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ABSTRACT

Backeraund information and datu have been developed 1o assist in quantifying the effects of age-related degradation
on the performanee ol puclewr power plant (NPP) safety-relaled structures.  Factors that can lead to age-related
degradation of salely-relaled structures are Wentified and their manifestations described. Current regulatory testing and
mspuection requiiements are reviewed and @ summary of degradation experience is presented.  Pechniques commonly
used o inspect NPP concrete structures to assess and quantify age-related degradation are summarized. An approach
for conduct of coudition assessments of structures in NPPs 1s presented. Criteria, based primarily on visual indications,
ave provided Tor use in classilication and assessment of concrete degradation.  Marerials and techniques for repair of
degraded struclures are noted and guidarce pravided on repair options available for various forms of degradation. A
nrobabilistic methodelogy for condition assessment and reliability-based life prediction has been developed and applied
10 structures subject to combinations of structural loud processes and to structural systems. The methodology has also
been used Lo Invesligate optimization of in-service inspection and maintenance strategies to maintain failure probability
below a specificd target value as well as  minimize costs. Fragilily assessments involving analytical solutions and
tinite-element methods have been utilized to predict the cffeet of aging degradalion on structural component
performance,
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INTRODUCTION

The Alomie Energy Act and USNRC regulations linit conunercial reactor power licenses in the U.S. 1o an inilial 40-
year period, bul also provide the option of renewing the licenses. The original 4(-ycear licensing period was primarily
based on the amortization period genzrally used by electric utility companies for large capital investments, and not on
safety, technical. or enviromuental issues, Due 1o this seiected time periog, however, some ulilities  may have
enginecrtd some of the structures and components based on an expected 40 year service life. Currently in e U5,
103 NPI's are licensed for commercial operation and provide about 20% of all electrical power produced. Abourt one-
quarter ot these plans are under 20 vears old, but mere than one-third are 30 or more years oid. Starting in the year
2006, tae first of the iritial operating licenses for these plants will expire. By the vear 2010 approximately [ ol the
imtial aperating licenses are scheduled o expire and by the year 2015 over 40% of the current plants witl have reached
the end ol their initial operating license period. To an elfort to continue furntshing a timely and cost-eftective solution to
clectricity productian requirements as well as provide un cnvironmentally clean energy source, most utilities are
expected to seck a renewal of the initial operating license for their plants. Indeed, at leest forty-eighit of the currently
vperating units either have been through the license renewad process, submitted an application to rencw their operating
license, or announrced that they intend w do so.

The importarce of nuclear power and the nacessity for ensuring continued satisfuctory operation is clear, Ong of the
ey concerts that could affect the continued operation and development of nuclear power relates to the impact of aging
of the plants an plant performance. Nuclear power plants are designed, buill, and operated to standards that aim to
teduce the likelihood of release of radioactive materials 1o lovels as low ds reasenably achievable, & NIPP, however,
Lvolves complex engineering structures end components operating in demanding enviromnents that potentially could
clielfenge the high level of safery (i.c., safely margin} required af the plant throughout its service life, Safety of these
structures is also o concern during decommission'ng, ir which a staged aparoach may be used thal would return the sites
la “areen held” conditions. Througnoat any decammissioning period, the salety-reluted siriclures nust continue 1o
meet several of their intended [unctions (e.p., leaktightness and shiclding). Age-re.aed degradation may aftect the
cngineering propertics, structural resistance/capacity, failure mode, and tocation of failure initiation that may (1 trn
ufieet the ubility of a structure o withstard challenges in service. 10 is necessury Lhat sulely issues related to plant aging
und conticued service be resolved through sound scientlic and engiceering understanding.  Fusthermore, in contrast o
muny mechanical und electrical componerts, seplacemaent ol many SUrLetures is npractica.,



DEGRADATION AND OPERATING EXPERIENCE

Service-reluted degradation can affect the ability of a NPP civil structure o perform satistactorily m the untikely
event af 1 severe accidenl by reducing its swcctural capacity or jeopardizing its leaktight inlegrizv. The root cause for
most degradation can generally be linked w o design or construction problens inappropriste meterial application, a4 use
mezal or weld-mecn Naw, maintenunce or inspection wetivities, or excessively severe service conditions.

