S
— =di - 3-24
o div[D.V(C)] —= (3-24)

in which C is the free chloride concentration ie fforous body (mol/cfjy S the bound chloride

ions (mol/cm), w the content of water in which diffusion takes plgper unit mass of cement),
and D, the chloride diffusion coefficient in the pore stidn (cn/s). The relationship between
the free and bound chloride, representing the sliffu-reaction-equilibration process, is given by,

S=C,—w,C, (3-25)

whereC; is the total chloride ions (mol/cinandw, the evaporable water content. For a fully
saturated concrete under isothermal conditionsfrée and total chloride concentration can be
shown to satisfy the following governing differatequations,

a ac
1+ —)— = div[D t(*6=25W/O y(C
( w1 2RO o a “ (3-26)
@ % (0.6-2.5W/C)
( + we(1 + ﬁC)Z) ot div[Dct vl

wherea andg are constants.

The application of this model will require moreaffin implementing the mathematical models
in FEM.

3.4.2 Corrosion Model

Tutti's model [1982] for corrosion was adopted bgsBeer, et al [1996] to consider only the
effect of chloride ions. The original Tutti's modmnsidered the combined effect of chloride ions
and carbonation. This corrosion model consistswaf phases for initiation of corrosion and

propagation of active corrosion. The transitionwessn these two periods occurs when the
protective passivating film cannot be repairedisigtly by hydroxyl ions after being damaged

by the chloride ions.

The chloride transport model can be used to deteriiiie corrosion initiation period, at the end
of which the total chloride ion concentration exde¢he threshold. The threshold total chloride
ion concentration has been reported in the larggeaf 0.2 to 2.8 kg/M[Funahashi, 1990].
Assuming a threshold of 0.7 kg/rt0.02 mol/cm) and a surface chloride concentration of 2.8
kg/m?, it requires 25 years for the chloride concertratb exceed the threshold at a depth of 7.5
cm.

A simplistic model was used to represent the irsweaf the diameter of steel rebars due to the
production of hydrated red rust, and is given ly/ftillowing formula,
i
AD = tog—2—

) 3'27
DO Pcor ( )
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in which Dy is the original diametet,,, the duration of steady state corrosisthe rebar spacing,
jr the rate of rust production per unit area, pngd= [1/p, — 0.583/py] /2 ~ 3.6 g/cm?,
wherep, andpg are the mass densities of Fe(@Hhd steel. This model was simplified even
further to,

(3-28)

|+

3.4.3 Structural Model

Following Goltermann’s approach [1994], the confaretssure between the rebar and the cement
paste is given by,

p = AD G,K,

v E
GoKo = Ep/[(1+ ?p) + 120,
S

(3-29)

in which E, andEs are the Young’s moduli of the paste and the stespectively, ana, andvs
are the Poisson’s ratios of the paste and the, siespectively. A crack is initiated when the
contact pressung exceeds the fracture strength of the concrete.

3.5 Sarveswaran’'s Model

For use in reliability analysis of deterioratingustures, Sarveswaran and Roberts [1999]
proposed a linear corrosion model to representidbe of cross section area of a rebar. This
model is given by the following equation,

AA = R (t — tini)
3-30
R.=(—mE —¢) + U, ( )
whereR; is the corrosion raten andc are empirical coefficients determined from sitst tE is
the measured half-cell potential (m\Y,. is the model uncertainty associated with the coro
rate model, ant,;; is the time at which the chloride concentratiothatrebar surface reaches the
threshold for corrosion to develop. There was inectiinstruction on how to obtaim andc.

A model to determine the delaminated length was gilgen by Sarveswaran and Roberts [1999],
however it is not envisioned to be of interestragflity analysis for the purpose of this research.
The application of these models in the reference eznbined with resistance and load models
that are problem-specific.

3.6 Marsh's Model

In developing a reliability model for use in structl health monitoring of bridge decks, Marsh
and Frangopol [2008] presented a chloride ingresdainand two corrosion models for loss of
sectional area of the steel reinforcement: oneyémreral corrosion and one for pitting corrosion.
The electrochemical process behind these corrosiodels is the same as those described
previously in this report. It was pointed out iristlpaper that the rate of steel loss can be as
significant as more than 1mm/year. The corrosiadpct iron hydroxide has lower density than
metallic iron and therefore the increased volumehgycorrosion process creates pressure in the
concrete. This pressure causes concrete to crati aavere enough, to spall; the cracking and
spalling of concrete allows more moisture and aggjwe ions to access the steel reinforcement.
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Spalling can severely damage the strength andritytegf concrete structures [Bertolini et al,
2004].

This model considered the chloride-induced cormosidth the assumption of the chloride ion
penetration to be dominated by the diffusion precé&se time for corrosion initiatiol, can be
modeled by Equation 3-9, which was obtained by iegithe Fick’s law when the Thoft-
Christensen’s model was described previously.

The general corrosion model assumes the corrosiomr® uniformly around a rebar section. The
area of a rebar section is given by the followingetdependent formula,

(Do — 21t — )" (3-31)

A(t) = 2 :

in whichr( ) is the instantaneous corrosion rate Bgthe initial diameter of a rebar. It should be
noted that the above equation is slightly differeain the original Marsh’s model in the{ ) is
measured as the reduction rate of the radius idgiethe diameter to be consistent with the rest
of the models in this report. It should be alscedatat the corrosion rate can be nonlinear with
respect to time, although this model is essentiay much similar to Equation 3-10 described
in the Thoft-Christensen’s model.

The distinguishing feature of Marsh’s model liestgintroduction of a pitting corrosion model.
Chloride-induced corrosion may often be in the farhpitting corrosion instead of a uniform
reduction of rebar section area (also knowrgeseral corrosioh In addition, given the same
corrosion rate, pitting can result in much largeyss-sectional area loss than general corrosion,
with a factor in the range of 5 to 10 [Stewart MAB04]. Being highly localized, pitting corrosion
can have a dramatic penetration rate as high as/{ear [Bertolini, et al, 2004].