Steel structore degradarion cen he elassificd as either material o physical damage, Material damage occurs when the
microstructure of the metal (s modified causing chunges in iks mechanical properties.  Material demage to a NPP
containment metallic pressure boundary {i.e., steel containment and Liner of reinforced concrete containment) is not
considered likety. however. Physical damage oceurs when the geometey of a component is altered by the formation of
cracks, lissures. or voids, or s dimensions chanpe due 10 vveroad, buckling, corrosion, erasion, or formation ol oiher
sypes of surfzee tlaws. Changes in component geometry, such as wall thinning or pitting caused by corrosion, can affect
structural capacity by reducing the net section available o resist applied loads.  Tn addizion, pits that complately
penetrate the component can compromise the leaktight integeity of the component. Physical degradation due to cither
seneral ur pitling corrosion represents the greatest potential threat 1o the containment metillic pressure boundary.

Primary mechanisms thut can produce premature deterioraden of reinfurced concrete structures include those that
impact either the concrete or steel reinforcing materials (e, mild stee]l einforcement or post-tensioning system).
Degradation of concrete can be caused by adverse performance of cither its cement-puste malrix or aggregate maierials
cnder chemical or physical attack, Chemical attack may oceur in severzl forms: efflorescence oc leaching; attack by
sullute, acids, or bases; salt crystallization; and alkali-aggrepate reactions. Physical attuck mechanisos for coucrete
include freezelthaw cyeling, thermal expansion/thermal cycling, abrasion/erosion/eavitation, irrudiation, and laligue or
vibration. Degradation of mikd steel reinforcing materials occurs mainly as a result of corrosion.  Post-tensioning
svstems are susceplible w corrosion plus loss of prestressing foree, primarily due w0 wendon relaxenan and eoncrele
crecp and shrinkage.

As NPPs age, degradution incidences ure starting to occur at an increasing rate, primarily due o envivonmensal-
related factors | 1 There have been us Teust 32 1eported ocourrences of corrosion of steel containmenis or liners of
reinforced concrese contzinmen:s. I two cuses, thickness measurements ol the walls of steel containments revenled
areas that were below the minimum design thickuess, Two instances have been reported where corrosion has comipletely
penetrated the liner of reinforced conerele containments. Examples ot specilic problems identified include corresion of
the sieel containment shell in the drywell sand cushion regiun (Oyster Creek), shell corrosion in ice condenser plunts
(Catawhi aid MeGuire), corresion of the torus of the steel containment shell (Fitzpatrick, Cooper, and Nine Mile Point
Unit 13, and concrete comainmens liner carrasion (Brunswick, Beaver Valley, North Anoa 2, Brunswick 2, and Salenz).
Transgranular stress corrosion cracking in beflows has also ocewrred (Quad Cities | and 2, and Dresden 3},

With respect to concrete structures, at least 34 oceurrences of degradation huve been reported, Causes were primarily
related W Lwcproper malerial selection, constructionfdesign deficiencics, or cnviiommental effects. Age-related
degradation ocearrence examples include tailure of prestrassing wires (Calvert Clills): coriosion of stegl reinflorcement
n water-intuke structures (Turkey Point and Sun Onafre); leaching of endon gallery concrete (Theze Mile Tsland); and
low presbressing forces (Ginna, Turkey Point 3, Zion, and Summer).