Since the greatest reduction in cross-sectional aomtrols the strength of a rebar with pitting
corrosion, the maximum pit depth is used as a kaarmeter to represent the weakest section.
Steward [2004] developed a pitting model based oalaion between the maximum pit depth
and the average pit depth, and this model was aeddqt Marsh and Frangopol [2008]. lebe

the average instantaneous corrosion i time-invariant constant that equals the maxinpitm
depth over average pit dep(,/Pav) for a given length of rebar, andhe time since corrosion
initiation (years), then the maximum pit depth barexpressed as,

p(t) =7T.Rt. (3-32)

Given a rebar with an initial diameter B (mm), the widtha of the pit and the cross-sectional
areaA,; of the pit can be approximated by the followingdidependent equations [Stewart MG,
2004],

2
0= 2p(0) |1 - (”lg—”> , (3-33)
0
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D

Al +A2, fOI‘pS—;,
D3 Dy
Ay(t) =s——-A4 A,, for —= < p(t) < D, 3-34
plt( ) 4 1 + 2 or \/7 p( ) 0 ( )
mDZ
_— for p(t) > D,,

in which,
Dy 2 Dy p(t)?
= 0. 20} _gle , 3-35
A, 05[91<2) a5~ (3-35)
t 2
A, =05 [sz(t)z _PW ] (3-36)
Dy
9, =2 (a) 46, =2 (a) 3-37
= arcsin|{—|) an = arcsin . -

With the cross-sectional area of the pjk, one can easily apply it to the structural model b
reducing the rebar section area.
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Table 3-1 Relationship between Surface Crack Wadith Corrosion Depth/Length [Beeby, 1979]

Surface crack width Average depth of Average corroded length
(mm) corrosion (mm) (mm)
0.13 0.16 9.2
0.25 0.16 12.9
0.51 0.18 12.8
1.27 0.21 15.0

Table 3-2 Time to Develop Visible Crack in Concr€mver vs Corrosion Rate [Andrade, Alonso,
and Molina, 1993]

Corrosion Time Period (years)
Rate Crack Width of 0.05-0.10 mm Crack Width of 0.2-0.3 mm
(lyear) (Loss of Rebar Cross Area: 20 pum)Loss of rebar cross section: 100-150 um)
1um 20 >100
10 um 2 10-15
1000 pm 0.2 1-2
20 mm 0.02 0.1-0.2
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4 DEGRADATION MODELS FOR CARBON AND LOW -ALLOY STEELS

Carbon and low-alloy steels can be vulnerable tooston and fatigue. Several models have been
identified to represent these common degradatiocher@sms. The first one is the power model
for steel corrosion which was described in the jmev section and applicable to various
environments. The second model is for the dry diodafor steel subjected to relatively high
temperature. Models have been found to representatigue crack growth phenomena in the
sense of both deterministic and stochastic; antbsimn fatigue is considered with a corrosion
modified fatigue crack growth model. Also identifies a very flexible and powerful corrosion
model that can be reduced to various other simptatels.

Sections 4.1 through 4.5 provide descriptions okEs# time-dependent degradation models for
carbon and low-alloy steels. It should be noted these descriptions provide a summary of the
degradation models and present the fundamentatienqsalong with the key parameters used to
define the degradation. For further information g@mdper implementation of these models, the
references cited should be utilized. In some cabese models contain formulations that are
partially similar to others, suggesting families tbese models exist. For the convenience of
notation, some models are designated as the nathe tfading author that the referenced model
was reviewed, but not necessarily as the firstqrevgho developed the model.

4.1 The Power Model

The power model used in concrete, as shown by Equdtl, can also be used for steel SPCs.
The corrosion rat€ is a function of ambient moisture and temperatlihee parameter€ ando

can be estimated using experiments. Table 4-1 shb&sverage values for these parameters
determined by Albrecht and Naeemi [1984]. The ll@fattackX(t) applicable to this table is in
units ofum as a function of yeatsThe NPP environment for the application of theaemeters
should be evaluated in order to pick the most blgtanvironment in the table.

4.2 Henshall’s Model (Dry Oxidation)

Oxidation of metals at constant temperature carexgained by various physical theories.
Available experimental data show that dry oxidatdnron and low-carbon steels at moderately
elevated temperature (293<IB43K) is diffusion controlled and therefore the diithickness
follows a parabolic law when the temperature isstamt. For the temperature of interest for this
method to be applicablése;O, (magnetite) is (reasonably) assumed to be the oofyosion
product, leaving out the thermodynamically unst&d® (wustite) and the less substanfa&Os

(hematite). In addition, the following assumptionere also made by Henshall [1996] when
developing this model:

1. Fe0O4 oxide was assumed to be 100% dense based on atisesvfor layers up to
20 um thick,

2. Arrhenius behavior with a constant activation egyerger relevant temperature range
was assumed (see Eq. 4-2),

Oxidation occurs uniformly across the metal surface

The oxide was assumed to be adherent to the mefats.

The parabolic relation of the thicknessr@tO, to the exposure time can be expressed as,
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ﬂ = &, (4-1)

dt x
in which x is the thickness oFe;O,, t the exposure time, ariq, the parabolic oxidation rate
constant. The oxidation rate is temperature depenaied such dependence is modeled by the
Arrhenius behavior ot,

kp = k, exp (— %) , (4-2)

in whichk, is a constantQ the activation energy for the oxidation procé2ghe gas constant
(8.314472 J - K - mol"), and T the absolute temperature (K). In the literature varies
considerably and a conservative value 4.3% df/s was used by Henshall [1996] as this value is
the largest found in the literature. It was algooréed thatQ appeared to be constant at about 104
kJ/mol in the parabolic regime and at relatively leemperatures in a range of 523 to 736 K.
Lower values ofQ have been reported for higher temperatures. Reerldemperatures (323-533
K), Q was believed to change insignificantly. More detaink, and Q were provided by
Henshall [1996].

For simple temperature histories, e.g. constanfpésature, the above two equations can be
conveniently integrated to determine the thickneSsoxide. However, for arbitrary thermal
histories, a numerical approach must be resortedtain the approximated values. For example,
a Forward Euler method can be employed to solvéhiincrease of the oxide thickneAs,

1 Q
=— - 4-3
Ax xkp exp( RT) At, (4-3)

where At is the time increment. This finite difference etjpa can be solved to determine the
thicknessx.

The thickness of oxide does not directly relatestroictural strength, which instead requires the

metal penetration by oxidation. The fully denseuagstion of Fe;O, leads to the following
equation to calculate the metal penetratmn,

p=1r LNy x (4-4)

in which pg andpy are the densities of oxide and metal, &d M, the molecular weight of the
oxide and the atomic weight of the metd), the number of metal atoms per molecule of oxide (3
for Fe;0.,.

The stress in the oxide increases as the thiclofdbe oxide increases and the layer of oxide can
crack and spall when a critical thickness is reached. A conservative estimate of the
accumulated penetratidhcan be computed by assuming that the oxide coeiplgpalls away at

Xes
n
P=>"n, (4-5)
i=1
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wheren is the total number of spall events. The crittbéddkness«. was chosen as 0.02 mm or 0.1
mm in the numerical study by Henshall [1996].

4.3 Fatigue Crack Growth Models

For high cycle fatigue, the Paris-Erdogan relatgmexpresses the instantaneous crack growth
da/dN in terms of the cyclical componefiK of the stress intensity factras follows,

da—CA m
an = (K (4-6)

AK =Y 6o Vma,

in which the experimental constar@sandm are 2.4x10° and 3, respectively, for mild carbon
steels [Barsom and Rolfe, 1987, McAllister andrigfivood, 2001]As the range of the far-field
stress,)Y a stress magnification factor, which is a functafrcrack and geometry and should be
determined specifically for a given problem. Thecleydependent crack sizaN) can be
determined by integrating Eq. 4-6.

Fatigue cracks have considerable variability, aggrom stochastic nature of material properties,
geometry, surface quality and other internal defe@sidual stresses, environment, and loadings.
Even with a constant stress range, experimentalafdatigue cracks shows substantial scattering.
Therefore, fatigue crack growth should be bettedeted as a stochastic process. In light of this
uncertainty, the Paris-Erdogan relationship shdaddconsidered as a median equation. In the
context of time-dependent fragility analysis, ietfragility analyses are performed with various
levels of degradation but independent of time, uheertainty in the degradation models (e.g.,
fatigue crack growth models in this section) addstlaer dimension when the time factor is
included in the development of acceptance criteria.

The Paris-Erdogan relationship in Eq. 4-6 can gaved to consider the stochastic nature of the
fatigue crack growth phenomena, by the followingagepn,

da
av-¢ (AK)™X(N), (4-7)

in which X(N) is a stationary random process with a medianndfyuwhile C, AK, andm take
their median values [McAllister and Ellingwood, AQ0 It has been demonstrated that a
lognormal probability density function (PDF) carsbét test data [Virkler et al, 1978]. Building
on the assumption of a lognormal stationary rangootess with a median value of 1.0, Yang
and Manning [1996] recently developed a simple @tariance function that permits a closed
form solution for the crack exceedance probabilitiiich is an exponentially decaying function,

COV(X(N),X(N + AN)) = o2 exp(—{,|4N]), (4-8)

in which oy is the standard deviation #{N) and{; a correlation scale parameter. Experimental
data showed that, is about 0.3 for mild carbon steel under constanplitude stress cycles
[Barsom and Rolfe, 1987}, has been assumed to be 2.5%tgcle for mild steel [Zheng and
Ellingwood, 1998] and 1.0xI¥cycle for aluminum [Spencer et al, 1989], partlgcause
aluminum has a larger grain size than mild stedlaotordingly a larger correlation factor would
be expected. McAllister and Ellingwood [2001] prb®il a detailed discussion on the
determination o, utilizing experimental data.
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Using Egs. 4-7 and 4-8, Yang and Manning [1996Fueined a closed form solution for the
distribution of the number cycles to reach a given crack depéh(designated as a random
variableN(a)):

Inn —1In (an@)

Fy =@ ) (4-9)

oz(n)

in which n(a) is the median number of cycles to reach a cragkhdofa andZ(N) is a resulting
stochastic process from integrati¥gN). The facton. and the standard deviatien (of Z(N)) can
be determined using parameterandd;,

oy(n) = Jln(l + §2 exp(a2) — $2)
2

2= exp (“7) [1+ ¢ exp(of) — §2] /2

(4-10)

in which¢ = \/Z(exp(—(xn) +{n—1)/¢n.

It should be noted that there are some other mddefatigue crack growth, which may be more
complex [e.g., McDowell, 1996]

For use in the time-dependent fragility analydie tycle numben can be directly related to
service timer given the loading time history.

4.4 Corrosion-Modified Fatigue Crack Growth Models

An aggressive environment can greatly decreaséatigie limit stress of a specimen, and so the
fatigue process affected by the corrosive envirannsespecially termed as the corrosion fatigue
process. Akid and Miller [1991] concluded that $figant reduction in fatigue life due to
corrosion arises from the loss of the ability ofcrostructural features of the specimen to
decelerate or stop cracks in the corrosive enviemniThey also noticed that a transition from
environmental controlled crack growth to relativetyess controlled crack growth as crack length
increases. The corrosion-modified fatigue crackwginomodel incorporates the discontinuous
growth of a crack arising from inherent barrierstliie microstructure, such as grain or phase
boundaries. Two models were cited by Akid and MiJle991].

The first model was derived by Hobson et al. [1988]e fatigue crack growth is separated into
two phases: up to and beyond the major microstrakcharrier. This model was derived based on
experimental data and can be described by theAfwiptwo equations,

9 _ ay(d - a)
— y —a
N (4-11)

da _ BAyP(a — D)

an ~ Cor T )

in whichd is the distance between the strongest barriecsaick growth in a given material and
Ay the shear strain range (note: the tests were doder fully reversed torsional fatigue loading
conditions),D a stress-dependent threshold value of crack groatdy andA, B, «, andg are
material dependent constants.
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The second model was developed by Navarro andsdRitus [1988], which is based on a theory
of continuously distributed dislocations. This mbideexpressed as,

da_
W—ﬂl)

21-v)V1-n? (4-12)
¢ = G n aa,

in whichf is a factor related to the number of dislocationghe active slip ban@, a measure of
the plastic displacement at the crack tighe ratio of the crack length to plastic zone siz¢he
shear modulus, andPoisson’s ratio.

Egs. 4-11 and 4-12 can be modified slightly to npovate a term representing the corrosion
process of metal dissolution as follows,

dacf _ daair dadiss

(4-13)
dN dN dN
and,
dadiss icorr 1
= -, 4-14
dN zFp M W ( )

whereday/dN, da,,./dN , andday/dN represent the crack growth rates in a corrosive
environment, in air, and due to metal dissoluti@spectively. Also in above equationgyis the
anodic current density for metal dissolutianthe cyclic frequencyz the number of electronE,
Faraday’s constant ( 9.64853%XDoulombs / mole of electrongy] the molecular weight, ang

the density. The modified model was validated thiotests of a low alloy structural steel by
Akid [1987]. The application of this modified modelquires the information on microstructure
of the material. More detailed discussion of thesemeters is available in Akid [1987].