TESTING AND INSPECTION

One of the conditions of all operating ficenses for waler-cooled power reactors is that the primary reactor containment
shall meet the containment leakage test requirements scl forth it Appendix ] (“Primary Reactor Containment Leakage
Testing for Water-Cooled Power Reactors™) ta 10 CFR Fart 50 §7). These (est requirements provide {or preoperational
and periodic verification of the feaklight integrity of the primary rcactor conlainment, and systeris and components that
pencirate containment of water-cooled power reaciors, and estabiish the acceplance eriterin [or sueh tests, On
September 26, 1995, the USNRC amended Appendix J to provide a performance-bused option for leaxage-rate wsting.
The amendment is aimed at eliminating prescriptive tequirements thal are marginal w0 safely and providing licensees
greater Nexibility for cost-effective impiementation methods for regulatory safety objectives. Thus, either Option
A—Prescriptive Requiremenis or Oplion B — Perfarmance-Based Reguirements can be chosen by a licensee o wicet
the requirements of Appendix J. Option B allows licensess with pood inteuraied leukage-ratz test perfarmance asieries
10 reduce the Type A (Ge, primary reactor containment overali integrated leukage rue} lesting frequency from three
tests in ten veurs (o one test in 10 years. However, a general inspeetion ol aceessible inteior and exterior surlaces of the
cortinmen:, structures, and components must be performied prior (o cach Tvpe A st aid during two ather refueling
cutzges betore the nexl Type A test,

Appendit T also requires u general inspection of the secessible interior und exlenior surfaces of the containment
stractures and camponznts W uccover any evidence of structural deterioration that muy uflect either the contiinment
stractural integrity or leaktightress. On August 8, 1996, the LSNRC published un amendimwnt to 12 CFR Part 30.53%a
“Codes and Standards™) 1o require that licensees use portions of lhe American Society of Mechanical Lngineers
(ASML) Bodler and 1rressure Vessel Code | 3] for containment in-service inspection. The regulations were amended to




assure 1hat critical arcas of containments ure routinely inspected 10 deteel und o take correetive action for defeets that
could compromise struetural inegrity.  The amended rule becmne effective September 9, 1996 with a five-yoeur
implementation periad. Specifically, the rule requires Lhal licensees incorporate the 1992 Edition of the ASME Codc,
Section X1, with the 1992 Addenda of Subsection TWE. “Requirements Tor Class MO and Metallic Liners of Class CC
Components of Light-Water Cooted Power Plantz,” and Subszection TWL, "Requairements for Class CC Concerete
Companents of Light-Water Cooled Power Plants,”into their in service inspection plans.  In addition, several
supplemental reguirements with respect to the concrete and metal containments were included in the rule (e.g.,
inspection of inaceessible areas, and prevention of duplicate examinations required by both the periodic routine and
cxpedited examination progrum). Subseguently on August 3, 2001 the USNRC announced that it intends to amend 10
CFR Part 50.554 to incorporate by reference the 1997 Addenda, the 1998 Edition, the 1995 Addends, and the 2000
Addenda of Section XTI of the ASME Code. Comuments an the proposed amendment are presently being uddressed.

ASSESSMENT AND REMEDIATION OF AGED/DEGRADED CIVIL STRUCTURES

Oaernting experience has dewnstrated that periodic icspection, maintenance, and repair ae essectic] eements of an
averall program W maictain an acceptable level of reliability for the civl structures vver their service life. Knowledge
pained fromn couduel ol an in-seevice condition assessment can serve as a baseline tor evaluating the safety sianilicance
af any degradation thal may be present. and defining subsequent in-service nspsction programs and nadntenance
strateies.  Elfcctive in-service condition assessment of civil structwres requires knowledge of the expected typz of
degradation, where it can be expected 10 oceur, and applicution ol appropriate methods for detecting and characterizing
the degradation.

The stability and durability of a civil structure can only be guarunteed when it has an appropriate safety margin
against expected loads and environmentid influences during its intended lifetime,  In-service inspection programs for
sofetv-related NPP eivil structures have the primary gozl of ensuring thut these structures have sufficient structural
margins to continue to perform in a reliable and safe manner [2.3 0 A seeondury goal is o identily environmentul
stressor or aging factor effects before they reach sufficiant intensity to polentially degrade structural compouents.

Detarmining the exisiing performance characteristics and extent and causes of any observed distress is accomplished
through a structural condition assessment.  Reutine observation, gencral visual inspections, leakage-rale tests, and
destructive and nondestructive examinations are techniques used to identify arcus of the NPP that have expericnced
degradution. Techniques for establishing time-dependent change, such as section thinning duc 1o corrosion or changes
in component geometry and material properties, involve monitoring ar periodic examination and iesting.  Knowing
where Lo inspect and what type of degradation to anticipate often requires information about the design features of the
NI as well as e materials of construction and environmental factors. Knowledge gained {from a condition assessment
serves as a bascline Tor evaluating the safety significance of any damage present and delining in-service inspaction
programs and maintenance strategies. Guidelines on conduct of a structural condition assessment of metallic and
conerete structures are available [-3]. Assessment of the magnitude and rate of occurrence of age- or eovironmental
siressor-related degradation is often accomplished using nondeslroetive examiuation metheds,

Nondestructive exacination merhods for melallic muteriuls lnvolve suifece and volumelric inspections w detact the
presence of degradation {i.e., coating delerioration, loss of section duz W corrosion, or presence of cracking). The
surfuce examinalion lechniques primarily include visual, lguic penctran:, and magnetic purtic.e wethods, Volamerris
wethods inelude ultrasonic, eddy current, and radiogeaphy. Provisions are alse included in the ASME Code for use of
ulternative examination methods provided results abtained are demonsiraled 1o be eguivalent or superior to those of the
specilied method.  Acceptance standards are defined in Article TWE-3000 of the ASME Code.  Iu arder 1o obtain
repeatuble and reproducible nondestructive examination results using any of the methods noled abuve, several factors
inust be understood and controlled:  material evaluined, evaluation procedure utilized, enviromuent, calibrationfbuseline
relerence, weeeptance criteria, and human factors. Briel descriptions of each of the ubove meihods and a sununury of
appliczability by Maw Lype and impoctant material characteristics are provided elsewhere =] A suitable technique for
inspection of inuccessible regions of the contaioment metullic pressure boundary necds 1o be developed. Some
prelintinary work in this arca has been conducted 7).

Primary manifescations of distress that are present or can occur in reinforced concrete structures include cracking,
voids, and delaminations, and strength losses. Reviews of the performance of NPP reintorced concrefe structures
indicates that concrete cracking and corrosion of embedded steel reinforcement are the primary manifestations of
degradation reported [v}. Methads used o deteet discontinuities in concrete structures generally fall inta two
categories: direct and indirect. Dircet methods involve a visual inspection of the structure. removal/testing/analysis of
materizl(s), or a combination of the two. Indireel methads generally measure a paramezer from which an esnmare of the
extent of degradation can be made through existing correlutions, Most nendastructive lesting methads for concrete are
indirect and guite often evaluation of concrete siructures requires u combination of test imethods, as no single esting
technique is available that will detect all patential degrudation factors. Indirect methos are effective i indicating the
relative quality of concrete and idensifying, conerele crucking, voids, and delaminations, but tend to be more qualirative
when il comes to delermination of mechaical propertics of in-place concrete. Iaformation an nondestruclive test



methods for determining conerate matarial propertics and assessing conditions of conzrele is available [S2] Mcthods
available to deteet corrosion occurrence include visual obscrvations, half-cell potentigl measuremenits, delaminstion
detection, eleciralyie chemistry, corrosion monitors, azoustic emission, radiography. ultrasonics, magnctie pertarbation,
metallurgical cvaluations, and electrical resistance. Guidance on interpretation af results from reinforced concrete
structure’s inspeclions is availuble [ 1], Maintaining the required presirassing force levels in post-iensioned concrete
coalainmenls is hoportant in helping assure that the conlainment retains adeguate margins with respect o structurad and
leaktight inlegrity. lnspection requirements and acceptance standacds for post-tensioning systens inspeciions e
availuble *]. A soitable technigue for inspection of thick heavily-reinforced concrete structures requires development.