45 Corrosion Models

In the context of time-dependent reliability an@dysonsidering corrosion and fatigue, a
corrosion model was proposed by Qin and Cui [2@03]etter describe the corrosion process of
steel structures subjected to corrosive environméntthe same reference, the authors compared
their model to other existing corrosion models. rBfare the reference not only provides
presumably a better corrosion model, it also presideferences for other models for potential
further exploration. The targeted material was naihdl low alloy steels that are frequently used
in marine environments for economical reason.

Qin and Cui [2003] also noted that a purely thécaétmodel, representing the loss of material
due to corrosion, is extremely difficult to achiebecause of the complexity of the actual
corrosion mechanism. Most of the existing corrosioodels are based on assumptions of the
actual measurement. The proposed model by Qin anf2@03] attempted to better represent the
actual corrosion process. This model assumes mittl law alloy steels immersed in marine
environments. This assumption may correlate wethwhe internal environment of the service
water systems in nuclear power plants where bracketer (i.e., adjacent to ocean water) is used
as the source of cooling water.
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Prior to this model, the models have not considevet the effect of the corrosion protective
system (CPS), e.g. paint coating or cathodic ptiotedSouthwell et al, 1979, Melchers, 1995-
1999, Paik et al, 1998, Guedes Soares and GarbB#@9]. This model divides the corrosion
process into three stages with an indicator vagigbl) no corrosion when CPS is fully effective
q=1t€[0,Tg]; 2) corrosion accelerating when pitting corrosistarts and progresses,

t € [Ty, T4]; and 3) corrosion decelerating= 1,t € [T4, T.]. In these expression$, T, and

T, are the instant in time when pitting corrosiorrtstacorrosion accelerates (assumed to occur at
the end of CPS lifel), and the life of the structure ends or the stmgtrequires repair,
respectively. A Weibull function is utilized to deie the corrosion ratgt) of this model,

0, 0<t<Ty
(4-15)

t) = t—T. p-1 t—T. B
r(®) d E(T“> exp{—( ; St) }, T <t <T,

“n
in whichd,,, 8, #, andTg are four parameters to be determined using metpomidded by Qin
and Cui [2003]. The maximum corrosion ratg, can be found at the tinig,

B—1 1/B

r={tetn() p>1 (4-16)
Tst:ﬁ <1
and,
WS e ()
Trnax = def (4-17)
l T:ﬁ =1,
-0, <1

Using this corrosion rate model, the reductionhidkness (loss of material) due to corrosion can
be determined by the following resultant solution,

0,0<t<Ty,
= t— Tep\P 4-18
d® dwo {1 — exp [—( ” St) ]},Tst <t<Ty. ( )

The proposed model is very flexible and can be figedhany situations, by varying parameters
dw, B, 1, andTg. This model can be degenerated to various modelké literature by setting
values for some of these parameters.

The model proposed by Guedes Soares and Garb&®@9][éan be obtained by settifigr 1, i.e.,

d&):dw@—emﬂ—(t;nﬂn. (4-19)

The model proposed by Paik, et al [1998] can bainbt by settingg =1 and taking only the
linear term of the Taylor expressiondff):
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d(t) = de (t — Tsp)P. (4-20)

Settingd,, = 0.1207,Ts; = 0,and f = 0.6257 in the Paik’'s model as shown above yields the
model developed by Melchers [1999],

d(t) = 0.1207t96257, (4-21)

The application of the Weibull function based modebuires the determination of four
parameters, which Qin and Cui [2003] provided twetlmods involving nonlinear regression for
this purpose. The first method treats the four p&tars as deterministic while the second method
assumes they are random. These two methods areptaatly simple and the relevant details can
be find in Qin and Cui [2003].
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Table 4-1 Average Values for Corrosion Paramdfessdo [Albrecht and Naeemi, 1984]

. Carbon Steel Weathering Steel
Environment
C o C o
Rural 34.0 0.65 33.3 0.50
Urban 80.2 0.59 50.7 0.57
Marine 70.6 0.79 40.2 0.56

40



5 DEGRADATION MODELS FOR STAINLESS STEEL

Three degradation models have been identified tainless steel, which are potential useful in
the environment of NPPs and are envisioned to picaple to time-dependent fragility analysis.
The first model is a computer-simulation based rhedasisting of a crack growth model and a
fatigue crack model. The second model is a timesddent fatigue damage model that considers
the impact of strain rate on the fatigue damagh®efstainless steel at elevated temperatures. The
third model has a thorough theoretical backgrouh@tlvconsiders the mechanochemical aspects
of stress corrosion cracks, and has a relativetpkgr and more appreciable numerical version.

Sections 5.1 through 5.3 provide descriptions @ time-dependent degradation models for
stainless steel materials. It should be noted tie$e descriptions provide a summary of the
degradation models and present the fundamentatienqsalong with the key parameters used to
define the degradation. For further information amdper implementation of these models, the
references cited should be utilized. For the corerere of notation, some models are designated
as the name of the leading author that the refeenwdel was reviewed, but not necessarily as
the first person who developed the model.

5.1 Machida’'s Model

In assessing various computer codes to estimateeliability of piping with flaws due to stress
corrosion cracking (SCC), Machida, et al [2008]al®ed a set of methods in modeling of the
SCC cracks of austenitic stainless steel pipings €Hfort was conducted in order to address the
numerous observed SCC cracks in the weld jointpipés in the primary loop recirculation
systems (PLR) in BWR operating in Japan. This malal blend of several sub-models, which
also include the contribution from fatigue. Thisdebis simulation based.

5.1.1 Model for Crack Initiation

The crack initiation is simulated by a random getmr, so are crack length, circumferential
location, and the distance from the weld. The itistions of these random variables can be any
of the uniform, normal, lognormal, and exponendistributions. The crack depth is assumed to
be constant (usually 0.5 mm).

5.1.2 Crack Growth Models
The crack growth rate due to SCC is in the forrthefpower model, i.e.,

d
d_‘tl = CK™, (5-1)

where K is the stress intensity factor, the coefficiéhtis determined by a random number
generator, andh is a constant. The base metal and the weld hdieratit parameter€ andK;
when a crack propagates from the base metal ietavéld material, a switch of these parameters
is needed.

This model also considers the crack growth ratetddiatigue, which is expressed as,

da
= Cp 95 AK30 (1 — R)?12, (5-2)

Where4K is the range of the stress intensity fac@y,a deterministic coefficienR the stress

ratio, andt; the loading time of a transient. The crack groveate due to fatigue is significantly
less than that due to SCC.
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Two cracks are combined into one single crack wtheg grow into each other. The depth of the
combined crack is the larger of the depths of W dracks, and the length of the combined crack
is the summation of the two cracks. When the lemfth crack exceeds the inner circumference
of the pipe, the crack is treated as a circumf@kaotack.