Whenever damage is detected, corrective actions are taken to identify and eliminate the source of the problem and
therebhy hali the degradation process. When significant containment metallic pressure boundary wall thinning, cracking,
surface defects, or leakage is detecled and the containment structural or leaktight integrity is potentially jeopardized,
defective areas are either evaluaied, repaired, or replaced belure the plant is returned to service, The primary
mechanism ot concern to the containment metallic pressure boundary s corrosion. Methods 10 prevent the occurrence
of carrosion primarily include the application {or maintznance) of coatings 1o exposed steel thal is at risk, and use of
cathodie protection systems (Le., impressed current or sacrificial anode), Repair methods generally include: {1) delect
removal by iechanical means in which the unacceptable flaw is reduced and the resultart section thickness created by
the retnoval process remains equal to at ieast the minimum design thickness: (2) repair welding in which the design
scetion thickness 1s reestablished (e.g., cladding); and (3) component replacement with items that meet acceplance
standards [ 1], Repair options {or restoring damaged bellows include replacement ol penetration assembly, bellows
replacement, insallation of new enveloping bellows, in-place welding repairs, removal of severe dents, and biending the
surface. [3asic repair solutions for reinfureed conerete structures include: (1) reatkalization by either direct replacement
of contaminated concrete with new conerele, use of a cementitious material overlay, or application of electrochemical
means to accelerate diffusion of alkalis into carbonaled conerete; (2) limiting the corresion rate by changing the
envirorment {(e.g., drving} to reduce the electralylic conductivity; (3) steel reinlureement coating {e.g., epoxy);
{4) ¢hioride extraction by passing an electric current (NCY from an anede allached 1o the conerete surface through the
concrete o the rein‘oreement {chloride ions migrate o anode); and (3) cuthodic protection, Detailed mformation on
repair of NP civik structures is avaiable | .

RELIABILITY-BASED CONDITION ASSESSMENT

I'ime-dependent reliability analysis methods provide a framewerk tor performing condilion assessments af existing
structres and for detennining whether in-service inspection and maintenance are required 10 maintain reliability and
performarce al the desired level, The duration of structural loads that arise from rare operating or environmental events,
such as zecidenlal impact, carthguakes, and tornadoes, is short and such events occupy a negligible fraction of a
struchire's service life. Such foads can be modeled as a sequence ot short-duration load pulses occorring randomly in
time. The oceurrenee in time of such loads is deseribed by a Poisson process, with the mean (stationary) rate of
occurrence, A. random intensity, S;. and duration, T, The number of events, N(t), to occur during scrvice life, [, is
described by the prabability mass funcuion,
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The intensity of each lead is a random variable, described by the cumulative distribution furction {CDF) Fyx). In
general, the foad process is inleamittent and the duration of each load pulse has an exponantial distribution,

Fo=i-exp[-tt]; 1> 0 {
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in which T = average curation of the loed puise, The probubility that the foad process is nonzerd at any arhitrary time Is
p=At Loads due 10 normal facility operation ar climatic varations may be modeled by continuous loud processes, A
Poisson process with rate 2 may be used o model changes i load mtensity it :he loads are re.atively constant for
extended periods of time,

The strength, R, of @ structural comporent is deserbed by

R= B'R.u(xh X]« RN Xm} LB}
in which X,, X,, ... are basic random variables that deseribe yieid strength of steel, compressive or tensile strength of

coucrete, and structural component dimensions or seetion properiies, The function R{...) deseribes the strengrth hased
on prinziples of structural mechanics, Modeling assumplions invariably riust be made in deriving R.(...) and the factor



B describes errors introduced by modeling and scaling eftects.  The probability distribution of B3 describes bius and
urcertainty that are not explained by the model R, (...] when values of all variables X; are known. The probability
digtribution of B cun be assumed 10 be normal. A more accurate behavioral model leads to a decrease in the mean and
variability in T3 and thus in R, Probabilistic models for R in most structures must be determined from the statistics of
the basic variables, X, since it seldom is feasible o st a sulficient sunple of steuctural components to detecmine the
cumulative distribution function (CDF) of B dircetly.