The dimensions of the crack (depth and crack arage)implemented in the allowable bending
stress formulation to determine the stability of thipe section. This step is the same as the
structural models described previously for the pagpof assessing the structural strength of
degraded components.

5.2 Time-Dependent Fatigue Damage Model

Experimental data have shown that fatigue lifeledaed temperature is affected by the shape of
the loading cycles and strain rates, making thigdatlife prediction beyond the purely cycle
based formula that have been described previotibky.cyclic life with fast (F)-slow (S) loading
(for loading-unloading) are less than that with F6&ding; the cyclic lives with S-F and S-S load
are substantially smaller than that with F-F logdiBun, et al. [2008] formulated a composite
model for the time-dependent fatigue damage withmmid-time, and validated the formulation
using specimens of materials 2.25Cr-1Mo steel (lpdst boilers and heat exchangers) and 304
stainless steel. The proposed model considersirtteedependent damage under cyclic loading
without hold time at elevated temperatures witlomguting time defined as,

te =1t (g:—c)y. (5-3)

&t

wheret, is the computing time for time-dependent damag@éndwne cyclef; the tension time
during one cycleg; andé, are the loading and unloading strain rates duvimg cycle,y a factor

to consider the influence of strain rate, which bardetermined by fitting uni-axial test data from
tests with symmetrical and asymmetrical loadings.

The effective total fatigue damageis defined by a summation of three terms,
D =D+ D +D,, (5-4)

whereDs is the pure fatigue damage, the time-dependent damage caused by time-dependent
factors at elevated temperature, ddthe interaction damage between time-dependenbriact
and pure fatigue. When the total dam&geeaches unity (1), fatigue failure occurs.

The three damage terg D., andD are defined as,

t (5-5)
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in whichn is the number of the time-dependent fatigue cydethe pure fatigue life, the creep
time to rupture at one-half of the peak stressejaéinda an interaction factor between time-
dependent damage and pure fatigue damage, whichecdatermined by fitting the uni-axial test
data from tests with symmetrical and asymmetrigalic loadings. One-half of the peak stress
valueo, = ag,,,¢/2 is considered to be the creep stress for steadicdgading conditions. The
creep time to rupturg can be determined by utilizing the stress-creeye tturve and the creep
stress.

Using experimental data by Inoue, et al. [1989} tineolved uni-axial fully reversed strain-
controlled test of 2.25Cr-1Mo steel at 600 °C in aiwas found to be 0.180 andwas 0.434.
The errors using this model were within a factorld to 1.8. Similar tests with multi-axial
loadings at 600 °C in air by Inoue, et al. [1994jrevalso utilized in verification of this model.
The strain rate influence factprand the interaction facter were taken as the values from the
uni-axial tests. The errors in the prediction usihg model were mostly within a factor of 1.5.
The fast strain rate was 0.5%/s and the slow sted@was 0.01%/s for both groups of tests. The
time-dependent damage was found to be about 9%eaiotal damage for S-F and S-S loadings
and about 2% for the F-S loading; while the intev@cdamage was about 20% of the total
damage.

Uni-axial tests of AISI 304 stainless steel at 5€3 [Majumdar and Maiya, 1978, Ermi and
Moteff, 1983] were also used to validate the moddile tests were conducted with a servo-
controlled hydraulically actuated fatigue machifide strain rate influence factgrand the
interaction factow: were determined using the test results to be 6.28%6l 1.2895, respectively.
The errors in the prediction were within a factbr2o The multi-axial test data by Zhang, et al.
[2007] were used; however the test temperature 6@8s°C, slightly higher than the uni-axial
tests. Using the parametersand o determined above (0.2855 and 1.2895), the errorthen
prediction were within a factor of 2.5; a largeroerrange may be due to the differences of these
tests in material chemical contents and specimapeshand the absence of stress information in
Zhang et al. [2007].

This model is considered to be suitable for siaratiof low-cycle fatigue at elevated temperature
for stainless steel and 2.25Cr-1Mo steel.

5.3 Mechanochemical Model for SCC in High Temperature Véter

Saito and Kuniya [2001] recently developed a meobbhemical model to predict the SCC
growth of stainless steel submerged in 288 °C watkis model is useful because austenitic
stainless steel (especially type 304) is widelyduse light water reactors (LWRs), and the
structural integrity of the involved components doeintergranular stress corrosion cracking
(IGSCC) is often a concern in NPPs. The authors mtged that the importance of understanding
the SCC crack growth lies in the longer operatifegdxpectation of the NPPs due to economic
reasons.

This SCC crack growth model for type 304 stainlete®! is based on a hypothesis of the slip-
formation/dissolution mechanism and is expressed &snction of material conditions, water
chemistry, and stress related parameters. This Inmog#ves two major mechanisms: 1) slip step
formation due to dislocation movement at the crapk and 2) anodic dissolution at the bare
surface after the slip deformation. The derivatidrihis model was lengthy, highly theoretical,
and beyond the capability of common structural eegis. Interested readers are recommended to
refer back to the original reference. Fortunatefsed on the theoretical development, the authors
developed relatively simple numerical models fqrety304 stainless steel in 288 °C water, using a
minimal number of parameters.
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The relatively simplified model of the SCC crackwth rate can be represented by the following
simple power law,

da e\
= -« 5-6
ac = <Cm) ’ (5-6)

in which A is the rate coefficient,, the crack tip strain rat€,,, the material factor constant, and
n the numerical constant that is a function of tbgrde of sensitization, water conductivity, and
corrosion potential.

The rate coefficienyy may be expressed (theoretically) as a number wnpeters including
anodic current density, atomic weight of the stestal density, and the number of electrons
involved in the reaction rate, etc. However, Saitol Kuniya [2001] was able to use data in the
literature to reduce this parameter for the paldicoase of stainless steel in 288 °C water into an
elegant constant,

Ag=1.1x1077. (5-7)

The crack tip strain rat®, is theoretically expressed as a very complicatechdilas involved
with 16 parameters. In the case of type 304 stssnd¢eel at 288 °C,, is simplified (with a few
numerical constants) to,

(5-8)

_ 3x10719 —1.5x 1072°(K — 9)1/3
gt =1.1x107exp| — ,

7.74 x 1021
in which K is the applied stress intensity fact®fPayv/m ). It is noted by the authors that the
scattering of the test data can be over two ordersagnitude, however the agreement between
the model and test data is considered to be faidgo

The material factor constaf, also involves quite a few other parameters ithigoretical form.
Using data for type 304 stainless steel and aquéati dislocation density;,, becomes a constant,

Cp=44x107% (5-9)

Combining these parameters, the SCC crack growghtian becomes a functionkfandn only,
as expressed by the following equation,

da 3 - 0.15(K — 9)/3\]"
= -7 10 - 5-10
- = 11x10 [2.5 x 10 exp< 50774 (5-10)
In whichK > 9 MPavm.
The numerical constantcan be expressed as,
1

+ Cepc + C7},
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Where EPR is the electrochemical potential kinedigctivation,x the bulk water conductivity,
andg¢c the bulk corrosion potential;;-C; are numerical constants, which are determined iom
database of test data using a wide range of stge¢si MPayvm < K < 60 MPavm , material
(1.4 C/m? < EPR < 13 C/m?), and water chemistry0(1uS/cm < k < 1.5uS/cm, — 280mV <

¢c < 250mV). The values o€;-C; are given as,

€, =3.57x 1072,
C, =149 x 1078,
C; =223%x1078,

C, =457 x 1073, (5-12)
Cs = 23.12,
Co =229 %1073,
C, = 11.56.

To summarize, the model of the SCC crack growté really only has four parameteks: EPR,
k, andg¢c. As for application to type 304 stainless steeR@8 °C water, the ranges (or typical
values) of these four parameters as describeditio &ad Kuniya [2001] are shown below,

K = 28 MPaym, depends on loading
k=0.1-12pS/cm
EPR = 6 — 13 C/cm? (5-13)
¢c =—200— +250 mV.
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6 OBSERVATIONS AND CONCLUSIONS

This report presents a summary of the Year 2 rebedine second part of the five year BNL-
KAERI collaboration program to support KAERI in igevelopment of seismic capability
evaluation technology for degraded structures amdponents in nuclear power plants (NPPs).
The goal of the Year 2 task was to identify timgeiedent degradation models to represent the
long-term behavior of dominant materials used irPSlPwhich have strong dependency on the
component type, material, environment, and loadinhe identified age-related degradation
models may be used in conjunction with probabdisitsk assessments (PRAS) to estimate the
time it would take for degradation of a componenintroduce significant risk to a NPP.

It is recognized that the age-related degradabdssructures and passive components (SPCs) are
highly complex processes and can be extremelycdlffio develop models that encapsulate all or
most of the affecting factors. It is also prohilEtto develop/identify degradation models for all
SPCs. To this end, Section 2 of this report presenscoping study for the risk-significant
components and the related dominant materials,doybming the Year 1 research results on
degradation occurrences for the 10 preselectegadts of SPCs using recent publicly available
information sources, NUREG/CR-6679, and a partictdziew of license renewal applications
(LRAS). It is concluded that exchangers, pipingtegns, RPVs, tanks, anchorages, and concrete
are risk-significant component categories. The idamt materials for these components are
identified as concrete, carbon and low-alloy stealsd stainless steel. Sections 3 through 5
summarize the identified degradation models fos¢hmaterials.

Section 3 presents five age-related degradationetaaapplicable to concrete material. It also
includes a general discussion of the relation betweoncrete crack characteristics and
reinforcement corrosion, a fundamental relatiort isacommon to all degradation models for
reinforced concrete. Introduced in a study ofatality-based service life prediction, the power
model represents the depth of attack or determrasis a power function of time after the
deterioration process is initiated. Methods to wale the required deterioration initiation time,
deterioration rate, and the order of the poweradse provided. The Thoft-Christensen’s model
and the Basheer’s model are both based on FicWsfadiffusion in representing the chloride
transport process, the latter of which also inctudlee mass conservation in the formula.
Sarvewaran’s model is a linear corrosion modetttierloss of cross section area of a rebar, and
was used in reliability analysis of deterioratinffustures. Marsh’s model was used in
development of a reliability model for use in stwral health monitoring, which features a
general corrosion model and a pitting corrosion ehddr the reinforcement. These material
degradation models can be incorporated into atsiraicmodel to obtain the structural resistance
of a degraded component, where the structural msaeimponent and limit state dependent.

Section 4 of this report describes five degradatiwdels for carbon and low-alloy steels. The
power model included as the first model in thigisecis the same as that described above for the
concrete material, with parameters experimentadi{eidnined for various environments. The
Henshall's model is a dry oxidation model for iramd low-carbon steels at moderately elevated
temperature. This model represents the thicknesex0l, as a parabolic relation to the exposure
time, in which the parameters were derived fromeexpents. The fatigue crack growth models
are suitable for high cycle fatigue, in which tmstantaneous crack growth is modeled as a
function of the cyclical component of the stresgetiisity factor. These models have both
deterministic and stochastic formats. The cydke ilh these models can be directly related to
service time once the loading history is known.e Torrosion-modified fatigue growth model
considers the fatigue growth of a component whers itn an aggressive environment and
corrosion occurs simultaneously with fatigue. ©sion can significantly reduce the fatigue life.
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The last model identified in this section is therosion model for mild or low alloy steel that is
immersed in marine environment, which is similathe internal environment of some service
water systems in NPPs. This model is very poweahd flexible and can be degenerated to
various models in the literature by assigning ¢entalues to some of these parameters.

Section 5 provides a summary of three degradatiodefs for stainless steel. Machida’s model
was initially developed to assess various compatetes for estimation of the reliability of
austenitic stainless steel piping having flaws ttustress corrosion cracking (SCC). This model
combines several sub-models, which include a pdawercrack growth model due to SCC and
also a sub-model to include the fatigue crack gnowThis model is simulation-based, and can
combine in the simulation two cracks into one whkay grow into each other. The time-
dependent fatigue damage model can be used intisitsavhere elevated temperature and varied
shapes of loading cycles exist. The damage mea&siased on the utilization of loading cycle
capacity. This model was validated using 2.25Cr-18eel and 304 stainless steel, and is
targeted at low-cycle fatigue. The mechanochemiuadlel was developed to predict the SCC
growth of stainless steel submerged in 288 °C wdthis model is useful because austenitic
stainless steel (especially type 304) is widelyduge light water reactors (LWRs). The
description of this model in this report omits tleagthy and highly theoretical derivation but
focuses on the simplified experimental model fer $hke of practical application. The simplified
model is represented by a power law, with four payameters determined using experimental
data for type 304 stainless steel in 288 °C water.