The fuilure probability of 1 structural component can be evaluated as a funetion of {or an interval of) time 1l the
stochastic processes defining the residual strength and the probabilistic characteristics of the loads at any tme are
known. The strenath, R(1), of the structure and epplicd loads, $(1), are both random functions of time. Assuming that
degradation is independent of load history, al any tme Cthe inargin of salety, M(1), is

ML) = R - S{t. e

Making the customary assumption that R and § are slatistieally indeperdent random variables, the {instantaneous]
prozability of failure is,

()= [ M{t) < 0] = | R ()i x]ax (s)

i which ligix) and f{x) are the CDF of R and probability dewsity [unction (PDF} of 5. Equation (5) provides an
instuntaneous quantitutive measure of structural reliability, provided that Pty cun be estimated and/or validated [13]. 5
does rot convey information on how future performance ¢an he inferred from past performance.

For service lite prediction and reliability assessment, one is more inlerested in the probability of satisfactery
performance over some period of time, say (0.t), than in the snapshot of the reliability of the struclure at a particular
lime provided by Bq. (5). The probability that a structure survives during interval of time (0,1} is defined by « reliuability
function, L(Ot). [f, for example, n discrete loads $1, Sa, ..., S, occur at times ty, ts, ..., ln during {01, the reliubilicy
funclion becomes,

Lt} = 1’[1{(;1] ST 1 (0 5} )

i which R{ty = strenglh at tinie of loading S;.
Taking into account the randomness in the number of loads and the times at which they oecur as well as initiat
strength, the reliahility funclion beeomes [11]

L[.I‘] = _[: exp _.}\.t[l -t {': F, {gir)le }rlh. 1::‘:IL'1L N

in which t'RI = PLY of the initial strength Ry and g, - fraction of initial strength reprasntng at nme of lead 5. Tae

probability o tallure during (U,1) 18
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The conditional probability of farlure within time interval {1, t+A1), given that the component has survived up o t, is
defined by the hazard function which can be expressed as

hty = -d In Lt0dt. (?)
The reliability and hazard functivns are integrally related

i1

L[t:l = cxp{—‘lo h(x)dx'}_ (10)

The hazard [unetion is especially useful in analyzing structural failures due o aging or deterioration. For example, 1f
the structure has survived during the interval (0, ty), it may be of interest in scheduling in-service inspections 1o
determine the probahility that it wili fail before t;, Such an assessment can be performed i€ h(t} is known. 1f the time-
to-lailure is T, this prabability can he expressed as
”[Tr < s ll' = h]: 1 —'C){F{ —J‘[l h(x]dx I (1




121 turn, the structural reliability Tor a succession of inspection periods is

L(O, l:} = H L{li_l,li:] expf le h(x_]dx} (12}

L

in which i, Gwheni 1,

Forecasts of relichtlity enable the enalyst to determing the time period beyond which the desired reliability of the
steucture cannot be assurad, At such a time, the structure should be inspected, The density tunction of strength, based
ou prior knowledge of the materials in the structure, construction, and standard methods of analysis, is indicated by
o0y The infbrination gained during scheduled inspection, maintenance and repair causes the characteristics of strenglh
to change; this is denoted by the (conditional} density l{r|B), in which B is an cvent dependent on in-service inspection.
Information gained fram the inspection usually invalves several struciural variabies including dimensions, defects, and
perhaps an indicect measure of strength ar stiffness. If these variables can be relatad through event 3, then the updated
density of R following in-service inspection is,

Fe(ifB) = H{r < R v+, B/ P[B] = cK(r)ro (1] 03

in which £,(r) is termed the prior density of strength, Kir) is denoted the likelihood function, and ¢ is a normalizing
conslant.  The time-dependent veliability analysis then is re-initialized tollowing in-service inspeclion/repair using tie
updated f(r|B) in place of f (). Applications of the time-dependent reliabilily methudology o a ring-stiffened shell
and concrete companents are availaisls [0 .

Optimal intervals of inspection and repair for maintaining a des'rad level of relizhitity ean he determined hased on
minimum life cvcle expecied cost considerations. Preliminary investiganions of such pelicies have found that they are
sepsitive to relative costs at’ inspection, maintenance, and failure [16]. I the cost of failure is an order {or maore) of
magnitude larger than inspection and maintenance costs, *he aptima: policy 18 (0 inspect at nearly unitforr intervals of
time. However, additional research is required before such policies can be finalized as part of an aging managemaent
plano,

FRAGILITY ASSESSMENTS

A probabilislic safely assessinent (PSA)Y i3 a structured frantework for evaluating uncertainly, perlurmance, and

reliability of an engincered facility. The move lward yuantitative rsk assessment has accelecated in recent vears as the
encliis have become increagingly apparent in many lields [13]. The recently issued Regulatory Guide 1,174 [74]

defines the USNRC 3 position on risk-informed decision-making regarding proposed chunges to the licensing bases of
aperating NPPs.

The PSA process is initialed with the identification of limit stales (L8} or conditions i which the system ceases to
serform its intended tunction{s) in some way. For struetural componenis and sysiems in NPPs. such limil states niay be
ither strength or deformation-related, as large (inelaste) deformations affeet the integrity or operzhility of mecaunical
or clectrical systems that are auached to or otherwise inferface with the structure. The lieit stzte probubility then s
expressed as,

P[LS] — X P|LSID = x] P|1} = x| [14)

in which I deseribes the intensily of demand oo the system (hazardk and PILS D - 5] is the conditonal limit siate
probubiiity, or tha fragility. of the system.

The tragility displays, in probabilistic weres, the capability of an engireered system to withsland a specilied event
with intensity X (sometimes referred woas a revicw-level event), one ihat offen is well in excess of the design-oasis
gvent.  ‘Thus, it defires safery marging probabilistically agoinst speaific entified events for decision and reguiatary
purposes 11 a manner that effectively uncouples the systenn asulysis Jom the bazard anaiysis. The fragility modeling
process leads o a median-cenlered estimale of syslem performance, coupled with an estimate of the uncertainty in
performance. The fragility of a strucluru! compoenent or system often is modeled by « lognormal COF, described by,

Ly = b [In(xfme)fe] (15)

in which ®[] = standard normal probability integral, me = median capacity (expressed in units that are consisient with
the demand, x, in Lq. (14), and B¢ = logarithmic standard deviaton, which is approximately equal to the coetficient ol
varialion (COVY in capacity, Ve, when Ve < 0.3 and provides 4 measure of uncertainty in capacity.



The strengths of steel and concrete structural materials and components are random variables, and their median (oo
mean) strenglhs are well in excess of the nominal values specified for NPP design [20]. If these median strengths are
used in a Aniwe clement-based structural analysis wilh nondinear analysis capabilities in licu of specifled nouioal
strenglhs, one ollen can oblain g reasonuble estinaie of the median system cupacity, me, in Bq. (15 2] The
uncertainty in capacity displaved by Eq. (13) arises from numerous sources. Some ol these uneertainlics {(deroled hy
COV Br) are inherent (aleatory) in nature, and are essentially irreducible under current engineering analysis procedures.
Other uncertaintics {(denoted by COV Py) arise from assumplions made 1 the analysis of the system and from
limitations in the supparting databases. Such knowledpe-based (epistemic) uncertainties depend on the quality of the
analysis and data, and generally can be reduced, al the expense of more comprehensive {and costly) analyses. A
nondincar fnite elemert-based fragility asscssment of a pressurized-water reactor ice conderser steel containmern
haviag postulaied losses of shell thickness due to corrosion at key locations of potential corrosion has been nerformed

2.1 Results for a reinforced conerete flexural memaer and a shear wall expeniencing loss of steel cross-sectianal srea,
concrele spalling, or a cambination of the twa, are also available | © | For the sweel contamment and the reinforced
concrele structures analyzed to date, she tragiliies indicate that even in the degraded conditions addressed, these
structares maintain sufficient structural integrity to withstand challenges from events ar or beyond the ariginal
prescriptive design basis with a high level of conlidenee.
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