This report represents the best effort in identifyand reviewing relevant age-related degradation
models for the dominant materials used for seledt#dsignificant SPCs. All of the reviewed
documents are from publicly available sources. s€hmodels are intended for consideration
when performing fragility analysis of SPCs for thear 3 and 4 tasks. However, as discussed in
this report, the number and complexity of the tidependent degradation models can be very
significant due to the very large number and typéscomponents in the NPPs, varied
environmental conditions, differing failure modemd the risk significance of their failures.
Therefore, depending on the particular SPC andists significance, additional degradation
models may need to be identified to incorporate@gif the component in a fragility analysis.
This report is useful to identify some of the conmuegradation models, serve as guidance on
selection of appropriate models, and also provategxtensive list of references that are useful
for searching of additional models. It is emphedihere that the description of the models in
this report is aimed at providing concise summasbsut the models and the corresponding
applicability in fragility analysis, however, thetaal application of these models in fragility
analysis should refer back to the original refeesntor model implementation and parameter
determination.

48



7 REFERENCES

Akid, R. (1987). “The initiation and growth of shofatigue cracks in an aqueous saline
environment.” Ph.D. thesis, University of Sheffieldk.

Akid, R. and Miller, K.J. (1991). “Short fatigueaok growth behavior of a low carbon steel
under corrosion fatigue conditiongzatigue & Fracture of Engineering Materials and &ttures
14(6), 637-649.

Albrecht, P. and Naeemi, A.H. (1984). “Performanteveathering steel in bridges.” Report 272,
Nat. Cooperative Highway Res. Program.

Alonso, C., Andrade, C., Rodriguez, J., and Dieldl. J1998) “Factors controlling cracking of
concrete affected by reinforcement corrosioMaterials and Structures31(211), 435-441,
RILEM, Cachan, France.

Andrade, C., Alonso, C., and M. Molina, F. (1993tover cracking as a function of bar
corrosion: part 1 — experimental tesMaterials and Structure26(162), 453-464, RILEM,
Cachan, France.

Barsom, J.M. and Rolfe, S.T. (198Fracture and Fatigue Control in StructureBrentice Hall
Inc, Englewood Cliffs, NJ.

Basheer, P.A.M., Chidiac, S.E., and Long, A.E. @)99Predictive models for deterioration of
concrete structuresConstruction and Building Materigl40(1), 27-37.

Bertolini, L., Elsener B., Pedeferri, P., Polder(R004).Corrosion of Steel in Concret&Viley-
VCH, Weinheim, Germany.

Beeby, A.W. (1978). “Corrosion of reinforcing stéelconcrete and its relation to crackinglie
Structural Engineeb6A(3), 77-81, London, United Kingdom.

Beeby, AW. (1979). “Corrosion of reinforcement amack widths.” Proceedings of
International SymposiutOffshore Structurel.47-1.60, Rio de Janeiro, Brazil, Pentech Press,
Plymouth, Unite Kingdom.

Braverman, J.l., Miller, C.A., Ellingwood, B.R., Ng& D.J., Hofmayer, C.H., Shteyngart, S., and
Bezler, P. (2001). “Probability-based evaluatiordefiraded reinforced concrete components in
nuclear power plants.” NUREG/CR-6715, Brookhavetidyel Laboratory.

Cady, P.D. and Weyers, R.E. (1984). “Deterioratiaes of concrete bridge deckddurnal of
Transportation Engineerinj10(1), 35-44, American Society of Civil Engineers viN¥ork.

Cliff, J.R. and Knab, L.I. (1989). “Service life abncrete.” National Bureau of Standards (now
NIST), NUREG/CR-5466, U.S. Nuclear Regulatory Cossion, Washington D.C.

Ellingwood, B.R., and Song, R. (1996). “Impact tiistural aging on seismic risk assessment of

reinforced concrete structures in nuclear powentpla NUREG-CR-6425, The Johns Hopkins
University/Oak Ridge National Laboratory.

49



Ermi, A.M. and Moteff, J. (1983). “Microstructurdevelopment and cracking behavior of AlSI
304 stainless steel tested in time-dependent fatigodes.”Journal of Engineering Materials
and Technologyl05, 21-30.

Francois, R. and Arliguie, G. (1999). “Effect ofarocracks and cracking on the development of
corrosion in reinforced concrete membersagazine of Concrete Resear8fi(2), 143-150,
London, United Kingdom.

Funahashi, M. (1990). “Predicting corrosion-freevem life of a concrete structure in a chloride
environment.”ACI Material Journa) November/December, 581-587.

Goltermann, P. (1994). “Mechanical predictions onarete deterioration. Part |I: Engenstreses in
concrete.” ACI Material Journa®1(6), 543-550.

Guedes Soares, C. and Garbatov, Y. (1999). “Rétiabf maintained, corrosion protected plates
subjected to nonlinear corrosion and compress@dddMarine Structuresl?, 425-445.

Henshall, G.A. (1996). “Numerical predictions ofydrxidation of iron and low-carbon steel at
moderately elevated temperaturiglaterials Research Socety Fall Meetiipston, MA.

Hobson, P.D., Brown, M.W., and de los Rios E.R8@)9“Two phases of short crack growth in a
medium carbon steelThe Behavior of Short Fatigue Cracks EGIEdited by Miller, K.J. and
de los Rios, E.R., MEP Inst. Mech. Engrs, Londat,-459.

Ida, A. and Yokomuro, T. (1987). “Durability survey 60 year old reinforced concrete office
building.” Annual Meeting, Architectural Institutéd Japan, Tokyo, 1987.

Inoue, T., lgari, T., Okazaki, M., et al. (1989dtigue-creep life prediction of 2% Cr-1Mo steel
by inelastic analysis.Nuclear Engineering and Desighl4, 311-321.

Inoue, T., Kishi, S., Koto, H., et al. (1994). “iEate-creep life prediction of 2% Cr-1Mo steel
under combined tension-torsion at 600 °Nluclear Engineering and Desigh50, 119-127.

Li Y., Vrouwenvelder T., and Wijnants G.H. (2003)Spatial Variability of Concrete
Degradation.”Life-Cycle Performance of Deteriorating Structyrésditors: Frangopol, D.M.,
Bruhwiler, E., Faber, M.H., and Adey, B. ASCE.

Liu, Y. and Weyers, R.E. (1998). “Modeling of thiené to corrosion cracking in chloride
contaminated reinforced concrete structur@€! Materials Journal95, 675-681.

Machida, H., Arakawa, M., Yamashita, N., and Yodlmay S. (2008). “Study on probabilistic
fracture mechanics analysis codes for pipes witisstcorrosion cracksProceedings of the 16
International Conference on Nuclear Engineer{(if@ONE16), May 11-15, Orlando, Florida.

Majumdar,S. and Maiya, P.S. (1978). “Waveshapectffén elevated-temperature low-cycle
fatigue of type 304 stainless stedhélastic Behavior of Pressure Vessel and Pipingh@onents
PVP-PB-028, New York, ASME, 43-54.

Marsh, P.S. and Frangopol, D.M. (2008). “Reinforaauhcrete bridge deck reliability model

incorporating temporal and spatial variations obhbabilistic corrosion rate sensor data.”
Reliability Engineering & System Safe®g, 394-409.

50



McAllister, T.P. and Ellingwood, B.R. (2001). “Ewaltion of crack growth in miter gate
welments using stochastic fracture mechanics. cBiral Safety?23, 445-465.

McDowell, D.L. (1996). “An engineering model forgpagation of small cracks in fatigue.”
Engineering Fracture Mechanic56(3), 357-377.

Melchers, R.E. (1995). “Probabilistic modeling ofamme corrosion of steel specimens.” In
Proceedings of the ISOPE’9%2-15 June, Hague, Netherlands, 204-210.

Melchers, R.E. (1997). “Modeling of marine corrasiaf steel specimensCorrosion Testing in
Natural Waters Editors Kain, R.M. and Young, W.T., V&] Philadelphia, ASTM STP 1300, 20-
33.

Melchers, R.E. (1998). “Probabilistic modeling ehmersion marine corrosion.Structural
Safety and ReliabilityEditors Shiraishi, N., Shinozuka, M., and WenKY Vol 3, Rotterdam,
Balkema, 1143-1149.

Melchers, R.E. (1999). “Corrosion uncertainty maatpl for steel structures.’Journal of
Constructional Steel Researd?®, 3-19.

Mori, Y. (2005). “Reliability-based service life gutiction and durability in structural safety
assessmsent.” Chapter Structural Safety and Its Quality Assurané&slitors: B.R. Ellingwood
and J. Kanda, ASCE.

Navarro, A. and de los Rios, E.R. (1988). “A midrosturally-short fatigue crack equation.”
Fatigue & Fracture of Engineering Materials and Sttures 11, 383-396.

Nie, J., Braverman, J.l., Hofmayer, C.H., ChounS.Y.Kim, M.K., and Choi, I.K. (2008).
“Identification and assessment of recent agingteelalegradation occurrences in U.S. nuclear
power plants.” Annual Report for Year 1 Task. BNe@®rt-81741-2008, Brookhaven National
Laboratory; KAERI/RR-2931/2008, Korean Atomic EngResearch Institute.

NUREG-1522 (1995). “Assessment of inservice coaoditiof safety-related nuclear plant
structures.” H. Ashar and G. Bagchi, U.S. Nucleagiatory Commission, Washington, D.C.,
June.

Naus, D.J. (2007). “Primer on durability of nuclgamwer plant reinforced concrete structures — a
review of pertinent factors.” NUREG/CR-6927, Oaklég National Laboratory.

Paik, J.K., Kim, S.K., Lee, S.K. (1998). “Probasiic corrosion rate estimation model for
longitudinal strength members of bulk carrielG¢ean Engineerin®2%(10), 837-860.

Qin, S. and Cui W. (2003). “Effect of corrosion natelon the time-dependent reliability of steel
plated elementsMarine Structuresl6, 15-34.

Saito, K. and Kuniya, J. (2001). “Mechanochemicaldel to predict stress corrosion crack
growth of stainless steel in high temperature wateorrosion Sciencet3, 1751-1766.

Sanzo, D., Kvam, P., Apostolakis, G., Wu, J., Milid., Ghoniem, N., and Guarro, S. (1994).

“Survey and evaluation of aging risk assessmenhaouast and applications.” NUREG/CR-6157,
Los Alamos National Laboratory.

51



Sarveswaran, V. and Roberts, M.B. (1999). “Religbdnalysis of deteriorating structures — the
experience and needs of practicing engine&stictural Safety21(4), 357-372.

Southwell, C.R., Bultman, J.D., Hummer Jr C.W. @P7Estimating of service life of steel in
seawater.”"Seawater Corrosion Handbopleditor Schumacher, M., New Jersey, Noyes Data
Corporation, 374-387.

Spencer B.F., Tang, J. and Artley, M.E., (1989}otBastic approach to modeling fatigue crack
growth.” American Institute of Aeronaturics and astronau(i8sAA) Journa) 27, 1628-1635.

Stewart, MG (2004). “Spatial variability of pittingorrosion and its influence on structural
fragility and reliability of RC beams in flexureStructural Safety26, 453-470.

Thoft-Christensen, P. (2003). “Corrosion and cragkiof reinforced concrete.Life-Cycle
Performance of Deteriorating Structuresditors: Frangopol, D.M., Bruhwiler, E., Faber,H
and Adey, B. ASCE.

Tuuttti, K. (1982).Corrosion of steel in concretéSwedish Cement and Concrete Research
Institute, Stockholm, CBIl-research 4:82.

Vesely, W.E. and Samanta, P.K. (1996). “Applicatioh reliability degradation analysis.”
NUREG/CR-6415, Brookhaven National Laboratory.

Vesikari, E. (1988)Service life of concrete structures with regaractorosion of reinforcement
Research Reports, Espoo, Finland.

Virkler, D.A., Hillberry, B.M. and Goel, P.K. (1978“The statistical nature of fatigue crack
propagation.’Journal of Engineering Materials and Technolp$1, 148-153.

Washa, G.W. and Wendt, K.F. (1975). “Fifty-year gedies of concrete.Journal of American
Concrete Institute72(1), 29-38.

Washa, G.W., Saemann, J.C., and Crammer S.K. (198&y-year properties of concrete made
in 1937.” ACI Materials Journal86(4), 367-371.

Yang, J.N. and Manning, S.D. (1996). “A simple setorder approximation for stochastic crack
growth analysis.Engineering Fracture MechanicS3(5), 677-686.

Zhang S.D., Harada, M., Ozaki, K., et al. (200RMufttiaxial creep-fatigue life using cruciform
specimen.International Journal of Fatigue29, 852-859.

Zheng, R. and Ellingwood, B.R. (1998). “Stochadtatigue crack growth in steel structures
subjected to random loadingStructural Safety20(4), 305-324.

52



